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Abstract: Adding basalt fiber to concrete can improve the mechanical properties of concrete, and
it is also one of the best ways to enhance the ultimate bearing capacity of concrete structure. In
this paper, the construction performance and the compressive strength of basalt-fiber-reinforced
concrete (BFRC) with five kinds of fiber lengths and eight kinds of fiber volume content subjected to
an axial load are systematically investigated. The optimum fiber length and fiber volume content are
obtained by comprehensively considering the construction performance and compressive strength.
Moreover, the prediction model and finite element analysis method of the ultimate bearing capacity
of basalt-fiber-reinforced concrete are developed. The results show that the optimum fiber length is
about 12–24 mm and the fiber volume content is 0.15%. Adding an appropriate amount of basalt fiber
can effectively improve the ultimate bearing capacity of concrete short columns, with maximum and
average increases of 28% and 24%, respectively. In addition, the comparison with the experimental
results shows that both the proposed prediction method and the finite element modeling method
have good applicability, and they can be used to predict the ultimate bearing capacity of the BRFC
short columns in practical engineering.

Keywords: basalt-fiber-reinforced concrete; concrete compressive strength; construction performance;
ultimate bearing capacity; finite element analysis

1. Introduction

Reinforced concrete (RC) short columns are some of the most basic components in
structural engineering and are widely used in bridge piers, building frames, workshop
columns, and other concrete structures. Their bearing capacity and durability are crucial to
the safety, applicability, and economy of the entire structure. At present, they are effective
at improving the mechanical properties of concrete by adding chopped fibers, such as steel
fibers [1], glass fibers [2], synthetic fibers [3,4], basalt fibers [5], carbon fibers [6,7], etc. This
is mainly because the appropriate fiber length and fiber volume contents can effectively
combine with the weak matrix in concrete, so as to better control the development of
internal cracks in concrete and finally improve the mechanical properties of concrete [8].
However, different types of fiber-reinforced concrete have different mechanical properties
or application characteristics. For example, adding steel fiber to concrete can improve the
toughness and tensile strength of concrete, but the processability and corrosion resistance
of steel fiber are not good. Adding glass fiber into concrete can enhance the toughness
of concrete, but its long-term strength will be reduced. Although carbon fiber has the
characteristics of hardness and high strength, its use cost is high [9]. In view of the
above problems, basalt fiber, which has the advantages of high tensile strength, high
elastic modulus, corrosion resistance, good chemical stability, environmental protection,
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1



Coatings 2022, 12, 654

no pollution, and low cost, is gradually being studied [10–13]. Therefore, it is urgent
to study the mechanical properties of the basalt-fiber-reinforced concret (BRFC) and its
corresponding concrete members.

To date, researchers have mainly studied the reinforcement effect of basalt fiber and
the mechanical properties of corresponding concrete. For example, both Ayub et al. [14]
and Wang et al. [15] found that adding basalt fiber to concrete can improve its strength, and
the maximum increase in compressive strength of basalt fiber concrete is 47.5%. According
to previous research by Monaldo et al. [16], the tensile strength of concrete can be increased
by 22.9% after 28 d by using 0.6% basalt fiber. A few scholars have determined the optimum
content of basalt fiber based on the mechanical properties of concrete after adding basalt
fiber. Based on the strength test of concrete with two kinds of fiber lengths and five kinds
of fiber volume contents, Sun et al. [17] found that BFRC with 2% fiber volume content
and 6 mm fiber length achieve the maximum strength. Tumadhir [18] believed that the
optimum fiber volume content is about 0.3%, from the perspective of obtaining maximum
compressive strength. However, most of the above studies obtain the optimal fiber length
or fiber volume content based on the mechanical properties of specimens corresponding to
a few fiber lengths and do not consider the construction performance of concrete. Therefore,
it is urgent to carry out the mechanical property test of concrete under various fiber lengths
and fiber volume contents and comprehensively determine the reasonable fiber parameters
in combination with the construction performance.

Other than BFRC specimens, some scholars have studied the mechanical properties of
basalt fiber concrete members, but most of them have focused on basalt fiber concrete beams.
Based on the experimental research on BFRC beams, both Zhang [19] and Wang et al. [20]
found the addition of basalt fiber can effectively prevent the development of cracks in
reinforced concrete flexural members. Alnahhal and Aljidda [21] studied the flexural
behavior and ultimate capacity of the BFRC beams experimentally and analytically based
on the test results of 16 BFRC beams. At present, although a few scholars have conducted
preliminary research on the performance of the BRFC short columns, such as Zhu [22], the
research results on the ultimate bearing capacity of the BRFC short columns are highly
deficient, and the relevant bearing capacity prediction methods have not been proposed.
Therefore, it is necessary to further study the variation law of the bearing capacity of the
BRFC short columns and propose corresponding prediction methods.

The objective of this study is to analyze the bearing capacity of the BRFC short columns
under axial compression. First, the optimum fiber length and fiber volume content are
obtained based on the construction performance and the concrete compressive strength.
Then, the results of the axial compression test of the BRFC short columns are analyzed in
depth. Finally, the theoretical and finite element calculation method of the ultimate bearing
capacity of the BFRC short column are proposed, and their effectiveness is verified based
on the test results. Among them, determining the optimum characteristic parameters of
basalt fiber by comprehensively considering the construction and mechanical properties
of concrete and proposing the assessment method of the ultimate bearing capacity of the
BRFC short columns are the novelties of this paper.

2. Materials

The ordinary portland cement with the type of P.O 42.5 was selected. The crushed
stone adopted two kinds of crushed stone of 5–10 mm and 10–25 mm, at a ratio of 2:3, to
form a continuous secondary distribution. The corresponding crush value was 10.5, the
sand fineness modulus was 2.85, and tap water was used. No water reducer was used
during construction. The mix proportion data are shown in Table 1. The short cut basalt
fiber produced by Zhejiang Hengdian Shijin Basalt Fiber Co., Ltd. Jinhua, China is adopted.
Five lengths of basalt fibers are shown in Figure 1. The physical and mechanical properties
of basalt fiber include the fiber diameter of 17 µm; the fiber density of 2650 kg/m3; the
tensile strength of 3000 MPa; the elastic modulus of 90 GPa; and fiber lengths of 12 mm,
18 mm, 24 mm, 30 mm, and 36 mm, respectively, as shown in Table 2.
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Table 1. The mixed proportion of the concrete.

Target
Intensity

Water
Cement

Ratio

Sand
Ratio/%

Cement
(kg/m3)

Water
(kg/m3)

Sand
(kg/m3)

Crushed
Stone

(kg/m3)

C30 0.55 34 355 195 703 1147
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Table 2. The physical and mechanical properties of the basalt fiber.

Index Diameter (µm) Length (mm) Density (kg/m3) Tensile Strength (MPa) Modulus of
Elasticity (GPa)

Parameter 0.55 12/18/24/30/36 2650 3000 703

3. Construction Performance and Optimal Parameters of the BRFC
3.1. Construction Performance Test of the BRFC

The slump and expansion are selected here to analyze the construction performance
of the BRFC, and the detailed test methods and procedures can be found in the Chinese
specification of GB/T 50080-2016 [23]. A total of 13 groups of cube concrete specimens
numbered ST1–ST13 are designed, and each group contains three parallel specimens. The
STI, without adding fiber, is used as the reference specimen. Specimens ST2–ST6 are
constructed using five kinds of basalt fibers with a fiber volume content of 0.15% and fiber
lengths of 12 mm, 18 mm, 24 mm, 30 mm, and 36 mm. Five groups of the BRFC specimens
with different fiber lengths are obtained to test the slump and expansion, and the average
test results of each group of specimens are shown in Table 3. Specimens ST7–ST13 are
constructed using seven kinds of basalt fibers with a fiber length of 12 mm and fiber volume
contents of 0.075%, 0.10%, 0.15%, 0.20%, 0.25%, 0.30%, and 0.40%. The average test results
of slump and expansion of ST7–ST13 are shown in Table 4. In order to better compare the
difference between the slump and expansion of the BRFC and the ordinary concrete, the
relative values of slump and relative expansion are calculated.

3
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Table 3. The slump test results of the BRFC with different fiber lengths.

Group of
Specimen

Fiber Length
(mm) Slump (mm) Expansion

(mm)

Relative
Value of

Slump (%)

Relative Value
of Expansion

(%)

ST1 0 30.4 61.5 100.0 100.0
ST2 12 27.8 53.4 91.4 86.8
ST3 18 25.7 48.6 84.5 79.0
ST4 24 23.2 43.2 76.3 70.2
ST5 30 24.7 47.1 81.2 76.6
ST6 36 26.8 49.4 85.1 80.3

Note: the relative value is the ratio of the measured value of the BRFC to that of the ordinary concrete.

Table 4. The slump test results of the BRFC with different fiber volume contents.

Group of
Specimen

Fiber
Volume

Content (%)
Slump (mm) Expansion

(mm)

Relative
Value of

Slump (%)

Relative Value
of Expansion

(%)

ST1 0 30.4 61.5 100.0 100.0
ST7 0.075 28.2 56.3 92.8 91.5
ST8 0.10 27.8 54.2 91.4 88.1
ST9 0.15 25.4 52.1 83.6 84.7

ST10 0.20 23.1 43.4 76.0 70.6
ST11 0.25 20.2 38.3 66.4 62.3
ST12 0.30 18.3 32.4 60.2 52.7
ST13 0.40 15.8 30.1 52.0 48.9

As shown in Tables 3 and 4, the slump of the BRFC is lower than that of ordinary
concrete. As the length of the added basalt fiber increases, the slump and expansion of
the concrete first decreases and then increases. The slump and expansion of the BRFC is
inversely correlated with the volume content of basalt fiber. This is due to the chaotic effect
of basalt fibers, where a greater confinement effect on the concrete occurs with longer fiber
and larger dosage and thus reduces the flow performance of the concrete. When the dosage
is constant, the longer the fiber, the fewer the number of fibers, and thus the less restrictive
the effect on the concrete.

3.2. Optimal Fiber Length and Fiber Volume Content

To further study the effect of fiber volume content on concrete compressive strength
under different fiber lengths, we added BFRC specimens with a fiber length of 24 and fiber
volume contents of 0, 0.075%, 0.10%, 0.15%, 0.20%, 0.25%, 0.30%, and 0.40% on the basis of
ST1–ST13. Each case also contains three specimens. Then, based on the standard for the
test methods of the mechanical properties of ordinary concrete (GB/T 50081-2002) [24], the
28 d compressive strength test is carried out on the cube concrete specimens with different
fiber lengths and fiber volume contents, respectively. From the compressive failure modes
of all specimens, the concrete specimens made an obvious cracking sound when they were
damaged. The integrity of the BRFC specimen shows good resistance to damage regarding
the rare cracking phenomenon. For the BFRC specimen that fails, the failure mode is brittle
failure, although the characteristics of ductility are seen. The failure morphology of the
BFRC specimens does not vary significantly with different fiber volume contents.

The compressive strength test results are presented in Figures 2 and 3. As indicated,
with the increase of fiber length and fiber volume content, the concrete compressive strength
basically conforms to the law of first increasing and then decreasing. This is mainly because
under the action of short fiber length and small fiber volume content, the fiber distribution
is more uniform, which can effectively prevent the generation of micro cracks in concrete,
so as to improve the concrete compressive strength. For longer fiber length and larger fiber
volume content, when they exceed a certain value, the fiber is easy to wind or agglomerate,
which leads to the weakening of the connection effect between the fiber and the concrete

4
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matrix, thus leading to a failure to exert its reinforcing effect. It is worth noting that the
average test strength of this group of concrete specimens with a fiber length of 36 mm does
not comply with the above law, which may be caused by the good dispersion of fibers in the
concrete. In addition, it can also be seen from Figures 2 and 3 that the concrete compressive
strength is relatively high when the fiber length is about 12–24 mm and the fiber volume
content is 0.15%. It is worth noting that although the construction performance cannot reach
the optimal state under the effect of the above fiber length and content, it is sufficient to
meet the normal construction needs. Thus, this paper focuses on the performance index of
concrete compressive strength, and then obtains the optimal fiber length and fiber volume
based on the analysis results.
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4. Axial Compression Test of the BRFC Short Columns
4.1. Specimen Design

The analysis results of optimal design parameters in the previous section show that
the optimal fiber length is 12–24 mm and the fiber volume content is 0.15%. As a re-
sult, in the subsequent experiments, only two fiber lengths of 12 mm and 18 mm, as
well as fiber volume of 0.15%, are selected for the short column design. Here, a total
of nine reinforced concrete short columns numbered S1–S9 are designed. Among them,
the samples numbered S1–S3 are ordinary reinforced concrete short columns, and the
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samples numbered S4–S6 and S7–S9 are the BRFC short columns with fiber length of
12 mm and 18 mm, respectively. For all the BRFC short columns, the fiber volume con-
tent is selected as 0.15%, as previously described. The short column is featured with
a cross-section size of width × height = 150 mm × 150 mm, and a slenderness ratio of
3.67 (length/width = 550/150 = 3.67), which is less than 8. The concrete cover is 10 mm.
All short columns are arranged with four HRB400 threaded bars with a diameter of 12 mm
as longitudinal reinforcement, and the stirrups are made of HRB335 plain round bars with a
diameter of 6 mm and a spacing of 110 mm. The reinforcement configuration is provided in
Figures 4 and 5. As required by GT/B 288.1-2010 [25], the yield and tensile strength of the
two kinds of reinforcement are 486 MPa versus 360.1 MPa, and 590 MPa versus 570.4 MPa,
respectively. Preloading is required before formal loading. Each short column is preloaded
with 100 kN for 5 min to observe the reliability of the loading system and each measuring
point. The formal loading is performed by the grading loading system. The loading of each
stage is 50 kN, which is maintained for 2 min. When cracks or bulges appear, the loading is
increased to 10 kN until the short column is damaged.
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4.2. Experimental Phenomenon

During the loading process of all test short columns, no transverse cracks are found,
while vertical cracks occur before failure. With the increase of load, the cracks develop grad-
ually, the steel bars yield gradually, and the concrete is crushed and damaged. However,
the stirrups remain intact when the short columns are damaged. The results reveal that
the cracking of the BRFC short columns is significantly later than the ordinary RC short
columns, which is also true for the failure load. The failure modes of the test specimens are
shown in Figure 6.
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4.3. Results and Discussion
4.3.1. Ultimate Bearing Capacity

It can be seen in Table 5 that the ultimate bearing capacity (Nu) of the BRFCthe BRFC
short columns is significantly higher than ordinary RC short columns. In particular, the
maximum increase rate of axial compression ultimate bearing capacity is 28% for the BRFC
short columns with fiber length of 12 mm and is 20% for the BRFC short columns with a
fiber length of 18 mm. The average increase is 24%. The results highlight that basalt fiber is
beneficial to the ultimate bearing capacity of reinforced concrete short columns. In addition,
the average value of the ultimate bearing capacity of the BRFC short columns with a fiber
length of 12 mm is 636.7 kN, which is 6.7% higher than the corresponding value (596.7 kN)
with a fiber length of 18 mm. This conclusion matches the conclusion in Section 3.2 and
other types of fibers reported in [26,27]. That is, when the fiber length exceeds a certain
value, the reinforcement effect of the fibers will weaken.

Table 5. The axial compression test results of the BRFC short columns.

Specimen Number Fiber Volume Content (%) Fiber Length (mm) Nu (kN)

S1 0 / 500
S2 0 / 500
S3 0 / 490
S4 0.15 12 640
S5 0.15 12 640
S6 0.15 12 630
S7 0.15 18 600
S8 0.15 18 590
S9 0.15 18 600

4.3.2. Load Strain Curve

The average value of the measured strain of the concrete and steel bar at the midpoint
of each column is plotted in Figures 7 and 8. As indicated, the short columns are basically
in the elastic stage at the beginning of loading and then enter the elastic–plastic stage
with the increase of load. The concrete strain of the S1–S3 short columns reaches its peak
around 0.0019, compared to a peak of around 0.0021 for the S4–S6 short columns. For the
S7–S9 short columns, the peak value is about 0.0023. In addition to a slightly larger steel
strain at peak value, the slope of the N-ε curve of the BRFC short columns in the elastic
stage is also greater than that of the reinforced concrete short column.
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Figure 8. The average strain curve of the concrete.

Figure 9 shows the variation law of the vertical displacement at the top of each test
short column. As indicated, the vertical displacement of the short column exhibits an
obvious plastic stage with the increase of the load. The vertical displacement of the BRFC
short columns is significantly greater than that of the ordinary RC short columns. More
specifically, the vertical displacement of S4–S6 is the largest, followed by S7–S9, and is
the smallest in S1–S3. Due to the restraint of fiber, the BFRC short column has greater
displacement when the load reaches the peak value. From the elastic stage to elastic–plastic
stage, the load displacement curve of the BRFC short columns is smoother and the plastic
characteristics are obvious.

4.3.3. Influence Mechanism of Basalt Fiber

The chopped continuous basalt fiber is a hydrophilic material, which can be well
combined with the cement-based material and form a spatial network structure between
the concrete coarse aggregates. The structure encases the coarse aggregate and acts as a
hindrance to aggregate movement during compression. Due to its high tensile strength,
basalt fiber can provide circumferential restraint to resist transverse expansion when
the specimen is compressed. As a result, its existence hinders the generation of a large
number of microcracks or crosses countless microcracks. This makes the generation and
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development of cracks in the compression process require more energy. Thus, compared
with the RC short columns, the ultimate bearing capacity of the BRFC short columns is
significantly improved, and the initial crack time is also delayed. At the same time, when
the basalt fiber concrete is equipped with an appropriate amount of stirrup and protective
layer thickness, the anchorage ductility of the BRFC can be significantly increased. For the
above reasons, the BFRC short column has higher ultimate bearing capacity and stronger
deformation capacity.
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5. Calculation Method of Ultimate Bearing Capacity of BRFC Short Column

(1) Calculation method based on Standard approximate formula
In the specifications for the design of highway reinforced concrete and prestressed

concrete bridges and culverts [28], the effect of the slenderness ratio is considered by
solving the given calculation formula based on the sum of the maximum bearing capacity
of concrete and steel bar. For the short columns with a rectangular cross-section, the
calculation formula is as follows [28]:

Nu = 0.9ϕ( fcd A + f ′sd A′s) (1)

where f cd is the design value of the compressive strength of concrete, f ′sd is the design value
of the yield strength of longitudinal reinforcement, A is the gross area of the cross section
of a column, and A′s is the area of longitudinal reinforcement. ϕ is the stability coefficient.
The values or calculation methods of previous variables can be found in [28].

For the calculation of ultimate bearing capacity of the BRFC short column, the design
value of concrete axial compressive strength in Equation (1) is replaced by the measured
value of the compressive strength of the BRFC, and the other parameters remain unchanged.
The calculation results are listed in Table 6.
(2) Finite element analysis method

The concrete constitutive model provided in [29] is adopted to calculate the ultimate
bearing capacity of the BRFC short column, in which the peak strain, rising, and falling
curves are modified by the measured strength of the BRFC. Moreover, considering the
structural damage under the concrete stress, the elastic stiffness matrix is reduced and the
correlation hardening is introduced into the constitutive model for the damage model of the
ABAQUS software (version: 6.14.2), so as to better simulate the elastic–plastic behavior of
the concrete in the loading. The C3D8R solid element and the T3D2 truss element are used
for model concrete and reinforcement, respectively. The reference points are connected
with the upper and lower surfaces by coupling. One end reference point is utilized to apply
loads (with only one translational degree of freedom in the longitudinal direction of the
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column reserved), and another end reference point is used for boundary conditions (rigid
junction). The reinforced concrete is connected by an embedded region and subject to load
by a reference point according to the displacement. The point set is arranged at the loading
point to facilitate reading the load in post-processing. A set of points is arranged at the core
concrete to observe the relationship between the stress, the strain, and the load of the core
concrete. The finite element model of the short column is illustrated in Figure 10, and the
calculation results based on the finite element method are also shown in Table 6.

Table 6. The calculation value of the ultimate bearing capacity of the BRFC short column.

Specimen
Number Test Value (kN)

Calculation Value
Based on

Equation (1) (kN)

Calculation Value Based on Finite
Element Analysis Method (kN) η1 η2

S1 500 502 497 1.00 1.01
S2 500 502 497 1.00 1.01
S3 490 502 497 0.98 0.99
S4 640 630 637 1.02 1.00
S5 640 630 637 1.02 1.00
S6 630 630 637 1.00 0.99
S7 600 598 597 1.00 1.01
S8 590 598 597 0.99 0.99
S9 600 598 597 1.00 1.01

Note: η1 = the ratio of the test value to the calculation value based on Equation (1); η2 = the ratio of the test value
to calculation value by the finite element analysis method.
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Figure 10. The finite element model of the short column: (a) the entity model; (b) the reinforcing
element; and (c) the concrete unit.

As shown in Table 6, no matter which of the theoretical calculation methods based on
the specification (i.e., Equation (1)) and the finite element simulation method is adopted,
its calculation results are very consistent with the test results. More specifically, for the
theoretical calculation method based on the specification, the calculated results of bearing
capacity of the BRFC short columns are slightly lower than the measured values, while the
corresponding results of the ordinary concrete short columns are slightly higher than the
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measured values. For the finite element simulation method, the calculation results of the
BRFC and ordinary concrete short columns are mostly lower than the measured values.
Although there is a certain deviation between the calculated results and the measured
values, the maximum deviation is no more than 5%. This also verifies the feasibility of
the bearing capacity prediction method of the BRFC short columns obtained by bringing
the stress–strain relationship obtained from the test into the specification formula and
the proposed finite element method. It is worth noting that due to the loading method of
increasing 10 kN each time during the bearing capacity test of the concrete short columns (as
described in Section 4.1), there is a certain deviation between the measured bearing capacity
from the test and the actual bearing capacity of the concrete short columns. However, the
deviation caused by this loading method is estimated to be between 1.5% and 2%. Therefore,
it will not have a substantial impact on the effectiveness of the previous prediction methods.

6. Conclusions

In this paper, we obtained the optimum fiber length and fiber volume content based
on the construction performance and the concrete compressive strength. The experimental
phenomenon, the ultimate bearing capacity, the load strain curve, and the influence mecha-
nism of basalt fiber are analyzed based on the results of the axial compression test of the
BRFC short columns. In addition, the theoretical and finite element calculation method of
the ultimate bearing capacity of the BRFC short column is proposed. The conclusions are
summarized as follows:

(1) The optimum fiber length is about 12–24 mm, and the fiber volume content is 0.15%.
In this case, the concrete has better slump and expansion properties and higher
compressive strength.

(2) Adding appropriate basalt fiber can effectively improve the ultimate bearing capacity
of the concrete short columns, and the maximum and average increases are 28% and
24%, respectively.

(3) No matter which of the theoretical calculation methods and the finite element sim-
ulation methods is adopted, its calculation results are very consistent with the test
results. Even considering the deviation caused by the loading mode, the maximum
deviation between the calculated results and the measured values is no more than 5%.

The limitation of this study is that only one diameter of basalt fiber is considered.
In future research, the effect of the fiber diameter on the construction and mechanical
properties of concrete needs to be further studied. Moreover, obtaining more measured
data on the ultimate bearing capacity of the BRFC short columns to verify the effectiveness
of the prediction method is also the focus of future research.
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Abstract: The practical performance of recycled asphalt obtained from recycled engine oil bottom
(REOB) was evaluated by paving a test road of base asphalt and REOB-recycled asphalt mixture in a
laboratory, where accelerated loading tests with 700,000 cycles were conducted. During accelerated
loading, pavement temperature, layer bottom strain, pavement skid resistance, and rutting were
monitored. The performance of pavement core material was tested after loading to analyze the index
change of binder and the compaction degree of the mixture. The results show that the long-term
anti-rutting ability of REOB-recycled asphalt pavement is approximately 10% higher than that of
the base asphalt pavement, although the long-term anti-sliding force and anti-fatigue performance
are poor. A developed model of rut with loading time can better predict the development trends of
these parameters with loading cycles. The performance test of the pavement material after loading
shows that 700,000 cycles can only degrade the performance of the test pavement, not damage
it. The recycled asphalt pavement with 7% REOB has basically the same performance as the base
asphalt under 700,000 cycles, indicating that REOB-recycled asphalt pavement can ensure basic road
performance, while providing economic and environmental advantages. These results provide a
reference for the application and form optimization of REOB-recycled asphalt pavement.

Keywords: recycled engine oil bottom; accelerated loading test; long-term performance; secondary aging

1. Introduction

As a secondary by-product of engine oil, recycled engine oil bottom (REOB) presents
a similar homology and compatibility with asphalt in production. The feasibility of using
REOB as an asphalt modifier has previously been effectively verified [1–3]. Moreover, its
product features, such as those related to economy and environmental protection, excellent
performance, and waste treatment, have attracted global attention.

Golalipour et al. [4] studied ten types of oil-modified asphalt, including two kinds
of recycled asphalt with REOB, and they found that both REOB blends that they tested
were the least susceptible to aging among all of the oil blends they used. In addition,
compared with the other eight kinds of oil, REOB most effectively improved the low-
temperature performance of the binder. As early as 1998, Herrington et al. [5] paved a test
road with a hot-recycled asphalt mixture produced by waste oil disintegration bottoms
(WODB). After 57 months of testing, they found that all parts performed well, and the
surface did not deteriorate, crack, or rut. Rostyslav et al. [6] used REOB-regenerated
aging asphalt from different sources, before designing a mixture. They found that the
permanent deformation and dynamic modulus of the REOB-modified asphalt mixture and
the base asphalt mixture were similar when the performance grade (PG) of the mixture was
consistent. Cooper et al. [7] designed five 12.5 mm asphalt mixtures for high-, medium-,
and low-temperature performance tests using two base asphalts and three different REOB
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contents for recycled asphalt, and they established that the use of REOB can increase the
temperature performance of the mixture.

REOB can effectively restore the performance of old asphalt, but during use, the low-
temperature performance is often poor. Li et al. [8] tested the turning point temperature,
freezing fracture temperature, and failure strength of asphalt mixtures mixed with 0%, 2.5%,
6.0%, and 15% REOB using the thermal stress restrained specimen test, and found that a
high REOB content can have adverse effects on the low-temperature crack resistance of the
asphalt mixture. Zaumanis et al. [9] studied aged REOB-recycled asphalt and discovered
that its penetration index usually increases, which indicates that it is a more structural and
brittle material and hence is easier to crack.

Related research has been conducted by means of basic indoor tests of materials.
However, to date, no studies have been performed on the operation of REOB-recycled
asphalt pavements owing to the long on-site test period required and high costs. In recent
years, the simulated accelerated loading test method has received significant attention
and is considered to be an important method for designing pavement based on service
performance. This method is closest to simulating an actual traffic load in current research
on road engineering.

In the history of pavement structural design, the AASHO full-scale pavement acceler-
ated loading test is the most representative test method. By establishing the relationship
between the service performance of a pavement structure and the cumulative number of
axle loads in traffic, the AASHO test verified the mechanical design of pavement struc-
ture. This method also opened up new ways to study asphalt pavement. Sirin et al. [10]
conducted tests on five test sections using a heavy vehicle simulator to predict pavement
rutting in Florida. The five test sections adopted different running directions and dif-
ferent combinations of loading wheels. The results showed that when evaluating the
rutting resistance of pavement under the traffic and climate conditions in Florida, driving
the loading wheels in one direction is more effective than two-way driving. Choubane
et al. [11] used accelerated loading test equipment to evaluate the long-term performance
of high-performance asphalt pavement with either coarse or fine aggregate gradation.
They found that fine aggregate asphalt pavement provides superior rutting resistance than
coarse aggregate material. Theys et al. [12] proposed a semi-empirical–semi-mechanical
subgrade design model using subgrade deflection as a road design standard instead of the
generally accepted vertical stress by conducting a large number of heavy-duty simulator
(HVS) tests in California, USA. Hugo [13], a researcher in South Africa, developed the
fourth generation of the previous pavement accelerated loading simulation systems of
MLS and MMLS and successfully applied it to evaluate pavement fatigue performance.
Accelerated loading tests were carried out on cement- and lime-stabilized sandy soil base
in Mozambique. During the test, indexes such as surface cracks, grooves, pits, dynamic
deflection, pavement flatness, and rutting were examined. At the same time, the long-term
performance of asphalt pavement was investigated by testing the mechanical properties
of materials using indoor tests, and the fatigue performance laws of the asphalt mixtures
were obtained. Clearly, accelerated loading tests can provide many useful conclusions to
guide the design of pavement structures and materials.

In this study, pavement performance is compared and analyzed on the basis of the
material and structural form by paving base asphalt and REOB-recycled asphalt roads.
Accelerated loading equipment was used to quickly accumulate load on the test section
to simulate the real service environment of pavement. Pavement performance in the
loading process was monitored, which provides the basis for the research and application
development of REOB-recycled asphalt pavement.
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2. Materials and Methods
2.1. REOB Regenerant

The Recycled Engine Oil Bottom (REOB) selected in this test comes from a qualified
recycled oil treatment plant in Zibo, Shandong Province. Its main treatment process is:
filter waste oil—membrane distillation—uronic refining—clay process.

The United States of America state the requirements for REOB quality control in the
“Standard specification for refined engine oil bottoms/vacuum tower asphalt extender
(VTAE)” promulgated in 2017 [14]. Based on this specification, as well as the similarity
between REOB and asphalt compatibility, the related physical indicators and components
of REOB were tested, and the results are shown in Table 1.

Table 1. Basic technical properties of REOB.

Physical
Properties

Ash Content/% Relative Density 60 ◦C Viscosity/Cst Flash Point/◦C
Thin Film Oven Test

Viscosity Ratio Quality Change/%

3.7 0.911 484 247 1.69 −1.284

Four-component analysis Asphaltene/% Colloid/% Aromatics/% Saturation/%

0.2 17.7 81.2 0.9

In this study, a representative REOB from factory machinery was selected. According
to the results of testing the performance of this REOB shown in Table 1, it meets the
following functions and characteristics of a regenerant:

(1) Security. The flash point index reflects its construction safety. If this value is too low, it
is a fire hazard under high-temperature operation. After testing, the flash point value
of REOB is 247 ◦C, and the flash point value as asphalt regeneration agent meets the
requirements of construction safety standards shall not be less than 220 ◦C.

(2) Components. Aromatic components mainly play the role of dissolving and dispersing
asphaltene in aged asphalt; thus, regenerants require a large amount of aromatic
components. The four-component analysis revealed that the aromatic content of the
REOB regenerant is high at 81.2%, which can supplement the aromatic content missing
in the asphalt aging process, while the saturated content also meets the specification
requirements of ≤30% regenerant.

(3) Anti-aging properties. The viscosity ratio and mass change reflect the increase in
viscosity and the decrease in mass after the film is heated, respectively. The smaller
these two values, the better the anti-aging properties of the material. Owing to the
high content of light components in REOB, it easily volatilizes at high temperature.
Certain amounts of mass loss and viscosity increase are inevitable, but they are within
the specification and controllable ranges, namely, a viscosity ratio ≤3 and a mass loss
from −4% to 4%.

2.2. Asphalt

This test design required two kinds of asphalt: base asphalt and recycled asphalt.
The conventional base binder was A-grade 70# petroleum asphalt with a performance
classification of PG64-28. Recycled asphalt was prepared by adding the REOB regenerant to
the aged asphalt. The aged asphalt was prepared as follows: The base asphalt was weighed
to 600 g and poured into a 40 cm × 30 cm × 4.8 cm iron plate. The iron plate with the base
asphalt was transferred into a 163 ◦C oven and stirred every 2 h to ensure even heating
and aging of the asphalt. The aging time was prolonged to 48 h. In this way, one oven
could perform the aging test of at least 3.6 kg asphalt, thereby significantly improving the
efficiency of aging asphalt preparation [15]. The results of our previous research showed
that the ideal regeneration effect was obtained when the REOB content was approximately
7% [16]. The specific preparation method of recycled asphalt is as follows: 7% REOB was
added to the aged base asphalt at 160 ◦C for mixing, followed by shearing at 3000 r/min
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at 165 ± 5 ◦C for 30 min. Thereafter, it was placed in an oven at 160 ◦C for 1 h. The
performance of the different types of asphalt used in the test is shown in Table 2.

Table 2. Asphalt test parameters.

Test Index Unit
Base Asphalt Aged Asphalt 7% REOB-Recycled Asphalt

Test Parameters

Penetration (25 ◦C) 0.1 mm 72.7 29 71
Softening point ◦C 49.7 68 51.9
Ductility (10 ◦C, 5 cm/min) cm 56.4 0.6 50.0
Relative density (25 ◦C) / 1.024 1.036 1.022
Viscosity (135 ◦C) Cst 338.2 1651.5 391

RTFOT (163 ◦C, 5 h)
Mass loss % −0.17 −0.09 −0.18
Residual Penetration ratio % 79.1 67.0 80.2
Residual ductility (10 ◦C) cm 21.2 0 16.2

Taking the three index values of base asphalt as a reference, the penetration, softening
point, and ductility of the aged asphalt could be restored to 97.7%, 104.4%, and 88.7%,
respectively, after adding 7% REOB, which could achieve the complete regeneration of the
aged asphalt.

2.3. Asphalt Mixture

The AC-13 and AC-20 asphalt mixtures were used for the upper and lower layers
of the test road, respectively, and the use of the binder is shown in Figure 1. The new
coarse and fine aggregates used in the mixture were all obtained from the Zhang Qiu
limestone quarry in Jinan. Among the components, the recycled asphalt surface is made
of REOB-recycled asphalt and new asphalt as the binder, which was then mixed with the
new and old aggregate to yield a mixture. The Reclaimed Asphalt Pavement (RAP) in the
recycled pavement was taken from the asphalt concrete surface course of an expressway in
Shandong, in which the content of RAP was 40%. Calculations using the Marshall design
method indicated that the oil–stone ratio was 5.0%, and the gradation designs are shown in
Figures 1 and 2.
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2.4. Test Plan

An accelerated loading test of the three pavement structures was conducted to compare
the performance of different combinations of pavement. Five mixing pots of Shandong
Provincial Key Laboratory of Asphalt Pavement Structure were used for mixing the mixture,
and each mixing pot mixed 20 kg asphalt mixture each time. After research, it was decided
that the temperature of the mixture that gets mixed from the completion to the paving stage
be maintained by a large tray oven containing 1000 kg hot material in the Key laboratory
of Asphalt Pavement structure in Shandong Province for hot material insulation process.
The insulation temperature was uniformly set to 150 ◦C, which is conducive to the paving
work of the test section.

This study was carried out according to the following flow chart, as shown in Figure 3.
It involved two parts: (1) testing the pavement performance under loading and (2) extract-
ing asphalt materials from the pavement after loading to examine changes in the properties
of REOB-recycled asphalt.
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As shown in the paving plan in Figure 4, the upper and lower layers of the test
pavement were made of dense-graded asphalt concrete. Fine-grained AC-13 gradation
was selected for the upper layer, and medium-grained AC-20 gradation selected for the
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lower layer. The base layer cement stabilized the macadam base. The width and length
of the pavement were designed to be 100 and 400 cm, respectively. To accelerate the
destruction of the test road, the upper and lower layers were designed to be 4 and 6 cm
thick, respectively. The lower layers of Pavements I and II were both an AC-20 base asphalt
mixture However, the asphalt binders in their respective upper layers were different,
namely, base asphalt and REOB-recycled asphalt, respectively. Using these materials in
the upper layer enabled studying the performance difference between the REOB-recycled
asphalt mixture and ordinary base asphalt concrete pavement. Meanwhile, Pavements II
and III used base asphalt and REOB-recycled asphalt in the lower layer, respectively, which
allowed investigating the long-term performance of pavement with REOB-recycled asphalt
mixture in the underlying layer.
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Figure 4. Road structure and sensor location map. 
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The equipment used in this model test was a small rotary road acceleration load-
ing system (ALT-R100) independently developed by Shandong Jiaotong University. The
equipment could be used in a three-wheel unidirectional cycle loading method, and the
maximum loading speed reached 35 km/h (15,000 cycles/h). This approach was convenient
to use and could quickly simulate the actual traffic load and environmental damage to
the road surface in a short time. The reasonable structure and damage mechanism in the
life cycle of a road could be effectively and accurately analyzed by monitoring the road
conditions and test parameters during the loading process.

To accelerate the destruction speed of the test road, the upper and lower layers
were designed to be 4 and 6 cm thick, respectively. The full-scale asphalt test pavement
structure was paved with a 100 KN cyclic loading mode with a driving speed of 22 km/h,
and the effective loading length of the equipment was 100 cm. To reduce the impact of
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environmental factors during the loading process, a reciprocating cyclic loading method
was adopted: Pavement I was loaded for 50,000 cycles, translated to the loading area
of Pavement II and loaded for 50,000 cycles, and then translated to the loading area of
Pavement III and loaded for 50,000 cycles. This was the reciprocating cycle loading method.
During the loading process, the pavement temperature, layer bottom strain, pavement
friction coefficient, and rut depth were monitored regularly and at fixed points.

(1) Pavement temperature: Temperature monitoring was conducted using an embedded
thermocouple temperature sensor with a measurement range able to reach −200–500 ◦C,
while the accuracy reached 0.002 ◦C. A temperature sensor was embedded at the top
of the upper layer, the bottom of the upper layer (the top of the lower layer), and
the bottom of the lower layer of the three pavements of the test road in the form of
pre-burying, which recorded temperature values every 1 h. The layout position is
shown in Figure 4. Meanwhile, the indoor temperature of the corresponding time
was recorded using a mercury thermometer.

(2) Layer bottom strain: After comparison, the layer bottom strain monitor was used
to select the KM-100HAS “I”-shaped resistance strain gauge produced by Japan’s
TML company, which provided superior comprehensive performance. The three-
dimensional position where the strain sensor was buried was located between the
top of the cement-stabilized gravel layer and the bottom of the lower layer along the
direction of the wheel track belt, and between the bottom of the upper layer and the
top of the lower layer. The strain response data were collected every 10,000 cycles
with a 100 Hz acquisition frequency, and the acquisition time was approximately
2 min/12 loading cycles. The strain data acquisition system included a DC-004P
dynamic strain gauge that was made by Tokyo Measuring Instruments Lab in Japan,
and visual log DC-7004P control software to collect and analyze the strain data.

(3) Anti-sliding performance: Each wheel of the loading equipment was rolled for 5000 cycles,
and the friction coefficient data were collected once by a pendulum friction meter,
which was the British Pendulum Number (BPN) condition value, representing the
anti-sliding ability of the pavement. The friction coefficient of the asphalt pavement
was monitored by setting three detection points along the wheel trace direction, as
shown in Figure 5a.

(4) Anti-rutting performance: A laser car that was independently developed by Shandong
Jiaotong University was used for the rutting test at points A and B in Figure 5. The
test range of the laser car was 1 m2. The rutting data were collected after every
5000 loading cycles, and the rutting of a cross-section was tested every 0.2 m, as
shown in Figure 5b.
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Figure 5. Layout of monitoring points. (a) Layout of friction coefficient monitoring points; (b) Layout
of track monitoring points.

3. Results and Discussion
3.1. Analysis of Long-Term Monitoring Performance of Test Road
3.1.1. Temperature

The relationship curve between the loading cycles and temperature of the three types
of pavements is shown in Figure 6, with 20,000 loading cycles as a statistical unit. Owing
to the reciprocating loading mode of the three pavements, the difference in pavement
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temperature among the pavements was relatively small. However, owing to the large
time span from summer to autumn, the overall temperature showed a downward trend
with decreasing room temperature (15–35 ◦C), and the temperature dropped sharply after
loading for 420,000 cycles. Therefore, the experiment was divided into two stages based on
the temperature gradient.
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Stage I: The average temperature of asphalt pavement was 33.3 ◦C, and the total
number of loading cycles was 400,000.

Stage II: The average temperature of asphalt pavement was 17.4 ◦C, and the total
loading number of loading cycles was 300,000.

3.1.2. Skid Resistance

The measured BPN values were all obtained for conventional dry road, and the
thickness of the upper layer of the test road was 4 cm; thus, the measured values did not
require temperature correction. The decay law of the friction coefficient of the three types
of asphalt pavement structures under accelerated loading was obtained using a statistical
method, as shown in Figure 7.
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The initial friction coefficients of the three accelerated loading test sections were
all above 60. The friction coefficient decreased gradually with increasing loading cycles
and decreased rapidly in the early stage of loading. After loading for 400,000 cycles, the
pendulum value dropped below 40, which is below 60% of the initial value, and Pavement
I exhibited the fastest rate of decrease, falling to approximately 55% of the initial value. The
difference in the skid-resistance performance of the three types of pavement was small,
which indicates that REOB-recycled asphalt will not reduce the skid-resistance performance
of asphalt pavement, which is mainly controlled by the characteristics of the aggregate
and gradation. The pendulum value decreased slowly and tended to gradually stabilize
after 400,000 loading cycles until the end of the test. The skid-resistance performance of
Pavements II and III decayed rapidly. Their BPN values were lower than those of Pavement
I at 440,000 and 560,000 loading cycles, respectively, and lower than the required value of
32 for class 2. Further, these were below highway maintenance specifications at 600,000
and 480,000 loading cycles, respectively.

Therefore, the skid-resistance performance of conventional asphalt mixture pavement
is inferior to that of REOB-recycled asphalt mixture pavement in the short term because
of the high viscosity of recycled asphalt, which will also cause a more serious degree of
rutting in Pavement I compared to other pavements. With the increasing number of loading
cycles, from the perspective of long-term pavement service, the anti-sliding performance
of conventional asphalt mixture pavement is better than that of REOB-recycled asphalt
mixture pavement.

3.1.3. Rut

The rut formed on the test road is typically unstable (flow type), owing to the recipro-
cating rolling action of the ALT-R100 system. Deformation curve of wheel rut section after
700,000 times of loading is shown in Figure 8a. Figure 8b shows the overall evolution of the
road ruts of the three different pavement structures under the action of loading and rolling
at room temperature.
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Figure 8. Variation law of pavement rutting. (a) Deformation curve of wheel rut section after
700,000 times of loading; (b) The overall evolution of the road ruts of the three different pavement
structures under the action of loading and rolling at room temperature.

The tests reveal several results:

(1) The overall rutting shapes of the three pavement structures are similar after cycle
loading, as shown in Figure 9. The rutting depths of the three types of pavement
structures developed rapidly before 220,000 loading cycles with the acceleration
loading system; at 160,000 loading cycles, the first inflection point appears in the
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rutting development, and the second inflection point appears at 220,000 loading
cycles. However, after 220,000 loading cycles, the rutting depth tended to increase at
a slower rate and remained almost unchanged after 400,000 loading cycles. Because
the compaction of the aggregate and the discharge of air were relatively fast, the
pavement could be in the stage of aggregate compaction before 220,000 loading cycles.

(2) The gray area shown in Figure 8 is the change in room temperature; hence, higher
room temperature and road temperature also played a certain role in promoting the
generation of rutting, causing a greater change in the early rutting depth. At the end
of 700,000 loading tests, the rutting depths of the first, second, and third structural
pavements were 3.7, 3.2, and 3.5 mm, respectively.

(3) Compared with structural Pavements I and II, which had the same form of their
lower layer, the anti-rutting ability of recycled Pavement II was approximately 13%
better than that of conventional pavement “Pavement I,” when the upper layer of
asphalt mixture is comprised of 4 cm of base asphalt AC-13 and REOB-recycled
asphalt AC-13, respectively. The upper and lower layers of Pavement III contained
the recycled mixture, whereas Pavement II only contained the recycled mixture
in the upper layer and showed better anti-rutting performance than Pavement III.
Comprehensive analysis shows that the REOB-recycled asphalt mixture has good
anti-rutting performance when used in the upper layer.

(4) At high temperature conditions, above 30 ◦C, damage is related to rutting but not
fatigue. At intermediate temperature conditions, below 20 ◦C, damage is related to
fatigue, and the ruts change slightly and gradually flatten out. According to the above
test data results and relevant research data, the rutting changes with the loading cycles
in a logarithmic form [17], and the regression curve above 30 ◦C (the first 400,000
loads) is shown in Figure 8b. The fitting model is shown in Table 3. The correlation
coefficient R2 of the fitted logarithmic curve is over 0.98, indicating that the fitted
function is reliable.
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Table 3. Rutting prediction Pavements of three pavement structures.

Pavement Structure Model Rutting Prediction Model R2

Structural Pavement I rut = 0.38959 ln(N − 3.71988) + 2.9481 0.99598
Structural Pavement II rut = 0.41277 ln(N − 3.65412) + 1.94652 0.99743
Structural Pavement III rut = 0.52695 ln(N − 3.27094) + 1.25467 0.98152

Where: rut is rutting depth, N is the number of loading cycles.
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3.1.4. Layer Bottom Strain

An effective method to study the stress and fatigue of asphalt pavement is to analyze
the layer bottom strain, as many problems with pavement are closely related to the layer
bottom strain [18].

During the accelerated loading test, sensors No. 1, No. 3, and No. 5 were transverse
strain sensors of Pavements I, II, and III, respectively, and sensors No. 2, No. 4, and No.
6 were longitudinal strain sensors. According to the monitoring results, the relationship
between the layer bottom strain and loading time is shown in Figure 9.

(1) As seen in Figure 9, the change trends of the transverse and longitudinal sensors of
each pavement structure are consistent, whereas the numerical values differ. The
initial strain values of Pavements I, II, and III are above 80 × 10−6, 100 × 10−6, and
110 × 10−6, respectively. After 80,000 loads, these values drop to approximately
40 × 10−6, 50 × 10−6, and 70 × 10−6, respectively. At this time, the strain changes
are related to the high temperature and compaction of the mixture. As there is only a
limited number of load cycles for intermediate temperatures, fatigue does not occur
yet, and thereafter, the strain is only related to the temperature conditions.

(2) The strain change during the entire loading process may be divided into three stages.
In the initial stage of loading, the temperature is relatively high, in which the layer bot-
tom strain is also high. In the middle stage of loading, the temperature drops sharply
from 350,000 to 500,000 loading cycles. With the long-term effect of the load, the strain
decreases gradually. Before the end of loading, from 500,000 to 700,000 loading cycles,
the temperature drops, causing a halt in the change in strain value.

(3) In the later stage of loading (from 500,000 to 700,000 cycles), the strain values of
Pavements I, II, and III are stable at 9–11 × 10−6, 10–19 × 10−6 and 21–33 × 10−6,
respectively. The strain at the bottom of the third layer of the pavement is at a relatively
high level compared to other pavements. This result shows that the pavement using
REOB-recycled asphalt mixture on both the upper and lower layers has less sufficient
mechanical properties than the pavement using this asphalt mixture only in the upper
layer and the conventional asphalt pavement in the lower one. Excessive strain could
directly cause pavement damage, and the anti-fatigue performance of the third layer
of the pavement is poor.

Studies have been conducted on the fatigue performance of asphalt mixtures in differ-
ent ways, and different fatigue pavements of asphalt mixtures have been proposed.

The British Transport and Road Research Institute has proposed fatigue design stan-
dard Formulas (1) and (2) [19,20] for asphalt pavement, with a reliability of 85% and an
equivalent temperature of 20 ◦C.

N f = 1.66 × 10−10 × (εt)
−4.32(AC) (1)

and
N f = 4.169 × 10−10 × (εt)

−4.16 (AM). (2)

Elliot and Thomson established a relationship between the tensile strain and pavement
fatigue life. For a typical Illinois dense graded I asphalt mixture, the following fatigue
pavement Formula (3) can be adopted [21]:

Nt = 5 × 10−6 × (εt)
−3.0. (3)

The fatigue test results of different asphalt mixtures show that the resilient modulus
plays an important role in the fatigue performance of materials. Monismith et al. established
the following general Formula (4) [22]:

N f = K(εt)
−n(Smin)

−m. (4)
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Wang Xudong et al. conducted constant stress bending fatigue tests, combined with
load transverse distribution, load intermittent time, and adverse season days. They modi-
fied the indoor fatigue model as follows [23]:

Ne = N f × 7 × 40 × 365
60

× 2 = 13.7 × Aa Ag/ACσ−4.17 (5)

where N f is the laboratory fatigue life, N f = 4025Aa Ag/ACσ−4.17; εt is the tensile strain;
Aa is the coefficient of asphalt type; Ab is the gradation coefficient of asphalt mixture; Ac is
the coefficient of highway grade coefficient; and σ is stress.

In the actual service process of pavement, its stress and strain are constantly changing
and uncertain under vehicle loads. Most of the above fatigue models were obtained by
testing under the stress control and strain control modes, which differ from the actual situa-
tion of real pavement. For an unstable variable stress, damage accumulation hypothesis
should be used to estimate the fatigue failure life of the road. Cyclic loading is adopted in
this test, and the loading times are sufficient. A comparative analysis of the transverse and
longitudinal tensile strains is performed by the Wohler equation, and load action cycles of
Pavement III are used as an example, by which the relationship between tensile strain and
load action cycles is established, as shown in Figure 10.
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3.2. Material Properties before and after Loading

After 700,000 times of loading, cores were taken from the loading areas (including
rutting pits and uplifts) and unloaded areas of the three pavements. Three index tests were
performed on the extracted asphalt, and the mixture porosity test and resilience modulus
test were performed on the core samples. Based on the original test data, the physical
properties of the recovered binder and the porosity and modulus of the mixture of each
group are shown in Figures 11 and 12 and Table 4.
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Table 4. Resilience modulus of cores taken from different pavements.

Coring Position Resilience Modulus/MPa

Mixture Unload-Area-Upper Uplift-Upper Pit-Upper

Upper layer
Pavement I 673 666 785 826

Upper layer
Pavement II 679 671 792 807

Upper layer
Pavement III 679 670 788 801
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The comparison of physical performance of the binder on the upper layer of each
structural pavement after loading shows that among the three indexes, the degree of change
in the softening point is the smallest, i.e., less than 6 ◦C, whereas the ductility changes to
greatest degree, by more than 27 cm. Thus, the performance metrics of the asphalt binder
decrease in varying degrees after mixing, paving, and wheel loading. The performance of
the recycled asphalt of Pavement III decreases the most. The softening point of Pavement III is
the most prominent; it is 6 ◦C and 1.2 ◦C higher than that of original asphalt and Pavement II
with the same material, respectively. Pavement III has a penetration of 14.2 mm lower than
original asphalt. In the rut fitting function y = a − b ln(x + c), b represents the slope of the
curve. Model III has the largest b, and the rut develops the most rapidly, which verifies that
the faster the asphalt performance declines, the faster the rutting resistance degrades.

Figure 12 shows the porosity comparison of materials at different positions in the
upper layer of each pavement structure. Porosity index can reflect the compaction of
pavement materials of each structure. The porosities of pavement II, III, and I are the
highest, second highest, and lowest, respectively. The porosities of pit- and uplift-upper of
pavement I are 53.3% and 26.7% lower than that of the unloaded area, respectively, whereas
those corresponding to pavements II and III are 43.7% and 22.9% lower and 37.5% and
18.7% lower, respectively. The degree of wheel load compaction of pavement I is greater
than that of other pavements. If the increase in porosity is attributed to the lateral flow of
material, pavement I has more lateral material flow and is more affected by rutting. REOB-
recycled asphalt is used as the mixture in the upper layer, which has obvious advantages
over the base asphalt in terms of the rutting resistance of the whole asphalt layer. The
porosity changes of Pavements II and III are basically equal, indicating that REOB-recycled
asphalt can also provide satisfactory rutting resistance when used in the lower layer.

There is no significant difference in the modulus of compressive rebound between
the new base asphalt Pavement I and the REOB-recycled asphalt Pavements II and III,
as shown in Table 4. After 700,000 cycles, the modulus appreciations of uplift-upper of
Pavements I, II, and III are 119 MPa, 121 MPa, and 118 MPa, respectively, and those of
pit-upper are 160 MPa, 136 MPa, and 131 MPa, respectively. The moduli of Pavements II
and III in the unload-area-upper and the uplift-upper remain large, and the possibility of
damaging the pavement is greater under sufficient load. In addition, the moduli do not
reach the attenuation stage, indicating that the pavement performance is only degraded
under 700,000 cycles, but does not reach the damage stage. The performance of REOB-
recycled asphalt pavement is basically equivalent to that of base asphalt surface under
700,000 loads.

To study the fatigue resistance of the material, loading times should be increased further.

4. Conclusions

In this study, REOB is used as an asphalt modifier in the field of aging asphalt recycling,
which offers a certain amount of economic and environmental protection. To explore the
practical long-term application performance of REOB-recycled asphalt pavement, the rotary
accelerated loading test system (ALT-R100) independently developed by our university is
used to carry out cyclic loading tests on three sections of REOB-recycled asphalt pavement,
to simulate the long-term load behavior of service pavement in a short time. The following
conclusions may be drawn:

(1) After using the ALT-R100 accelerated loading system to perform 700,000 loading
cycles, the anti-skid performance and anti-rutting performance of concrete pavement
with REOB-recycled asphalt and conventional asphalt are basically consistent, both
meeting use requirements.

(2) The pavement with the REOB-recycled asphalt mixture in the upper and lower layers
enters the compaction stage sooner; thus, it is prone to rutting damage earlier, and
the asphalt binder is more prone to aging. This problem does not occur when REOB-
recycled asphalt mixture is only used in the upper layer.
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(3) A logarithmic model for predicting rutting and a Wohler-equation-based strain pre-
diction model of the three-section test road under ALT-R100 accelerated loading were
obtained, revealing the development laws for rutting and bottom strain within the
applied loading times.

(4) The rutting depth, BPN value, and bottom strain of the pavement gradually sta-
bilized after loading for 400,000 cycles. When ALT-R100 is used to evaluate the
high-temperature rutting resistance and anti-skid performance of asphalt mixtures,
the standard test can be performed for 400,000 to 500,000 loading cycles.

With sufficient time and funds, we can continue to conduct accelerated loading tests
involving REOB-recycled asphalt pavement by constructing a field test road in the future
to study the performance characteristics of base asphalts having different structures with
REOB-recycled asphalt layers.
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Abstract: For steel–concrete composite structure, a new type of stud–PBL composite shear connector
can improve the shear resistance of steel–concrete interface, and polypropylene fiber ceramsite con-
crete can reduce the self-weight. Therefore, investigating the shear behavior of stud–PBL composite
shear connectors for steel–ceramsite concrete composite structures bears significance. In this study,
static testing and numerical simulation of the composite shear connector push-out specimen of
polypropylene fiber ceramsite concrete were first conducted. The influencing factors of the shear
bearing capacity were then analyzed. The formula for determining the shear bearing capacity of the
steel–ceramsite concrete composite structure stud–PBL composite shear connectors was ultimately
established. The results indicated that the new composite shear connector exhibited excellent shear
resistance and good deformation ability. In addition, increasing concrete’s strength, stud’s diame-
ter, and perforated plate’s thickness could significantly improve the shear bearing capacity of the
composite shear connector. The calculated value of the shear bearing capacity of the composite shear
connector was well correlated the measured value of the test. Overall, the stud–PBL composite shear
connector could effectively improve the interfacial shear bearing performance of the steel–ceramsite
concrete composite structure. Moreover, the established formula demonstrated broad applicability.

Keywords: bridge engineering; shear bearing capacity; push-out test; stud–PBL composite shear
connector; finite element analysis; ceramsite concrete; composite structure

1. Introduction

Steel–concrete composite structures are characterized by reasonable stress and have
been widely used in recent years. Shear connectors are the pivotal elements that bond
the steel beam to the concrete slab. Stud and Perfobond Leiste (PBL) shear connectors
are mostly used in engineering thus far [1]. Stud shear connectors can resist longitudinal
shear force through the stud rod, and a large part resists the lifting force of the concrete
slab. To resist the longitudinal shear force and the interface separation force, a PBL shear
connector mainly consists of three parts: a perforated steel plate, the concrete tenon, and
the penetrating steel bars [2].

Comprehensive studies have been conducted on the combined structural performance
of studs or solely PBL shear connectors, and these reports have been verified in various
engineering practices [1–6]. To meet engineering requirements such as large shear and pull-
out resistance for a composite structure interface, flexible stud shear connectors have been
combined with rigid PBL shear connectors; this integration is aimed at forming composite
shear connectors that can be used in steel–concrete composite structures. However, the
process of combining stud shear connectors and PBL shear connectors in space remains
inconclusive. Zhang [7] added two rows of studs to both sides of the perforated steel
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plate to improve the shear bearing capacity; this connector, which was composed of the
perforated plate and the studs, was used in the Nakano Viaduct Project in Japan. For this
method, push-out tests and finite element simulation analysis were performed by Deng [8]
and Zheng [9]. Their study verified the superior shear resistance of the perforated plate +
stud shear connector. Meanwhile, to strengthen the vertical shear resistance of the transition
between the longitudinal steel box girder section and the concrete girder section in the
hybrid box girder bridge, Jin [10] arranged the studs and PBL shear connectors alternately
vertically in the web of a hybrid box girder bridge and studied the ratio of the shear force
borne by the PBL shear connectors to the studs. Chen [11] proposed a composite shear
connector in which studs were transversely welded to the perforated plate. The formula
for the shear bearing capacity of the composite shear connector was derived by finite
element simulation analysis of push-out tests. The aforementioned studies demonstrated
that the combination of studs and PBL to form a composite shear connector can indeed
improve shear resistance; however, existing composite shear connectors (mainly used in
special stress parts of the structure) are not universal. The PBL shear connectors arranged
lengthwise can divide the concrete slab into strips longitudinally, reducing the integrity of
the concrete slab. Meanwhile, the PBL shear connectors arranged lengthwise may increase
the amount of steel. Widely distributed welding residual stresses also exist in PBL shear
connectors and steel beams. Therefore, it is of good engineering value to design a more
reasonable stud–PBL composite shear connector, which can optimize the welding residual
stresses, enhance the connection between concrete and steel beams, and improve the force
performance of the steel–concrete interface.

In this study, PBL and stud were alternately arranged in the same plane to form a new
composite shear connector. The intermittently arranged PBL shear connectors can reduce
the amount of steel used and increase the integrity of the concrete slab. The bearing effect
of the end concrete can also enhance the shear resistance of the shear connectors [12,13].
Meanwhile, the combination of rigid PBL shear connectors and flexible studs can com-
plement the advantages of the two shear connectors, endowing the interface between the
concrete slab and the steel beam with sufficient stiffness, good ductility, and toughness.

Shear bearing capacity is an important performance index of shear connectors. There-
fore, it is very important for its popularization and application to accurately evaluate the
shear resistance of shear connectors and obtain a reliable calculation formula of shear
bearing capacity. In a previous study, Xue [14] proposed the load–slip curve formula for
the sheared stud and the calculation formula for the shear bearing capacity, considering
the length to diameter ratio of the stud by testing the stud push-out specimen. Using
push-out testing, Lee [15] and Hu [16] presented formulas for calculating the shear bear-
ing capacity of high-strength concrete stud shear connectors and ultra-high-performance
concrete stud shear connectors, respectively. Huo [17] studied the shear bearing capacity
of stud connectors under impact loading. Based on integrating some group studs push-
out tests and theoretical analysis results [18–21], “Code for Design of Steel and Concrete
Composite Bridges” (GB 50917-2013) also provided the formula for calculating the shear
bearing capacity of ordinary concrete composite beams when the studs were damaged,
and highlighted that the diameter of the stud is an important influencing factor. The
effects of diameter [12,13,22–30], quantity [22] and strength [25,26] of penetrating steel
bars, diameter of openings [12,13,22–27,29,30], concrete strength [12,13,22,23,25,26,28,29],
number of openings [12,27], thickness of perforated plates [13,21–23,25,27,30], spacing of
perforated plates [26], and concrete stress state [12] on the shear bearing capacity of PBL
shear connectors have been evaluated in other reports. Moreover, formulas for calculating
the shear bearing capacity of PBL shear connectors have been proposed. The influencing
factors and function forms considered in each calculation formula are essentially identical,
but vary in coefficients. No mature formulas are currently recognized in the industry.
Therefore, the formula for the shear bearing capacity of stud shear connectors is highly
mature. By contrast, the formula for the shear bearing capacity of the PBL shear connector
has yet to be verified by more tests and engineering examples. After the stud and the PBL
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shear connector are integrated into a composite shear connector, adding both in the shear
bearing capacity is evidently inappropriate. Therefore, the determination of the mutual
influence of the stud and the PBL shear connector still needs to be clarified by experimental
and analytical research.

The ceramsite concrete with an appropriate number of polypropylene fibers presents
several advantages, including lightness, high strength, and good seismic performance [31].
However, the physical and mechanical properties of ceramsite concrete still differ from
those of ordinary concrete. Thus, the performance of composite structures made from
it needs to be further defined using experiments and theoretical analysis. Applying the
stud–PBL composite shear connector in a composite structure consisting of steel–ceramsite
concrete can form a structural system characterized by lightweight, dead weight, and high
bearing capacity. Accordingly, studying its mechanical properties is highly crucial.

This study explores the following three aspects. (i) First, push-out tests of one stud
shear connector (LT-S), one PBL shear connector (LT-P), and three stud-PBL composite
shear connectors (LT-C) were performed to research the interfacial shear resistance of
steel–ceramsite concrete composite structures with different shear connectors. The finite
element software Abaqus was then used to simulate push-out tests with 5 samples. The
test phenomenon, load–slip curve, shear bearing capacity, stress illustration, and damage
illustration (among others) were compared and then verified among one another. Finally,
the shear damage mechanism and the failure form of shear connectors were revealed from
multiple angles. (ii) Nine groups of orthogonal test simulations with four factors and
three levels were conducted for 49 finite element push-out samples. Subsequently, the
influences of parameters such as the stud diameter, PBL perforated plate thickness, opening
diameter, penetrating steel bar diameter, and concrete strength on the shear resistance of
the composite shear connector were analyzed. (iii) Multivariate linear regression analysis
was performed on the analysis results of 49 finite element models. Subsequently, the
formula for the shear bearing capacity of the stud–PBL composite shear connector in the
steel–polypropylene fiber ceramsite concrete composite structure was derived. The formula
was then verified by the test results. The objectives of the study are to clarify the shear
resistance of composite shear connectors, to obtain their influencing factors, and to establish
reasonable calculation formulas. The significance of this paper is to provide a new and
scientific reference for the design of steel–concrete composite structure interfaces.

2. Push-Out Experiment
2.1. Experimental Design

To study the shear resistance of the combined arrangement of studs and PBL, five push-
out specimens were designed, with reference to Eurocode 4 (EN 1994-2: 2005, Eurocode
4) [32]. They were divided into three groups based on the type of the shear connector: the
LT-S group (studs shear connector, one specimen), the LT-P group (PBL shear connector,
one specimen), and the LT-C group (composite shear connector with the combined studs
and PBL, three specimens).

The polypropylene fiber ceramsite concrete used in the test had a 28-d cube com-
pressive strength of 52.3 MPa and a content of 0.9 kg/m3 (the volume content was 0.1%).
The model of the penetrating steel bar was HPB300 and its diameter was 12 mm. Its
measured yield strength, ultimate tensile strength, and elastic modulus of the penetrating
steel bar were 328, 480, and 209.2 GPa, respectively. Both H-beam and PBL perforated
plates consisted of Q235 steel, and their thickness was 16 mm. They had the following mea-
surements: yield strength, 330.9 MPa; ultimate tensile strength, 440 MPa; elastic modulus,
205.7 GPa. The material of the stud was ML15A1 and the diameter of the rod part of the
stud was 16 mm. Its measurements were as follows: yield strength, 360 MPa; ultimate
tensile strength, 400 MPa; elastic modulus, 205 GPa. The opening of the perforated plate
was set to 40 mm.

The structural form of the LT-C (composite shear connector) specimen is presented in
Figure 1. Each sample contained four PBL shear connectors and four stud shear connectors.
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To ensure that the studs as flexible connectors could fully exert their shear resistance when
the sample was under compression, the studs in the specimen were arranged in the lower
part of the specimen. The PBL shear connectors on the upper layer of the LT-C specimen
were replaced with studs, which comprised the LT-S specimen. Similarly, the studs on
the lower layer of the LT-C specimen were replaced with PBL shear connectors, which
comprised the LT-P specimen. (See Table 1).
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ing step was 20 kN. During preloading, after loading to 60 kN, it was unloaded to 0 kN, 
and the loading rate was 0.5 kN/s). After preloading, monotonic hierarchical loading was 
employed for the formal loading. First, the loading level distance was set to 1/10 of the 
limit load, which was calculated using the finite element method. Moreover, the sample 
was loaded to 80% of the calculated limit load value, step by step (loading rate was 1 
kN/s) in accordance with this loading level distance. The loading level distance was then 
set to 20 kN (0.2 kN/s), and the sample was loaded to the measured value of the limit 
load. Finally, loading continued after this and the test was terminated when the load was 
reduced to 85% of the actual ultimate load, or the sample was unloaded after the ap-

Figure 1. Details of push-out specimen (LT-C) (Unit: mm): (a) Side view of LT-C; (b) Top view of LT-C.

Table 1. Parameters of push-out test specimen.

Group Number of Studs in
a Specimen

Number of PBL Shear
Connectors and Openings in

a Specimen

Number of
Penetrating Steel

Bars in a Specimen

LT-S 8 - -
LT-P - 8 4
LT-C 4 4 2

As displayed in Figure 2, a 2000 kN electrohydraulic servo pressure testing machine is
used for loading. Three preloads were conducted before the official loading (the loading
step was 20 kN. During preloading, after loading to 60 kN, it was unloaded to 0 kN,
and the loading rate was 0.5 kN/s). After preloading, monotonic hierarchical loading
was employed for the formal loading. First, the loading level distance was set to 1/10
of the limit load, which was calculated using the finite element method. Moreover, the
sample was loaded to 80% of the calculated limit load value, step by step (loading rate
was 1 kN/s) in accordance with this loading level distance. The loading level distance
was then set to 20 kN (0.2 kN/s), and the sample was loaded to the measured value of
the limit load. Finally, loading continued after this and the test was terminated when the
load was reduced to 85% of the actual ultimate load, or the sample was unloaded after the
appearance exhibited obvious damage. The data of dial indicators were recorded, and the
development of cracks was observed after each level of loading was stable for 3 min.
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Figure 2. Sketch of loading.

2.2. Experimental Phenomena

The test demonstrated that the three types of shear connector specimens included the
three working stages: elasticity, plasticity, and failure. At the initial stage of loading, small
relative displacement was present between the H-beam and the concrete slab. The load
increased substantially and varied linearly with the relative slip value. Diagonal cracks
in concrete slabs were small in width and short in length and developed slowly. After the
elastic phase, the relative slip value of the specimen and the load increment exhibited a
nonlinear behavior. Meanwhile, the width and length of the diagonal cracks continued to
increase. The loading progressed gradually, but the relative slip value increased rapidly,
and both again exhibited a linear change. In addition, vertical cracks appeared, and each
crack developed rapidly to penetrate the entire specimen in the height direction until a
loud “bang” was heard from the specimen. Concrete spalling, concrete slab and H-beam
detachment, and specimen and loading equipment shaking then occurred. The three types
of shear connector specimens ultimately demonstrated different damage phenomena.

Figure 3 presents in detail the failure of the push-out specimen. The studs on one side
of the LT-S specimen were sheared from the root, and those on the other side exhibited
plastic deformation. Moreover, the studs on both sides indicated large plastic deformation
at the root in the H-beam direction. The concrete under the studs was compressed, leading
to plastic deformation, and fine cracks were observed at the bottom of the concrete slab.
When the LT-P specimen was damaged, no apparent deformation of the perforated plate
occurred, and the concrete tenon in the hole was crushed. In addition, the penetrating
steel bars between the PBL shear connectors were deformed and yielded in the H-beam
direction, and grooves appeared in the corresponding part of the PBL. The bottom of the
concrete slab was also crushed. The studs of the LT-C group were broken at the root or
had major plastic deformation. The concrete around the studs had plastic deformation,
and the concrete tenon was crushed. Similarly, the penetrating steel bars exhibited plastic
deformation, and the bottom of the concrete slab was crushed.
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2.3. Experimental Results

Table 2 listed the shear bearing capacity of the specimens.
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Table 2. Results of push-out test and finite element analysis (FEA).

Specimen Number Test Value
Pu/kN

Finite Element Calculation
Value Pu,fea/kN Pu,fea/Pu

LT-S 197.3 207.6 1.05
LT-P 325.0 334.0 1.03

LT-C-1 404.0
363.9

0.90
LT-C-2 375.1 0.97
LT-C-3 375.1 0.97

LT-C Average 384.7 363.9 0.95
Noted: Pu in the table was 1/4 of the shear bearing capacity of the test specimen. It meant the specimen LT-S
contained 2 studs, the specimen LT-P contained 2 PBL, and the specimen LT-C contained 1 stud and 1 PBL.

As listed in Table 2, the measured shear bearing capacities of LT-S and LT-P are 197.3
and 325.0 kN, respectively. By superimposing the bearing capacity of a single stud and a
single PBL, (Pu, LT-S + Pu, LT-P)/2 = 261.2 kN (1 stud + 1 PBL)—that is less than the average
shear capacity of LT-C (384.7 kN). This observation indicates the high shear resistance of the
LT-C shear connector. The shear bearing capacity of LT-C was 18.4% higher than that of LT-P.
The reason might be attributed to the high strength of the PBL shear connector. In addition,
the concrete at the bottom of the perforated plate was in a state of concentrated stress,
rendering it prone to cracking. Consequently, the effective bearing area of the concrete
slab was reduced. Therefore, the shear bearing capacity of the specimen was decreased [9].
However, the flexible studs in LT-C could relieve the stress concentration of the rigid PBL
to a certain extent to fully use the advantages of both the PBL and studs. This finding also
suggests that the shear connector composed of studs and PBL could be better combined
with the concrete slab and achieve the optimal performance of both the shear connector
and the concrete slab.

Figure 4 illustrates the load–slip curve measured in the test. Only the load–slip
curves of the samples in the elastic and plastic working stages were generated because
of limitations to the equipment. The plastic stage of LT-S was the longest, followed by
that of LT-C, and that of LT-P was the shortest. This reveals that under the condition of
certain concrete strength, replacing the lower perforated plate with studs could improve
the deformation performance of the push-out specimen. In the elastic stage, the stiffness
of LT-S was significantly lower than that of LT-P, whereas the stiffness of the three LT-C
specimens was similar to that of LT-P. It could be observed that the LT-C specimens were
superior to the LT-P specimen in shear bearing capacity and ductility. However, they still
had the same level of stiffness as that of LT-P.
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After comprehensive analysis of the shear bearing capacity and deformation capacity
of the three specimens, it was discovered that the composite shear connectors could improve
the integrity of the concrete slab, and we also made full use of the flexibility of the stud
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and the rigidity of the PBL shear connector to improve the interface force performance.
This made the LT-C specimen have the highest shear bearing capacity and stiffness while
keeping an excellent deformation capacity.

3. Push-Out Experimental Finite Element Numerical Simulation
3.1. Overview of the Finite Element Model

As shown in Figure 5, a 1/4 model was established based on the actual size of the test
sample, including H-beam, concrete slab, PBL shear connector, stud, penetrating steel bar,
and rebar cages.
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(1) Material constitutive model

The plastic damage model was selected as the concrete material model in the Abaqus
finite element software. Polypropylene fibers have previously been proven to strongly
influence the control parameters of the descending section of the concrete stress–strain
curve section [33,34]. Therefore, the stress–strain relationship of the concrete used in the
test adopted the formula suggested by Ding [35], and the Poisson’s ratio was taken as
0.2. Moreover, the damage factor was obtained by referring to the calculation method
previously studied [36].

The stress–strain relationship of H-beam, the PBL shear connector, the penetrating
steel bar, and the rebar cage adopted the tri-polyline model, and that of the studs used the
double-line model. In addition, the elastic modulus used the measured value in Section 2.1,
and Poisson’s ratio was calculated as 0.3. All of the above used the von Mises yield surface
to define isotropic yielding.

(2) Element type and mesh division

The H-beam, PBL shear connector, stud, concrete slab, and penetrating steel bar were
simulated using the 3D eight-node reduced-integration element (C3D8R). The rebar cage
was simulated using the 3D two-node truss element (T3D2). The size of the seeds was
10 mm. The meshes in the contact areas of different components were refined and divided.

(3) Interaction and boundary conditions

Bond contacts were applied between the penetrating steel bar and the surrounding
concrete. The rebar cage was placed inside the concrete slab. The H-shaped steel was
combined with stud shear connectors and PBL shear connectors to form a component.
General contact was also used to simulate contact with concrete. The contact property was
normal “hard” contact, and tangential friction was simulated using the penalty function.
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Two symmetric surfaces of the model were positive symmetric constraints. After the
top surface of the H-shaped steel was fixed (the actual test was the upward loading force
on the bottom platform of the sample, and the simulation was consistent with the test), an
upward displacement load was applied on the bottom surface of the concrete.

3.2. Analysis of Finite Element Results

Figure 6 indicates the failure mode of the finite element simulation of the samples,
including the von Mises stress diagram of the steel member and the damagec and damaget
diagrams of the concrete when the specimen reached the shear bearing capacity. The
von Mises stress illustration indicates the following: (i) Among the three types of shear
connectors, the stud root had the largest stress, which was consistent with the stud in
Figure 3. (ii) The stress level of PBL steel plate was small, and practically no significant
deformation occurs. (iii) The penetrating steel bar located within the PBL opening indicated
the largest stress, which was consistent with the larger yield bending deformation of the
penetrating steel bar in the test. The illustrations of damagec (LT-S specimen) and damaget
(LT-P and LT-C specimens of the concrete) indicate that the concrete around the studs has
different degrees of compressive damage. However, the concrete at the bottom of PBL was
mostly damaged by tension. These were consistent with the failure modes such as plastic
deformation of the concrete near the studs due to compression, and cracking of the concrete
slab in the test. The above demonstrated that the failure modes of the samples simulated
by the finite element were consistent with the test results.

Figure 7 presents the load–slip curves of the five specimens in Table 2, which were
generated by finite element simulation. The rising stage of the simulated curve roughly
resembled the experimental curve. Moreover, the curve variation conditions of the descend-
ing section were obtained by the element simulation. After the peak load was reached, the
LT-P sample immediately entered the descending stage. In this stage, with the increase
of the slip value, the load value displayed a tendency of first accelerating down and then
decelerating down. However, the LT-C specimen did not enter the decreasing phase imme-
diately after reaching the peak load; it entered the holding stage first. In this stage, the load
changed very slowly with the slip value, and the decreasing trend was not obvious. The
decreasing stage of LT-C specimen was similar to that of LT-P.
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The EC4 specification stipulates that the slip value corresponding to 0.9 Pu in the
descending section of the load–slip curve of the shear connector is the slip characteristic
value. The characteristic slip value of the composite shear connector exceeded 6 mm, as
stated in the specification, which could be determined easily from Figure 7. Therefore, the
composite shear connector had good deformation ability.

The shear bearing capacity results of the specimens obtained from the test and the
finite element simulation (Table 2) illustrated that the composite shear connector possessed
the highest shear bearing capacity, followed by the PBL shear connector and then by the
stud shear connector. For the PBL shear connector specimen, the ratio of the finite element
result to the test result was 1.03; for the stud shear connector specimen, the ratio was 1.05;
and for the composite shear connector specimens, the ratio was 0.90–0.97. Therefore, the
correlation between the simulated and measured values is excellent.

With the failure mode, load–slip curve, and shear bearing capacity of the specimen con-
sidered, the finite element simulation was consistent with the experimental phenomenon
and results. Thus, finite element simulation was a feasible tool to reveal the force mecha-
nism of the composite shear connector and conduct parametric analysis.

4. Finite Element Parameters Analysis
4.1. Parameters Design of Orthogonal Test Analysis Model

A total of 49 finite element models were established to evaluate the effects of different
connector structures and different material parameters on the shear resistance of the
specimens. According to existing research, the structural parameters set in this paper
included the stud diameter, perforated plate opening diameter, perforated plate thickness,
penetrating steel bar diameter, and concrete strength. Although the laws and mechanisms
of the above parameters on the shear capacity of shear connectors have been revealed,
they were for PBL shear connectors or stud shear connectors. For stud–PBL composite
shear connectors, the above parameters were set in one member at the same time, and the
effect on the shear resistance of the member would be variable and unclear, which was
valuable to study. The first four factors were used to design nine groups of orthogonal
experiments with four factors and three levels. In addition, the finite element analysis of
changing a single parameter in the same finite element model (RP-C52.3) as the test sample
construction was added. Table 3 lists the results of the finite element parametric analysis.

Table 3. FEA parametric analysis results of shear bearing capacity of composite shear connectors.

Group Stud Diameter
ds/mm

Opening Diameter
D/mm

Perforated plate
Thickness t/mm

Penetrating Steel
Bar Diameter

dr/mm

Concrete Cube
Compressive Strength

fcu/MPa

FEA Shear Bearing
Capacity Values

Pu,fea/kN

Equation (6) Calculated Value
of Shear Bearing Capacity

Pu,c/kN
Pu,c/Pu,fea

1 13 30 16 12
40 287.4 229.31 0.80
50 327.1 266.63 0.82
60 355.0 303.37 0.85

2 13 40 20 16
40 326.2 289.21 0.89
50 370.2 336.10 0.91
60 388.0 382.27 0.99

3 13 50 24 20
40 345.1 356.92 1.03
50 384.9 413.77 1.08
60 401.0 469.73 1.17

4 16 30 20 20
40 349.9 324.60 0.93
50 386.6 370.96 0.96
60 408.3 416.58 1.02

5 16 40 24 12
40 339.1 341.59 1.01
50 380.9 398.39 1.05
60 417.2 454.24 1.09

6 16 50 16 16
40 325.2 307.75 0.95
50 361.4 350.14 0.97
60 391.7 391.41 1.00

7 19 30 24 16
40 349.4 380.04 1.09
50 399.3 436.70 1.09
60 437.2 492.34 1.13

8 19 40 16 20
40 335.7 345.87 1.03
50 356.3 387.56 1.09
60 378.6 428.11 1.13

9 19 50 20 12
40 339.2 366.93 1.08
50 375.1 419.54 1.12
60 401.9 470.75 1.17

RP 16 40 16 12

30 281.6 234.39 0.83
40 327.9 276.38 0.84

52.3 363.9 326.37 0.90
60 388.7 356.43 0.92
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Table 3. Cont.

Group Stud Diameter
ds/mm

Opening Diameter
D/mm

Perforated plate
Thickness t/mm

Penetrating Steel
Bar Diameter

dr/mm

Concrete Cube
Compressive Strength

fcu/MPa

FEA Shear Bearing
Capacity Values

Pu,fea/kN

Equation (6) Calculated Value
of Shear Bearing Capacity

Pu,c/kN
Pu,c/Pu,fea

LT-ds13 13 40 16 12
40 300.9 243.55 0.81

52.3 355.9 291.61 0.82
60 377.2 320.81 0.85

LT-ds19 19 40 16 12
40 335.2 316.01 0.94

52.3 372.9 368.31 0.99
60 376.6 399.42 1.06

LT-D30 16 30 16 12
40 312.4 262.14 0.84

52.3 360.8 310.08 0.86
60 354.8 338.99 0.96

LT-D50 16 50 16 12
40 300.3 294.69 0.98

52.3 351.8 347.30 0.99
60 346.9 378.86 1.09

LT-t20 16 40 20 12
40 333.7 308.99 0.93

52.3 375.7 369.00 0.98
60 398.0 405.34 1.02

LT-t24 16 40 24 12 52.3 389.4 411.62 1.06
LT-dr16 16 40 16 16 52.3 363.1 339.10 0.93
LT-dr20 16 40 16 20 52.3 361.8 355.48 0.98

Pu in the table was 1/4 of the shear bearing capacity of the push-out specimen—that is, the specimen LT-C
contained one stud and one PBL.

4.2. Analysis of the Orthogonal Test Simulation Results

With the C50 concrete grade as an example, the results in Table 3 were analyzed using
the orthogonal test results of the experiment (4 factors, 3 levels).

As displayed in Table 4, Kij is the sum of Pu corresponding to the level of factor i
in column j, and κij = Kij/3. The optimal solution of each column of factors could be
determined by analyzing the magnitude of κij. Moreover, combining them yielded the
optimal combination. Thus, the optimal structure of the composite shear connector was
ds19-D50-t24-d16, which was obtained easily. Among them, the range Rj denotes the
difference between the maximum value and the minimum value in the jth column factor,
which can reflect the change in Pu when the level of the jth column factor changes. Rj in
Table 4 indicates that the thickness of the perforated plate affects Pu the most, whereas the
diameter of the opening influences Pu the least.

Table 4. Analysis of orthogonal test results.

Specimen Number
j = 1 j = 2 j = 3 j = 4 FEA Shear Bearing

Capacity Values
Pu,fea/kNStud Diameter ds/mm Opening Diameter

D/mm
Perforated Plate
Thickness t/mm

Penetrating Steel Bar
Diameter dr/mm

1-C50 13 30 16 12 327.1
2-C50 13 40 20 16 370.2
3-C50 13 50 24 20 384.9
4-C50 16 30 20 20 386.6
5-C50 16 40 24 12 380.9
6-C50 16 50 16 16 361.4
7-C50 19 30 24 16 399.3
8-C50 19 40 16 20 356.3
9-C50 19 50 20 12 375.1

K1j 1082.2 1113 1044.8 1083.1
P̄u = 371.3K2j 1128.9 1107.4 1131.9 1130.9

K3j 1130.7 1121.4 1165.1 1127.8
κ1j 360.7 371 348.3 361.0
κ2j 376.3 369.1 377.3 377.0
κ3j 376.9 373.8 388.4 375.9
Rj 16.2 4.7 40.1 15.9

Sj =
3
∑

i=1
(Pui − P̄u)

2

F =
sj
fj

/ se
fe

Sj 504.0 33.1 2573.4 476.9
Se / 33.1 / /
F 15.2 / 77.7 14.4

Pu in the table is 1/4 of the shear bearing capacity of the push-out specimen—that is, the specimen LT-C contains
1 stud and 1 PBL.

The results of the variance analysis indicate that the test could be used to assess for
significance. All columns of this orthogonal table contain factors; thus, the sum of the
squared deviation Sj of the factors in the second column is regarded as the sum of the
squared deviations of the errors Se. fj is the degree of freedom of the jth column factor, and
fj is equal to the number of levels of the j factor minus 1. The ratio F of the variance of each
column factor could also be calculated. The factors could then be tested for significance
F~Fα(fj/fe).
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The results in Table 4 indicate that F3 > F1 > F4 > F0.10 (2,2) = 9.00, indicating that
the thickness of the perforated plate, the diameter of the stud, and the diameter of the
penetrating steel bar significantly affect shear capacity at α = 0.10. Among the parameters,
the thickness of the perforated plate has the greatest influence on the shear bearing capacity,
followed by the diameter of the stud and then by the diameter of the penetrating steel bar.

4.3. Analysis of the Influencing Factors on the Shear Bearing Capacity of Composite
Shear Connectors

By further parameter analysis of the model, the influencing factors of the shear bearing
capacity of the composite shear connector were identified (Figure 8).
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(1) Influence of the strength of the concrete

The shear bearing capacities of the specimens RP-C30, RP-C40, RP-C52.3, and RP-C60
were 281.6, 327.93, 363.93, and 388.74 kN, respectively (Table 3 and Figure 8a). These
results indicate that increasing the compressive strength of the concrete could improve the
shear bearing capacity of the composite shear connector. When the concrete strength was
increased from 30 to 52.3 MPa, the shear bearing capacity improved by about 29.2%.

(2) Influence of the diameter of the stud

The shear bearing capacities of the specimens LT-ds13-C52.3, RP-C52.3, and LT-ds19-
C52.3 were 355.88, 363.93, and 372.94 kN, respectively (Table 3 and Figure 8b). These results
indicate that increasing the diameter of the stud could improve the shear bearing capacity
of the composite shear connector. When the diameter of the stud was increased from 13 mm
to 19 mm, the shear bearing capacity improved by about 4.8%.

(3) Influence of the thickness of the perforated plate

The shear bearing capacities of the specimens RP-C52.3 and LT-t24-C52.3 were 363.93
and 389.41 kN, respectively (Table 3 and Figure 8c). These results reveal that increasing the
thickness of the perforated plate could improve the shear bearing capacity of the composite
shear connector. When the thickness of the perforated plate was increased from 16 mm to
24 mm, the shear bearing capacity improved by about 7%.

(4) Influence of the diameter of the opening

The bearing capacities of the specimens LT-D30-C52.3, RP-C52.3, and LT-D50-C52.3
were 360.78, 363.93, and 351.84 kN, respectively (Table 3 and Figure 8d). These results
indicate that increasing the diameter of the opening could improve the shear bearing
capacity, but an excessively large diameter could exert adverse effects. The reason was that
increasing the diameter could enlarge the shear bearing area of the concrete tenon, thereby
improving the shear bearing capacity. However, if the opening was too large, the strength
of the perforated plate would decrease, reducing the shear bearing capacity.

(5) Influence of the diameter of the penetrating steel bar

The shear bearing capacities of the specimens RP-C52.3, LT-dr16, and LT-dr20 were
363.93, 363.12, and 361.82, respectively (Table 3 and Figure 8e). This demonstrated that
increasing the diameter of the penetrating steel bar exerted no noticeable effect on the
shear bearing capacity. The reason was that the shear bearing area of the concrete tenon
in the hole would decrease with an increase in the diameter of the penetrating steel bar
under the premise of a constant opening diameter; however, both the shear resistance of
the concrete tenon and the flexural resistance of the penetrating steel bar could influence
the shear bearing capacity of the specimen.

Based on the aforementioned analysis results, it can be observed that the concrete
strength had the greatest influence on the shear bearing capacity, followed by the thickness
of the perforated plate. When the concrete strength was constant in the actual project, it
was the key to controlling the thickness of the perforated plate considering the structure of
the composite shear connector.

5. Calculation Formula for Shear Resistance

The composite shear connector consists of studs and PBL shear connectors. The
longitudinal shear resistance consists of the following parts: the dowel action of the
concrete tenon in the hole of the perforated plate and the penetrating steel bar, the bearing
effect of the bottom of the perforated plate, and the mechanical engagement of the stud.
More research and theoretical analyses regarding these two shear connectors has been
conducted by domestic and foreign scholars.
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First, the “Code for Design of Steel-Concrete Composite Bridges” (GB 50917-2013)
specified the formula for calculating the shear bearing capacity when the stud breaks:

Pu = 1.19Ast

(
Ec

Es

)0.2( fcu

fst

)0.1
(1)

where Pu is the shear bearing capacity (N) when the stud breaks; Ast, fst, Es are the cross-
sectional area (mm2), ultimate tensile strength (MPa), and elastic modulus (GPa) of the
stud, respectively; fcu and Ec are the cubic compressive strength (MPa) and elastic modulus
(GPa) of concrete, respectively.

Moreover, Xue [13] produced the calculation formula of shear bearing capacity under
the failure mode of stud rupture considering the length to diameter ratio of studs by push-
the experimental study as follows:

Pu = 3Ast

(
Ec
Es

)0.4( fcu
fst

)0.2

λ =





6− H
1.05ds

(H/d ≤ 5)
1 (5 < H/d < 7)
H
ds
− 6 (H/d ≥ 7)

(2)

where H/ds is the aspect ratio of the stud, and the meanings of other symbols are the same
as those of Equation (1).

Subsequently, Al-Darzi [37] performed a parametric analysis of PBL shear connectors
by using the Ansys software. Based on the multiple linear regression analysis of the
simulation results, the formula for calculating the shear bearing capacity of the PBL shear
connectors with concrete end bearing effect is expressed as follows:

Pu = 255.31 + 7.62× 10−4ht fc
′−7.59× 10−7 Ar fry + 2.53 × 10−3 Asc

√
fc ′ (3)

where Pu is the shear bearing capacity of PBL shear connector with concrete end bearing
effect (kN); h and t are the height and thickness of the perforated plate (mm); Asc and
fc
′
are the area of the concrete tenon in the hole [2nπ(D2-dr2)/4, where n is the number

of openings] (mm2) and cylinder compressive strength of concrete (MPa); Ar and fry
are the cross-sectional area (mm2) and yield strength (MPa) of the penetrating steel bar,
respectively.

In addition, Zhang [38] conducted a multiple linear regression analysis of the experi-
mental and finite element simulation results and then proposed a formula for calculating
the shear bearing capacity of the intermittently arranged PBL shear connectors as follows:

Pu = 3.5ht fcu,k + 32Asc

√
fcu,k+5.2Ar fry (4)

where Pu is the shear bearing capacity of the intermittently arranged PBL shear connectors;
fcu,k is the standard value of cubic compressive strength of concrete (MPa); the meanings of
other symbols are the same as those of Equation (3).

Therefore, based on the aforementioned research results and the failure form of the
test specimens, the formula for calculating the shear bearing capacity of the composite
shear connector is proposed as follows:

Pu = β1ht fcu + β2 Ar fry + β3 Asc fcu
0.5 + β4 Ast

(
Ec

Es

)0.2( fcu

fst

)0.1
(5)

where Pu is the shear bearing capacity of the combined shear key (N); h and t are the
height and thickness of the perforated plate (mm); Ar and Ast are the cross-sectional area
of the penetrating steel bar and the stud rod, respectively (mm2); Asc is the area of the
concrete tenon in the hole [2nπ(D2-dr2)/4, where n is the number of openings] (mm2); fcu
is the cubic compressive strength of concrete (MPa); fry is the yield strength (MPa) of the
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penetrating steel bar; fst is the ultimate tensile strength of the stud (MPa); Ec and Es are the
elastic modulus (GPa) of concrete and stud, respectively; β1, β2, β3, β4 are undetermined
coefficients.

The results of the 49-model analysis in Table 3 were subjected to multivariate linear
regression on Equation (5), resulting in the formula for calculating the shear bearing capacity
of the composite shear connectors as Equation (6). The Pearson correlation coefficient of the
regression analysis was 0.87 (see Figure 9), which demonstrates that the calculated value is
consistent with the value obtained using finite element analysis.

Pu = 2.55ht fcu + 5.21 × 10−1 Ar fry + 2.05Asc fcu
0.5 + 2.34Asc fst

(
Ec

Es

)0.2( fcu

fst

)0.1
(6)
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Table 5 compares the measured shear bearing capacity of the specimens and the
results calculated using Equation (6). The outcome indicates that the calculation results
of Equation (6) are well correlated with the test results of the composite shear connector
push-out specimens; however, the calculation results are conservative—about 0.85 times the
measured value. With the safety factor considered, Equation (6) could be used to calculate
the shear bearing capacity of the composite shear connector in practical engineering.

Table 5. Results comparison of Equation (6) and push-out test.

Specimen Number
The Test Measured Value of

Shear Bearing Capacity
Pu/kN

The Calculated
Value of Equation (6)

Pu,c/kN
Pu,c/Pu

LT-C-1 404.0 326.3 0.81
LT-C-2 375.1 326.3 0.87
LT-C-3 375.1 326.3 0.87
LT-C 384.7 326.3 0.85

Pu in the table is 1/4 of the shear bearing capacity of the push-out specimen—that is, the specimen LT-C contains
one stud and one PBL.

6. Conclusions

Through the tests and numerical simulations of the shear bearing performance of
the steel–polypropylene fiber ceramsite composite bonding interface, the following major
conclusions are drawn:

(1) The push-out test on one stud shear connector (LT-S), one PBL shear connector (LT-P),
and three stud–PBL composite shear connectors (LT-C) reveals the superior shear
resistance of the composite shear connector. In addition, composite shear connectors
have excellent plastic deformation properties.
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(2) The finite element software Abaqus was used to simulate the push-out test with
five specimens. The analysis results were in agreement with the experimental phe-
nomenon, load–slip curve, and shear bearing capacity of the push-out test. In addition,
the illustrations of stress and concrete damage can reveal the shear damage mechanism
and failure form of the shear connector. It is feasible to use finite element simula-
tion to reveal the force mechanism of the composite shear connector and perform
parametric analysis.

(3) According to the results of the orthogonal test simulation analysis, increases in the
stud diameter, perforated plate thickness, and concrete strength can improve the
shear bearing capacity of the composite shear connector, among which the concrete
strength has the most obvious effect. However, an increase in the diameter of the
penetrating steel bar exerts no apparent effects on shear capacity. Regarding the
opening diameter, the shear bearing capacity increases first and then decreases with
its increase. When the diameter of the opening was nearly 40 mm, the shear bearing
capacity was more favorable. The optimal construction combination for the composite
shear connector is the stud with 19 mm diameter, the opening with 50 mm diameter,
the perforated plate with 24 mm thickness, and the penetrating steel with 16 mm
diameter. Moreover, when the concrete strength was constant in the actual project,
it was the key to controlling the thickness of the perforated plate, considering the
structure of the composite shear connector.

(4) By conducting multivariate linear regression analysis on the results of the finite
element parameter analysis, the calculation formula of the shear bearing capacity of
the composite shear connector was obtained. The calculated value is about 85% of
the measured value, which displays a good correlation and verifies the feasibility of
the calculation formula. The calculation results are conservative, and a formula can
be used to calculate the shear bearing capacity of the composite shear connector in
practical engineering with the safety factor considered.

(5) The experimental results, numerical simulation outcomes, and calculation formulas
have a certain promoting effect on further reducing the self-weight of the composite
structure and improving the shear resistance of the composite structure interface.
However, the number of push-out test specimens is relatively small. In subsequent
studies, experiments will be performed to further discuss the shear resistance of the
stud–PBL composite shear connector and the method for calculating the shear bearing
capacity.
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Abstract: In this study, a full-scale test on the bending performance of concrete sandwich laminated
floor slabs with integrated thermal and sound insulation was carried out, and the effects of different
reinforcement ratios on the bending performance of concrete sandwich laminated floor slabs were
investigated as well as the variation law of the failure modes, characteristic loads, load-mid span
deflection, load-rebar strain curves, and anti-slip performance. The results indicate that the concrete
sandwich laminated floor slabs present typical bending failure characteristics. According to bending
failure characteristics, the damage process can be divided into three stages, i.e., elasticity, cracking,
and failure. The bearing capacity significantly increases with the increase in reinforcement ratio.
The normal service, yield, and ultimate loads of bearing capacity of the floor slabs with a larger
reinforcement ratio increase by 54.55%, 52.94%, and 46.46%, respectively. Moreover, the mid-span
deflection decreases significantly with the increase in reinforcement ratio, and the cracking expansion
is also delayed. Before cracking, the prefabricated layer and laminated layer can realize load bearing
together, and the floor slab is in a state of complete interaction. When the floor slabs reach the ultimate
state, the superimposed surface produces a sliding effect, and the floor slab is in a state of partial
interaction. The finite element analysis software ABAQUS (with the version number of ABAQUS
2020, the chief creator of David Hibbitt, and the sourced location of the United States) was used to
perform nonlinear numerical simulation. The test results accord well with the simulation results,
which verifies the correctness of the finite element model. Based on finite element simulation, the
influence of post-cast concrete strength on the ultimate load can be ignored.

Keywords: concrete sandwich laminated floor slab; bending properties; bond-slip; deflection

1. Introduction

Laminated structures are widely used in architecture, aviation, train locomotives, and
other fields. At present, extensive experimental research and theoretical analysis have been
carried out [1–4]. Floor is an important inner envelope of the building to ensure safety,
stability, and durability, which should be both heat insulation, sound insulation, waterproof,
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and moisture-proof at the same time. Laminated floor slab is a prefabricated concrete floor
structure composed of prefabricated and laminated layers. It has good integrity and seismic
resistance and has become an important horizontal bearing member of the prefabricated
concrete structure [5,6]. However, its thermal and sound insulation effects fail to meet the
code’s requirements [7]. Therefore, it is necessary to study the structural system of thermal
and acoustic bearing integrated floor slab that integrates energy saving, environmental
protection, and green low-carbon [8,9]. The concrete sandwich laminated floor slab has the
advantages of light weight, high strength, sound insulation, energy saving, fire resistance,
good seismic performance, and convenient installation [10]. It is easy to realize product
industrialization, standardization, and construction mechanization. Furthermore, it has
become one of the most rapidly developing laminated floor structures.

Many studies regarding mechanical property tests and theoretical analysis of concrete
sandwich laminated floor slabs have been conducted worldwide [11–14]. For example,
Li et al. [15] derived a deflection calculation formula for the concrete sandwich plate in
the ultimate limit state by experimental verification and numerical simulation technology.
Chen et al. [16] investigated the factors that affect the bending performance of double
reinforced concrete sandwich panels. Luo et al. [17] conducted bending tests of laminated
slabs, and the results indicated that the prefabricated bottom plate construction form and
core material significantly affect the bending performance of sandwich laminated floor slabs.
Joseph et al. [18,19] analyzed the bending properties of prefabricated concrete sandwich
panels under punching and bending loading conditions. Ahmad et al. [20] indicated that
the cracks on the plate side were characterized by the combined effect of bending and
shear stresses due to the sandwich layer. Tomlinson et al. [21] studied bending tests of
laminated floor slabs with EPS as the core layer, and the results indicated that the floor slabs
worked partially compositely when the shear connector failed. Currently, the expanded
polystyrene (EPS) plate is mostly used as the core of concrete sandwich laminated floor
slabs, which has advantages of light weight, low water absorption, good thermal insulation
performance, etc. [22]. However, it has poor fire performance and is easy to burn, which
can produce toxic smoke and has great safety hazards. Due to the less attention to the fire
performance of insulation materials, fire accidents have been common in recent years [23].
Phenolic foam has low thermal conductivity, high fire safety coefficient, good thermal
and sound insulation, etc. Therefore, when used in concrete sandwich laminated floor
slabs, the thermal and sound insulation performance and the safety of the slab can be
significantly improved.

The effective connection between the prefabricated and laminated layers is the basis
that ensures the joint work of the laminated structure. According to research status world-
wide, the primary method to solve this problem is the steel bar trusses in the laminated
slabs. Wang et al. [24] investigated the bending performance of laminated slabs with
trusses and stirrup reinforcement as the connections, respectively, and the results indicated
that both structural forms could significantly improve the stiffness and shear resistance.
Refs. [25–27] presented that truss webs can ensure the shear resistance of the laminated face.
Huang et al. [28,29] investigated the bending performance of laminated slabs with different
prefabricated bottom plates, and a design recommendation for structural measures was
proposed. Thanoon et al. [30] regarded that truss reinforcement can provide good integrity
to the laminated slab in all bending phases. Steel bar trusses can improve the shear capacity,
limit the inter-story slip, and enhance the co-working property of the laminated floor
slabs [31]. However, there are disadvantages such as numerous trusses, dense truss spacing,
high cost, and complex vibration and compaction of post-cast layer concrete. Given the
shortcomings of the steel bar truss connectors, the stirrup rebar is proposed to replace the
steel bar trusses. Moreover, due to the advantages of low energy consumption, low cost,
and saving the amount of steel reinforcement, the CRB600H high-strength steel bars are
employed, which has remarkable economic and social benefits [32].

This paper proposed thermal and sound insulation integrated concrete sandwich
laminated floor slab (Abbr. sandwich laminated floor slab). The sandwich laminated floor
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slab was combined with concrete layers on both sides and a phenolic core layer connected
through the steel reinforcement grid. The phenolic foam board was the insulation layer, and
the reinforcement grid consisted of stirrup rebars and upper and lower rebar mesh. The two-
point bending tests of sandwich laminated floor slabs with different reinforcement ratios
were carried out. The damage pattern, reinforcement strain, crack development distribution
characteristics, and bending bearing capacity process were discussed. The influence law
of reinforcement ratio on the characteristic load was also analyzed. Moreover, the slip
resistance of sandwich laminated floor slabs in different stages was also studied. The force
performance was numerically simulated by finite element analysis software ABAQUS.
The results provided a scientific basis for the design and application of concrete sandwich
laminated floor slabs with integrated thermal and sound insulation in practical projects.

2. Experimental Study
2.1. Design and Fabrication of Specimen

Two full-scale specimens were subjected to bending loads with the number of DBD01
and DBD02. Both the specimens were of the same size of 3600 mm × 2400 mm, and the
thickness of the prefabricated and laminated layers was 90 mm and 70 mm, respectively.
Figure 1 shows the schematic diagram of the interlayer structure.
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Figure 1. Schematic diagram of sandwich laminated floor slab interlayer structure.

Table 1 lists the principal design parameters of the specimens, Figure 2 shows the pour-
ing process, and Figures 3–5 present the reinforcement diagram and the constructional detail.

The strength grade of concrete in the prefabricated and laminated layers of the speci-
men is C40. The type and diameter of reinforcement are the same, but their reinforcement
ratios are different. The stirrup rebar is HPB300 with the design value of tensile strength
f y = 300 MPa. The longitudinal bearing and transverse distribution bars are CRB600H,
with the design value of tensile strength f y = 540 MPa. The diameters of longitudinal and
distribution reinforcement are 8 mm and 6 mm, respectively. The surface reinforcement is
HRB400 with a diameter of d = 8 mm, and the design value of tensile strength f y = 400 MPa.
Table 2 shows the mechanical property parameters of the steel bars.

Table 1. Detailed dimensions and reinforcement of sandwich laminated floor slabs.

Specimen
Number Size (mm) Transverse

Rebar
Longitudinal

Rebar Face Rebar Stirrup
Rebar Rebar Ratio ρ/%

DBD01
3600 × 2400 × 160 ARH6@200

ARH8@200
C8@150 A6

0.26
DBD02 ARH8@100 0.50
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Table 2. Mechanical properties parameters of steel bars.

Reinforcing Steel Type f yk (N/mm2) f stk (N/mm2) Es (N/mm2)

CRB600H 540 600 190,000
HRB400 400 540 200,000
HPB300 300 420 210,000

The specimens were fabricated and cured according to GB/T50081-2019 [33] and were
placed into a pool with the saturated solution of calcium hydroxide at (20 ± 2) ◦C for 28 d
after demolding. There were two groups of pressure test blocks with the same batch of
materials for the prefabricated and laminated layers. Moreover, three parallel specimens
of each group were used to reduce the error caused by the randomness of the specimen.
The loading equipment is a 100-ton electro-hydraulic servo material machine designed
and produced by Shanghai New Sansi Measuring Manufacturing Co., Ltd. (Shanghai,
China). Figure 6 shows the loading device and the failure mode under compression. Table 3
presents the mechanical performance parameters.
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Table 3. Mechanical properties of concrete materials.

Type Measured Value of Compressive
Strength of Prefabricated Layer (MPa)

Measured Value of Compressive
Strength of Laminated Layer (MPa) f c (MPa) Ec (MPa)

DB01 49.2 48.7
26.8 32,500DB02 48.3 48.8

2.2. Test Methods

According to GB 50010-2010 [34], instead of the equalized load, two-point centralized
loading was used to load with the loading point at the trisection of the span. Sand was

53



Coatings 2022, 12, 1075

pre-laid at the loading point for leveling to prevent stress concentration. Figure 7 shows
the schematic diagram of the test device and loading.
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The load-controlled loading system was used, including preloading and subsequent
formal loading processes. The preloading process consisted of three levels, each taking
20% of the cracking load, then unloading after the preloading process and entering the
formal loading stage. The formal loading process was divided into four stages. In the first
stage, 20% of the cracking load was taken for each level and then entered the second stage
after reaching 80% of the cracking load, and 5% of the cracking load value should be taken
for each stage. Observing the strain change of the concrete at the bottom of the slab, the
measured cracking load was determined when the strain deviated from the linear change
significantly, and cracks appeared at the bottom of the slab. After the floor slab cracking, it
entered the third stage, and 10% of the calculated value of the cracking load was taken for
each level until the bearing capacity. Finally, it entered the fourth stage when reaching the
ultimate state, and 5% of the limit load value was taken for each level until the specimen
failed. The load holding time of each stage was 10 min. Figure 8 shows the loading system.
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2.3. Measuring Point Layout

The reinforced strain gauges were arranged in the 1/2 and 1/3 of the bottom span
and the middle of the top span, as shown in Figure 9. Concrete strain gauges were placed
in the middle of both span bottom and side, as shown in Figure 10. The displacement
gauges were placed at the 1/2 and 1/3 of the span and two-end supports to measure the
corresponding deflection.
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3. Results and Discussions
3.1. Failure Characteristics

The mid-span deflection, steel bar, and concrete strain increase slightly when the load
is small. The first crack appears in the mid-span pure bending section with a load of 13 kN.
At this time, the strain of steel bar, concrete, and the mid-span deflection increases slightly.
Moreover, the cracks develop from the middle to both ends along the width with the load
increases and mainly distributed symmetrically in the mid-span.

Firstly, the cracks on the side of the slab extend vertically upward in mid-span, and
then the bending shear diagonal cracks successively appear within 1/3 of the span as the
load increases. The interface between vertical and inclined cracks is a superposition surface,
and the inclination angle of cracks decreases gradually. When the load is 66 kN, the deflec-
tion reaches 17.20 mm, corresponding to the width of 0.26 mm. According to GB 50010-2010,
the deflection and crack width limit in the normal use stage is L0/200 = 17 mm and 0.2 mm,
respectively [34]. Based on the deflection and crack width control, the specimen reaches
the normal use stage. When the load is 186 kN, the mid-span deflection instantly increases
to 68.2 mm. According to GB 50010-2010, the deflection limit in the ultimate stage is
L0/50 = 68 mm [34], and the specimen reaches the ultimate state of the bearing capacity.
The cracks at the bottom are mainly vertical to the axis of the short span and densely
distributed within 1/3 of the span, as shown in Figure 11.

The first crack appears in the mid-span pure bending section when the load reaches
39 kN and then enters the limit stage of normal usage with the deflection of 17.10 mm when
the load is 102 kN. The horizontal cracks appear at the superimposed surface when the
load is 199 kN. According to GB50010-2010, the ultimate state of the bearing capacity is
reached with a deflection of 17.20 mm and a width of more than 1.5 mm. Figure 12 shows
the failure mode and crack distribution.
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The cracking load is significantly higher, and the crack number and growth rate
of DBD02 are apparently lower than that of DBD01, which indicates that the mid-span
deflection of the specimen is reduced and the cracking expansion is delayed with the
increase in reinforcement ratio. Table 4 shows the characteristic load of the sandwich
laminated floor slab. Pcr is the cracking load, P1/200 is the normal use load, Py is the yield
load, and Pu is the ultimate load. Both sandwich laminated floor slabs present typical
bending failure characteristics with similar early failure characteristics and good ductility.
The cracking load of DBD02 is three times of DBD01, and the normal use load, yield load,
and ultimate load of bearing capacity increase by 54.55%, 52.94%, and 46.46%, respectively.
This indicates that the ultimate bearing capacity is significantly improved with the increase
in the reinforcement ratio, but the bonding performance of the superimposed surface
should be considered as well.

Table 4. Characteristic load of sandwich laminated floor slab.

Type Pcr (kN) P1/200 (kN) Py (kN) Pu (kN) Pcr/Pu Pl/200/Pu Py/Pu

DBD01 13 66 102 127 10.24% 51.97% 80.31%
DBD02 39 102 156 186 20.97% 54.84% 83.87%

Note: The characteristic loads of the sandwich laminated floor slab include the weight of the distribution beam.

3.2. Bending Performance Analysis
3.2.1. Verification of Plane-Section Assumption

Figure 13 shows the average strain distribution of concrete along the section height in
the mid-span, where εc is the concrete strain and h is the section height. Since the strain
gauges are damaged after cracking, only the strain data without the cracking of floor slab
side are plotted. As seen in Figure 13, the concrete average strain distribution along the
height of the mid-span section is linear, which conforms to the assumption of the flat
section. Strain hysteresis is not apparent between the prefabricated and laminated layers,
so the flat section assumption can be taken as the basic assumption in the bearing capacity
calculation analysis.
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Figure 13. The concrete strain distribution along the section height in the mid-span.

3.2.2. Load-Mid Span Deflection Relationship

As shown in Figure 14, the load-mid span deflection curve is characterized by three
straight lines, i.e., elasticity, cracking, and failure, indicating that the specimen has
good ductility.
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Figure 14. Load-mid span deflection curve.

a. Elastic stage (0~s). Before cracking, the specimen is in the elastic stage, and the
load is proportional to the mid-span deflection. Due to the low tensile strength and high
stiffness of concrete, the curve is short and steep. The cracking load of DBD02 is three times
of DBD01 because the reinforcement ratio of DBD02 is twice of DBD01. The increase in
reinforcement ratio can effectively delay the crack propagation.

b. Cracking stage (s~u). The slope of the curve and the bending stiffness decrease
significantly after the crack appears. The load-mid span deflection curve nonlinearly
increases as the floor slab enters the plastic stage. The cracking load, normal use load,
and yield load of both specimens are 10%~20%, 50%~55%, and 80%~85% of the ultimate
load, respectively. The curve slope of DBD02 is significantly larger than that of DBD01,
and the deflection of DBD01 is lower than that of DBD01, which indicates that the increase
in reinforcement ratio can effectively improve the late rigidity and reduce the mid-span
deflection greatly.

c. Failure stage (u~). The curve slope sharply decreases, the load almost remains
unchanged, and the deformation rapidly develops due to the low tensile strength of the
phenolic foam board after the steel bars yield, which indicates that the sandwich layer
significantly influences the latal rigidity and bearing capacity of specimens. The ultimate
state of bearing capacity reaches when the concrete is crushed or deformed excessively, and
the load-mid span deflection curve is almost horizontal.
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3.3. Load-Reinforcement Strain Relationship

As shown in Figure 15, both sandwich laminated floor slabs have the same variation
law. The curve development presents three-stage characteristics, i.e., elastic, elastoplastic,
and failure. The curve develops linearly with a large curve slope when the load is small.
When it reaches the cracking load, the reinforcement strain suddenly increases, and the
slope of the curve decreases obviously. The variation trend is consistent with the load-mid
span deflection curve. At this time, the concrete in the tensile zone fails, and the steel
stress and strain instantly increase. The curve develops nonlinearly with the load increases,
which indicates that the steel bar enters the plastic stage. Furthermore, the mid-span strain
difference between the specimens increases with the increase in load, which demonstrates
that the reinforcement stress is effectively retarded with the increase in reinforcement ratio.
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4. Analysis of the Slip Resistance of Sandwich Laminated Floor Slabs
4.1. Premise of Analysis

The concrete sandwich laminated floor slab is composed of reinforcement, concrete,
and phenolic foam board with completely different physical and mechanical properties,
which results in complex mechanical properties of the floor slab under load. The bond-
ing performance of the laminated surface is the key to maintaining the integrity of the
laminated floor slab, and the bending capacity will decrease rapidly when the laminated
surface is damaged by the sliding [35], so the mechanical characteristics need to be studied
before calculation.

The connection of the stirrup rebar is the key to the synergy of the upper and lower
concrete slabs, whose bearing performance directly affects the overall mechanical properties
of the structure. According to the stiffness of the connections, the forces of concrete
sandwich laminated floor slabs can be divided into three types, i.e., non-composite, partially
composite, and fully composite. For concrete sandwich laminated floor slabs of non-
composite, there is no connection to transfer longitudinal shear force, and the upper
and lower concrete layers are equivalent to two independent slabs with the same span
and curvature. For concrete sandwich laminated floor slabs of partially composite, the
magnitude of the transferred longitudinal shear force is related to the stiffness. The section
strain effect also needs to be considered when performing equilibrium analysis. For concrete
sandwich laminated floor slabs of fully composite, the stiffness of the connectors is large
enough to avoid the slippage effect. The force pattern of the concrete sandwich plate is
the same as that of the cast-in-place floor slab [36–38]. Figure 16 shows the distribution of
shear and strain under bending moment.
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4.2. Anti-Slip Performance before Cracking

The overall performance of the floor slab is good before cracking, which conforms
to the plane-section assumption. Therefore, the cracking load Mcr can be calculated ac-
cording to the fully composite action. Moreover, the bending performance of the phenolic
foam board is ignored while calculating the elastic moment due to the small bending
stiffness. According to GB 50010-2010 [34], the formulas for calculating the cracking load
are as follows:

Mcr = γ ftkW0 (1)

γ = (0.7 +
120

h
)γm (2)

W0 =
I0

h − y0
(3)

where Mcr is the cracking load of the positive section of the concrete sandwich laminated
floor slab, γ is the coefficient of plasticity influence of the resisting moment, γm is the base
value of the plastic influence coefficient of the resisting moment of the cross-section, and
W0 is the elastic resisting moment of the tensile edge of the cross-section.

The cracking moment can be determined according to Equations (1)–(3), and the calcu-
lated values are compared and analyzed with the measured values, as shown in Table 5.

Table 5. Composite working performance of sandwich laminated floor slabs.

Specimen
Number

Before Cracking At Limit State

Mcs (kN·m) Mcr (kN·m) |(Mcs−Mcr)/Mcs| Mut (kN·m) Mun (kN·m) Muf (kN·m) Mut/Muf

DBD01 7.3 6.9 6.1% 71.8 12.5 128.7 55.7%
DBD02 22.0 22.5 2.1% 105.1 15.5 169.5 62.0%

Noted: Mcs is the measured cracking moment, and Mcr is the calculated cracking moment.

4.3. Anti-Slip Performance in Limit State

The ultimate moment of the normal section at the state of non-composite and fully
composite states are calculated, respectively [17], and then the composite working per-
formance of both specimens is judged. The formulas for calculating the ultimate load of
non-composite state are as follows:

α1 fctbxt = fyt Ast (4)

α1 fcbbxb = fyb Asb (5)

Mun = α1 fctbxt(h0t −
xt

2
) + α1 fcbbxb(h0b −

xb
2
) (6)
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where Mun is the normal section ultimate bending moment, xt and xb are the calculated
compression zone of laminated and prefabricated layers, respectively, h0t and h0b are the ef-
fective height of laminated and prefabricated layers, respectively, f yt and f yb are the strength
of reinforcement tensile reinforcement in the laminated and prefabricated layers, respec-
tively, Ast and Asb are the area of tensile reinforcement in the laminated and prefabricated
layers respectively, and f cb and f ct refer to the axial compressive strength of laminated and
prefabricated concrete layers, respectively, which is calculated and determined according
to f c = 0.76f cu,k.

The formulas for calculating the ultimate load of a fully composite state are as follows:

α1 fctbx = fyb Asb + fyt Ast (7)

Muf = α1 fctbx(h0 −
x
2
) + fyt Ast(h0 − as) (8)

where Muf is the normal section ultimate bending moment, x is the height of the calculated
compression zone, h0 is the effective height of the section, and as is the distance from the
resultant force point of the reinforcement in the compression area to the compression edge.

As shown in Table 5, the following conclusions can be drawn:

(1). Before cracking, the cracking moment error between the calculated and measured
values is not larger than 7% under the fully composite state, and there is no relative
slip, indicating good connection performance between the upper and lower concrete.

(2). When it reaches the ultimate state, the upper and lower concrete layers of the specimen
are in a partially composite state. The reason is that the stirrup rebar is flexible and
deforms under the transverse shear force, which results in the sliding effect and failure
of co-working property.

(3). The slip resistance of DBD01 under the damage stage is less than that of DBD02, which
indicates that the slip resistance at the later stage of loading can be enhanced with the
increase in reinforcement rate.

5. Finite Element Analysis

The finite element calculation software ABAQUS is used to simulate the bending test.
Except for the different reinforcement ratios, the other test conditions and loading methods
of DBD01 and DBD02 are exactly the same. Therefore, only the finite element simulation
analysis of DBD01 is carried out. The simulation is compared with the experimental results,
and the finding can provide a theoretical basis for the structural mechanical analysis of the
sandwich laminated floor slab.

The dimensions of the finite element model are the same as those of the actual speci-
men. The analysis includes the following steps: defining material properties and analysis
types, defining loads and boundary conditions, defining interactions, meshing, and post-
processing of results. The concrete damaged plasticity (CDP) model in the ABAQUS
material library is selected to simulate concrete [39], and the constitutive relationship is
calculated according to GB50010-2010 [34]. The bilinear model is used to simulate rebar,
and the slope of the second section is 1/100 of the first section [40]. The three-dimensional
solid element (C3D8R) with an eight-node reduced integral is used in concrete, and the
two-node linear three-dimensional truss element (T3D2) is used in the steel bar. Establish
four different material types, including a concrete material: C40, and three reinforcement
types: CRB600H, HRB400 and HPB300. The constraint is applied at the bottom of the pad
block to simulate the simply supported condition. Referring to the test value, the applied
load value during finite element simulation is 140 kN. Assuming that the reinforcement
and concrete are firmly bonded, they are coupled through embedded area constraint. The
slip of the superimposed surface is ignored, and tie contact is used to simulate the bonding
surfaces. The total number of elements is 91,163 and of nodes is 130,322. Figure 17 shows
the constraints, loading, and mesh division of the model.
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5.1. Damage Analysis of Sandwich Laminated Floor Slab

The damage and crack distribution of sandwich laminated floor slabs are closely
related to the stress damage distribution, so it is necessary to carry out the stress damage
analysis. As seen in Figure 18, the cracks at the bottom slab are mainly concentrated within
the span of the loading point and are symmetrically distributed from the middle of the span
to both ends. The crack direction is parallel to the short span of the sandwich laminated
floor slabs. The cracks on the side of the slab gradually develop from the bottom to the top,
with the inclination angle decreasing while passing through the sandwich layer. Moreover,
the distribution of tensile damage at the bottom and side of the plate is roughly consistent
with the crack location during the test. Therefore, the finite element simulation results can
reflect the actual damage.
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5.2. Comparative Analysis of Load-Deflection Curve, Load-Reinforcement Strain Curve,
and Bearing Capacity

Figure 19 shows the comparison between the finite element simulation and the test
curve, which indicates that the simulated results accord well with the measured results,
so the finite element method can be used for deeper analysis. The experimental values
of cracking load are slightly smaller than the simulated values, which is mainly due
to incomplete constraints of combined interface and bond-slip between reinforcement
and concrete. However, the influences of material difference, manufacturing error, and
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curing conditions are ignored during simulation calculation, which is assumed under the
ideal conditions, and accordingly results in the deviation between the simulated and the
measured values.
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Table 6 shows the comparison of bearing capacity between the measured and the
simulated value. The results show that the simulated values accord well with the measured
values. The difference between the normal use load, yield load, and ultimate load of the
specimen is 2%~16%. The root mean square error is 0.015, which indicates that the deviation
between the simulated and the measured values between different characteristic loads is
small. The deviation of cracking load is relatively large due to the discreteness of concrete
properties and the deviation during manufacturing and loading. The simulation results
reflect the test conditions well, especially the ultimate bearing capacity. Therefore, the finite
element simulation method can be used to further analyze the mechanical performance of
the sandwich composite floor.

Table 6. Comparison between simulated and measured values of specimen bearing capacity.

Specimen
Number

Characteristic
Load

Measured
Value

Simulated
Values

|Simulated Values-Measured
Value|/Measured Value

DBD01

Pcr (kN) 13 24 0.46
P1/200 (kN) 66 79 0.16

Py (kN) 102 109 0.06
Pu (kN) 127 130 0.02

5.3. Effect of Post-Cast Layer Concrete Strength

Concrete strength significantly influences the mechanical performance of the sandwich
laminated floor slab. In order to further explore the influence of post-cast layer concrete
strength on the normal use load and ultimate load of the specimen, the bearing performance
under different post-cast concrete strength grades is compared and analyzed by numerical
simulation. As shown in Figure 20, the load-deflection curves of the sandwich laminated
floor slab with different concrete strength grades have the same variation trend, which
shows an upward trend with the increase in concrete strength. The mid-span deflection of
the same load decreases with the increase in concrete strength overall but is not significant.
As the strength increases, the normal service load and ultimate load of the specimen
gradually increase overall. When the concrete strength of the post-cast layer is C30, C35,
and C40, the normal use load and ultimate load are the same at about 80 and 131 kN,
respectively, and slightly increased to about 84 and 134 kN, respectively, when the concrete
strength of the post-cast layer is C50 and C60. The tensile reinforcement firstly yields, and
then the concrete is crushed, which is classified as an under-reinforced failure. The main
reason is that during the period from the cracking to the ultimate bearing capacity, the
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post-cast layer concrete has not been damaged, and the load of the sandwich laminated
floor slabs is borne by the tensile reinforcement at the bottom. The reinforcement ratio of
the sandwich laminated floor slabs with different post-cast layer concrete strength is the
same in the finite element simulation, so the difference in bearing capacity between the
specimens is small. The effect of post-cast concrete strength can be ignored because of the
small difference. Table 7 shows the effect of the concrete strength of the post-cast layer on
the characteristic load.
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Table 7. Effect of concrete strength of post-cast layer on the characteristic load.

Concrete Strength of the Post-Cast Layer C30 C35 C40 C50 C60

P1/200 (kN) 80 80 80 83 85
Pu (kN) 131 131 132 134 134

6. Conclusions

The concrete sandwich laminated floor slabs with integrated thermal and sound
insulation are proposed. The experimental research, theoretical analysis, and numerical
simulation are carried out on two full-size specimens, and the major conclusions are
as follows:

(1). The whole bending failure process of the sandwich laminated floor slab can be divided
into three stages: elasticity, cracking, and failure. The demarcation points are concrete
cracking and steel yielding, respectively. The bearing capacity of the sandwich lami-
nated floor slab is significantly improved with the increase in reinforcement ratio. The
normal use load, yield load, and the ultimate load with a larger reinforcement ratio
are increased by 54.55%, 52.94%, and 46.46%, respectively. When the reinforcement
ratio is increased, the late stiffness and the structural integrity are significantly im-
proved. Moreover, the mid-span deflection decreases significantly with the increase
in reinforcement ratio, and the cracking expansion is also delayed.

(2). The pure bending section of the sandwich laminated floor slab conforms to the plane-
section assumption under the action of two-point symmetrical loads. The anti-sliding
performance results show that the prefabricated and the laminated layer are fully
composite before cracking, and the common bearing can be realized. The specimen
is partially composite when reaching the ultimate state, with the slip effect on the
superposition surface.

(3). The simulated and measured results accord well, which has the same variation of
failure mode, load-deflection, and load-reinforcement strain. The difference between
the simulated and the measured values of the ultimate load is less than 5%, which
verifies the feasibility and effectiveness of the finite element analysis method. Further
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extending the analysis, the effect of the concrete strength of the post-cast layer on the
normal use and ultimate load is not significant and can be neglected.
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Abstract: Based on the construction practice of the Beijing Metro Line 10 shield tunneling project,
this paper describes research on soil improvement technology for Beijing stratum characteristics
(sandy gravel stratum) and covers similar engineering conditions. It also describes the development
of a new type of mud improver. Based on the laboratory tests with bentonite as the base mud and
different additives, the effects of guar gum, CMC, xanthan gum, and clay medium particles on
mud performance are analyzed. Then, two kinds of mud were used to conduct indoor simulated
muck improvement tests (mixing test, slump test, sliding plate test, and adhesion resistance test),
and the improvement effects of new mud and ordinary mud applied in pebble/round gravel and
sandy soil layers were compared. The results show that xanthan gum is the best material to improve
the performance of slurry, using the contrast test of bentonite-based slurry and different additives.
The optimum slurry preparation scheme is 4% bentonite, 0.2% xanthan gum, 0.04% soda ash, and
1% clay particles. Using indoor simulated muck improvement tests (mixing test, slump test, slide
plate test, and adhesion resistance test), the improvement effects of applying new mud and ordinary
mud in pebble/round gravel and sandy soil layers are compared, and the advantages of the new
mud in the application of the above two formations are verified. Among them, the new slurry has
great advantages for improving the two parameters of the soil adhesion resistance coefficient and
slump during shield tunneling. When the improved soil mass reaches the flowing plastic state, the
proportion of new mud added to different soil mass is different. The proportion of new mud added
to improved pebble/pebble soil is 28%, and that of sand and clay is 32%. It can be seen that new mud
is more suitable for improving pebble/pebble soil.

Keywords: EPB shield; fluid-plastic state; muck improvement; new mud; xanthan gum; sandy
gravel stratum

1. Introduction

With the rapid development of urban rail transit construction, subway shield construc-
tion has been widely used with its unique advantages [1]. The EPB shield tunneling in
Beijing is often carried out in sandy gravel soil [2–4], and the excavated soil mass in the nat-
ural state cannot meet the requirements of plastic fluidization of soil mass [5–7]. Therefore,
this can easily lead to the instability of the excavation surface [8–12], and cause the closure
of the pressure chamber [13–15], the caking of the pressure chamber [16], gushing [17,18],
and other technical problems often encountered in the construction of soil layers. To ensure
the normal operation of shield tunneling, the soil must have good plasticity [19,20] and low
permeability [21–23].

As one of the key technologies of EPB shield, muck improvement technology has been
paid more and more attention in current shield research [13,24,25]. At present, the im-
provement additives mainly include foam agents, dispersant, clay minerals and flocculant.
The clay minerals are predominantly bentonite and clay [26,27], which are mainly used to
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supplement the fine particles in order to reduce the internal friction angle of the soil mass in
the pressure chamber [28]. Foam agent is composed of special foam agent and compressed
air, which can be used to improve the fluidity [29,30] and impermeability [31,32] of the
excavated soil mass. Flocculant is mainly applicable to water-rich consolidated clay, silt,
sand and fine gravel formation, which can cause particles to agglomerate in the slag to
improve the plastic flow behavior of the slag [33,34]. Dispersants can disperse substances
in the water to form colloidal solutions, reducing the adhesion between particles [35,36].
At present, different scholars have conducted a great deal of research on the improvement
effect of the selection and proportion of these soil improvers on the EPB shield construction,
and these improvement evaluations are mostly seen in indoor tests.

Relying on a tunnel project in Fuzhou, Wang, S.M [37] carried out a study on the
construction of an earth pressure shield machine in high permeability and high-pressure
formation by using nano bentonite CMC as the muck improver, and they evaluated the
effect of this soil improver through field tests. Zhu H. H and others [38–41] evaluated the
stability of the earth pressure shield in the sandy gravel stratum by establishing the DEM
model, and proposed measures to improve the fluidity and wear resistance. Zhao S. S. [36]
discussed the effect of adding dispersant in mud on controlling clay cake, and verified
the effectiveness of the dispersant in reducing viscosity through laboratory tests. Cheng
Chihao and others [42,43] carried out laboratory soil improvement test research on the
micro mechanism of soil improvement with different proportioning of foam and bentonite
in the EPB shield construction, and evaluated the improvement effect of different schemes
in combination with field tests. Jiang Houting and others [44–46] conducted relevant tests
on foam improving round gravel formation during EPB shield construction and obtained
the experimental law of foam’s impact on plastic fluidity of round gravel formation and the
optimal foam injection ratio suitable for EPB shield construction. Xiao Chao [47] studied
the influence of modified bentonite grouting on the shield driving in the sand gravel layer
by simulating the earth pressure balance shield system, and obtained the mixed proportion
of modified bentonite slurry for the earth pressure shield driving in the sand gravel layer.
Xu Q. W and others [48–51] injected different amounts of air bubbles into the soil with
different water content to reflect the effect of air bubble mixed soil on torque reduction
through the reduction rate of power consumption of the mixer. The results show that
adding air bubbles to sandy pebble soil can reduce the power consumption of mixing by
more than 50%.

In combination with the current research on the improvement of EPB shield tunnel-
ing, there is a lack of systematic theoretical evaluation standards and methods for the
basic properties of the improver, the matching relationship between the improver and
the improved soil, the improvement effect of the improver, and the relationship between
the improver and the shield construction parameters, which leads to the blindness of the
use of the improver in shield tunneling, and may cause problems such as large material
consumption and environmental pollution. Therefore, based on the construction practice
of Beijing Metro Line 10 shield tunneling project, this paper conducts research on soil
improvement technology for Beijing stratum characteristics (sandy gravel stratum) and
covers similar engineering conditions, as well as developing a new type of mud improver.
Based on the laboratory tests with bentonite as the base mud and different additives, the
effects of guar gum, CMC, xanthan gum, and clay medium particles on the mud perfor-
mance are analyzed, and a new mud performance improvement material with the best
performance is obtained. Then, two kinds of mud were used to conduct indoor simulated
muck improvement tests (mixing test, slump test, sliding plate test, and adhesion resistance
test), and the improvement effects of new mud and ordinary mud applied in pebble/round
gravel and sandy soil layers were compared.

2. Study on Properties of New Mud Modifier

The soil state control in the pressure chamber is the key to EPB shield construction. The
soil state in the pressure chamber is different in different strata. When most undisturbed
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soil enters the pressure chamber, it will cause construction difficulties, which are manifested
in the increased torque of the cutterhead, the dumping efficiency of the screw conveyor,
and the thrust of the shielding jack, which will lead to “blocking”, “gushing”, “caking”
and other construction problems, and even lead to the instability of the excavation surface.
To solve these problems, the ideal state of the soil mass in the pressure chamber, namely
the “plastic flow state”, is proposed. Its physical and mechanical indexes include the
permeability coefficient, internal friction angle, slump, and compression coefficient. To
effectively solve these problems in construction, it is necessary to add additives to the soil
for soil improvement.

2.1. Site Mud Solution

The stability of the earth pressure balance shield excavation surface is achieved by the
pressure of the sealed cabin. When the mud penetrates the soil, a layer of mud film with
very low permeability is formed, and the mud pressure effectively acts on the excavation
surface through the mud film, so it can prevent the deformation and collapse of the
excavation surface and ensure the stability of the excavation surface. One of the key issues
in earth pressure shield construction is to use of a muck modifier suitable for engineering
geological conditions.

To compare the development of the mud, the mud configuration scheme adopted
in the construction site was studied first. The mud used on the construction site is pure
bentonite mud with a bentonite content of 9%, that is, 90~120 Kg of bentonite is added to
one side of the water, and the performance parameters are shown in Table 1:

Table 1. Site mud performance parameters.

Mud Performance Index

Density (g/cm3) 1.04 pH 10
Marsh funnel viscosity (”) 40 Static filtration (mL/30 min) 21

Apparent viscosity ηA(MPa·s) 13.5 Plastic viscosity ηp(MPa·s) 3
Dynamic shear τd(Pa) 10.7 Dynamic to plastic ratio τd/ηp 3.6

Initial static shear force (Pa) 9.2 Final shear force (Pa) 10.7
Liquidity Index 0.17 Consistency coefficient (Pa·sn) 4.2Colloid rate 90%

It can be seen from the above parameters that the mud of this formula has a high
consistency and does not flow easily. After standing, it is even more difficult for the mud in
the test tube to flow out. Therefore, the comprehensive performance of the mud should be
improved by adding other additives. At the same time, the cost can be reduced by reducing
the amount of bentonite.

2.2. New Mud Solution

In this paper, a new type of soil amendment that combines mineral improvement
materials and water-soluble polymer improvement materials is developed. Bentonite is
the main raw material of mineral modifiers, and the mineral material used in the test is
the red sodium bentonite produced by the Shamaying Sodium Clay Factory in Weifang
City, Shandong Province, which is used in the construction site. The solution is prepared as
follows: add water to the container, stir with a mixer at medium speed, and at the same
time add the sodium bentonite and other materials evenly into the container and stir. If the
solution is thick, stop the mixer every few minutes. Stir the bentonite attached to the bottom
layer with your hands or with sticks to speed up the dissolution, then stir at medium speed
for about ten minutes.

On the one hand, if only bentonite is used to prepare slurry, the amount of bentonite
is large, which leads to high slurry cost. On the other hand, the performance of the slurry
is difficult to guarantee, which cannot meet the requirements for slag improvement in
the EPB shield. It is therefore necessary to optimize the mud performance by adding
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appropriate additives. Common additives mainly include: 1. tackifier: guar gum, sodium
carboxymethyl cellulose (CMC), xanthan gum, polyacrylamide; 2. lubricant; 3. PH value
regulator, mainly sodium carbonate; 4. other additives such as clay particles.

Soda ash has greatly improved the performance of mud. Therefore, a proper amount
of soda ash is added to the subsequent formula to improve the PH value of mud. According
to the mud configuration plan of the construction site, the bentonite dosage is 9%, but the
thickness is too high and the viscosity is not high. The topic of this lesson is to reduce the
bentonite dosage to reduce the cost and improve the mud performance to adapt to the
earth pressure balance shield. Therefore, the bentonite dosage is preliminarily determined
to be 3%~5%.

In this paper, four additives will be added to evaluate the mud improvement effect,
and the research scheme of the mud improvement test with different additives is shown in
Table 2.

Table 2. Test Design Scheme of Different Additives.

Scheme
Drugs

Water (g) Bentonite (g) Sodium Carbonate (g) Guar Gum (g) Sodium Carboxymethylcellulose (g) Xanthan Gum (g) Polyacrylamide (g)

F1 1000 30 (4%) 0.5 (0.05%) 2 (0.2%) / / /
F2 1000 40 (5%) 0.5 (0.05%) 2 (0.2%) / / /
F3 1000 50 (3%) 0.5 (0.05%) 2 (0.2%) / / /
F4 1000 30 (4%) 0.5 (0.05%) / 2 (0.2%) / /
F5 1000 40 (3%) 0.5 (0.05%) / 2 (0.2%) / /
F6 1000 50 (3%) 0.5 (0.05%) / 2 (0.2%) / /
F7 1000 30 (3%) 0.5 (0.05%) / / 2 (0.2%) /
F8 1000 40 (3%) 0.5 (0.05%) / / 2 (0.2%) /
F9 1000 50 (3%) 0.5 (0.05%) / / 2 (0.2%) /
F10 1000 30 (3%) 0.5 (0.05%) / / / 2 (0.2%)
F11 1000 40 (3%) 0.5 (0.05%) / / / 2 (0.2%)
F12 1000 50 (3%) 0.5 (0.05%) / / / 2 (0.2%)

Where AV represents apparent viscosity, PV represents plastic viscosity, YP represents
dynamic shear, Gelin represents initial shear, Gel10 represents final shear, FL represents
filtration, K represents consistency index, n represents fluidity coefficient, and YP/PV
represents a dynamic plastic ratio.

See Table 3 for data of mud properties with different additives.

Table 3. Mud Performance Test Data of Different Schemes.

Scheme AV
(Mpa·s)

PV
(Mpa·s) YP (Pa) Gelin Pa Gel10

(Pa) FL (mL) K
(Pa.sn) n Marsh Funnel

Viscosity S
Colloid
Rate (%) YP/PV

F0 13.5 3 10.7 9.2 10.7 21 4.2 0.17 40 90% 3.6
F1 9 7 2.04 1.53 2.04 1.48 0.21 35 80% 0.3
F2 15.5 10 5.6 2.6 3.6 0.33 0.56 38 80% 0.56
F3 18 13 8.2 3.1 4.1 0.71 0.47 40 82% 0.63
F4 9.5 8 1.53 1.53 2.04 19 0.04 0.79 36 99% 0.19
F5 14 11 3.07 2.04 2.56 18 0.10 0.72 41 99% 0.28
F6 18 13 5.11 3.57 4.09 17 0.20 0.65 54 99% 0.39
F7 14.5 7 7.67 4.09 6.13 21 0.93 0.40 47 99% 1.10
F8 21.5 10 11.8 7.67 9.20 19 1.58 0.38 61 99% 1.18
F9 26 9 17.4 8.69 9.20 17 2.82 0.33 94 100% 1.93

It can be seen from Table 3 that the overall viscosity of the slurry added with guar gum
is low, and the colloid rate is about 80%, indicating that there is more water precipitation.
After adding CMC, the mud performance is obviously improved, the viscosity is improved,
and the filtration is within 20 mL/30 min, meeting the requirements of filtration. The colloid
rate is also greatly improved. During the preparation of the three schemes F10-F12, a large
number of insoluble matters were precipitated, most of which were white blocky colloids.
During the API filtration test, the liquid continued to flow downwards, with a filtration
loss of about 45 mL/30 min, which seriously exceeded the requirements. Therefore, the
application of polyacrylamide in mud was extremely insoluble, and the viscosity increasing
effect of the mud was not ideal, so it was abandoned in future tests.
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2.3. Comparative Study on Mud Performance after Adding Different Additives
2.3.1. Viscosity Contrast

The plastic viscosity is the total reflection of the internal friction between solid particles,
between solid particles and liquid phases, and between liquid molecules when the slurry
flows. Apparent viscosity refers to the ratio of shear stress to the shear rate at a certain
shear rate, which is the sum of plastic viscosity and structural viscosity.

The viscosity comparison of different mud schemes is shown in Figure 1.
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Figure 1. Viscosity Comparison of Different Mud Schemes.

It can be seen in Figure 1 above that the apparent viscosity of all schemes is higher
than F0 except that the F1 and F4 schemes are lower than F0 of mud for a construction
site. According to the requirements for the sand gravel layer of Beijing Metro Line 10,
the slurry viscosity is high and favorable, so F1 and F4 schemes were abandoned. In
the scheme of adding guar gum, CMC and xanthan gum, the formula with a bentonite
dosage of 5% has the highest apparent viscosity value of mud, among which F9 is the
highest, indicating that xanthan gum is superior to guar gum and CMC for improving the
apparent viscosity of mud. In terms of plastic viscosity, the plastic viscosity of mud can be
improved by adding a viscosity increaser, and the rule is roughly the same as the apparent
viscosity. In comprehensive consideration, xanthan gum is higher than guar gum and CMC
in improving mud viscosity.

2.3.2. Dynamic Shear Force Comparison

Microscopically, the dynamic shear force is the reaction of space grid structure force
formed between clay particles when slurry flows, which can reflect the ability of slurry
to carry sand and gravel to a certain extent. The dynamic shear force comparison of each
scheme is shown in Figure 2.

As can be seen in Figure 2 above, among the schemes, only the F8 and F9 schemes
have higher mud dynamic shear force values than the F0 scheme, indicating that only the
addition of xanthan gum can effectively improve the mud dynamic shear force.
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Figure 2. Dynamic shear force change diagram.

2.3.3. Static Shear Force Comparison

The static shear force comparison of each scheme is shown in Figure 3.
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Figure 3. Variation diagram of static shear force of different muds.

The static shear force reflects the strength of the internal gel network structure when
the drilling fluid is in a static state. A small initial shear force is conducive to reducing
the starting power of the shield machine, so the initial shear force should be appropriately
reduced; for larger sand and pebble formations, the large final shear force is conducive
to the suspension and transportation of mud to the muck, so it should be appropriately
increased. From the comparison of the above figures, it can be seen that except for schemes
F8 and F9, the static shear forces of the other schemes are relatively small and unfavorable
to the sandy cobble stratum. Only the plans F8 and F9 of adding xanthan gum are close to
the construction site mud, and the initial shear force and final shear force of scheme F8 are
more suitable.
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2.3.4. Dynamic Plastic Ratio Comparison

The dynamic plastic ratio (τd/ηp) is an important indicator to measure the shear
dilution characteristics of mud. Given the particularity of shield soil improvement materials,
to prevent the excavated soil from settling and accumulating at the bottom of the earth
ballast tank, the mud is required to have a greater rock-carrying capacity, and the dynamic-
plastic ratio is recommended to be between 0.5–1.5 Pa/MPa·s in this test. The dynamic-
plastic ratio comparison of each mud scheme is shown in Figure 4.
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Figure 4. Changes in the dynamic-plastic ratio of different schemes.

An analysis of Figure 4 above shows that the F0 dynamic-plastic ratio of the mud
scheme used on the construction site was too large, it is not conducive to the pumping of
mud, and the dynamic-plastic ratio of the mud in the schemes F1~F6 was too small, which
is not conducive to carrying cuttings. Scheme F8 is more suitable.

2.3.5. Flowability Index and Consistency Coefficient Comparison

The fluidity index n represents the non-Newtonian degree of the fluid within a certain
flow velocity range, and the fluidity index is the representation of the fluidity of the mud.
According to the knowledge of drilling fluids, the popularity index n is best around 0.5,
and generally less than 1. The consistency coefficient k is the viscosity of the fluid under
the 1 s−1 flow velocity gradient, and it is a reflection of the viscosity of the fluid; the larger
the consistency coefficient, the more viscous the fluid. For the larger sand and pebble
formation, the K value of the earth pressure balance shield should be 1.5~2. Figure 5 shows
the fluidity index and consistency coefficient of the mud in each scheme.

An analysis of the Figure 5 above shows that the fluidity index of the mud F0 scheme
used in the construction site is 0.17, which is too small; it will influence the effect of mud
carrying gravel, and if the consistency coefficient is too large, the pumpability of the slurry
will be poor. The consistency coefficients of schemes F2~F7 are all less than 1. It is more
appropriate to comprehensively consider the fluidity index and consistency coefficient of
scheme F8.
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Figure 5. Changes of fluidity index and consistency coefficient for different schemes.

2.3.6. API Filtration Loss Comparison

Filtration loss is the degree of stability of the mud. The amount of water filtered by
the mud is small, which can make the pore water pressure close to the excavation face rise
less, ensuring that the effective mud-water pressure acting on the digging face remains
unchanged after the mud film is formed, conducive to the stability of the excavation surface.
To ensure mud performance, the smaller the water loss, the better. See Figure 6 for the
comparison of mud filtration in each scheme.
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Figure 6. Variation diagram of filtration volume in different schemes.

For the earth pressure balance shield, the filtration loss is generally required to be less
than 20 mL/30 min. Therefore, schemes F4, F5, F6, F8, and F9 can all meet the requirements.

2.4. Comprehensive Analysis of Mud Plan

Through the above comparative analysis of each index parameter of the mud of
each scheme, it can be concluded that xanthan gum is superior to guar gum, CMC, and
polyacrylamide in improving mud performance; in particular, the index parameters of
scheme F8 are the most suitable, and follow-up programs were therefore carried out
concerning the ratio of program F8.
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2.5. Effect of Clay Particles on Mud Properties

When clay particles are added to the slurry, the particle surface dissolves, forming a
layer of coating with viscous slurry. During shield construction, it will be filled in the space
between sand and gravel, which plays a role in lubrication and drag reduction, increasing
plasticity and reducing cutting power. To study the influence of clay particles on mud
properties, the following experiments were conducted for scheme F8.

The additional amount of clay particles should not exceed 2%. The test plan is shown
in Table 4.

Table 4. Test Scheme for Adding Clay Medium Particles.

Scheme
Drugs

Water (g) Bentonite (g) Sodium Carbonate (g) Xanthan Gum (g) Clay Particles (g)

F13 1000 40 (4%) 0.5 (0.05%) 0.5 (0.05%) 5 (0.5%)
F14 1000 40 (4%) 0.5 (0.05%) 0.5 (0.05%) 10 (1%)
F15 1000 40 (4%) 0.5 (0.05%) 0.5 (0.05%) 15 (1.5%)

The data on mud properties are shown in Table 5.

Table 5. Test Data of Influence of Clay Particles on Mud Performance.

Scheme AV
(Mpa·s)

PV
(Mpa·s) YP (Pa) Gelin

(pa)
Gel10
(Pa) FL (mL) K

(Pa.sn) n Marsh Funnel
Viscosity S

Colloid
Fraction(%) YP/PV

F13 20.5 11 9.7 7.67 8.18 19 0.93 0.45 63 100% 0.88
F14 22.5 12 10.5 7.67 8.18 20 0.85 0.48 65 100% 0.88
F15 23 13 10 8.18 8.69 21 0.85 0.48 67 100% 0.77

See Figure 7 for a comparison of the parameters of each scheme.
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Figure 7. Comparison of clay particles’ influence on mud.

It can be seen from the analysis of the above figure that the viscosity of medium
particles has little impact on the overall performance of the mud. It is found in the test that
the clay medium particles contain a small number of insoluble substances, and when the
addition amount exceeds 1%, the insoluble substances in the mud will increase, which will
have adverse effects on mud filtration and plastic viscosity. Therefore, the added amount
will be controlled at 1% in the future.

3. Analysis of Indoor Muck Improvement Test
3.1. Soil Mixing Test Design

The soil mixing test mainly uses the mixing process of the mixer to simulate the soil
mixing process in the pressure chamber of the earth pressure balance shield, to evaluate
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the improvement effect of the developed modifier on the simulated soil. The amount of
soil amendment added can be controlled by changing the stirring power of the mixer. See
Figure 8 for indoor mixer test. The steps of the soil stirring test are as follows:

(1) Use a plastic measuring cup to measure a certain volume of soil and pour it into the
mixer, stir for 3 min, stop stirring after the reading of the power meter is stable, and
record the stirring power when the reading is stable.

(2) Take out a certain amount of soil from the mixing tank and conduct the friction
coefficient test, adhesion resistance test, and slump test in sequence.

(3) Pour the test soil back into the mixer, add a certain amount of soil amendment, stir
the soil with a mixer for soil improvement, stir for 3 min and stop stirring after the
reading of the power meter is stable. Record the stirring power when the reading is
stable, and then remove the soil from the mixing drum for subsequent tests. The test
cannot be terminated until the soil reaches the ideal plastic flow state. There were
3–5 groups in each experiment, and the results were averaged.
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3.2. Friction Coefficient Test Design

The main purpose of the design of the friction coefficient test is to simulate the
process of friction between the soil and the steel during the excavation process of the screw
excavator. By measuring the external friction angle between the soil and the steel, the
friction coefficient between the soil and the steel is obtained.

The specific test steps are as follows:

(1) Place the plastic ring on a stainless-steel plate, fill it with improved soil, and smooth
the top of the plastic ring.

(2) Fix one end of the steel plate, and slowly lift the other end. When the ring with the
improved soil starts to slide, stop and continue to lift.

(3) The angle at which the steel plate is tilted at this time is measured, which is the
external friction angle ϕ between the improved soil and the steel plate.

(4) The friction coefficient between the improved soil and the steel plate can be obtained
by the following formula. There were 3–5 groups in each experiment, and the results
were averaged.

f = tan ϕ

75



Coatings 2022, 12, 1961

f —Improve the friction coefficient between soil and steel plate; ϕ—Improve the exter-
nal friction angle between the soil and the steel plate.

3.3. Adhesion Resistance Test

The adhesion resistance test is to simulate the process of the soil adhesion to the steel
surface during the excavation process of the screw excavator. By measuring the adhesion
resistance of soil and steel, the adhesion resistance coefficient between soil and steel is
obtained, which can be used to measure the fluidity of soil. The specific test steps are
as follows:

(1) Place the iron cylinder on the iron box, fill it with the improved soil, and smooth the
upper part of the improved soil.

(2) Lift the iron cylinder slowly, and stop lifting the iron cylinder when the iron cylinder
is high enough.

(3) Measure the adhesion resistance F at this time, which is the adhesion resistance
between the improved soil and the iron cylinder.

(4) After the adhesion resistance between the improved soil and the iron cylinder is
measured, this does not provide the adhesion resistance between the reaction soil
and the iron surface used, because this adhesion resistance only reflects the situation
of this test. Therefore, this adhesion resistance should also be treated to a certain
extent, obtaining the size of the adhesion resistance per unit area, to better reflect
the change in the adhesion resistance between the soil and the iron cylinder. There
were 3–5 groups in each experiment, and the results were averaged. The adhesion
resistance coefficient k is obtained by the following formula. This adhesion resistance
measuring device is shown in Figure 9.
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Since the original adhesion resistance dimension measured in this test is a mass unit,
to convert to weight units, first convert using the following formula:

F = M × g

The surface area of the inner surface of the iron cylinder is:

S = π × D × h
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The adhesion resistance coefficient between the improved soil and the iron cylinder is:

K = F/S = (M × g)/(S = π × D × h)

M is the measured original lifting weight (kg); F is the adhesion resistance (N) between
the improved soil and the iron cylinder; S is the surface area of the inner surface of the iron
cylinder (m2); D is the inner diameter of the iron cylinder (m); h is the height of the iron
cylinder (m); K is the adhesion resistance coefficient between the improved soil and the
iron cylinder (N/m2).

3.4. Slump Test Design

The slump test uses standard test equipment, which is a standard slump tube. Its
specifications are: the slump tube, the diameter of the upper mouth is 100 mm, the diameter
of the lower mouth is 200 mm, and the height of the tube: 300 mm; Tamper, 16 mm diameter,
650 mm long, steel round bar with hemispherical ends. The slump test device is shown in
Figure 10. Each experiment was conducted in 3-5 groups, and the average value of the data
of each group was obtained.
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4. Results of Soil Improvement Test

The new mud formula is shown in Table 6.

Table 6. The new mud formula.

Raw Material Bentonite Xanthan Gum Sodium Carbonate Clay Particles

Increase the amount 4% 0.2% 0.04% 1%

4.1. Experimental Study on Improvement of Pebble/Gravel Soil

Through the qualitative analysis of the applicability of the new type of mud to peb-
ble/gravel and sand, the improvement effect of the new mud soil amendment on the
pebble/round gravel soil can be seen, and compared with the mud used in the construction
site to determine the superiority of the new mud.

The test conditions are as follows: the amount of soil added is 7.5 L, after the initial test
analysis, the amount of mud added was determined to be 18% of the soil volume (1350 mL),
after each parameter measurement, the amount of mud added is 2% of the soil volume
(150 mL) until the soil reaches the ideal plastic flow state.
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4.1.1. Slump Test Design

The test soil is anhydrous round gravel soil, and the soil particle sieving is shown in
Table 7.

Table 7. Particle size distribution of anhydrous round gravelly soil.

Particle Size(mm) 60~20 20~5 5~2 2~0.5 0.5~0.25 0.25~0.075 0.075~0.005

content(%) 30 20 15 15 10 5 5

The net power comparison curve is shown in Figure 11.
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Figure 11. Comparison of net power of pebble/round gravel improved by two kinds of mud.

In Figure 11 above, it can be seen that the net stirring power of the soil is significantly
reduced after adding the mud, and the influence of the two kinds of mud on the stirring
power is roughly equal. It is found that when the net power is close to 0, the slag is in a
better flow-plastic state. The net power of the new mud is smaller than that of the mud used
on the construction site, therefore the effect of the new type of mud in reducing stirring
power is better than that of the mud used in the construction site.

4.1.2. Friction Coefficient Test

The friction coefficient comparison curve is shown in Figure 12.
Through the comparison of friction coefficients, it can be seen that the friction coeffi-

cients tend to increase first and then decrease with the increase in mud addition; when the
amount of mud used in the construction site is 26%, the friction coefficient has a maximum
value of 0.6. The maximum value is 0.58 when the new mud addition is 22%. It was found
in the test that when the friction angle was about 20◦, the flow plasticity of the slag was
better. When the amount of mud added was 28%, the friction coefficient of the new mud
was smaller than that of the land-use mud, therefore, the performance of the new type of
mud for improving the coefficient of friction of the muck is better than that of the mud
used in the construction site.

78



Coatings 2022, 12, 1961Coatings 2022, 12, x FOR PEER REVIEW  15  of  22 
 

 

 
Figure 12. Comparison of friction coefficient of pebble/round gravel improved by two kinds of mud. 

Through the comparison of friction coefficients, it can be seen that the friction coeffi‐
cients tend to increase first and then decrease with the increase in mud addition; when the 
amount of mud used in the construction site is 26%, the friction coefficient has a maximum 
value of 0.6. The maximum value is 0.58 when the new mud addition is 22%. It was found 
in the test that when the friction angle was about 20°, the flow plasticity of the slag was 
better. When the amount of mud added was 28%, the friction coefficient of the new mud 
was smaller than that of the land‐use mud, therefore, the performance of the new type of 
mud for improving the coefficient of friction of the muck is better than that of the mud 
used in the construction site. 

4.1.3. Adhesion Resistance Test 
The adhesion resistance comparison curve is shown in Figure 13. 

0.18 0.20 0.22 0.24 0.26 0.28
200

250

300

350

400

450

500

550

C
oe

ff
ic

ie
nt

 o
f 

A
dh

es
io

n 
R

es
is

ta
nc

e 
/N

•m
−2

Mud addition amount

 mud for construction site
 new mud

 
Figure 13. Comparison of adhesion resistance of pebble/round gravel  improved by two kinds of 
mud. 
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Figure 12. Comparison of friction coefficient of pebble/round gravel improved by two kinds of mud.

4.1.3. Adhesion Resistance Test

The adhesion resistance comparison curve is shown in Figure 13.
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Figure 13. Comparison of adhesion resistance of pebble/round gravel improved by two kinds of
mud.

It can be seen from the above curve that when the amount of mud added was less
than 24%, the adhesion resistance of the slag increased with the increase in the amount
of mud added. When the amount of mud added was about 28%, the adhesion resistance
coefficient had a low, stable value, and the adhesion resistance coefficient of the new mud
was smaller than that of the mud used on the construction site, therefore the new type of
mud can better reduce the adhesion resistance coefficient of the muck, which is beneficial
to the smooth discharge of the muck.

4.1.4. Slump Test

The slump comparison curve is shown in Figure 14.
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Figure 14. Comparison of the slump of pebble/round gravel improved by two kinds of mud.

It can be seen in Figure 14 above that with the increase of the amount of mud added,
the slump of the muck increased significantly. When the amount of mud added was 28%,
the slump of mud used on site was only 7.5 cm, and the soil slump requirement (12~20 cm)
of the earth pressure balance shield was not met, while the slump of the new type of mud
is 18 cm, which meets the requirement. Therefore, the new mud was better than the mud
used on the construction site for improving the slump of the muck.

4.2. Experimental Study on Sandy Soil Improvement

Through qualitative analysis of the applicability of soil amendment and sandy soil,
the applicability relationship between soil amendment and sandy soil was determined.

The soil volume used in the test analysis process was 7.5 L, and the amount of soil
amendment added was determined according to the volume of the soil. The test soil was
anhydrous sand, and the particle size distribution of the sand is shown in Table 8. After
initial experimental analysis, the initial amount of mud added was determined to be 20% of
the soil volume (1500 mL): After each parameter measurement, the amount of mud added
was 4% of the soil volume (300 mL) until the soil reached the ideal plastic flow state. The
following sub-soil improvement test categories were analyzed for the test results.

Table 8. Sand particle size distribution.

Particle Size (mm) 2~0.5 0.5~0.25 0.25~0.075 0.075~0.005

Content (%) 30 30 30 10

4.2.1. Sand Mixing Test

The net power comparison curve is shown in Figure 15.
When mud was added to the sand, the net stirring power was significantly reduced.

When the mud addition amount was 32%, the net stirring power of the new mud was
0.002 KW, which means that the sandy soil is in a good fluid plastic state. The net stirring
power of the mud used in the construction site was 0.009, significantly higher than the new
type of mud, therefore the improved performance of the new mud on sandy soil was better
than that of mud used on site.
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Figure 15. Comparison of net power of sand improved by two kinds of mud.

4.2.2. Sand Friction Coefficient Test

The friction coefficient comparison curve is shown in Figure 16.
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Figure 16. Comparison of friction coefficient of the sand improved by two kinds of mud.

As can be seen in Figure 16 above, when the mud addition amount was 32%, the
friction coefficient of the new mud was 0.29, which meets the requirements of fluid plasticity.
The construction site mud rose to a maximum value of 0.62, and then gradually decreased.
When the amount of mud added to the construction site was 44%, the friction coefficient
was reduced to 0.36, therefore the new type of mud was superior to the mud used on the
construction site.
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4.2.3. Sand Adhesion Resistance Test

The comparative analysis curve of adhesion resistance is shown in Figure 17.
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Figure 17. Comparison of adhesion resistance of sand improved by two kinds of mud. 
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It can be seen in the above figure that with the increase in the amount of mud added,
the sandy soil increases, and the adhesion resistance coefficient first increases and then
decreases. After adding the new mud to 20%, the adhesion resistance coefficient began
to decrease. When the addition amount is 32%, the mud is in a fluid plastic state. The
adhesion resistance reached the maximum value when the amount of mud used in the
construction site was 32%; after that, it began to decrease. When the addition amount was
44%, the sand was in a fluid plastic state. Therefore, the improvement effect of the new
mud was better than that of the mud used on the construction site.

4.2.4. Sand Slump Test

The slump comparison curve is shown in Figure 18.
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Figure 18. Comparison of the sand slump of pebble/round gravel improved by two kinds of mud.

From Figure 18 above, it can be seen that the sand slump gradually increased with
the increase in the amount of mud. When the amount of new mud was 32%, the slump
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was 18 cm, which meets the requirements. The slump did not reach 16 cm until the amount
of mud used on the construction site was 44%. Therefore, the new mud can effectively
improve the sand slump.

5. Conclusions

(i) Through laboratory tests, the effects of guar gum, CMC, xanthan gum, and polyacry-
lamide, which are different additives, on the performance of the slurry are analyzed
with bentonite as the base slurry. It was found that xanthan gum was the best material
to improve the performance of the slurry. The best slurry preparation scheme is 4%
bentonite, 0.2% xanthan gum, 0.04% soda ash, and 1% clay particles.

(ii) Through indoor simulated muck improvement tests (mixing test, slump test, slide
plate test, and adhesion resistance test), the improvement effects of applying new
mud and ordinary mud in pebble/round gravel and sandy soil layers were compared
to verify the superiority of the new mud in the application of the above two kinds
of formations.

(iii) In the soil improvement test, the effect of the new mud was similar to that of ordinary
mud. However, it had greater advantages in improving the two parameters of the soil
adhesion resistance coefficient and slumps during shield tunneling.

(iv) When used to improve pebble/round gravel soil, the test showed that when the net
power was close to 0, the slag soil was in a good flow plastic state, and the net power
of the new mud was less than that of the mud used in the construction site. When
the friction angle was about 20◦, the flow plasticity of slag was better. When the mud
dosage was 28%, the friction coefficient of the new mud was smaller than that of
the land mud. When the amount of mud was about 28%, the adhesion resistance
coefficient had a low, stable value, and the adhesion resistance coefficient of the new
mud was smaller than that of the mud used in the construction site. When the amount
of mud added was 28%, the slump of the mud used at the construction site was only
7.5 cm, which cannot meet the requirements of the earth pressure balance shield on
the slump of the muck, while the slump of the new mud was 18 cm, which meets
the requirements.

(v) When used to improve the sand, the test found that when the amount of mud added
was 32%, the net mixing power of the new mud was 0.002 KW, indicating that the
sand was in a good flow plastic state, while the net mixing power of the mud used at
the construction site is 0.009, which is significantly greater than the new mud. When
the amount of mud added was 32%, the friction coefficient of the new mud was 0.29,
which meets the requirements of flow plasticity. The site mud rose to the maximum
value of 0.62, and then the friction coefficient decreased to 0.36 as the amount of mud
added reached 44%. When the new mud dosage was 32%, the mud was in the flow
plastic state, while when the mud dosage was 32%, the adhesion resistance reached
the maximum value, and when the mud dosage reached 44%, the sand was in the flow
plastic state. When the dosage of new mud was 32%, the slump was 18 cm, meeting
the requirements. When the amount of mud used at the construction site was 44%,
the slump reached 16 cm.

(vi) The new mud addition ratio was 28% for improved pebble/round gravel soil, and
32% for improved sand and clay. By comparison, it can be seen that the new mud is
more suitable for improved pebble/round gravel soil and meets the requirements for
the improvement of sandy pebble stratum.
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Abstract: In this work, multi-walled carbon nanotubes (MWCNTs) have been synthesized using a
modified method of solid-phase pyrolysis. The MWCNTs are effectively dispersed using a simple
and facile method such as ultrasonic energy without and with surfactant for two different sonication
times (15 min and 40 min). In the present study, the effect of MWCNT concentration (0.001, 0.01, 0.05,
0.1 wt.%) on the compressive strengths of cement mortars has been investigated. Compressive tests
were carried out on an automatic pressure machine (C089) with a loading rate of 0.5 kN/s at the age
of 7 days and 28 days. It is shown that the optimal value of the nanotubes’ concentration does not
exist in the case of 15 min of sonication time, whereas the optimal value for 40 min of sonication time
without and with surfactant is 0.01%. Moreover, in the absence of surfactants, the strength of the
specimen over 7 days of hardening increased by 13%, and by 19.5% in the presence of surfactants.
The compressive strength for a curing period of 28 days increased by 6.3% and 13.8%, respectively.

Keywords: carbon nanotubes; sonication time; surfactant; compressive strength; cement mortar

1. Introduction

Due to the increasing demand for high-performance cement composites, the properties
of cement composites, such as architectural versatility, excellent mechanical properties, and
durability, have been undergoing continuous improvements [1].

To this end, in the literature, various agricultural wastes [2,3], industrial wastes [4,5],
natural minerals [6], and synthetic materials [7] have been successfully incorporated.
These binders exhibited enhancement in the fresh, mechanical, durability, shrinkage, and
microstructural properties of construction products. One such material sparingly used in
the literature is carbon nanotubes (CNTs).

CNTs can be considered as seamless cylinders formed of one or more graphene roll
sheets and can be classified based on the number of graphene layers [8]. Based on the
number of graphene layers, there are two types: single-walled carbon nanotubes (SWCNTs)
and multi-walled carbon nanotubes (MWCNTs) [9]. MWCNTs comprise manifold-wrapped
graphene sheets arranged in concentric hollow tubes with outside diameters ranging from
2 nm to 100 nm [10]. High modulus of elasticity (≥1 TPa), outstanding tensile strength
(65–93 GPa), excellent thermal conductivity (two times more than that of a diamond), high
aspect ratio (100–2500), and excellent electrical conductivity are the physical and mechanical
characteristics of MWCNTs [11].

The use of CNTs in Portland cement matrices applied in civil engineering has a
significant potential to enhance the mechanical properties of composites [12–14]. MWCNTs
are used more frequently than SWCNTs because of their lower manufacturing costs and
improved reinforcement. According to Lai and Basem [15], adding 0.25 percent MWCNTs
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to cement mass increased the flexural and tensile strengths of cement-based mortars by
25%. Using small amounts of MWCNTs at 0.08%, the authors reported enhanced flexural
strength of 25% [16]. According to Jeevanagoudar et.al [17], MWCNT-reinforced mortars
exhibit improved engineering properties compared to ordinary mortars. In particular, it has
been discovered that 0.4 percent is the optimum concentration of MWCNT concentration
in order to get the highest compressive strength.

CNTs’ optimal dispersion is one of the important factors for the preparation of en-
hanced cement-based composite materials. There are two main methods for dispersing
nanotubes: mechanical and chemical [18,19]. In this work, the dispersion of nanotubes by
mechanical, in particular ultrasonication, method has been carried out. It is worth noting
that the ultrasonication efficiency for MWCNT dispersion depends on many factors, includ-
ing duration, sonicator type, energy, temperature, and the properties of MWCNTs [20–23].
Due to their high surface energy, MWCNTs have a tendency towards agglomeration, which
may lead to the creation of week zones in the final product. By using surfactants, the
efficiency of sonication increases; as a result, a more uniform dispersion of MWCNTs in
cementitious matrices can be seen [24].

The effect of the concentration of MWCNTs synthesized by different methods, the
duration of sonication, and the use of surfactants on the mechanical properties of cement-
based materials, particularly cement mortar, still requires further investigation.

In the present work, the effects of concentration of MWCNTs, duration of sonication,
and the use of surfactants on the compressive strength of cement-based mortar were
investigated.

2. Experiment
2.1. Materials

Ordinary Portland cement 52.5 (GOST 31108-2020, which is available in Araratcement
Factory, Yerevan, Armenia) has been used as a binder in the mortars within the framework
of this study. The short MWCNTs have been synthesized (Figure 1) using a modified
method of solid-phase pyrolysis of cobalt phthalocyanine. The pyrolysis was carried out
in a closed quartz ampoule at a temperature of 900 ◦C and a duration of 30 min using
pyrolysis analogs of Ni and Fe phthalocyanines [25,26]. The physical properties and the
chemical composition of the used cement [27] (GOST EN 196-1-2002, 196-2-2002, 196-3-2002)
are shown in Table 1, while the physical properties of the used sand are shown in Table 2.
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Table 1. Physical properties and chemical composition of cement.

Characteristics Days Results Obtained

Standard consistency (%) - 31

Specific gravity (g/sm3) - 3.1

Blain’s fineness (m2/kg) - 354.8

Compressive strength (MPa)
(EN 196-1)

3 days 23

7 days 38

28 days 52

Setting time (min)
Initial 60

Final 330

Chemical composition of cement (wt.%)

Al2O3 SiO2 Fe2O3 CaO MgO SO3
Loss of
Ignition

Insol.
Resid.

Free
CaO

3.21 23.2 1.25 57.5 5.1 2.9 3.7 2.1 1.13

Table 2. Physical properties of sand and MWCNTs.

Sand
Fineness
Modulus

2.43

Specific
Gravity

2.17

Zone
II

Bulk Density in
Compact State (kg/m3)

1829

Bulk Density in
Loose State (kg/m3)

1609

MWCNTS Outer diameter
40–50 nm Length < 1 µm Purity > 90%

2.2. Dispersion of MWCNTs

Many researchers have reported MWCNT dispersion using various techniques.
In this work, MWCNTs, in the required amount, were mixed with water and stirred
continuously to ensure proper mixing. Two different sonication times were considered
(15 min and 40 min). The sonication process is conducted at room temperature using
the ultrasonic device UP400S. In the present investigation, DISPERBYK 199 was also
used in order to increase the efficiency of the MWCNT dispersion process in the water.
A similar procedure was followed for solutions containing different wt.% of MWCNT
content (0.001, 0.01, 0.05, 0.1).

2.3. Mixing and Sample Preparation

The w/c ratio used in the present work was 0.47, and the cement to sand proportion
used was 1:4. First, cement and sand were mixed (E095 Mortar mixer, Matest, Treviolo,
Italy) for 2.0 min, then the MWCNTS/water mixture was added and mixed for 5 min. The
size of the molds were 40 mm × 40 mm × 160 mm. The mortar was compacted through
a vibration machine (C278 Vibrating table, Matest, Treviolo, Italy) for 30 s. Similarly, a
series of mortars and the one without different MWCNT contents (0.001%, 0.01%, 0.05%,
and 0.1% by weight of cement) were cast. The specimens were also prepared by adding
in the MWCNTS/water surfactant DISPERBYK-199 (produced by company BYK, Wesel,
Germany). The weights of the surfactants were 4.4, 44, 220, and 440 mg, respectively. After
24 h, the specimens were de-molded, and the mortar sample was immersed in water at
20 ± 0.2 ◦C temperature (Figure 2).
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Figure 2. Diagram of the experimental procedure.

2.4. Compressive Strength Testing

Three cubes of each specimen were incidentally selected from each batch to test their
average compressive strength according to the Concrete Compression Machine (Matest,
Treviolo, Italy) 2000 kN automatic, Servo-Plus Progress (following the standard EN 196-1,
and specimen sizes were 40 mm × 40 mm). Compressive tests were carried out on an
automatic pressure machine (C089) (Matest, Treviolo, Italy) with a loading rate of 0.5 kN/s
at the age of 7 days and 28 days.

3. Results and Discussions

First of all, the results obtained with 15 min sonication time and without surfactant
are presented. Figure 3a,b show the compressive strength of the mortar with different
wt.% of MWCNTs for 7 and 28 days, respectively. The results indicate that, for both cases
of curing days of the cement mortar, the optimal value of MWCNT concentration does
not exist. Furthermore, the compressive strength of the cement mortar in the presence of
MWCNTs is lower than the compressive strength of the reference specimen. This can be
explained due to the low-efficiency dispersion of the MWCNTs in the water, which will
reduce the hydration degree. The results indicate that the compressive strength increases
with increased curing period, which can be attributed to increased hydration with time.
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Figure 4a,b show the compressive strength of the mortar with different wt.% of MWC-
NTs for 7 and 28 days, respectively. C0, C1, C2, C3, and C4 correspond to the 0%, 0.001%,
0.01%, 0.05%, and 0.1% of MWCNTs, respectively. The results indicate that the compressive
strength of each specimen increases as the curing period increases. This is associated with
increased hydration over time. The addition of nanotubes with an appropriate concentra-
tion of MWCNTs leads to an increase in compressive strength. The compressive strength
reaches the maximum value, then starts to decrease. In other words, the optimal value
of the nanotube concentration at which the compressive strength for both cases of curing
days reaches its maximum value was obtained. The indicated optimal value of nanotubes
is 0.01 wt.%. This is due to the chosen composition of the mortar, as well as the physical
and mechanical properties (structure and size) of nanotubes. It is known that in order to
make the effect of nanotubes on the physical and mechanical properties of cement-based
mortars or concretes effective, it is first necessary to ensure a homogeneous distribution of
nanoparticles throughout the volume. For each case, with the increase of nanotube concen-
tration, under the same conditions, the degree of homogeneous distribution decreases, as a
result of which the compressive strength decreases. Elsewhere [17], the authors studied
rather large values of nanotube concentration, and at 0.4 wt.% of MWCNTs the maximum
compressive strength was found only for 28 days of curing (in this work for 7 curing days
the optimal values of MWCNTs were not obtained). It can be seen from the figures that the
strength of specimens with 7 curing days increased by 13%, and in the case of 28 curing
days it increased by 6.3%.
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Figure 5a,b show the compressive strength of the mortar with different wt.% of
MWCNTs for 7 and 28 days, respectively, when the surfactant in the MWCNT/water
was added.

For both cases of curing days, the optimal values of the MWCNT concentration have
been obtained at 0.01 wt.%. The improvement in the efficiency of the dispersion process
of MWCNTs in the water brought an increase in the maximum value of the compressive
strength. In particular, the strength of a sample with 7 curing days increased by 19.5%, and
by 13.8% in the case of 28 curing days.
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4. Conclusions

In the present research, the mechanical properties, such as compressive strength, of
cement mortar with different concentrations of MWCNTs have been investigated. The
sonication technique with and without surfactant, in particular DISPERBYK-199, was
employed. For 15 min sonication time, the optimal values of MWCNT concentration
to obtain maximum compressive strength do not exist, while in the case of 40 min of
sonication it was found to be 0.01%, which is much less than the optimal value obtained
in known works. In particular, in the absence of surfactants, the strength of the specimen
over 7 days of hardening increased by 13%, and by 19.5% in the presence of surfactants.
The compressive strength for a curing period of 28 days increased by 6.3% and 13.8%,
respectively. Thus, the optimal mass of surfactants was found, and it was shown that when
added to MWCNTs/water, the maximum value of compressive strength can increase by up
to 7.5%.
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Abstract: The compositions of extractants containing xylene (G) and n-heptane (P) recovered and
reused in the asphaltene extraction process were determined by densimetry and the extracted as-
phaltenes were analyzed to study the influence of extractant composition on their elemental, spectral
and structural properties. With increasing the number of extraction, the G/P ratio in extractant in-
creases, which dissolves more asphaltenes of higher aromaticity and causes a decrease of asphaltene
yield, the polarity and aromaticity in molecular structure of the extracted asphaltenes. Asphaltenes
extracted at a higher G/P ratio were found to have less fractions of N and O elements as well as
higher fractions of H and S elements, a lower C/H atom ratio and molecular unsaturation. Moreover,
they have a smaller fraction of aromatic rings and aromatic carbon ratio, a higher substitution rate on
aromatic rings, a higher fraction of alkyl chain and free ends in their average molecular structure.
Compared with the base asphalt, asphaltenes’ infrared absorptions generally move towards smaller
wave numbers owing to more aromaticity in their molecules and subsequent stronger conjugative
and inductive effects. The asphaltenes extracted at a higher G/P ratio have a denser packing of alkyl
chains and a looser packing of aromatic rings, according to their spectra of X-ray diffraction.

Keywords: densimetry method; extractant composition; n-heptane and xylene; asphaltene extraction;
molecular structure

1. Introduction

Asphalt is one kind of coating materials widely used for roof waterproofing, interface
bonding and surface layers of high-grade highways [1,2]. Asphalt has a complex chemical
structure and composition [3–5]. According to the different solubility, it can be divided
into four components: saturate, aromatic, resin and asphaltene [1,5,6]. In our previous
work [7], using the solubility discrepancy of asphaltene in different solvents [8], a simple
scheme for extracting asphaltenes from asphalt at room temperature was proposed and
verified experimentally. The scheme firstly dissolves the asphalt in a good solvent (denoted
as G) and then uses a poor solvent (denoted as P) to precipitate the asphaltenes out. As the
scheme is carried out at room temperature without heating, it avoids the problems of high
energy cost, expensive devices, and safety risks of flammable steam in traditional methods
(JTG E20-2011 or IP 143) of asphaltene extraction [6,9]. After extraction, the good solvent
was mixed with the poor solvent. To reduce costs, these waste (used) solvents need to be
recovered and reused as new extractants. However, the yield decreased significantly when
the recovered solvent was used, probably caused by the variance of extractant composition.
To better study the effect of extractant composition on asphaltene yield, a method is needed
to analyze the extractant concentration or G/P ratio, which is also helpful to optimize the
separation condition and improve the separation efficiency of the waste extractants.

Alkanes and aromatics are volatile components in coating materials and widely used
as extractants or eluents [3,10]. When extracting asphaltenes from asphalt, the good
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solvents are generally aromatic hydrocarbons, such as xylene and toluene while the poor
solvents are n-alkanes, such as n-heptane and n-hexane [3,5,9]. Xylene is a C8 aromatic
mixture containing isomers and a small amount of ethylbenzene [11,12]. Both xylene and
heptane are volatile and miscible with each other in any ratio. Heptane is a poor solvent or
precipitant for asphaltenes, owing to the difference of molecular structures (thus higher
enthalpy penalty) between heptane and asphaltenes as well as high molecular weight of
asphaltene (thus less mixing entropy) [3,6]. Asphaltene is precipitated only when the G/P
ratio is below a critical precipitation point [9,13,14]. The analysis of G/P ratio in extractant
is helpful to judge whether the critical precipitation point is exceeded, and helpful to guide
the industrial extraction of asphaltenes. Compared with the analytical methods such as
high performance liquid chromatography (HPLC), nuclear magnetic resonance (NMR) and
gas chromatography-mass spectrometry (GC-MS) [15,16], the densimetry method may be
the simplest and cheapest without requiring expensive equipment [17].

The physical properties [2,18] and molecular structures [4,5] of the extracted as-
phaltenes may vary with extraction number or G/P ratio. Asphaltenes have been analyzed
via elemental analysis (EA), NMR, Fourier transform infrared (FTIR) and X-ray diffrac-
tion (XRD) methods [19,20] to get average molecular structure [3] to compare with other
bitumen components [6] or with asphaltenes precipitated from different alkanes [10,21].
There are few studies for the effect of G/P ratio on the properties of extracted asphaltene.
Such a study is helpful to evaluate the property discrepancy and to judge whether these
asphaltenes can be mixed and used together. In this paper, the compositions of recovered
extractants were analyzed via densimetry, while the properties of asphaltenes extracted at
different G/P compositions were studied. Mechanisms were discussed for the variance of
asphaltene properties and for the decrease of asphaltene yield with extraction number or
G/P ratio.

2. Materials and Methods
2.1. Materials and Devices

The asphalt used is Qilu No. 70 base asphalt from Qilu Petrochemical Company
(Zibo, China). Potassium bromide (KBr, crystals, of 99% purity) with chemical abstracts
service number (CAS No.) 7758-02-3 is purchased from Merck & Co., Ltd. (Beijing, China).
Deuterated chloroform (CDCl3, CAS No. 865-49-6, 99.8% purity) containing 0.03% v/v
tetramethylsilane (TMS) is purchased from Cambridge Isotope Laboratories, Inc. (Beijing,
China). Xylene (xylene isomer + ethylbenzene, CAS No. 1330-20-7) and n-heptane (CAS
No. 142-82-5) of analytical reagent (AR) grade are purchased from Macklin Biochemical
Technology Company (Shanghai, China).

The glasswares were purchased from Chongqing Synthware Glass Company (Chongqing,
China). The HJ-6A thermostatic magnetic stirrer is purchased from Jiangsu Zhongda
Technology Instrument Company (Nanjing, China). The PX224ZH/E electronic balance and
STX portable balance are purchased from Ohaus International Trading (Shanghai) Company
(Shanghai, China). The sand-core filter device with a filter bottle of 1000 mL volume and
a filter cup of 300 mL volume is purchased from Jiangsu Feida Glass Products Company
(Nanjing, China) and used to get the precipitated asphaltenes by suction filtration. The RE-
52AA rotary evaporator and SHZIII circulating water vacuum pump are purchased from
Shanghai Yarong Biochemical Instrument Factory (Shanghai, China) and used to recover
extractant via vacuum distillation. The medium-speed setting filter paper is purchased
from Hangzhou Fuyang Northwood Pulp Company (Hangzhou, China). The 0.45 µm
filter membrane is purchased from Shanghai Xinya Purification Device Factory (Shanghai,
China). The polypropylene dropper and other consumables are supplied by Shandong
Laboratory Experimental Instrument Company (Jinan, China).
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2.2. Experimental Procedures
2.2.1. Preparation of Standard Samples of Extractants

The subscripts P and G represent poor solvent (n-heptane) and good solvent (xylene),
respectively, in Table 1 and in the following. All operations were carried out in a fume
hood. The room temperature was maintained at 20 ◦C by an air conditioner.

Table 1. The volume fraction v and mass fraction w of each component for standard samples of
extractants containing xylene (G) and n-heptane (P) at room temperature.

No. P (mL) G (mL) Sum (mL) vP vG wP wG

0 0 20 20 0% 100% 0.00 1.00
1 2 18 20 10% 90% 0.08 0.92
2 4 16 20 20% 80% 0.17 0.83
3 6 14 20 30% 70% 0.25 0.75
4 8 12 20 40% 60% 0.35 0.65
5 10 10 20 50% 50% 0.44 0.56
6 12 8 20 60% 40% 0.54 0.46
7 14 6 20 70% 30% 0.65 0.35
8 16 4 20 80% 20% 0.76 0.24
9 18 2 20 90% 10% 0.88 0.12

10 20 0 20 100% 0% 1.00 0.00

The procedures for preparing standard samples are as follows:

1. 30 mL cylindrical bottles are cleaned, dried and put on the desk. The bottles and their
caps are marked with numbers from 0 to 10 by an oil-based pen;

2. The n-heptane is pipetted into graduated cylinders until a target volume is reached;
3. The n-heptane is poured into a glass bottle. The bottle number and corresponding

volume of n-heptane for each sample are listed in Table 1;
4. The xylene is pipetted into another graduated cylinders until its target volume is

reached. Then it is poured into the glass bottle with the designated number. The bottle
number and volume of xylene are shown in Table 1;

5. The bottles are sealed and shaken for 1 min to mix sufficiently.

The sum of volume is 20 mL for each sample, as shown in Table 1. To simplify the
subsequent analysis, the volume fraction v and mass fraction w of each component are
calculated and listed in Table 1, according to the quantities [11,12] in Table 2. The graduated
cylinders were calibrated by weighing 10 mL of ultrapure water on the PX224ZH/E balance
and the density ρ of water at 20 ◦C is 0.9982 g/mL.

Table 2. Basic physical quantities of n-heptane (P) and xylene (G) at room temperature.

Physical Quantity P G Physical Meaning

ρ 0.68 g/mL 0.86 g/mL Density
MW 100.20 g/mol 106.17 g/mol Molecular weight
Tb 98 ◦C 140 ◦C Boiling point

2.2.2. Procedures to Get Extracted Asphaltene and Real Samples of Extractants

A detailed method of recovering solvents and extracting asphaltenes from bitumen
was documented in a previous report [7]. A total of 3 consecutive extractions were per-
formed and the main steps are as follows:

1. In the first extraction, a total of 5 g asphalt is dissolved in 50 mL xylene of AR purity
and then poured into 500 mL n-heptane of AR grade to precipitate the asphaltenes.
The solution is then filtered to get the filtrate and filter cake, respectively. The filter
cake is dried to obtain asphaltenes (denoted as A1). The weight ratio of A1 to asphalt
is defined as asphaltene yield;
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2. The above filtrate is recovered via vacuum distillation and the vacuum is provided
by connecting SHZIII vacuum pump. The continuously supplied tap water (around
15 ◦C) is used for condensation and different distillates are obtained by controlling the
temperature of the water bath of the rotary distillation equipment. The temperature
firstly rises from room temperature to 45 °C and is then held for 1 h, during which
the dripping of condensed liquid from the condenser is observable from 30 ◦C and
usually completed within 30 min. The collected fraction is sealed and denoted as P1.
Then, the temperature is raised from 45 °C to 80 ◦C and held for 1.5 h. The dripping
of condensed liquid starts from 60 ◦C and is usually finished within 45 min. The
collected fraction is sealed in another bottle and denoted as G1;

3. In the second extraction, asphalt is dissolved in G1, and then poured into P1 to precipitate
the asphaltenes (A2). The ratio of asphalt/G1/P1 is maintained at 5 g/50 mL/500 mL for
consistency. Subsequent operations are the same as steps (1) and (2), except that the
collected condensates at 45 ◦C (heptane-rich fraction) and 80 ◦C (xylene-rich fraction)
are denoted as P2 and G2, respectively;

4. In the third extraction, asphalt is dissolved in G2, and then poured into P2 to precipitate
the asphaltenes (A3). The ratio of asphalt/G2/P2 is maintained at 5 g/50 mL/500 mL
for comparison. Subsequent operations are the same as steps (1) and (2). The collected
fractions at 45 ◦C and 80 ◦C are denoted as P3 and G3, respectively.

The concentration of real samples obtained above (P1, P2, P3 and G1, G2, G3) was mea-
sured by densimetry. The elements, spectra and structures are analyzed for the extracted
asphaltenes (A1, A2, and A3).

2.2.3. Procedures of the Densimetry Method

A fitting curve or equation is made based on the standard samples and then used to
analyze real samples. The main steps are as follows:

1. From the standard samples prepared according to Table 1, a 10 mL liquid is transferred
to the graduated cylinder with a pipette for each sample;

2. The graduated cylinder is weighed on the PX224ZH/E electronic balance to calculate
the mass and density of the sample. Each sample is independently pipetted and
measured four times, and the resulting densities are averaged as the final density;

3. A standard curve of densimetry is obtained by plotting the density versus the sample
concentrations. The curve is fitted to obtain the standard equation via ORIGIN
software (version: OriginPro 2018C 64-bit SR1 for Windows);

4. For the real samples recovered by rotary evaporation, their densities are measured
according to the same procedures as the standard samples. The concentration is
obtained by substituting the measured density into the equation.

As the blank signals (YB) are chosen as the starting points of standard curves, the
limits of detections (LOD) are three standard deviations of the blank (sB). Seven replicates
are analyzed for blank samples at vG = 0 to calculate the standard deviations and the LOD
of the densimetry method.

2.3. Characterization Methods

For extracted asphaltenes (A1, A2, and A3), their elements, spectra and structures
were analyzed via EA, NMR, FTIR and XRD methods. The same characterization was
performed on the base bitumen for comparison.

EA was performed via the Elemantar Vario EL cube Elemental Analyzer for the
C, H, N and S elements (CHNS mode) at 25 ◦C. Firstly, a standard sample of 2 mg of
sulfanilamide was measured for three independent times to obtain its mass percentages of
CHNS elements and then compared with its standard values to obtain the correction factor.
The correction factor was updated every 20 measurements, and used for EA calibration
during the measurement of real samples. Each real sample was measured four times
independently to calculate the mean and deviation. A total of 2 mg was used for each
measurement of real sample. The oxidation furnace temperature was 1150 ◦C and the
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reduction furnace temperature was 850 ◦C. The flow rate of carrier gas (helium) was
200 mL/min and the flow rate of combustion oxygen was 200 mL/min. The combustion
time of oxygen addition was 90 s.

NMR measurements were performed on a Bruker BioSpin GmbH instrument at 25 ◦C.
CDCl3 was used as the deuterated solvent. A 50 mg sample was sufficiently mixed with
0.5 mL of CDCl3 and transferred into a 5 mm NMR tube for one-dimensional (1D) liquid
1H-NMR characterization. Pulse sequence was zg30 and pulse width was 9.27. Number of
scans was 16 and receiver gain was 101. Relaxation delay was 20.0 s and acquisition time
was 4.0894 s. Spectrometer frequency was 400 MHz and flip angle was 30◦. Acquired size
was 32,768 and spectral size was 65,536. The spectral width was 8012.8. The NMR spectra
were analyzed via MestReNova software (version 6.1.0-6224 for Windows). The chemical
shift of TMS was set as 0 ppm for reference. The n-heptane of AR purity was measured
firstly to get the relative ratio of residual solvent (chloroform) signal in deuterated solvent
to the TMS signal. The ratio was found to be 0.48 ± 0.04. Based on this ratio and TMS
signal, the area for chloroform signal was subtracted and the rest areas integrated for the
selected ranges in NMR spectrum were normalized to sum 1 for ease of comparison. Each
real sample was measured 3 times independently to calculate the mean and deviation of
integrated areas.

For FTIR analysis, the samples were uniformly ground with KBr in an agate mortar
and then pressed into round flakes under a pressure of 10 MPa for 60 s. The samples were
then measured in transmission mode (TR) on Bruker Tensor II FTIR spectrometry at 25 ◦C,
with a scanning range of 400–4000 cm−1 and a resolution of 0.5 cm−1. A round flake of
pure KBr was scanned for baseline, which was automatically subtracted in each spectrum.
Each sample was scanned 16 times and the averaged spectrum was recorded. The infrared
(IR) spectrum was processed via the Omnic software (version 8.2.0.387 for Windows).

The XRD analysis was performed with a D8 Advance X-ray diffractometer produced
by Bruker (Germany) at 25 ◦C. The Cu target source (0.15406 nm) was selected. The
measurement angle (2θ) ranged from 5◦ to 60◦, which was twice the angle of X-ray incidence
(θ). The scan rate was 1◦/min and the step size was 0.02◦. The spot diameter was 1 mm
with LynxEye XE array detector. Asphaltene was ground to fine powder in an agate mortar
prior to analysis.

3. Results and Discussion
3.1. Extractant Compositions Determined via Densimetry

The extractant used in this paper is a binary mixture of xylene (G) and n-heptane (P) in
different G/P ratio. For standard samples of extractants with compositions listed in Table 1,
their densities ρ were measured and plotted versus the volume fraction vG. ρ shows a
linear relation with vG in Figure 1 and the coefficient of determination (R2) is 0.99967 for
the fitting equation

ρ = 0.67783 + 0.18164 vG, (1)

The densities ρ of recovered extractants (P1, P2 and G1, G2) were measured by den-
simetry and substituted into Equation (1) to get vG. Xylene and heptane of AR purity were
used for the 1st extraction of asphaltenes. G1 and P1 were used for the 2nd extraction while
G2 and P2 were used for the 3rd extraction. For heptane-rich fractions P1 and P2, their
volume fraction of n-heptane vP (vP = 1 − vG) is 0.907 ± 0.026 and 0.832 ± 0.011, respec-
tively. The xylene-rich fractions G1 and G2 have higher purity, whose vG is 0.992 ± 0.014
and 0.966 ± 0.014, respectively, as shown in Figure 1. The negative pressure (vacuum)
generated by the pump during vacuum distillation draws away a large amount of solvent
and causes a solvent loss and air pollution issue. The average yield for distillate P1 was only
75%. Owing to volatility and good compatibility between xylene and n-heptane, a shorter
time of vacuum distillation is preferred to improve the distillate yield and to avoid the
xylene vapor dissolving into the heptane-rich fraction. Solvent separation conditions need
further optimization, for example, under appropriate negative pressure and distillation
time. To reduce the solvent loss in the recovery process, it may be necessary to connect
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a cold trap to the vacuum pump or use other separation methods instead of vacuum
distillation [22,23]. For blank samples at vG = 0, the sB of calculated volume concentration
is 1.2% and the LOD of vG is 3.6% for the densimetry method.
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The asphaltene yield was 13.2 ± 0.4%, 10.8 ± 0.4% and 8.3 ± 0.4%, respectively, for the
1st, 2nd, and 3rd extractions. The asphaltene yield decreased with the extraction number
but the mechanism was not known exactly [7]. To understand the scenarios of asphaltene
precipitation more intuitively, the actual volumes of n-heptane and xylene in the solution
for settling asphaltenes during the 1st, 2nd, and 3rd extractions were calculated according
to their concentrations in Figure 1 and listed in Table 3, assuming 50 mL G and 500 mL P
used in each extraction for ease of comparison. With increasing the extraction number, the
heptane-rich fraction contains more and more xylenes, reducing the ability of n-heptane
to sediment asphaltenes. Simultaneously, the concentration and total volume of xylene
in the solution increase. Thus, more asphaltenes are dissolved while the sedimentation
amount and final yield decrease. Even when the xylene-rich fraction is as low as vG = 96.6%,
the asphalt can be completely dissolved, while the heptane-rich fraction is still capable
to precipitate asphaltene as low as vP = 83.2%. Thus, the proposed extraction method [7]
has good robustness and great prospects for industrialization, since asphaltenes can be
efficiently extracted with solvents much lower than AR purity. Goual et al. found that the
onset of asphaltene flocculation occurred near a toluene/heptane volume ratio of 70:30 [14].
The xylene/heptane volume ratio is 24:76 for the 3rd extraction in Table 3, well below
the critical ratio of asphaltene precipitation. How the precipitation amount varies with
the G/P ratio is an interesting question and may help address asphaltene deposits in oil
pipelines [9,24].

Table 3. The actual volumes of n-heptane (P) and xylene (G) in extractant solution, calculated from
the concentration of G and P. 50 mL G and 500 mL P were sequentially added for each extraction.
Solvents G and P of AR purity were used for the 1st extraction. G1 and P1 were used for the 2nd
extraction while G2 and P2 were used for the 3rd extraction.

Extraction No. P (mL) G (mL) Total Volume (mL) G/P Volume Ratio

1st 500 50 550 0.10
2nd 454 96 550 0.21
3rd 418 132 550 0.32
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3.2. Properties of Asphaltenes Extracted at Room Temperature

Asphaltene is usually the most polar and cohesive component of asphalt, and forms the
core of the asphalt colloid structure. In Table 4, with increasing the extraction number (from
A1 to A3), the mass fractions of C, H and S elements increase while the fractions for element
N and others (mainly oxygen) decrease. The fraction of N decreases sequentially from 1.50%
in A1 to 1.38% in A3 then to 0.73% in asphalt. Because element N increases the molecular
polarity [3], the polarity of asphaltenes from A1 to A3 may decrease with the extraction
number and be larger than that of asphalt. C/H atomic ratio is defined as q, which decreases
sequentially from 0.99 in A1 to 0.78 in asphalt. q reflects the degree of unsaturation of the
molecule, usually in range of 0.5 to 1 for bitumen and its components [1,6,7]. q is larger
than 1 for fused-ring molecules, and approaches to infinity for chars and graphites [25,26].
As asphaltenes and asphalt have apparently different q, their unsaturation discrepancy
is much larger than the discrepancy between different asphaltenes [6]. Since the polarity
and unsaturation increases from asphalt to A3 then to A1, the π-π conjugation and inter-
molecular interactions increase, causing higher cohesion and hardness for asphaltenes than
asphalt. Thus, asphaltenes extracted at larger G/P ratio have smaller unsaturation, polarity
and inter-molecular interactions.

Table 4. Mass percentage of elements from EA (CHNS mode) and the calculated C/H atomic ratio (q)
for extracted asphaltenes (A1, A2 and A3) and asphalt.

Fractions N (%) C (%) H (%) S (%) Others (%) q

A1 1.50 ± 0.03 82.46 ± 0.08 6.95 ± 0.04 5.97 ± 0.06 3.13 ± 0.15 0.99
A2 1.44 ± 0.02 82.62 ± 0.07 7.07 ± 0.06 6.09 ± 0.04 2.79 ± 0.10 0.97
A3 1.38 ± 0.03 83.31 ± 0.09 7.24 ± 0.06 6.20 ± 0.06 1.87 ± 0.18 0.96

Asphalt 0.73 ± 0.07 83.08 ± 0.12 8.84 ± 0.05 4.20 ± 0.06 3.15 ± 0.31 0.78

Asphaltenes with larger unsaturation are more easily dissolved in solvents with larger
G/P ratio, allowing asphaltenes with smaller unsaturation to preferentially precipitate out.
Thus, the averaged molecular structure of the extracted asphaltene may change with the
extraction number. Owing to complex compositions and chemical structures of asphalt and
asphaltenes [5], NMR is generally used to analyze their average molecular structure [1,27]
rather than their content quantification [2,28]. As in Figure 2, the protons are divided
into A, α, β, and γ categories [1,6,29], whose chemical shifts are, respectively, in ranges of
6.0–9.0 ppm, 2.0–4.0 ppm, 1.0–2.0 ppm and 0.5–1.0 ppm [1,6]. Their integrated areas are
denoted as hA, hα, hβ, and hY, respectively. Protons directly attached to the single (S) and
fused (F) rings are in the range of 6.0–7.4 ppm and 7.4–9.0 ppm, respectively [30], whose
integral areas are denoted by hS and hF in Table 5. From A1 to A3 then to asphalt, both hS
and hF decrease, which has a consistent trend with q and indicates a decrease of aromatic
ring fractions. The aromatic carbon ratio f A [1] shows a decrease trend while the hydrogen
substitution rate around aromatic rings σ [6] shows an increase trend. Thus, with increasing
the G/P ratio in extractant or with increasing the extraction number, the aromatic rings
of extracted asphaltenes have more branched chains and occupy less proportion. From
A1 to A3 then to asphalt, hA decreases while hβ and hY increase. Therefore, the fraction of
alkyl branches and (methyl) ends increases in extracted asphaltenes. In terms of averaged
molecular structures, the extracted asphaltenes are significantly different from the base
asphalt [29]. In terms of physical properties, the asphaltenes obtained from the 1st, 2nd
and 3rd extractions are all brittle, hard and shiny, without apparent adhesion to glass, skin
or plastics at room temperature, which are apparently different from the base asphalt. The
remaining asphalt after asphaltene extraction is much softer and stickier than the original
(base) asphalt, which can be used as a new coating material.
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Table 5. Calculated values for the average molecular structure of the extracted asphaltenes (A1, A2
and A3) and the base asphalt according to their NMR spectra 1.

NMR Quantities A1 A2 A3 Asphalt

hF 0.08 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.02 ± 0.01
hS 0.11 ± 0.02 0.09 ± 0.01 0.08 ± 0.01 0.04 ± 0.01
f A 0.59 ± 0.01 0.56 ± 0.01 0.54 ± 0.01 0.40 ± 0.02
σ 0.39 ± 0.02 0.43 ± 0.01 0.47 ± 0.02 0.52 ± 0.03

hA 0.19 ± 0.02 0.15 ± 0.01 0.12 ± 0.01 0.06 ± 0.01
hα 0.24 ± 0.03 0.23 ± 0.01 0.21 ± 0.01 0.12 ± 0.02
hβ 0.43 ± 0.03 0.47 ± 0.02 0.49 ± 0.02 0.62 ± 0.03
hY 0.13 ± 0.01 0.14 ± 0.01 0.17 ± 0.02 0.20 ± 0.01

1 hi is the normalized integral area (fraction) for protons of i category; f A is the aromatic carbon ratio and calculated
via f A = 1 − (hα + hβ + hY)/(2q); σ is substitution rate on aromatic rings and calculated via σ = hα/(2hA + hα).
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Figure 2. The 1H-NMR spectra for (a) asphaltene A1, (b) asphaltene A2, (c) asphaltene A3 and (d) 
base asphalt. Protons are divided into A, α, β, and γ categories while the category A includes pro-
tons on single (S) and fused (F) aromatic rings. 

Table 5. Calculated values for the average molecular structure of the extracted asphaltenes (A1, A2 
and A3) and the base asphalt according to their NMR spectra 1. 

NMR Quantities A1 A2 A3 Asphalt 
hF 0.08 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 
hS 0.11 ± 0.02 0.09 ± 0.01 0.08 ± 0.01 0.04 ± 0.01 
fA 0.59 ± 0.01 0.56 ± 0.01 0.54 ± 0.01 0.40 ± 0.02 
σ 0.39 ± 0.02 0.43 ± 0.01 0.47 ± 0.02 0.52 ± 0.03 
hA 0.19 ± 0.02 0.15 ± 0.01 0.12 ± 0.01 0.06 ± 0.01 
hα 0.24 ± 0.03 0.23 ± 0.01 0.21 ± 0.01 0.12 ± 0.02 
hβ 0.43 ± 0.03 0.47 ± 0.02 0.49 ± 0.02 0.62 ± 0.03 
hү 0.13 ± 0.01 0.14 ± 0.01 0.17 ± 0.02 0.20 ± 0.01 

1 hi is the normalized integral area (fraction) for protons of i category; fA is the aromatic carbon 
ratio and calculated via fA = 1 − (hα + hβ + hү)/(2q); σ is substitution rate on aromatic rings and calcu-
lated via σ = hα/(2hA + hα). 

Figure 2. The 1H-NMR spectra for (a) asphaltene A1, (b) asphaltene A2, (c) asphaltene A3 and (d)
base asphalt. Protons are divided into A, α, β, and γ categories while the category A includes protons
on single (S) and fused (F) aromatic rings.

In Figure 3, main absorption peaks are marked with purple letters on FTIR spectra
and the wave numbers for these peaks are listed in Table 6 with peak assignments [6,31,32].
A general rule is that the peak of asphaltenes locates at smaller wave numbers than that
of base asphalt. For example, the peak g arises from the skeleton stretching (C=C) of
aromatic rings. It locates at 1592 cm−1 for A1 and locates at 1603 cm−1 for base asphalt.
The shift of peak location towards higher wave number from A1 to asphalt arises from the
decrease of molecular aromaticity. The aromatic ring makes the distribution of electron
cloud density between single-bond and double-bond more uniform. This conjugative effect
reduces the electron cloud density of double bond, and reduces its force constant and
vibration frequency, so that the peak g moves towards smaller wave number in Figure 3
and Table 6. Moreover, aromatic rings have stronger electron absorption than saturated
alkanes. This inductive effect reduces the electron cloud density and reduces the force
constant and vibration frequency of the adjacent bond, thus its absorption peak moves
towards lower wave number in Table 6. According to the previous EA and NMR results of
Tables 4 and 5, from asphalt to A3 then to A1, the values of hS, hF and hA increase while
the unsaturation and aromaticity of the molecular structure increase. Such increase may
improve the inductive and conjugation effects and shift the peak location towards lower
wave number, which is consistent with results in Figure 3 and Table 6.

The aromatic rings can only influence a small proportion of chemical bonds adjacent
to the rings while asphalt and asphaltene may have dramatically different proportion. In
Table 6, the discrepancy between asphaltenes (A1, A2 and A3) is relatively smaller than that
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between asphaltenes and base asphalt. For example, the discrepancy of location for peak g
is only 3 cm−1 between A1 and A3 while it is 11 cm−1 between A1 and asphalt, according
to Table 6. The reason may be that the proportion of chemical bonds influenced by aromatic
rings increases more dramatically (larger discrepancy) from asphalt to asphaltene A3 than
it increases from asphaltenes A3 to A1. From asphalt to asphaltene A3, the asphaltene
percentage increases from below 20% to nearly 100%. Such a shift of peak location was
also observed for asphaltenes and even resins near 1603 and 1030 cm−1 in previous FTIR
spectra [6]. Moreover, as asphalt was a complex mixture and its four components had
significantly different spectra [6], the peak position and height may vary with the proportion
of its components. Compared with asphaltenes, the saturates lacked peaks near 1030 cm−1

(peak d) and 1600 cm−1 (peak g) [6], owing to lacking S and O elements and double-
bond in their molecules. The peak around 1377 cm−1 is used for the quantification of
poly(styrene-b-butadiene-b-styrene) (AASHTO T302-15, JT/T 1329-2020) or other modifiers
in asphalt [31,33,34]. According to Table 6, the position of this peak (e) moves towards a
lower wave number from base asphalt to asphaltenes; thus, its specific position may vary
with asphaltene proportion and should be checked carefully when calculating peak height
or area integral for quantification.

Table 6. The wave number (in unit of cm−1) for main peaks on IR spectra for the extracted asphaltenes
(A1, A2 and A3) and the base asphalt 1.

IR Peak No. A1 A2 A3 Asphalt

a 743 743 744 749
b 805 805 807 818
c 857 857 857 861
d 1027 1028 1028 1032
e 1372 1373 1374 1377
f 1452 1452 1452 1457
g 1592 1592 1595 1603
h 2849 2849 2849 2853
i 2919 2919 2919 2924
j 3053 3053 3054 3055

1. Peaks a, b and c arise from the (C-H) aromatic ring substitution bands. The peak d may arise from the stretching
vibration of sulfoxide (S=O) group. Peaks e and f arise from the bending vibration absorption of aromatic methyl
(-CH3) and methylene (CH2) groups. The peak g is the skeleton stretching (C=C) of aromatic rings. The peak
h arises from the symmetric stretching vibrations of aliphatic methyl (-CH3) group. The peak i arises from the
antisymmetric stretching vibrations of aliphatic methylene (CH2) group. Peak j arises from the stretching vibration
(=C-H) on the unsaturated bond or aromatic ring.
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The XRD spectra of asphaltenes mainly have 3 characteristic peaks of γ, 002 and
10 band, which are labelled as γ, m and a, respectively, in Figure 4. The X-ray wavelength
λ is 1.5406 angstrom (Å). According to their diffraction angles (2θ) listed in Table 7 and
the Bragg equation d = λ/(2 sinθ) [35–37], the characteristic lengths d are calculated and
listed in Table 7. The peaks γ and m reflect the packing structure of saturated alkyl chains
and aromatic rings, respectively, while the peak a is related to the size of the aromatic
sheet [35,37,38]. From A1 to A3 in Table 7, the decrease of average distance dY indicates
a denser packing of alkyl chains, while the increase of layer spacing dm implies a looser
packing of aromatic rings. According to previous EA, IR and NMR results, the unsaturation,
polarity and aromaticity of asphaltenes decrease while the number of substituted branches
and fraction of methyl groups increase from A1 to A3. Thus, the packing of aromatic
rings becomes looser owing to more substituted branches on aromatic rings and smaller
inter-molecular interactions, while the packing of alkyl chains becomes denser because of
the increased fraction of free chain (methyl) end. The decreased ring fraction and molecular
unsaturation is also helpful to decrease the molecular rigidity and beneficial to the packing
of alkyl chains. Therefore, the variation trend of molecular structure of asphaltenes reflected
by XRD spectra is consistent with the previous experimental results.
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Figure 4. The XRD spectra for the asphaltenes (A1, A2 and A3). The diffraction intensity from
position sensitive detector (PSD) is in arbitrary unit (A.U.) and plotted versus diffraction angle 2θ.
The peaks of 002 and 10 band are labelled as m and a respectively.

Table 7. The packing length d (in unit of Å) calculated according to diffraction angles (2θ) from XRD
spectra for the extracted asphaltenes (A1, A2 and A3). Subscripts m and a represent peaks of 002 and
10 band, respectively.

XRD Quantities A1 A2 A3

(2θ)Y 19.07◦ 19.21◦ 19.49◦

(2θ)m 23.90◦ 23.79◦ 23.76◦

(2θ)a 41.89◦ 40.34◦ 41.61◦

dY/Å 4.650 4.617 4.551
dm/Å 3.720 3.737 3.742

4. Conclusions

The linear equation between the density and concentration for standard samples of
extractant containing xylene (G) and n-heptane (P) was fitted with R2 = 0.99967 and used
to analyze the real samples of extractant recovered and reused in asphaltene extraction
process. With the increase of extraction number, the G/P ratio in extractant increases. The
proportion of asphaltenes dissolved in solution rises and the proportion of precipitation
from solution falls, resulting in a decrease of the asphaltene yield with the number of
extractions. The results of EA, IR, NMR and XRD reached a consistent conclusion. For
asphaltenes (A1, A2 and A3) sequentially extracted at room temperature, the fractions of
substituted alkyl chains on aromatic rings and chain ends increase while the fractions of
N and O elements as well as the C/H atom ratio (unsaturation) decrease, with increasing
G/P ratio of extractant or with the extraction number. With increasing the G/P ratio
of extractant, the extracted asphaltenes have smaller fractions of C and H of aromatic
rings (aromaticity). The decrease of unsaturation and aromaticity from A1 to asphalt
leads to reduced conjugative and inductive effects, which shift IR peaks towards higher
wave numbers. Since asphaltenes extracted at higher G/P ratio have a smaller fraction of
aromatic rings, more substitution rate on aromatic rings and bigger fraction of alkyl and
methyl groups in molecular structure; they have smaller molecular rigidity and weaker
inter-molecular conjugation. Thus, asphaltenes extracted at a higher G/P ratio have a
denser packing of alkyl chains and a looser packing of aromatic rings.
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Abstract: The general strain gradient theory of Mindlin is re-visited on the basis of a new set of
higher-order metrics, which includes dilatation gradient, deviatoric stretch gradient, symmetric
rotation gradient and curvature. A strain gradient bending theory for plane-strain beams is proposed
based on the present strain gradient theory. The stress resultants are re-defined and the corresponding
equilibrium equations and boundary conditions are derived for beams. The semi-inverse solution
for a pure bending beam is obtained and the influence of the Poisson’s effect and strain gradient
components on bending rigidity is investigated. As a contrast, the solution of the Bernoulli–Euler
beam is also presented. The results demonstrate that when Poisson’s effect is ignored, the result
of the plane-strain beam is consistent with that of the Bernoulli–Euler beam in the couple stress
theory. While for the strain gradient theory, the bending rigidity of a plane-strain beam ignoring the
Poisson’s effect is smaller than that of the Bernoulli–Euler beam due to the influence of the dilatation
gradient and the deviatoric stretch gradient along the thickness direction of the beam. In addition,
the influence of a strain gradient along the length direction on a bending rigidity is negligible.

Keywords: strain gradient theory; beam bending; size effect; plane-strain; couple stress theory

1. Introduction

A micro-beam is a typical component in micro-electro-mechanical systems (MEMSs).
Accurate description of mechanical behavior of a beam is necessary for the design and
performance prediction of MEMSs [1–3]. Although the traditional beam model has ma-
tured, the mechanical behavior of beams at the micro-scale is obviously different from
that at the macro-scale, which cannot be captured by the traditional models [4–6]. Many
experiments have reported that the mechanical properties of a micro-beam show obvious
size effects [7–10]. McFarland and Colton observed that the bending stiffness of polypropy-
lene cantilever beams with thicknesses of 15 and 30 µm is more than four times the value
predicted by traditional theory [9]. Lam et al. found that the dimensionless bending stiff-
ness of the epoxy polymeric beam with a thickness of 20 µm was approximately 2.3 times
higher than that of 115 µm [7]. For the purpose of capturing the size-dependent mechanical
properties, the strain gradient theory has been presented.

In strain gradient theory, the strain gradient is regarded as an additional (higher-order)
deformation metric in addition to the traditional strain. Among the strain gradient theories,
the couple stress theory is the earliest strain gradient theory that uses the rotation gradient
as an additional deformation metric [11]. In fact, the stain gradient includes dilatation
gradient, rotation gradient and deviatoric stretch gradient [12]. The rotation gradient is
only the anti-symmetric part of the strain gradient. As with the development of strain
gradient theory, the general strain gradient theory, including all strain gradient components,
is proposed by Mindlin and Eshel by introducing five higher-order material constants [13].
Then, the general strain gradient theory of Mindlin has been re-formulated by Lam et al. on
the basis of the equilibrium of moments of couples [7], and by Zhou et al. according to the
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independent strain gradient components [14], respectively. The two re-formulated strain
gradient theories include three higher-order material constants. A simple strain gradient
theory with only one higher-order material constant has been presented by Aifantis [15].
The general form of couple stress theory includes two higher-order material constants,
which has been further simplified to include only one higher-order material constant by
Yang et al. [16] and Hadjesfandiari and Dargush [17], respectively, by choosing only the
symmetric or anti-symmetric parts as the higher-order deformation metrics. However,
in our opinion, although these re-formulated strain gradient theories with three or fewer
higher-order constants can also capture the size-effect phenomenon, these theories ignore
the contribution of some strain gradient components and underestimate the stiffening effect
of the strain gradient. In fact, Mindlin’s strain gradient theory is a general strain gradient
theory and should be used to develop micro-component models.

According to the strain gradient theory, many strain gradient beam models have been
established to capture the size-dependent mechanical behaviors [18–23]. Based on Mindlin’s
strain gradient theory, a linear model of Bernoulli–Euler beams has been presented by
Niiranen et al. [24], and a geometrically non-linear model was further developed by
Tran and Niiranen [25] by adopting the von Kármán strain assumption. Based on the
modified couple stress theory, Vo et al. presented the models of planar [26] and spatial [27]
arbitrarily curved micro-beams and Li et al. investigated the bending and free vibration
of bi-directional functionally graded graphene nano-platelets-reinforced composite micro-
beams [28]. However, these existing models are contradictory [29]. The non-zero strain
of Bernoulli–Euler beams is an axial strain, and its non-zero strain gradient includes
the gradients of axial strain along the thickness direction and along the length direction.
Currently, there are three main types of models available, depending on the stain gradient
components used. The first category considers the strain gradient along the thickness
direction and the length direction at the same time [30–33]. The second type considers only
the strain gradient along the length direction and does not consider the strain gradient
along the thickness direction [34]. The third type considers the strain gradient along the
thickness direction rather than the length direction, since the strain gradient along the
length direction can be neglected compared with that along the thickness direction for Euler
beams [35]. The third type may be seen as an approximation of the first type. However,
the second and third types are polar opposites, and one of them must be wrong. Thus, it is
important to figure out which type is correct.

Lurie and Solyaev [29] checked the beam models of the first and second types and
believed that only the second type (uniaxial stress state) could guarantee the satisfaction
of boundary conditions on the top and bottom surfaces of the beams. However, in our
opinion, the satisfaction of boundary conditions on the top and bottom surfaces of the
beams depends on the definition of moment, which includes the higher-order stress. The
first type can satisfy the boundary conditions on the top and bottom surfaces of the beams
by defining a different moment from that of Lurie and Solyaev.

The purpose of this work is to establish a correct beam model and analyze the contri-
bution of the strain gradient components to bending stiffness. This paper is organized as
follows: Mindlin’s general strain gradient elasticity theory is re-formulated by introduc-
ing a new set of strain gradient components so as to investigate the effects of each strain
gradient component conveniently in Section 2. Then, the bending theory for plane-strain
beams is presented in Section 3, and the semi-inverse solution for pure bending beams is
developed in Section 4. Section 5 investigates the bending of Bernoulli–Euler beams and
compares the results of plane-strain beams and Bernoulli–Euler beams. Finally, conclusions
are summarized in Section 6.
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2. Formulations of Strain Gradient Elasticity Theories
2.1. A Summary of Strain Gradient Theory

In strain gradient theory, not only the traditional strain εij but also its gradients ηijk are
considered in the internal energy density U, written as:

U = U(εij, ηijk) (1)

with
εij =

1
2
(ui,j + uj,i), ηijk = ε jk,i (2)

where ui denotes the displacement vector and a comma represents the differentiation with
respect to the coordinates. The work-conjugated Cauchy stress σij and higher-order stress
τijk with respect to strain and strain gradient, respectively, are given by:

σij =
∂U
∂εij

, τijk =
∂U

∂ηijk
(3)

Obviously, the stress tensor σij is a symmetric tensor and the higher-order stress tensor
τijk is symmetric with respect to subscripts j and k.

For a solid of volume V with surface boundary S and sharp edge C, the virtual work
principle of the strain gradient theory is given as [14]:

∫

V
(σijδεij + τijkδηijk)dV =

∫

V
bkδukdV +

∫

S
(tkδuk + rkDδuk)dS +

∮

C
f kδukdC (4)

Thus, the equilibrium equation can be obtained by applying the variation of internal
energy, as shown in Appendix A in detail, given as:

σik,i − τijk,ij + bk = 0 (5)

and the boundary conditions on surface boundary S and sharp edge C are:

ni(σik − τjik,j) + (Dpnp)ninjτijk − Di(njτjik) = tk or uk = uk (6)

ninjτijk = rk or Duk = Duk (7)

and
[[k jniτijk]] = f k or uk = uk (8)

where D = ni∂i is the normal gradient operator with ni representing a unit vector normal
to the boundary surface S, Di = (δik − nink)∂k represents the surface gradient operator, the
square brackets stands for the difference between the values of the enclosed quantity on
the two sides of the edge and ki denotes the outer co-normal vector.

For linear elastic isotropic materials, the internal energy density of Equation (1) is
generally written as:

U =
1
2

kεiiε jj + µε′ ijε′ ij + g1ηiikηkjj + g2ηijjηikk + g3ηiikηjjk + g4ηijkηijk + g5ηijkηkji (9)

where ε′ ij = εij − 1
3 δijεnn denotes the deviatoric strain tensor. Then, the constitutive

equations in terms of Equation (3) are given by:

σij = kδijεnn + 2µε′ ij (10)

τijk =
1
2 g1(δijηknn + δikηjnn + 2δjkηnni)

+2g2δjkηinn + g3(δijηnnk + δikηnnj) + 2g4ηijk + g5(ηkji + ηjki)
(11)
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in which k and µ are the bulk and shear moduli, δij denotes the Kronecker delta and gi
(i = 1, 2, 3, 4, 5) is the introduced higher-order constant.

2.2. Development of Strain Gradient Components, and Equilibrium and Boundary Conditions

Strain gradient has been decomposed into its orthogonal components to re-formulate
the strain gradient theory [14]. In fact, strain gradient includes dilatation gradient γi,
deviatoric stretch gradient η

(1)
ijk and rotation gradient χij. These strain gradient components

are defined as:

γi = ηinn χij = eilkηl jk

η
(1)
ijk = 1

3 (ηijk + ηjki + ηkij)

− 1
15 [δij(2ηnnk + ηknn) + δjk(2ηnni + ηinn) + δki(2ηnnj + ηjnn)]

(12)

with eilk denoting the alternating tensor. The rotation gradient can be further decomposed
into its symmetric and anti-symmetric parts, given as:

χs
ij =

1
2
(χij + χji), χa

ij =
1
2
(χij − χji) (13)

Additionally, the anti-symmetric rotation gradient tensor χa
ij can be represented by its

dual vector κi which is called as the curvature vector [17], written as:

κi =
1
2

eijkχa
kj (14)

Then, the strain gradient can be finally expressed as the sum of dilatation gradient γi,
deviatoric stretch gradient η

(1)
ijk , symmetric rotation gradient χs

ij and curvature κi, given
as [12]:

ηijk = Aijksγs + η
(1)
ijk + Bijkpqχs

pq + Dijksκs (15)

with the coefficients being:

Aijks =
1
5 (δijδks + δjkδis + δikδjs)

Bijkpq = 1
3 (δkqeijp + δjqeikp)

Dijks =
1
5 (2δjkδis − 3δijδks − 3δikδjs)

(16)

Thus, the internal energy density becomes a function of strain and strain gradient
components, written as U = U(εij, γi, η

(1)
ijk , χs

ij, κi). The corresponding work-conjugated

higher-order stress components pi, τ
(1)
ijk , ms

ij, µi with respect to strain gradient components

γi, η
(1)
ijk , χs

ij, κi, respectively, are given by:

pi =
∂U
∂γi

, τ
(1)
ijk =

∂U

∂η
(1)
ijk

, ms
ij =

∂U
∂χs

ij
, µi =

∂U
∂κi

(17)

The virtual work density can be rewritten in terms of the new strain metrics as:

δU = σijδεij + piδγi + τ
(1)
ijk δη

(1)
ijk + ms

ijδχs
ij + µiδκi

= σijδεij + (δjk pi + τ
(1)
ijk + 1

2 ms
sjesik +

1
2 ms

skesij +
1
2 δjkµi − 1

4 δijµk − 1
4 δikµj)δηijk

(18)
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From Equation (18), it can be concluded that the higher-order stress τijk is associated

with the higher-order stress components pi, τ
(1)
ijk , ms

ij, µi by:

τijk = δjk pi + τ
(1)
ijk +

1
2

ms
sjesik +

1
2

ms
skesij +

1
2

δjkµi −
1
4

δijµk −
1
4

δikµj (19)

Finally, applying the principle of virtual work yields the equilibrium equation in V as:

σik,i − pi,ik − τ
(1)
ijk,ij −

1
2

elikms
lj,ij −

1
4

µi,ik +
1
4

µk,ii + bk = 0 (20)

and the boundary conditions on S as:

nj(σjk − δjk pi,i − τ
(1)
ijk,i − 1

2 elikms
lj,i − 1

2 elijms
lk,i − 1

2 δjkµi,i +
1
4 µk,j +

1
4 µj,k)

+(Dpnp)(nink pi + ninjτ
(1)
ijk + ninjnlnkτ

(1)
ijl + 1

2 ninjelikms
lj +

1
4 ninkµi − 1

4 µk)

−Dj(δjkni pi + niτ
(1)
ijk + ninlnkτ

(1)
il j + 1

2 nielikms
lj +

1
2 nielijms

lk +
1
2 elijnpninkms

lp
+ 1

2 δjkniµi − 1
4 njµk − 1

2 nkµj +
1
4 njninkµi) = tk

or uk = uk (21)

njms
kj − njnknims

ij + 2njninleklsτ
(1)
ijs +

1
2

nleslkµs = qk or (δkl − nknl)δθl = θk (22)

pini + njninkτ
(1)
ijk = r or εN = ninjεij = εN (23)

and along the sharp edge C as:

[[kkni pi + k jniτ
(1)
ijk + klninjnkτ

(1)
ijl + 1

2 k jeliknims
lj +

1
2 k jelijnims

lk +
1
2 k jelijnpninkms

lp
+ 1

2 kkniµi − 1
4 kiniµk − 1

2 k jnkµj +
1
4 k jnjninkµi]] = f k

or uk = uk

(24)

For linear elastic isotropic materials, the internal energy density in Equation (9) can be
re-formulated by substituting Equation (15) into Equation (9), written as:

U =
1
2

kεiiε jj + µε′ ijε′ ij + a1γiγi + a2η
(1)
ijk η

(1)
ijk + a3χs

piχ
s
pi + a4κiκi − a5κiγi (25)

where ai (i = 1, 2, 3, 4, 5) is a higher-order material constant in another form which is related
to gi by:

a1 = g1 + g2 + g3 +
3
5 g4 +

3
5 g5, a2 = g4 + g5

a3 = 2
3 g4 − 1

3 g5, a4 = 4g3 +
12
5 g4 +

2
5 g5, a5 = 2g1 + 4g3 +

8
5 g4 +

8
5 g5

(26)

By re-writing the higher-order material constants as:

a1 = µl2
0 , a2 = µl2

1 , a3 = µl2
2 , a4 = 2µl2

3 , a5 = µl2
4 (27)

with li (i = 0, 1, 2, 3, 4) representing five material length scale parameters, the higher-order
constitutive relations can be obtained from Equations (17) and (25) as:

pi = 2µl2
0γi − µl2

4κi, τ
(1)
ijk = 2µl2

1η
(1)
ijk , ms

ij = 2µl2
2χs

ij, µi = 4µl2
3κi − µl2

4γi (28)

The present strain gradient theory is another expression of Mindlin’s strain gradient
theory, which is a general theory with five higher-order material constants. When the
curvature vector κi is excluded (by letting l3 = l4 = 0), the present formulation of strain
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gradient theory will reduce to that of Lam et al.’s [7]. When the material length scale
parameters are constrained as:

l0 =
3√
5

l0, l1 = l1, l2 =
√

2l2, l3 = 3

√
2
5

l0, l4 = 2

√
6
5

l0 (29)

the internal energy density of the present strain gradient theory will reduce to

U = 1
2 kεiiε jj + µε′ ijε′ ij + 9

5 µl
2
0γiγi + µl

2
1η

(1)
ijk η

(1)
ijk + 2µl

2
2χs

ijχ
s
ij +

36
5 µl

2
0κiκi − 24

5 µl
2
0γiκi

= 1
2 kεiiε jj + µε′ ijε′ ij + µl

2
0γiγi + µl

2
1η

(1)
ijk η

(1)
ijk + µ(l

2
2 +

9
5 l

2
0)χ
′
ijχ
′
ij + µ(l

2
2 − 9

5 l
2
0)χ
′
ijχ
′
ji

(30)

which is the internal energy density of Zhou et al. with χ′ ij = eilkε′ jk,l denoting the
deviatoric rotation gradient [14].

2.3. Couple Stress Theory

In couple stress theory, the rotation gradient rather than the strain gradient is included
in the internal energy density. That is, the strain gradient theory will reduce to the cou-
ple stress theory when the dilatation gradient γi and deviatoric stretch gradient η

(1)
ijk are

excluded. Thus, when the higher-order stress components pi and τ
(1)
ijk are excluded, the

equilibrium equation and boundary conditions of the strain gradient theory in Equations
(20)–(24) can reduce to those of the couple stress theory. The equilibrium equation is:

σik,i −
1
2

elikms
lj,ij −

1
4

µi,ik +
1
4

µk,ii + bk = 0 (31)

and the boundary conditions on S are:

nj(σjk − 1
2 elikms

lj,i − 1
2 elijms

lk,i − 1
2 δjkµi,i +

1
4 µk,j +

1
4 µj,k)

+(Dpnp)(
1
2 ninjelikms

lj +
1
4 ninkµi − 1

4 µk)

−Dj(
1
2 nielikms

lj +
1
2 nielijms

lk +
1
2 elijnpninkms

lp
+ 1

2 δjkniµi − 1
4 njµk − 1

2 nkµj +
1
4 njninkµi) = tk

or uk = uk (32)

njms
kj − njnknims

ij +
1
2

nleslkµs = qk or (δkl − nknl)δθl = θk (33)

and along the sharp edge C is:

[[ 1
2 k jeliknims

lj +
1
2 k jelijnims

lk +
1
2 k jelijnpninkms

lp
+ 1

2 kkniµi − 1
4 kiniµk − 1

2 k jnkµj +
1
4 k jnjninkµi]] = f k

oruk = uk (34)

In addition, the anti-symmetric couple stress component ma
ij, which is work-conjugated

with the anti-symmetric rotation gradient component χa
ij, is commonly used in many articles

rather than the present higher-order stress component µi. In fact, according to the virtual
work density of couple stress theory

δU = σijδεij + ms
ijδχs

ij + µiδκi = σijδεij + ms
ijδχs

ij +
1
2 eijkµiδχa

kj
= σijδεij + ms

ijδχs
ij + ma

ijδχa
ij

(35)

The anti-symmetric couple stress component ma
ij is associated with the higher-order

stress component µi by ma
ij =

1
2 ekjiµk. Additionally, in turn, the higher-order stress compo-

nent µi is related to the anti-symmetric couple stress component ma
ij through µi = eijkma

kj.
Then, from Equations (31)–(34), the equilibrium equation and boundary conditions of
couple stress theory can be re-formulated in the form of couple stress components ms

ij and
ma

ij,which are shown in Appendix B in detail.
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For linear elastic isotropic materials, the internal energy density of the couple stress
theory can be reduced from Equation (25), written as:

U = 1
2 kεiiε jj + µε′ ijε′ ij + a3χs

ijχ
s
ij + a4κiκi

= 1
2 kεiiε jj + µε′ ijε′ ij + a3χs

ijχ
s
ij +

1
2 a4χa

ijχ
a
ij

(36)

Consider the material length scale parameters in Equation (27), the couple stress
components can be given as:

ms
ij =

∂U
∂χs

ij
= 2µl2

2χs
ij, µi =

∂U
∂κi

= 4µl2
3κi or ma

ij =
∂U
∂χa

ij
= 2µl2

3χa
ij (37)

3. Bending Theory for Plane-Strain Beams

Consider the same plane-strain beam problem as Lam et al. [7]. The length of a beam
is L and the thickness is h. The thickness of a beam is much smaller than its length. The
Cartesian coordinate system is adopted, and the X-axis coincides with the center line of
the beam along the length direction, and the Z-axis coincides with the thickness direction.
By ignoring the body forces and only considering the normal tractions q±h/2 in units of
N/m2 applied on the top or bottom surfaces of the beam, the governing equations along
the length and thickness directions can be obtained from Equation (20), given by:

(σ11 − p1,1 − τ
(1)
111,1),1

+ (σ13 − p3,1 − 2τ
(1)
113,1 − τ

(1)
133,3 −

1
2

ms
12,1 −

1
2

ms
23,3 −

1
4

µ3,1 +
1
4

µ1,3)
,3
= 0 (38)

(σ33 − p1,1 − p3,3 − 2τ
(1)
133,1 − τ

(1)
333,3 +

1
2

ms
23,1 −

1
4

µ1,1)
,3
+ (σ13 − τ

(1)
113,1 +

1
2

ms
21,1 +

1
4

µ3,1)
,1
= 0 (39)

The boundary conditions on the top and bottom surfaces of the beam, z = ±h/2, from
Equations (21)–(23) are:

σ33 − p1,1 − p3,3 − 3τ
(1)
133,1 − τ

(1)
333,3 = q±h/2 (40)

σ31 − p3,1 − 2τ
(1)
113,1 − τ

(1)
133,3 −

1
2

ms
21,1 −

1
2

ms
23,3 −

1
4

µ3,1 +
1
4

µ1,3 = 0 (41)

ms
23 + 2τ

(1)
133 −

1
2

µ1 = 0 (42)

p3 + τ
(1)
333 = 0 (43)

On the surfaces normal to the X-axis, x = 0 or L, the boundary conditions obtained
from Equations (21)–(23) are:

t1 = σ11 − (p1 + τ
(1)
111),1 − (p3 + 3τ

(1)
113),3 (44)

t3 = σ13 +
1
2
(ms

21 +
1
2

µ3 − 2τ
(1)
113),1

+
1
2
(ms

23 −
1
2

µ1 + 2τ
(1)
133),3

− (p1 + 3τ
(1)
133),3 (45)

q2 = ms
21 − 2τ

(1)
113 +

1
2

µ3 (46)

r = p1 + τ
(1)
111 (47)

The boundary conditions at the edges of the top and bottom surfaces of the beam from
Equation (24) are:

f 1 = ±[p3 + 3τ
(1)
113], f 3 = ±[p1 + 3τ

(1)
133], z = ±h

2
(48)
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The stress resultants can be re-defined due to the presence of higher-order stress
components as:

N =
∫ h/2
−h/2 σ11dz Q =

∫ h/2
−h/2 (σ13 − τ

(1)
113,1 +

1
2 ms

21,1 +
1
4 µ3,1)dz

M =
∫ h/2
−h/2 (zσ11 + τ

(1)
113 + p3 + ms

21 +
1
2 µ3)dz

Nh =
∫ h/2
−h/2 (p1 + τ

(1)
111)dz Mh =

∫ h/2
−h/2 z(p1 + τ

(1)
111)dz

(49)

where N, Q, M, Nh and Mh denote the axial stress resultant, shear stress resultant, moment,
higher-order stress resultant and higher-order moment per unit width in the beam, respec-
tively. According to the re-defined stress resultants in Equation (49) and the governing
equations and boundary conditions in Equations (38)–(48), the same formulations from
that of Lam et al. [7] can be obtained as:

dN
dx
− d2Nh

dx2 = 0 (50)

where
dQ
dx

+ q = 0 (51)

dM
dx
− d2Mh

dx2 −Q = 0 (52)

with q = qh/2 + q−h/2. Substituting Equation (52) into (51) yields:

d2M
dx2 −

d3Mh

dx3 + q = 0 (53)

The stress resultants at the boundary are:

N − dNh

dx
= N =

∫ h/2

−h/2
t1dz + f 1|z=h/2 + f 1|z=−h/2 (54)

dM
dx
− d2Mh

dx2 = Q = Q =
∫ h/2

−h/2
t3dz + f 3|z=h/2 + f 3|z=−h/2 (55)

M− dMh

dx
= M =

∫ h/2

−h/2
(zt1 + q2)dz +

h
2

f 1|x=h/2 −
h
2

f 1|x=−h/2 (56)

Nh = Nh
=
∫ h/2

−h/2
rdz (57)

Mh = Mh
=
∫ h/2

−h/2
zrdz (58)

where N, Q, M, Nh and Mh represent the prescribed axial force, shear force, moment,
higher-order axial force, higher-order moment per unit width in the beam, respectively.

4. Semi-Inverse Solution for Pure Bending Beam

Consider a pure bending beam subjected to a moment M0 acting on its two ends.
The governing equations and boundary conditions are listed as Equations (38)–(48) with
normal tractions q±h/2 being zero. The solution for the displacement field is suggested in
the following form [29]:

u1 = C1xz− C2z + u0
u3 = − 1

2 C1x2 + C2x + w(z) + v0
(59)
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in which w is an unknown function with respect to coordinate z. C1, C2, u0 and v0 are four
undetermined constants. According to the assumption of displacement, the non-zero strain
components are:

ε11 = C1z, ε33 = w,3 (60)

The non-vanishing components of strain gradient are calculated as:

γ3 = C1 + w,33 χs
21 = κ3 = 1

2 C1

η
(1)
311 = 4

15 C1 − 1
5 w,33 η

(1)
333 = 2

5 w,33 − 1
5 C1

(61)

According to the constitutive relations for plane-strain problems, the non-zero Cauchy
stress is given by:

σ11 = E
(1+v)(1−2v) [(1− v)C1z + vw,3]

σ33 = E
(1+v)(1−2v) [(1− v)w,3 + vC1z]

(62)

in which E is the Young’s modulus and ν is the Poisson’s ratio. The work-conjugated
higher-order stress components can be obtained from Equation (28), given as:

p3 = (2µl2
0 − 1

2 µl2
4)C1 + 2µl2

0w,33 ms
21 = µl2

2C1 µ3 = (2µl2
3 − µl2

4)C1 − µl2
4w,33

τ
(1)
311 = 2µl2

1(
4

15 C1 − 1
5 w,33) τ

(1)
333 = 2

5 µl2
1(2w,33 − C1)

(63)

According to the present bending theory of plane-strain beams, the governing equations
and boundary conditions of the pure bending beam subjected to a moment M0 acting on its
two ends can be specified by substituting the stress components from Equation (62) and higher-
order stress components from Equation (63) into Equations (38)–(48) along the length direction
of Equation (38) and the boundary conditions of Equations (40), (42), (45) and (47) can be satis-
fied automatically. The current pure bending solution depends on the governing equations,
which are Equation (39) and boundary conditions Equations (41), (43), (44), (46) and (48).

Substituting the stress components from Equation (62) and higher-order stress compo-
nents from Equation (63) into Equation (69) yields the governing equation of the current
pure bending beam, that is:

d4w
dz4 −

E(1− v)
d1(1 + v)(1− 2v)

d2w
dz2 −

Ev
d1(1 + v)(1− 2v)

C1 = 0 (64)

with the coefficient d1 defined as d1 = 2µl2
0 + 4

5 µl2
1 . The solution of Equation (64) is

given by:

w(z) = C3 cosh(
z
λ
)− v

2(1− v)
C1z2 (65)

where C3 is an undetermined coefficient and the parameter λ is defined as:

λ =

√
1− 2v
1− v

(l2
0 +

2
5

l2
1) (66)

It should be noted here that the constant term is not included in Equation (65) because
it has been included in v0 in the displacement solution of Equation (59).

Moreover, the assumption of displacement in Equation (65) satisfies the boundary
condition in Equation (41) automatically. The coefficients C1 and C3 in Equation (65) can be
determined from the boundary conditions Equations (43), (44), (46) and (48). Based on the
boundary condition Equation (43), it can be obtained that

C3 = (
v

1− v
− d2

d1
)

λ2

cosh( h
2λ )

C1 (67)
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with the coefficient d2 representing d2 = 2µl2
0 − 2

5 µl2
1 − 1

2 µl2
4 . According to the stress

resultants at boundary Equation (56), actually, the applied moment M0 at the two ends of
beam equals

M0 =
∫ h/2

−h/2
(zt1 + q2)dz +

h
2

f 1|x=h/2 −
h
2

f 1|x=−h/2 (68)

Then, combining Equations (44), (46), (48) and (68), the coefficient C1 can be solved as:

C1 =
M0

Eh3

12(1−v2)
+ (d3 − v

1−v d2

)
h + d4λ

(69)

with the coefficients d3 and d4 denoting

d3 = 2µl2
0 +

8
15 µl2

1 + µl2
2 + µl2

3 − µl2
4

d4 = Ehvλ
(1+v)(1−2v) (

v
1−v − d2

d1
) + 2(d2 − Evλ2

(1+v)(1−2v) )(
v

1−v − d2
d1
)tanh( h

2λ )
(70)

Furthermore, the coefficients C2, u0 and v0 can be obtained according to the displace-
ment boundary conditions. For a simply supported beam, the displacement boundary
conditions are:

u1| x = 0
z = 0

= u3| x = 0
z = 0

= 0, u3| x = L
z = 0

= 0 (71)

Substituting Equations (59) and (65) into (71) yields

u0 = 0, v0 = −( v
1− v

− d2

d1
)

λ2

cosh( h
2λ )

C1, C2 =
1
2

C1L (72)

Thus, the displacement solution is finally given by:

u1 = C1(x− L
2 )z

u3 = C1[− 1
2 x2 + L

2 x + ( v
1−v − d2

d1
) λ2

cosh( h
2λ )

(cosh( z
l )− 1)− v

2(1−v) z2]
(73)

in which the coefficient C1 is given as Equation (69). Especially, for the axis of the beam
(z = 0), its displacement solution is:

u3|z=0 = C1(−
1
2

x2 +
L
2

x) (74)

which is similar to that of traditional theory except for the bending rigidity. From Equation (69), it
can be seen that the bending rigidity of the pure bending beam based on the strain gradient
theory includes the classical bending rigidity Eh3

12(1−v2)
and the higher-order bending rigidity

(d3 − v
1−v d2

)
h + d4λ. By using the classical bending rigidity to normalize the total bending

rigidity of the strain gradient theory (the denominator in Equation (69)), the dimensionless
bending rigidity K can be obtained as:

K = 1 + 6(1− v)(
l
h
)

2
[1− v

1− v
d2

d3
+ (

v
1− v

− d2

d1
)[

2vλ2

(1− 2v)l2 +
2λ

h
(

d2

d3
− 2vλ2

(1− 2v)l2 )tanh(
h

2λ
)]] (75)

with the equivalent material length scale parameter l denoted as:

l =

√
2l2

0 +
8

15
l2
1 + l2

2 + l2
3 − l2

4 (76)
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When the Poisson’s effect is ignored by ν = 0, the dimensionless bending rigidity K
reduces to

K̃ = 1 + 6(
l
h
)

2
[1− 2λ̃

h
d2

2
d1d3

tanh(
h

2λ̃
)] (77)

in which the parameter λ̃ is reduced from Equation (66) by letting v = 0.

λ̃ = λv=0 =

√
l2
0 +

2
5

l2
1 (78)

Similarly, for a couple stress plane-strain beam subjected to a moment M0 acting on its
two ends, the displacement solution based on the couple stress theory can be obtained as:

uc
1 = Cc

1(x− L
2 )z

uc
3 = Cc

1(− 1
2 x2 + L

2 x− v
2(1−v) z2)

(79)

where the coefficient is:
Cc

1 =
M0

Eh3

12(1−v2)
+ µ(l2

2 + l2
3)h

(80)

Then, the dimensionless bending rigidity for the couple stress theory is given as:

Kc = 1 + 6(1− v)(
lc

h
)

2
(81)

with the equivalent couple stress length scale parameter lc denoted as lc =
√

l2
2 + l2

3 . When
the Poisson’s effect is ignored, the dimensionless bending rigidity Kc reduces to

K̃c = 1 + 6(
lc

h
)

2
(82)

In order to illustrate the solution of the present plane-strain beam, a polyvinylidene
difluoride (PVDF) beam with a unit thickness is considered here, in which the Young’s
modulus E is equal to 3.7 GPa, the material length scale parameters are assumed to be the
same, the length of the beam is 20 times its thickness (L = 20 h), and the applied moment
M0 equals 10 µN·µm.

Based on Equations (75) and (81), the dimensionless bending rigidity is shown in
Figure 1. It can be seen from Figure 1 that the dimensionless bending rigidity shows an
obvious size effect. The dimensionless bending rigidity of beams decreases with an increase
in thickness, and the bending rigidities based on the strain gradient theory, couple stress
theory and classical theory tend to be consistent as the thickness increases. The effect of the
strain gradient is a kind of stiffening effect. The bending rigidity based on the couple stress
theory is larger than that of classical theory due to the consideration of a rotation gradient.
Additionally, the bending rigidity based on the strain gradient theory is larger than that of
the couple stress theory, since the dilatation gradient and deviatoric stretch gradient are
also considered in addition to the rotation gradient. In addition, the dimensionless bending
rigidity of a plane-strain beam based on higher-order theories increases with the decrease
of the Poisson’s ratio.

Figure 2 shows the displacement u3 of the axis (Equation (74)) along the length of the
beam. It can be found that the material length scale parameter l0, which characterizes the
dilatation gradient, exhibits a dominant stiffening effect, while the material length scale
parameters l1, l2 and l3 characterize the deviatoric stretch gradient, symmetric rotation
gradient and curvature, respectively, exhibiting a secondary and decreasing stiffening effect.
In particular, the material length scale parameter l4 exhibits a softening effect. It should
be noted here that the overall effect of the strain gradient is a stiffening effect, and the
influence of l4 is weak.
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While for couple stress theory, the strain ε33 is obtained by: 
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Moreover, in order to reveal the deformation of a plane-strain beam along the thickness
direction, the strain ε33 can be obtained by combining Equations (2) and (73) from the strain
gradient theory, which is given by:

ε33 = C1[(
v

1− v
− d2

d1
)

λ2

cosh( h
2λ )

1
l

sinh(
z
l
)− v

1− v
z] (83)

While for couple stress theory, the strain ε33 is obtained by:

εc
33 = −Cc

1
v

1− v
z (84)

By defining the normalized strain ε33/C1 for the strain gradient theory and εc
33/Cc

1 for
the couple stress theory, the normalized strain of a plane-strain beam along its thickness
direction is shown in Figure 3. Figure 3 reveals that the gradient of a strain ε33 along the
thickness direction decreases as the Poisson’s ratio decreases. When the Poisson’s effect is
neglected, the strain ε33 is equal to zero for the couple stress theory and non-zero for the
strain gradient theory. Equation (83) demonstrates that the strain ε33 of a plane-strain beam
based on the strain gradient theory includes the linear term and the non-linear term. The
non-linear term is related to the parameter λ, which characterizes the dilatation gradient
and the deviatoric stretch gradient along the thickness direction. When the dilatation
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gradient and the deviatoric stretch gradient along the thickness direction are neglected by
letting λ = 0, the non-linear term will disappear.
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Hence, the non‐vanishing strain gradient components are: 
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Figure 3. Normalized strain of a plane-strain beam along the thickness direction.

5. Strain Gradient Bernoulli–Euler Beam

Consider a Bernoulli–Euler beam with a unit thickness, the displacement components
are set as:

u1 = −z
∂w
∂x

u2 = 0 u3 = w(x) (85)

According to the definitions of strain and strain gradient in Equation (2), the non-zero
components are:

ε11 = −z
∂2w
∂x2 , η111 = −z

∂3w
∂x3 , η311 = −∂2w

∂x2 (86)

Hence, the non-vanishing strain gradient components are:
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(87)

Substituting these non-zero components from Equation (87) into the constitutive
equations, Equations (10) and (28), the corresponding Cauchy stress and higher-order stress
components are:

σ11 = −Ez ∂2w
∂x2 p1 = −2µl2
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From Equation (49), the defined bending moment and higher-order moment are given as

M = −(Eh3

12
+ d3h)

∂2w
∂x2 Mh = −d1

h3

12
∂3w
∂x3 (89)

where the coefficients d1 and d3 have been defined in Section 4. The bending governing
equation of the beam is given as Equation (53) and the boundary conditions of stress
resultants are listed as Equations (55), (56) and (58).

(1) Simply supported beam

For a simply supported beam subjected to a moment M0 acting on the two ends of
beam, the governing equation is:

d2M
dx2 −

d3Mh

dx3 = 0 (90)

and the boundary conditions on the two ends of beam are:

M− dMh

dx
= M0, Mh = 0, w = 0 at x = 0, L (91)

Combining Equations (89)–(91), the deflection of pure bending beam is solved as:

w = CB(−
1
2

x2 +
L
2

x) (92)

where the coefficient is given by:

CB =
M0

Eh3

12 + d3h
(93)

By using the classical bending rigidity Eh3/12 to normalize the bending rigidity based
on the strain gradient theory (the denominator in Equation (93)), the dimensionless bending
rigidity KB can be obtained as:

KB = 1 + 6(
l
h
)

2
(94)

where the equivalent material length scale parameter l is defined as Equation (76). In
addition, when the dilatation gradient γi and deviatoric stretch gradient η

(1)
ijk are excluded,

the strain gradient pure bending beam model will reduce to that of the couple stress theory.
Additionally, the dimensionless bending rigidity will be the same as Equation (82).

The displacement distribution of the pure bending beam along its axis is shown in
Figure 4. Figure 4 illustrates once again that the bending rigidity predicted by the strain
gradient theory is greater than that predicted by the couple stress theory, and the bending
rigidity decreases with the increase of the Poisson’s ratio. Moreover, for the couple stress
theory, the displacement of the Bernoulli–Euler beam is consistent with that of the plane-
strain beam when the Poisson’s effect is ignored. While for the strain gradient theory,
the bending rigidity of the plane-strain beam without the Poisson’s effect is smaller than
that of the Bernoulli–Euler beam due to the influence of the dilatation gradient and the
deviatoric stretch gradient along the thickness direction, which can also be explained by
Equations (77) and (94).
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(2) Cantilever beam

For a cantilever beam subjected to a concentrated force F0 acting on its free end, the
governing equation is the same as Equation (90) and the boundary conditions on the two
ends of beam are given by:

w = w,1 = 0, Mh = 0 at x = 0 (95)

dM
dx
− d2Mh

dx2 = F0, M− dMh

dx
= 0, Mh = 0 at x = L (96)

Combining Equations (90), (95) and (96), the deflection is solved as:

w = B1 + B2x + B3x2 + B4x3 + B5e
√

KB
λ̃

x
+ B6e−

√
KB
λ̃

x (97)

where λ̃ and KB are defined as Equations (78) and (94), respectively, and the coefficients
Bi(i = 1,2,3,4,5) are:

B1 = 12F0λ̃3(e

√
KB
λ̃

L
+e
−
√

KB
λ̃

L−2)

Eh3K5/2
B (e

√
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λ̃

L−e
−
√

KB
λ̃

L
)
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Eh3K2
B

B3 = 6F0L
Eh3KB

B4 = − 2F0
Eh3KB

B5 = − 12F0λ̃3(e
−
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λ̃

L−1)

Eh3K5/2
B (e

√
KB
λ̃

L−e
−
√

KB
λ̃

L
)

B6 = − 12F0λ̃3

Eh3K5/2
B (1+e

−
√

KB
λ̃

L
)

(98)

In addition, many articles only consider the gradient of the axial strain along the
thickness direction since the strain gradient along the length direction can be neglected
compared with that along the thickness direction for the Euler beam. For a cantilever beam
subjected to a concentrated force at its free end, when the strain gradient along the length
direction is neglected, the deflection solution of Equation (97) will reduce to

w = B3x2 + B4x3 (99)

From Equations (97) and (99), the deflection of the cantilever beam is shown in Figure 5.
It can be seen that the influence of the strain gradient along the length direction η111 on the
bending rigidity is negligible. The main stiffening effect comes from the strain gradient
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along the thickness direction. In addition, compared with the couple stress model, the
contribution of the dilatation gradient and deviatoric stretch gradient is non-negligible.
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6. Conclusions

In this paper, a new set of higher-order deformation metrics including dilatation gradi-
ent, deviatoric stretch gradient, symmetric rotation gradient and curvature is introduced to
re-formulate the strain gradient theory for the sake of investigating the effect of each strain
gradient components conveniently. All the constitutive equations, equilibrium equations
and boundary conditions in the form of components are obtained. The present strain gradi-
ent theory with five higher-order constants is another form of Mindlin’s strain gradient
theory, which is a general theory. The present theory can be directly simplified to the couple
stress theory by eliminating the dilatation gradient and deviatoric stretch gradient.

Based on the present strain gradient theory, the bending theory of plane-strain beam is
proposed, in which the stress resultants are re-defined due to the presence of higher-order
stress and the corresponding governing equations and boundary conditions of stress re-
sultants are developed. The semi-inverse solution of a pure bending beam subjected to
moments at its two ends is obtained. The results demonstrate that the material length scale
parameter l0, which characterizes the dilatation gradient, exhibits a dominant stiffening
effect, while the material length scale parameters l1, l2 and l3 characterizing the deviatoric
stretch gradient, symmetric rotation gradient and curvature, respectively, exhibit a sec-
ondary and decreasing stiffening effect. The dimensionless bending rigidity increases with
the decrease in Poisson’s ratio.

The Bernoulli–Euler beam model is presented based on the present strain gradient
theory and couple stress theory. For the couple stress theory, the displacement of the
Bernoulli–Euler beam is consistent with that of a plane-strain beam without the Poisson’s
effect. While for the strain gradient theory, the bending rigidity of a plane-strain beam
without considering the Poisson’s effect is smaller than that of a Bernoulli–Euler beam,
which is due to the influence of the dilatation gradient and the deviatoric stretch gradient
along the thickness direction. In addition, it can be concluded that the influence of the
strain gradient along the length direction on bending rigidity is negligible.
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Appendix A

According to the definition of stain and strain gradient, the variation of internal energy
is written as:

∫

V
(σijδεij + τijkδηijk)dV =

∫

V
[−(σki,i − τijk,ij)δuk + (σkiδuk − τjik,jδuk),i + (τjikδuk,i),j]dV (A1)

Applying the divergence theorem yields:
∫

V
(σijδεij + τijkδηijk)dV = −

∫

V
(σki,i − τijk,ij)δukdV +

∫

S
ni(σki − τjik,j)δukdS +

∫

S
τjiknjδuk,idS (A2)

It should be noted that the variation δuk,I in Equation (A2) is not independent of δuk on
the surface boundary S, and only its normal component is independent [36]. Thus, the vari-
ation δuk,i on the surface S is separated into normal component and tangential component.

δuk,i = Diδuk + niDδuk (A3)

where the normal gradient operator D and the surface gradient operator Di are given as:

D = ni∂i Di = (δik − nink)∂k (A4)

Substituting Equation (A3) into Equation (A2), the last integral can be rewritten as:
∫

S
τjiknjδuk,idS =

∫

S
njτjikDiδukdS +

∫

S
ninjτjikDδukdS (A5)

Note that the integrand of the first integral in Equation (A5) can be further derived
as [37]:

njτjikDiδuk = Di(njτjikδuk)− Di(njτjik)δuk
= (Dpnp)ninjτjikδuk + nqeqpmemli(nlnjτjikδuk),p − Di(njτjik)δuk

(A6)

with eqpm denoting the alternating tensor. According to the Stokes’ theorem, we have
∫

S
nqeqpmemli(nlnjτjikδuk),pdS =

∮

C
[[kinjτjikδuk]]dC (A7)

in which ki = eijksjnk is the outer co-normal vector with the unit vector sj tangent to the
edge C and the square brackets represent the difference between the values of the enclosed
quantity on the two sides of the edge.

Finally, Substituting Equation (A5) into Equation (A2) and combining Equations (A6)
and (A7), the variation of internal energy is given by:
∫

V (σijδεij + τijkδηijk)dV = −
∫

V (σki,i − τijk,ij)δukdV

+
∫

S [ni(σki − τjik,j) + (Dpnp)ninjτjik − Di(njτjik)]δukdS

+
∫

S ninjτjikDδukdS +
∮

C [[kinjτjikδuk]]dC

(A8)
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Appendix B

For the couple stress theory, the equilibrium equation is:

σik,i −
1
2

elik(ms
lj + ma

lj),ij
+ bk = 0 (A9)

The boundary conditions on S are:

nj[σjk − 1
2 elik(ms

lj + ma
lj),i
− 1

2 elij(ms
lk + ma

lk),i+
1
2 (Dpnp)ninjelik(ms

lj + ma
lj

− 1
2 Dj[nielik(ms

lj + ma
lj + nielij(ms

lk + ma
lk + elijnpnink(ms

lp + ma
lp)] = tk

or uk = uk

(A10)

nj(ms
kj + ma

kj)− njnkni(ms
ij + ma

ij) = qk or (δkl − nknl)δθl = θk (A11)

and along the sharp edge C is:

1
2
[[k jelikni(ms

lj + ma
lj) + k jelijni(ms

lk + ma
lk) + k jelijnpnink(ms

lp + ma
lp)]] = f k or uk = uk (A12)
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Abstract: To explore the influence of the volume-to-surface area ratio (V/S) on the creep of ceramsite
concrete beams, the creep performance of ceramsite concrete beams with different V/S was studied
through a long-term deformation observation test, theoretical derivation analysis and finite element
modeling. First, by observing the creep deflection of ceramsite concrete beams with five different
V/Ss for 180 days, the relationship between creep deflection and loading time as well as the influence
of V/S on creep deflection were obtained. Then, referring to the ACI209 and ACI435 creep coefficient
calculation formula, the creep theory of ceramsite concrete beams involving V/S was established.
Finally, the numerical model was built according to the test parameters. The results showed that
the growth rate of the creep of ceramsite concrete beams increased rapidly in the early stage, but
gradually slowed down with the passage of time and tended to be stable after 120 days of loading.
The V/S had a significant impact on the creep of ceramsite concrete beams. In the first 7 days, the
creep growth rate of each beam was approximately the same. Thereafter, the higher the V/S was,
the lower the creep became. After 28 days, the creep of ceramsite concrete beams with varied V/Ss
showed sharp differences. After the V/S exceeded 30, the increasing V/S could effectively reduce the
creep value and the creep growth rate under a long-term load. The calculated results were in good
agreement with the measured values, which fully reflected its creep variation. The finite element
simulation further verified the influence of V/S on the creep of ceramsite concrete beams and the
reliability of the creep calculation formula.

Keywords: ceramsite concrete beam; volume-to-surface area ratio (V/S); creep; experiment; calculation
formula; numerical analysis

1. Introduction

Ceramsite concrete has the advantages of high strength, heat resistance, fire resistance,
heat preservation, moisture retention and earthquake resistance. It not only can decrease
the self-weight of the structure to improve the structural load-bearing capacity or increase
the span of the structure, but also reduce the problems of arable land loss and forest
destruction caused by natural aggregate mining [1,2]. Moreover, the strength and toughness
of ceramsite concrete can be improved by adding steel fibers [3]. Recently, ceramsite
concrete, which has been used in high-rise buildings, bridges and other structural projects,
has good application prospects [4,5].

Creep is a long-term deformation property of concrete [6]. Concrete creep may cause
creep deformation or stress relaxation phenomena in structural members, which leads to
changes in the structural stress state, deformation patterns and mechanical properties [7].
Therefore, concrete creep patterns are of great theoretical and practical importance to

Coatings 2022, 12, 977. https://doi.org/10.3390/coatings12070977 https://www.mdpi.com/journal/coatings
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structural analysis and design [8]. Moreover, the existing studies conclude that the creep
characteristics of ceramsite concrete should be given sufficient attention [9] because the
creep value of ceramsite concrete is larger than that of ordinary concrete and brings about
a smaller creep coefficient.

Factors that affect the creep of concrete are usually the loading age [6,10,11] and body
surface ratio [12,13] of structural members, the slump [14] and sand content [15] of concrete,
the relative humidity [16] and air content [17] of the working environment where concrete
members reside, etc. Existing studies showed: (i) The tensile creep of high-absorbent
ceramsite concrete was lower than that of low-absorbent ceramsite concrete and ordinary
ceramsite concrete [18,19]. (ii) High temperatures increased the creep of concrete specimens.
The creep of specimens in dry an environment was higher than that of normal temperature
conditions, for which temperature and humidity coefficients were added [20,21]. (iii) The
creep of concrete changed significantly with the variation of reinforcement rate in the
early stage, which is similar to the creep of plain concrete in the later stage [22]. Jiang [23]
found that the early shrinkage creep of lightweight aggregate concrete was low. Its creep
coefficient was half that of ordinary concrete in the same period, while the creep strain was
1.3 times that of early-age concrete. Wang [24] studied the effect of polyvinyl alcohol (PVA)
fiber content on the creep of high-performance concrete and concluded that the maximum
and minimum dry shrinkage creep could be obtained at 0.75% and 0.25% of PVA fiber
content, respectively.

The size of the V/S (mm) affects the speed of temperature change inside the concrete
and the rate and volume of internal moisture loss. Moreover, existing studies [25] demon-
strated specimens with a small V/S, which feature fast-changing internal temperature,
rapid water loss and high-water flow. It not only affected the strength and other properties
of the concrete after forming, but also influenced the size of concrete. At present, the
effect of the V/S of ceramsite concrete beams with a small amount of steel fibers on their
creep properties has been not clear. This needs to be studied thoroughly by means of
experimental and theoretical analysis.

This study explored the following three aspects. (i) Five steel fiber ceramsite concrete
beams with different V/S were poured. Then, after the natural maintenance of sprinkling
for 28 days and simple support for 212 days, the loading of 30% flexural ultimate bear-
ing capacity was carried out. Next, the creep performance parameters were tested after
180 days under loading conditions, and the creep variation law influenced by the V/S was
summarized. (ii) Based on the creep coefficient of concrete in the ACI209 model and the
formula of shrinkage deformation in the ACI435 model, the formula of creep deformation
of steel fiber ceramsite concrete beams was established by considering the effect of shrink-
age deformation on the creep of steel fiber ceramsite concrete beams. Furthermore, the
theoretical calculated values were compared with the experimental test values to verify
the applicability of the modified creep calculation equation and the numerical simulation.
(iii) ABAQUS finite element software was used to establish the long-term deformation
model of steel fiber ceramsite concrete beams subjected to loads. On this basis, the calcula-
tion results were compared with the experimental results to analyze the applicability of the
simulated model. The purpose of this study is to reveal the influence of the V/S on the creep
characteristics of steel fiber ceramsite concrete beams. The research results can provide
a reference for the design and analysis of steel fiber ceramsite concrete beam projects.

2. Mixed Proportion and Mechanical Properties of Steel Fiber Ceramsite Concrete
2.1. Materials

(1) Coarse aggregate crushed stone shale ceramsite of 900 grades (from Yichang
Guangda, Yichang, China) was used. Its physical properties are shown as Table 1. It was
pre-wetted for 4 h and dried for 10 h; then, the concrete was prepared in the end.
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Table 1. Physical properties of shale ceramsite.

Particle Size
/mm

Volume Density
/(kg·m−3)

Apparent Density
/(kg·m−3)

Compressive Strength of Concrete
Cylinder/MPa

Water Absorption
in 1 h/%

5~20 814 1517 6.8 2.42

(2) The fine aggregate was ordinary river sand (through 4.75 mm square hole sieve),
and its physical properties are shown as Table 2.

Table 2. Physical properties of sand.

Apparent Density/(kg·m−3) Volume Density/(kg·m−3) Mud Ration/% Fineness Number

2650 1570 ≤2 2.7

(3) The cement was P.O.42.5 ordinary silicate cement with a density of 3150 kg/m3

that was produced by Hubei Huaxin Co (from Wuhan, China). Its basic physical index is
shown as Table 3.

Table 3. Basic physical index of cement.

Density/(g·cm−3)
Mineral Composition of Clinker

Fineness (Sieve Allowance by 80 µm Square Hole)/%
C3S C2S C3A C3AF

3.15 45 25 12 8 6.5

(4) The steel fibers were SHWITCOM (from Wuhan, China) end-hooked steel fibers,
and its physical properties are shown as Table 4.

Table 4. Physical properties of steel fiber.

Length/mm Ratio of Length-Diameter Density/(g·cm−3) Tensile Strength/MPa Material

30 60 7.8 ≥1100 low carbon steel

(5) The water-reducing agent was high-performance polycarboxylic acid water-reducing
agent produced by Qingdao Hongxia (from Qingdao, China). Its technical index is shown
as Table 5.

Table 5. Technical index of water-reducing agent.

Color PH Relative Density Solid Content/% Water-Reducing Rate/%

Pale yellow 6~8 1.08 ± 0.02 40 25–35

(6) The water was Wuhan tap water.

2.2. Mix Proportion Design

Referring to The Technical Specification for Light Aggregate Concrete Structures (JGT
12–2006) in China, C40 was used as the target of the trial formulation. To increase the tough-
ness of ceramsite concrete, steel fibers with a volume rate of 0.5% were incorporated with
reference to The Technical Specification for the Application of Fiber Reinforced Concrete
(JGJ/T 221-2010) in China. The test mix proportion is shown in Table 6. The measured
concrete slump corresponded to 75.0 mm.
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Table 6. Mixed proportion of ceramsite concrete beam specimens (Unit: kg/m3).

Cement Ceramsite Sand Water-Reducing Agent Water Ratio of Fiber Content

540 554 730 7.02 152 39 (0.5%)

2.3. Mechanical Property of Ceramsite Concrete

The test block was made according to the mix proportion listed in Table 6. More-
over, a 28 d cubic compressive strength test and flexural test were conducted. The results
are shown in Table 7. It should be emphasized that the test blocks were poured in the
same batch as the creep test beams and maintained under the same environment with
water sprinkling.

Table 7. The mechanical parameters of ceramsite concrete at 28 d.

Mechanical Parameters
Strength

Specimen No. 1 Specimen No. 2 Specimen No. 3 Test Results

Compressive strength/MPa 43.82 42.57 43.12 43.17
Flexural strength/MPa 7.71 7.63 7.84 7.73

Elasticity modulus/GPa 2.46 2.40 2.42 2.43

3. Creep Test of Ceramsite Concrete Beams
3.1. Beam Specimens of Ceramsite Concrete

Creep observation tests of ceramsite concrete beams with five different body surface
ratios were carried out under long-term loading conditions.

The ceramsite concrete beam specimens were 1500 mm long with protective layer of
20 mm thick. The main parameters are shown in Table 8. There were two HRB400 rebars
of 8 mm diameter in both the upper and the bottom of the test beams. The stirrups were
HPB235 steel bars of 6 mm diameter, as shown in Figure 1.

Table 8. Main parameters of test beam.

Specimens Length/mm Width/mm Height/mm V/S /mm Loading Force/kN

TBB1 1500 100 120 26.316 3.25067
TBB2 1500 100 150 28.846 4.45055
TBB3 1500 100 180 30.823 5.65043
TBB4 1500 120 180 34.351 5.70859
TBB5 1500 150 180 38.793 5.76675
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Creep observation tests were conducted on five ceramsite concrete beams with differ-
ent V/Ss under long-term loading conditions.
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3.2. Loading and Testing Methods

The creep performance on beams TBB1~TBB5 were tested in a sealed environment of
the interior. The temperature and the relative humidity were 20 ◦C and 60%, respectively.
The measured temperature and humidity fluctuated slightly around the control values.
The specimen beams were loaded after being maintained for 240 days. In general, concrete
beams need to be kept in the stockyard for some time after being pouring. Moreover, before
being officially used, they need to be kept for a period after being installed. Therefore, in
practice, concrete beams are subjected to a long maintenance period before being subjected
to load. To make the test close to the actual engineering situation, the test piece beams were
maintained as follows. First, after being poured, the beams were sprinkled and maintained
for 28 days. Then, in the case of simple support (the beam was subject to self-weight), the
beams were naturally maintained for 212 days.

During the test, heavy loads were stacked by using the four-point loading method (See
Figures 2 and 3). To ensure the safety of the test, two test beams were arranged side by side
and parallel to each other. However, as can be seen from Table 8, the loading forces required
at each specimen beam loading point were varied. In this case, combining the loading
method in Figure 3 with the loading forces listed in Table 8, the following approach was
taken. (i) First, the individual stacked test blocks were weighed and pre-stacked. Jacks were
placed at the bottom of the loading points of the distribution beams. Then, adjusting the
position of each loaded test block and distribution beam, the position of the loading point
of the test beams making the reaction force provided by each jack was exactly the same as
the loading force listed in Table 8. (ii) Second, position of each loaded concrete block, the
distribution beam and the jacking action were marked in detail. (iii) Third, the supports and
test beams were placed in order according to the positions that have been marked. Then,
the concrete blocks were stacked on top of the specimen beams at the locations pre-marked
in (ii) to achieve accurate loading of each specimen beam. For the loading force, referring
to existing studies [10,14,16], its size was about 30% of the predicted ultimate load capacity
of the ceramsite concrete beam. Dial indicators were used to measure the deflection of the
specimen beams.
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Before loading, the loading points on the ceramsite concrete beam specimen were
marked. After that, the upper surface of each contact surface was treated with sanding to
ensure that the load can be transferred uniformly downward through the contact surface.
To ensure the level of the loading surface, level measurement was performed, following
the placement of the test beams. Then, the dial gauges were placed (a thin steel sheet was
attached to the bottom contact area of the beam) and read. By doing all the procedures
above, the weights of the heavy loads and their locations were measured by the weighting
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calculation to decrease the loading errors. Finally, the values of the dial indicators were
read again, and the initial deflection was calculated.
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3.3. Analysis of Test Results

The initial deflection (the deformation difference before and after initial loading), with
a total deflection of 180 days, creep deflection and residual deflection after the unloading
of each specimen beam are shown in Table 9. Figure 4 shows the development process of
creep deflection with time growth. In addition, Figure 5 shows the influence of V/S on
creep deflection at different loading times.

Table 9. Initial deflection, 180 d total deflection, creep deflection and residual deflection of the beams.

Specimens V/S /mm Initial Deflection f0/mm 180 d Total Deflection f180/mm Creep Deflection f/mm Residual Deflection fr/mm

TBB1 26.316 1.3503 1.8426 0.5513 1.0233
TBB2 28.846 1.2064 1.6845 0.5331 0.9562
TBB3 30.823 1.1031 1.5673 0.5202 0.8765
TBB4 34.351 0.9452 1.3238 0.4106 0.6585
TBB5 38.793 0.8761 1.1645 0.2994 0.5544
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It can be seen from Table 9 that there were differences in the initial deflection, total
deflection within 180 days, creep deflection and residual deflection of each beam. In
particular, the creep deflection decreased from 0.5513 to 0.2994 mm with an increasing
V/S, which decreased by approximately 46%. This demonstrated the significant effect
of V/S on the creep deflection of ceramsite concrete beams and proved the value of this
paper’s research.

Figure 4 shows that the growth rate of creep deflection of each beam was roughly the
same in the first 7 days, but it became lower and lower with the rise of V/S after then. By
day 28, the creep of ceramsite concrete beams differed significantly from each V/S. On
the overall trend, the creep deflections of the TBB1, TBB2 and TBB3 beams had a small
difference, but there was a great difference between the TBB4 and TBB5 beam. These
indicated that when the V/S exceeded 30 mm, the increasing V/S could effectively decrease
the creep under long-term loads.

Figure 5 shows that the creep deflection of the test beams decreased slightly with the
increase of V/S at the 7th day. If the V/S was less than 35, the creep deflection of the test
beams would decrease with the increase of the V/S at the 30th day. The V/S had little
influence on the change of creep when it was lower than 35. However, from the 60th to the
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180th day, the V/S had a great influence on the creep deflection, and the creep deflection
decreased rapidly with the increase of the V/S. Therefore, the V/S had little influence on
the creep of ceramsite concrete in the early stage of loading, but it had great influence on
the creep of ceramsite concrete when the loading time exceeded 60 days.

4. Calculation of Creep of Steel Fiber Ceramsite Concrete Beams

The ACI209 model and ACI435 method are widely used in the study of concrete
creep. They have been adopted in many countries’ regulations. This model considered
factors including the loading time, surrounding environment, length-to-height ratio of
components, proportion and composition of coarse and fine aggregate, as well as the
influence of concrete slump [20,21].

4.1. Calculation of Creep Coefficient

In this paper, the creep coefficient was calculated by the formula of the ACI209
model. The calculation results can be verified with experimental data and the conclu-
sion of the model simulation to verify the applicability of the ACI209 model formula for
ceramsite concrete.

The creep coefficient of concrete recommended by ACI 209 is expressed as follows:

ϕ(t, τ) =
(t− τ)0.6

10 + (t− τ)0.6 ϕu (1)

where τ is loading age (d); t is calculated age (d); ϕu is the ultimate creep coefficient,
ϕu = 2.35γcr; γcr is the product of various influence coefficients, γcr = γτ · γRH · γVS · γs ·
γϕ · γα; γτ is the influence coefficient of loading age, γτ = 1.25τ−0.118 (when using wet
maintenance.); γRH is the influence coefficient of relative humidity, and RH is the relative
humidity of environment, γRH = 1.27− 0.67 · RH (when RH > 40%); γVS is the influence
coefficient of volume-to-surface area ratio, and V/S is the volume-to-surface area ratio (mm),
γVS = 2

3 [1 + 1.13e−0.0213V/S]; γs is the slump influence coefficient, and s is concrete slump
(mm), γs = 0.82 + 0.00264 · s; γφ is the influence coefficient of sand content, and φ is the
sand rate (%), γφ = 0.88 + 0.0024 · φ; and γα is the influence coefficient of air content, and α
is the air content (%), γα = 0.46 + 0.09α > 1.

Based on the pouring of this test specimen beams and their actual condition of mainte-
nance and loading, the values of each influence coefficient were calculated. Accordingly,
the creep coefficient values of each test beams at different loading times can be further
calculated, as shown in Table 10.

Table 10. Value of influence coefficient of creep coefficient.

Specimens

Loading Age
(240 d)

Influence
Factor γτ

Relative
Humidity
Influence

Factor γRH

V/S
Influence
Factor γVS

Slump
Influence
Factor γs

Influence
Factor of

Sand
Content γφ

Influence
Coefficient

of Air
Content γα

Ultimate
Creep

Coefficient
ϕu

TBB1

0.6547 0.868

1.0967

1.0180 0.8832

1.009 1.3287
TBB2 1.0742 1.045 1.3478
TBB3 1.0574 1.090 1.3839
TBB4 1.0291 1.144 1.4136
TBB5 0.9964 1.171 1.4010

4.2. Calculation of Shrinkage Deformation

Assuming that concrete did not produce a downward-bending deformation under
symmetric reinforcement, for simply supported beams, the calculation formula for shrink-
age deformation in the beam span can be deduced as follows [21]:

δsh = 0.125ϕshl2 = 0.125(αsh
εsh
h
)l2 (2)
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where l is beam span; εsh is the shrinkage strain of concrete, εsh = 0.0004; and αsh is the
comprehensive influence coefficient considering the reinforcement constraint, calculated
according to Formula (3). In addition, Formula (3) is as follows:

αsh =





0.7(100ρ− 100ρ′)1/3
(

ρ−ρ′
ρ

)1/2
(ρ− ρ′ ≤ 3.0%)

0.7(100ρ)1/3 (ρ′ = 0)

1 (ρ− ρ′ > 3.0%)

(3)

where ρ is the reinforcement ratio (%) of tensile reinforcement, and ρ′ is the reinforcement
ratio (%) of compressed reinforcement.

4.3. Calculation of Creep Deformation

The ACI435 method divides the long-term deformation of concrete into two parts:
shrinkage deformation and creep deformation. The deflection increment caused by creep is
calculated by plane assumption. Considering the influence of shrinkage deformation on the
creep of ceramsite concrete beam, the increase coefficient of creep deformation is [11,21]:

λc =
0.77ξ ϕ(t, τ)

1 + 6.3nρ′ (4)

Then, the additional deflection increase coefficient is:

λ = λc +
δsh
δd

(5)

According to “the Standard for Test Methods of Physical and Mechanical Properties
of Concrete (GB/T 50081-2019)” in China, the calculation formula of creep deformation is
as follows:

δcr = λδd = λcδd + δsh (6)

where δcr is the creep deflection of component (mm) and δd is the instantaneous deflection
of the component (mm).

Taking the elastic modulus of HRB400 reinforcement as 2.0 × 105 MPa, the creep
deflection of the test beam can be calculated (Figures 6–10).
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Figure 9. Creep-time curve of specimen TBB4. 
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Figure 10. Creep-time curve of specimen TBB5. 
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From Figures 6–10, it demonstrated that the creep calculated based on the calculation
formulas of ACI209 and ACI435 were in good agreement with the experimental and
numerical simulated data. This suggested that it could better represent the creep variation
rules of steel fiber ceramsite concrete beams. Therefore, it can be used as a formula for
calculating the creep of ceramsite concrete beams in practical engineering.

5. Numerical Analysis of Long-Term Deformation of Ceramsite Concrete Beam
5.1. Constitutive Relation of Ceramsite Concrete

ABAQUS software was used to model and analyze the long-term deformation of cer-
amsite concrete beams under load. First, the plastic damage model provided by ABAQUS
was used because it can accurately simulate the creep of ceramsite concrete beams [26].
Then, the stress–strain curve calculation model of concrete under a unidirectional load was
used to describe the compression stress–strain curve of the plastic damage model, referring
to the “Code for Design of Concrete Structures (GB50010-2019)” in China. The formulas are
as follows:

σ = f (ε) =

{
nx fc,r/(n− 1 + xn) (0 ≤ x ≤ 1)

x fc,r/[αc(x− 1)b + x] (x>1)
(7)

where n = Ecεc,r/(Ecεc,T − fc,r) x = ε/εc,r; σ and ε are the stress and strain corresponding
to a random point on the curve; fc,r and εc,r are the stress and strain at the vertex of the
curve; Ec is the elastic modulus of concrete; and αc and b are the coefficients representing the
shape of the curve in the descending part of the curve, which are 3.14 and 1.86, respectively,
as referred to in reference [27].

5.2. Definition of Concrete Damage

Under the effect of the unidirectional compressive load, the compressive damage will
occur when the deformation of concrete exceeds the elastic deformation. The calculation
formula of the compressive inelastic strain (ε̃in

c ) was defined as this: the total compressive
strain minus the elastic compressive strain of the material. After the compression damage
data was input into ABAQUS, it can be converted into the plastic strain value (ε̃pl

c ) according
to Equation (8). dc is calculated by Equation (9).

ε̃
pl
c = ε̃in

c −
dc

(1− dc)

σ

E0
(8)

dc =

[
1
2

E0ε2 −
∫

f (ε)dε

]
/
(

1
2

E0ε2
)

(9)

where E0 is the initial tangent modulus of concrete, which corresponds to f (ε).
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If the plastic strain value ε̃
pl
c output by the program is less than 0 or the inelastic

strain ε̃in
c decreases, ABAQUS will display an error and stop the operation. When ε̃

pl
c = ε̃in

c ,
compression damage will not occur.

The treatment of tensile damage to concrete is similar to that of compressive damage.

5.3. Finite Element Model

The finite element models for each of the five beams were built according to the
parameters in Table 8 and Figure 1. The concrete was simulated using the 3D eight-node
reduced-integration element (C3D8R). The rebar cage was simulated using the 3D two-node
truss element (T3D2). The rebar cage was placed inside the concrete slab. Moreover,
EMBED bond contacts were applied between the rebar and the surrounding concrete.
The constitutive relation and plastic damage of concrete were expressed according to
Equations (7)–(9). Poisson’s ratio was taken as 0.2. The concrete creep coefficient was
calculated using Equation (1) and imported into the ABAQUS model. The modeling and
meshing are shown in Figure 11.
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Figure 11. Finite element model and meshing of ceramsite concrete beam.

5.4. Long-Term Loading

Based on the program that comes with ABAQUS, the loading application program
for ceramsite concrete beams was simulated using Python. User-defined field variables,
state variables and custom expansion options were added to the concrete intrinsic structure
definition. Additionally, the fitted creep procedure was written into the modeling file for
the subroutine. After each output displacement of the ceramsite concrete beam, the loading
state was maintained, the size was unchanged and the next cycle was continued. The
variation of the elasticity modulus of ceramsite concrete with time was calculated in real
time by using the field and state variables of the material in ABAQUS.

5.5. Finite Element Analysis Results

The parameters of the specimen beams were input into the model. The variation
rule of the creep deflection of each model beam with the increase of time was obtained
after loading.

To analyze and compare conveniently, the calculated creep, test results and fitting data
of ceramsite concrete specimen beams are included in Figures 6–10.

5.6. Comparative Analysis of Simulatd, Experimental and Theoretical Value

The creep coefficient was calculated according to the proposed formula of ACI209.
Then, the creep value of the beam was calculated by ACI435. From Figures 6–10, it shows
that these values were in good agreement with the experimental and numerical results. In
addition, it greatly reflected the creep changes in ceramsite concrete beam.

(1) Comparative analysis of creep at 180 d:
The test results, calculated values and simulated data of each specimen beam at 180 d

are shown in Table 11.

137



Coatings 2022, 12, 977

Table 11. Comparison of creep value at 180 d.

Number of
Test Beam Test Values Calculated Values

Error between
Calculated and Test

Values/%

Finite Element
Simulation

Values

Error between
Simulated and Test

Values/%

TBB1 0.5513 0.5749 4.36 0.5497 0.02
TBB2 0.5331 0.5467 2.63 0.5227 1.88
TBB3 0.5202 0.5285 1.54 0.5099 1.92
TBB4 0.4106 0.3960 3.41 0.3946 3.90
TBB5 0.2994 0.2982 0.33 0.2890 3.34

Table 11 and Figures 6–10 indicated that the theoretical and simulated values of creep of
ceramsite concrete beams in these 180 days were close to the experimental results (the errors
were within 5%). This showed that the finite element simulation can effectively analyze the
creep variation patterns of ceramsite concrete beams. Meanwhile, Formulas (1)–(6) based
on the method of ACI209 and ACI435 can be used as a predictive model for the creep of
vitrified concrete beams. Moreover, they can fully predict the variations of creep values of
ceramsite concrete beams over time.

(2) Comparative analysis of creep curve of deflection time:
It can be seen from Figures 6–10 that the creep variation rule of ceramsite concrete beam

simulated by the finite element model was in good agreement with the results calculated
referring to the ACI209 and ACI435 models. The finite element simulation value was
slightly lower than the calculated value. The experimental value was in good agreement
with the simulated and the calculated value. It was further shown that Formulas (1)–(6)
based on the calculation method of ACI209 and ACI435 can well reflect the creep change in
the ceramsite concrete beam, as well as the finite element model.

6. Conclusions

Long-term deformation tests, theoretical analysis and finite element modeling were
carried out on five ceramsite concrete beams with different V/Ss. The following conclusions
were obtained:

(1) The creep of ceramsite concrete specimens developed rapidly in the early stage of
loading, but it gradually slowed down over time and tended to be stable after loading for
120 days.

(2) The V/S had an obvious influence on the creep of ceramsite concrete beams. In
the first 7 days, the growth rate of each beam was roughly the same. The higher the V/S
was, the lower the creep performance was. After 28 days, the creep of each beam was
significantly different. When the volume–surface ratio exceeded 30, the increasing V/S can
effectively decrease the creep and creep growth rate under long-term loading. In practical
engineering, the V/S of the beam can be increased by controlling the beam length and
increasing the beam width or height as appropriate to reduce the creep of the beam.

(3) The creep calculation Formulas (1)–(6) of ceramsite concrete beam were established
according to the method of ACI209 and ACI435. The calculated results were in good
agreement with the measured values, which can well reflect the creep variation rule of
ceramsite concrete beams. This formula can be used for the calculation of creep in the
design of ceramsite concrete beams.

(4) After adding 0.5% steel fiber, the creep law of ceramsite concrete beams can still be
expressed by the modified formulas of ACI209 and ACI435.

(5) The finite element simulation can fully verify the calculation formula of creep and
the influence of V/S on the creep of ceramsite concrete beams.

(6) The experiments, theory and numerical simulation in this paper initially revealed
the findings that the creep of steel fiber ceramsite concrete beam was influenced by the V/S
of the specimen. However, the quantities of specimens were small. As a result, the further
experimental studies were planned to be carried out subsequently.
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In the future, it will be planned to pour more steel fiber ceramsite concrete beams to
expand the study scope of V/S. A combination of experiments and numerical simulations
will be used to investigate the effect of V/S on the 180 d creep value of the beams. Further-
more, it can establish equations and reasonably predict the optimum V/S. The results are
hoped to provide a scientific reference for engineering design. Moreover, the amount of
steel fibers and the relative humidity of the environment may affect the creep of steel fiber
ceramsite concrete beams, which will be viewed as the subsequent research directions.
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Abstract: Accelerated pavement testing (APT) is an effective method to study the long-term per-
formance of pavement. Therefore, the dynamic strain behavior analysis of asphalt pavement has
important guiding significance in the study of pavement failure modes. To explore the dynamic
response of a high-content plant-mixed hot-reclaimed asphalt mixture under a dynamic load of
vehicles, a full-scale test road was paved, and ALT biaxial accelerated loading test equipment was
used to simulate the dynamic loads of vehicles. Based on parameters such as axle load, temperature,
speed, and loading times, the development law for the bottom strain of the three pavement structures
was analyzed. The test results show that the most unfavorable position of the asphalt pavement load
is located just below the centerline of the wheel track on one side, and the damage effect of a single
double-axle wheel load is far greater than that of two single-axle wheel loads. Then, the longitudinal
tensile strain of the pavement bottom always maintains the alternating state of compression-tension
and compression. The longitudinal tensile strain of the pavement bottom is larger than the transverse
tensile strain, and transverse fatigue cracks appear first. Under normal temperature conditions, the
bottom tensile strains of the three composite pavement structures under different axial loads are close,
and the pavement performance of the hot-recycled asphalt pavement of structure A and structure B
can meet the specification requirements. The relationship between the bottom strain and axle load
is nonlinear and is directly related to the tire ground pressure, and the difference in the tensile and
compressive strain values of the bottom of the three composite pavement structures is small. Under
high temperature conditions, the bottom layer temperature of structure A and structure B is lower
than that of structure C, and the thermal heat transfer efficiency of hot-recycled asphalt pavement is
lower than that of ordinary asphalt pavement. Additionally, the longitudinal tensile strain is about
1–1.5 times that of the transverse tensile strain. Based on the Boltzmann function, the accumulative
tensile strain prediction model was established to reflect the relationship between the cumulative
strain at the bottom and the number of loads.

Keywords: road engineering; hot-recycled asphalt pavement; dual-axle accelerated loading; dynamic
response of strain

1. Introduction

The vehicle dynamic load is one of the key factors that cause road damage and
affect road life and service capacity [1,2]. This factor is closely related to the structure,
load, speed, and other factors of the vehicle [3,4]. Dynamic strain is a direct reflection
of vehicle’s dynamic load on the pavement structure and also an important mechanical
index to characterize the service performance of asphalt pavement. The value of strain in
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China’s highway asphalt pavement design code is still based on the theory of a static elastic
layered system. Although the fatigue cracking test used for the asphalt mixture layer adopts
dynamic compression modulus correction at 20 ◦C, this test cannot truly reflect the dynamic
characteristics of the pavement structure under loads and environmental conditions. Thus,
it is necessary to systematically study the dynamic strain behavior characteristics of the
asphalt pavement structural layer under the action of vehicle dynamic loads [5–7].

Accelerated pavement testing (APT) can quickly accumulate loads on test pavements
to evaluate long-term pavement performance in a short period of time [8] and analyze the
pavement’s failure mechanism. Through sensitivity analysis [9], an APT project can pro-
mote the use of innovative building materials and methods, improve pavement design and
analysis procedures, promote aging-pavement survey work, and accelerate loading tests,
which are all considered to be effective means of studying dynamic strain characteristics
caused by the dynamic loads and service performance of asphalt pavements [10–13]. Dong
Zhonghong [14] used ALF (accelerated loading facility) to analyze the effects of lateral
distribution, axle weight, and temperature on the dynamic response of asphalt pavement
structures under the action of a single-shaft and double wheels. Guan Zhiguang [15] intro-
duced the two factors of vehicle driving speed and tire pressure into a study on the dynamic
responses of road surface structures and established a speed–axle weight regression model.
Ye Yali [16] preliminarily studied the dynamic strain evolution law of flexible base asphalt
pavement structures through an APT test road. Chen Jingyun [17] studied the mechanical
response law of a typical asphalt pavement structural layer under a positive load and
partial load of traffic based on MLS66. Wu Jinting [18] used a seismic wave modulus
measuring instrument to analyze the instantaneous dynamic response of the bottom of
the pavement structure layer under the experimental conditions of overweight and high
frequency and analyzed the relationship between the number of loads and the cumulative
strain of the asphalt surface layer.

Ozer [19] obtained the pavement structural layer response under two different load-
ing states of pure shear and compression shear through indoor testing and analyzed the
influence of vehicle load (load and tire inflation pressure) and maneuvering (braking, accel-
eration, and cornering) on the strain behavior of the pavement structural layer. Saleh [20]
established a model between roughness and load repetition, axial load, and asphalt layer
thickness, establishing a theoretical basis for studying the influence of vehicle power size
on the dynamic characteristics of flexible pavement. Liu Dawei [21] established a three-
dimensional finite element analysis model of semi-rigid pavement, which analyzed the
effect of changes in vehicle driving speed on the dynamic damage of semi-rigid asphalt
pavement. Navarrina [22] studied the changes to power-axle weight applied by heavy
vehicles on the road surface over time by extending the quarter-car model and established
a comprehensive model of flexible road fatigue analysis considering the impact of vehicle
dynamic loads. Lu Zheng [23] and Chen Jingyun [24] established a dynamic analysis model
of vehicle-uneven pavement-subgrade structure coupling, which was used to analyze the
influence of multiple parameter coupling on road dynamic responses such as the driving
speed, road surface unevenness, road thickness, tire stiffness, and base modulus. Huang
Zhiyi [24] used the 3D-MOVE Analysis finite-layer software to analyze the dynamic strain
characteristics of the structural layer of regenerated asphalt pavement under the action
of moving a non-uniform distribution load. M.S.H. Al-Furjan has derived and solved
the governing equations of structures using the differential quadrature method (DQM).
Afterward, a parametric study is conducted to present the effects of SMA fiber. Due to
the difference between the parameter material constitutive relationship and the content
gradation and the actual asphalt mixture, it is difficult to accurately describe the fatigue
performance by the finite element method and the differential quadrature method, and
there are large errors. Since accelerated loading is the most advanced technical means
to study the fatigue properties of asphalt, it can provide a more reasonable explanation
for the complexity of the material properties of asphalt mixtures. Although domestic and
foreign scholars have conducted a number of studies on the dynamic strain behavior of

142



Coatings 2022, 12, 843

asphalt pavement under the action of driving loads, foreign research has largely focused
on flexible pavement. Consequently, the large differences in the pavement structure system
decrease the applicability of foreign experimental research results. Moreover, due to the
limitations of domestic accelerated loading equipment, funds, and technology, few scholars
have conducted a complete study on the evolution of pavement strain behavior.

Plant-mixed hot recycling is one of the main means of producing reclaimed asphalt
pavement, but RAP content, pavement structural stability, and durability have always
restricted this type of pavement’s wide application in China. Most scholars have only
studied the strain behavior, dynamic characteristics, and long-term service performance
of recycled asphalt pavement through theoretical analysis, material property testing, and
numerical calculation methods, but no scholars have conducted a field-accelerated loading
test on the omnidirectional strain response of the semi-rigid-base plant-mixed hot-recycled
asphalt pavement structural system.

Based on these factors, we carried out an ALT acceleration loading test on an APT
test road of the S222 West Lake Section of Rizhao City, Shandong Province, relying on
the Applied Basic Research Project of the Ministry of Transport and the Transportation
Science and Technology Project of Shandong Province. The bottom strain of the pavement
structure in three different combinations was used as the experimental research object.
We analyzed the evolution of the bottom-strain behavior of the plant-mixed hot-recycled
asphalt pavement under the action of a high axle load, which provided a reference for
studying the disease evolution mechanisms and long-term road performance of plant-
mixed hot-recycled asphalt pavement.

2. Accelerated Loading Test Based on ALT
2.1. Test Equipment

The mobile road acceleration loading system, ALT, is shown in Figure 1. The equip-
ment used was 26.342 m long, 4.220 m wide, and 7934 cm high. The hydraulic loading
stepless adjustment system can apply single-sided single-axle or single-sided double-sided
coupling loads. The double-sided wheelbase is 1.4 m, the effective load travel length is
10 m, the one-sided axle load range is 100–200 kN, and the one-way set wheel load can be
applied 400–500 times per hour. The lateral offset load can be set, and the main and driven
wheel double-axle double-wheel pack loading method is consistent with the actual road
vehicle movement load state.
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Figure 1. Mobile accelerated pavement loading equipment.

2.2. Road Surface Structure

A full-scale test road was paved at the S222 West Lake section of Rizhao City, Shandong
Province, with a total length of 1200 m and a width of 10.5 m. This road is equipped
with 3 kinds of pavement combination structures, where the surface layer is a typical
4 + 6 pavement structure, the base layer is cement-stabilized macadam, the thickness is
36 cm, and the bottom base layer is 18 cm low-dose cement-stabilized macadam. The rap
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dosage in the SMA-13 plant-mixed hot-reclaimed asphalt mixture is 20%, and the RAP
dosage in the AC-20 plant-mixed hot-reclaimed asphalt mixture is 40%. To conduct a
comparative test, three of the combined forms of pavement (where the width of the test
road is 3, 3, 3, and 3 m, the total length is 9 m, and the length is 3.75 m) was selected to
accelerate loading under the same test environment. The specific road structure form is
shown in Table 1.

Table 1. Types of road surface structures.

Structure A Structure B Structure C

4 cm AC-20
Hot-recycled asphalt concrete

4 cm SMA-13
Plain asphalt concrete

4 cm SMA-13
Plain asphalt concrete

6 cm AC-20
Hot-recycled asphalt concrete

6 cm AC-20
Hot-recycled asphalt concrete

6 cm AC-20
Plain asphalt concrete

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

18 cm Cement-Stabilized
Macadam

2.3. Sensor Placement

To analyze the transverse and longitudinal strain behavior at the bottoms of the three
different combinations of pavement layers during the accelerated loading process, a sensor
was embedded at the bottom of the lower layer. The km-100 HAS-type buried strain sensor
(TML Corporation, Tokyo, Japan) is equivalent to the modulus of the asphalt mixture
using the intermediate axial rod and the asphalt mixture modulus of Japan. To prevent
interference, the horizontal spacing of the sensor was set to 0.400 m, and the vertical spacing
was 0.500 m. To truly record the vertical change law for the temperature field of the asphalt
pavement structure, the vertical position of the test pavement was 0 cm. Thermocouple
temperature sensors with an accuracy of up to 0.002 ◦C were buried at 4 and 10 cm. The
specific temperature and strain transducer layout is shown in Figure 2.
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2.4. Implementation Program

This experimental study was carried out using a master–slave dual-axis accelerated
loading system. The specific implementation setup for the accelerated loading test was
as follows:

(1) Considering the difference in strain behavior under different axle weights, three axle
weight classes were set up for comparison tests: 100, 130, and 150 kN.

(2) Considering the difference in strain behavior under different travel speeds, four speed
classes were set: 12, 18, 22, and 24 km·h−1.

(3) To test the long-term road performance of the plant-mixed hot-recycled asphalt pave-
ment, the long-term loading test was set to 1.5 times the standard axle load, i.e.,
150 kN, without considering the lateral offset moving load. The test environment was
an open-air natural environment.

(4) Loading was performed 20 h/day for 60 days for a total of 400,000 times. The asphalt
surface bottom layer tensile strain and asphalt surface layer permanent deformation
were used as the test index and converted to a cumulative 5.5 million standard axle load.

(5) The base strain and pavement temperature gradient were continuously collected in
real time, where the layer substrate strain acquisition frequency was 100 Hz, and the
temperature gradient acquisition frequency was 10 Hz.

3. Analysis of Test Results
3.1. Determination of the Most Unfavorable Location for the Load

The dynamic load generated by driving a vehicle will act on the road surface, thereby
affecting the road. It is beneficial to determine the most unfavorable position of the load
to better study the pavement failure mode and improve road surface design. Therefore,
we carried out a strain test under the center and side tracks of the gear train on a previous
indoor full-scale test road. The sensor data from the two cases were then compared and
analyzed, as shown in Table 2.

Table 2. The longitudinal strain at different position of the wheel bottom.

Sensor Number Location
Longitudinal
Tensile Strain

/× 10−6

Longitudinal
Compressive
Strain/× 10−6

Total
Amplitude

/× 10−6

11# sensor
(Early

foundation)

Under the center
of the wheel gap 47.8 −3.4 51.2

Under unilateral
wheel tracks 96.3 −12.2 108.5

31# sensor
(Early

foundation)

Under the center
of the wheel gap 44.2 −22.4 66.6

Under unilateral
wheel tracks 47.4 −49.0 96.4

As can be seen from Table 2, the amplitude of longitudinal tensile strain, compressive
strain, and total strain under a single-wheel track in the case of two axles and two wheels
are all greater than the values under the center of the wheel gap, so the degree of failure
under a single-wheel track is much greater than that under the center of the wheel train.
Therefore, the loading position of the embedded strain sensor is directly below the center
of the single-wheel track.

3.2. Influence of Number of Axles

The acceleration loading equipment used at home and abroad is mainly of the single-
axle double-wheel type. We adopted double-axle double-wheel-type acceleration load-
ing equipment and analyzed the transverse and longitudinal bottom-strain test data of
structure 3 at 13:00 on 21 August, as shown in Figure 3.
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Figure 3 demonstrates the following:

(1) The transverse tensile strain value of the pavement is always positive, and the longi-
tudinal tensile strain is alternately positive and negative. This phenomenon occurs
mainly because the transverse strain gauge always experiences tension under the
vertical action of the wheel load, the longitudinal strain gauge is subjected to hori-
zontal and vertical combined loads, and the strain value alternates between positive
and negative. When the tire is close to the strain timing, the horizontal and lateral
components of the wheel load act on the longitudinal strain gauge, and the strain is
negative. When the wheel load acts directly above the longitudinal strain gauge, the
strain gauge is completely subjected to a vertical load, and the strain is positive.

(2) There are two peaks and troughs in the transverse and longitudinal strain data.
Taking the transverse strain as the calculation object, the difference between the
second peak and the first peak is 60~70 µm/m. Taking the longitudinal strain as the
calculation object, the difference between the first wave crest and the second wave
crest is 15~20 µm/m, and the difference between the second wave trough and the first
wave trough is 40~45 µm/m. Asphalt mixture is a viscoelastic body, which will show
elastic properties under the action of instantaneous load. Due to the deformation
hysteresis effect caused by its viscoelastic characteristics, the strain generated by the
first axle cannot be fully released, and the second axle produces strain superposition.
Therefore, the dynamic effect of a biaxial load on pavement is much larger than that of
a uniaxial load. Existing design codes still use the static load of a single-axle double-
wheel set for the load, which is quite different from the actual multi-axle dynamic
load of existing vehicles, which needs further study.

(3) The longitudinal strain reflects the complex stress state of the road surface under the
action of the wheel load. The longitudinal compressive strain of the bottom layer is not
significantly different from the lateral tensile strain, and the longitudinal tensile strain of
the bottom layer is greater than the lateral tensile strain. The actual longitudinal stress
on the bottom of the pavement is a variable strain state of alternating compression–
tension–compression. Therefore, when designing asphalt pavement, the tensile and
compressive strain and strain amplitude of the bottom layer should be considered.

3.3. Influence of Axle Weight

To analyze the effect of axle weight on the dynamic response of the pavement structure,
the test data of longitudinal tensile strain and transverse tensile strain at the bottom of the
three pavement layers at 08:00 on 21 August were selected for analysis, as shown in Table 3.
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Table 3. Dynamic responses of layer substrates under different loads.

Pavement
Structure

Longitudinal Tensile Strain/×
10−6

Longitudinal Compressive
Strain/× 10−6 Transverse Tensile Strain/× 10−6

100 kN 130 kN 150 kN 100 kN 130 kN 150 kN 100 kN 130 kN 150 kN

Structure 1 76.9 82.6 87.2 −90.5 −99.0 −105.4 132.1 142.3 150.0
Structure 2 76.1 82.0 86.8 −87.5 −97.0 −103.3 132.4 141.6 149.3
Structure 3 78.3 84.3 89.7 −90.1 −100.3 −107.8 133.5 143.2 151.8

The following can be seen in Table 3:

(1) When the axle load increases by 30% and 50%, the longitudinal tensile strain of struc-
ture 1 increases by 7.41% and 13.39%, the longitudinal compressive strain increases
by 9.39% and 16.46%, and the lateral tensile strain increases by 7.72% and 13.55%,
respectively. The longitudinal tensile strain of structure 2 increases by 7.75% and
14.06%, the longitudinal compressive strain increases by 10.86% and 18.06%, and
the transverse tensile strain increases by 6.95% and 12.76%, respectively. Finally, the
longitudinal tensile strain of structure 3 increases by 7.66% and 14.56%, the longitudi-
nal compressive strain increases by 11.32% and 19.64%, and the lateral tensile strain
increases by 7.27% and 13.71%, respectively. The growth of underlayer strain is much
less than that of the axial load, and the relationship between the underlayer strain and
axial load is nonlinear.

(2) Under the same environment and different axle loads, the three kinds of pavement
structures have small differences in their bottom strain, indicating that the pavement
performance of the high-volume recycled asphalt pavement studied in this paper can
basically achieve the new asphalt pavement standards.

During the test, to deeply study the nonlinear relationship between the axle load and
bottom strain, the tire contact area under different axle loads (100, 130, and 150 kN) was
tested on the spot using blue paint and white coordinate grid paper. We also measured and
calculated the ground pressure (see Table 4 and Figure 4 for details).

Table 4. Wheel ground area under different ground areas.

Axial Load/kN Single Wheel Ground Area/cm2 Grounding Pressure/Mpa

100 304.87 0.82
130 318.63 1.02
150 353.77 1.06
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It can be seen from Table 4 and Figure 4 that with an increase in the axle load of the
vehicle, the contact area of the tire increases nonlinearly, and the contact pressure also
increases nonlinearly. Therefore, the ground contact pressure can be used as an evaluation
index to analyze the influence of overloaded vehicles on the road surface.
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3.4. Influence of Temperature

To investigate the effect of temperature on the bottom strain of recycled asphalt
pavement, accelerated loading tests were carried out at multiple temperature levels, and
the laws of transverse maximum tensile strain and longitudinal maximum tensile strain
for the bottom layer under different temperature conditions were analyzed. The driving
speed of the vehicle was 24 km·h−1, the axle load was set to 150 kN, and the tire pressure
was 1.02 Mpa.

3.4.1. Analysis of Temperature Heat Transfer in Asphalt Pavements

In this paper, test data of Rizhao area in Shandong Province, taken during the high-
temperature period from July to November, were used as an example to conduct the study.
To intuitively observe the road temperature gradient and environmental temperature
distribution, the temperatures during a representative high-temperature period (from
1 September to 22 September) were selected.

Figure 5 shows the temperature and ambient temperature distributions at different
depths of asphalt pavement in structure 3. The variation rule of road surface temperature
and ambient temperature is basically the same. With an increase in measuring-point depth,
the road surface temperature experiences a certain lag with ambient temperature. The
deeper the depth is, the more obvious the lag becomes, indicating that the road surface
temperature and ambient temperature have obvious nonlinear characteristics.
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In this study, we used the temperature gradient calculation formula:

G =
T1 − T2

|y1 − y2|
× 1000 (1)

where G is the temperature gradient, ◦C/m; Ti is the temperature in the vertical direction
yi, ◦C; and yi is the vertical distance of the i-th test point, mm.

Using to Formula (1), we carried out temperature gradient calculations on the temper-
ature monitoring data from the three kinds of pavement structures. The maximum positive
temperature gradient refers to the maximum positive temperature difference formed by
the road surface temperature and the bottom layer temperature. The maximum positive
temperature gradients of the three pavement structures were 359, 325, and 314 ◦C/m.
The maximum positive temperature gradient occurred at 13:00 on 9 September when the
weather was clear and the cloudiness was low. The ambient temperature was 36.3 ◦C; the
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surface temperature of the road surface was as high as 69.3 ± 1 ◦C under the action of
strong infrared rays; the temperature of the upper bottom layer was 41.4, 41.5, and 41.8 ◦C;
the bottom layer temperature was 34.4, 34.5, and 35.0 ◦C. Structure 2 and structure 3 had
the same top layer material, and the temperature of the top bottom layer was basically
the same. Structure 1 was 0.6 ◦C lower than the bottom layer temperature of structure 3.
The test results show that the pavement used in structure 1 has poor heat transfer. This
phenomenon is due to the presence of significant amounts of colloid, asphaltene, and other
materials in the recycled asphalt mixture, which together reduce the heat transfer efficiency
of the pavement.

3.4.2. Effect of Temperature on the Strain Behavior of the Layer Substrate

On September 18, the weather in Rizhao City was sunny and windy. The bottom
temperatures and road surface temperatures of the three kinds of pavement structures,
collected from 7:00 to 21:00, were compared and analyzed with the horizontal and vertical
maximum strain data of the bottom layer. Specific data are shown in Figures 6–8.
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The following can be seen in Figures 6–8:

(1) The longitudinal and transverse tensile strains of the three pavement structures
are basically consistent with the variation of the temperature at the bottom of the
pavement. When the temperature at the bottom increases, the strain increases, and
when the temperature decreases, the strain decreases. In Figure 6, we see that the layer
bottom temperature, the maximum transverse strain, and the maximum longitudinal
should reach a maximum value for structure A about an hour later than the road
surface temperature; in Figure 7, in the time range 12–14, the road surface temperature
is the highest, and the maximum transverse strain is more sensitive to the change
in temperature, while the changes in the bottom temperature and the maximum
longitudinal strain with temperature are slightly delayed, and the strain reaches the
maximum value around 16 o’clock; the change in Figure 8 is closer to that in Figure 6.

(2) Under the same temperature conditions, the longitudinal tensile strain at the bottom
of the three pavement structures is greater than the transverse tensile strain; under
high temperature conditions, the longitudinal tensile strain is about 1.0–1.5 times the
transverse tensile strain, so transverse fatigue cracking of the pavement bottom layer
is the first to appear.

(3) At high temperatures, the bottom strain of structure C is obviously larger than that of
structure A and B, with little difference between the bottom strain of structure A and
B. Structure C belongs to new asphalt pavement, which has good heat transfer, good
viscoelasticity of pavement materials, and a large bottom response. The reclaimed
pavement has better high-temperature performance than the new pavement. At room
temperature, the bottom temperatures of the three pavement structures are close to
each other, but there is little difference in the bottom strain values.

(4) Under the action of repeated axial loads on the road surface, the cracks at the bottom
of the layer cannot be directly reflected on the road surface. With the help of the highly
consistent relationship between the temperature of the bottom of the layer and the
longitudinal tensile strain, the cracks at the bottom of the layer can be analyzed. This
analysis is used for road performance inspections and disease control. Assessment
provides a new approach.

3.5. Effect of Vehicle Speed

First, we analyzed the relationship between the vehicle speed and the bottom strain of
the asphalt pavement at 14:00 on 21 August, when the driving equipment was accelerated
and loaded at 12, 18, 22, and 24 km·h−1. Three kinds of lateral and longitudinal strains were
collected from the pavement bottom layer during driving for comparative analysis. In this
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paper, the lateral and longitudinal tensile strains of the pavement bottom layer of structure A
under four driving speeds were taken as an example, as shown in Figures 9 and 10.
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Figure 10. Relationship between vehicle speed and maximum longitudinal tensile strain at the base
of the layer.

It can be seen from Figures 9 and 10 that the driving speed of the driving equipment
directly affects the wheel load action time and the strain pulse time. As the viscoelastic
material of asphalt mixture increases, so too does the vehicle travel speed (relative to the
load action frequency). Moreover, the greater the modulus, the lower the strain value at the
bottom of the layer.

According to the test data of structures B and C, there is little difference in the bottom
strain value between the recycled asphalt pavement and the new asphalt pavement under
the same driving speed conditions. The bottom strain values of the three pavement
structures all decrease with an increase in the driving speed of the driving equipment,
and this trend is consistent. It can be demonstrated that the initial material modulus of
the recycled asphalt pavement is close to the modulus of the new asphalt pavement. This
conclusion was also confirmed in the previous laboratory tests.

With an increase in vehicle driving degree, the maximum lateral and longitudinal
strains of the bottom layer gradually decrease, and the trend of strain reduction does
not decelerate. If the driving speed of the driving equipment continues to increase, the
bottom layer strain value will reach a relatively stable value. According to the test results, a
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calculation model for the maximum strain value of structure A (12 km/h ≤ v ≤ 24 km/h)
can be established:

ε = 368.5e−0.05v (2)

According to the measured data of the Jinan South Ring Expressway field test road
(same road structure) paved by the research team, when the heavy-duty vehicle trav-
elled at a speed of 80~120 km/h, the maximum strain value of the bottom layer was
239.3 × 10−6~206.2 × 10−6, and the error between the measured value and the calculated
value was within 5.0%. The calculation models for different pavement structures and
axle loads were established through accelerated loading test data corresponding to the
test parameters.

3.6. Influence of the Number of Load Actions

The relationship between the number of loads and the cumulative bottom strain was
also analyzed. As an example, we compared and analyzed the lateral and longitudinal cu-
mulative tensile strains of pavement structure A and the number of loads. The relationship
between the cumulative tensile strain and the number of loads is shown in Figure 11.
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It can be seen from Figure 11 that in the initial stage of loading, the lateral and longitu-
dinal cumulative strains at the bottom of each layer rise sharply, and the initial cumulative
strain is about 75.0% of the total cumulative strain. With an increase in the number of
loadings, the increasing trend of the strain decelerates. The cumulative longitudinal and
transverse tensile strains tended to be stable when loaded 310,000 times, and the thermally
recycled asphalt mixture entered the compaction stage. The average rut at this time was
1.30 cm, and the average rut at the end of the test was 1.55 cm.

According to the comparative analysis of Figures 9–11, the instantaneous strain is
sometimes greater than the cumulative strain, indicating that hot-recycled asphalt pave-
ment had self-healing abilities during the test process and in the intermittent stage. Thus,
the number of loads here is not directly related to the instantaneous strain but directly
related to the cumulative strain. The cumulative strain prediction model based on the
Boltzmann function can better reflect the relationship between the cumulative strain at the
bottom of the layer and the number of load actions, as shown in Equations (3) and (4):

ε1 = 270.9 +
−60517.1

1 + e
Nf+97.7

18.9

(3)
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ε2 = 223.8 +
−166196.3

1 + e
Nf+103.3

16.8

(4)

The reason for the sharp decline stage shown in Figure 11 is that the bottom deforma-
tion was recovered after the test was interrupted for 6 days due to weather reasons and
equipment failure. The test data indicate that the longitudinal accumulated strain recovered
by 66.5%, and the lateral accumulated strain recovered by 76.4%, indicating that the thermal
regenerative asphalt pavement had a strong ability to recover initial deformation.

4. Concluding Remarks

(1) In the case of dual axles and two wheels, the strain amplitude of the asphalt pavement
under the center of the wheel track on one side was larger than that under the center
of the wheel gap, and the load on the asphalt pavement under the center of the wheel
track on one side was higher than that under the center of the wheel gap.

(2) The damage effect of a single dual-axle wheel load was far greater than that of the
two single-axle wheel loads. The longitudinal strain at the bottom of the pavement
layer always maintained an alternating state of compression–tension–compression,
and the longitudinal tensile strain at the bottom of the pavement layer was always
greater than the lateral tensile strain. Moreover, transverse fatigue cracks appeared
first. Under high temperature conditions, the longitudinal tensile strain was about
1–1.5 times the transverse tensile strain.

(3) When the axle load increased by 30% and 50%, the longitudinal tensile strain in-
creased by 7.41–14.56%, respectively; the longitudinal compressive strain increased by
9.39–19.64%; and the transverse tensile strain increased by 7.72–13.71%. The bottom
strain of asphalt pavement had a nonlinear relationship with the axle load and a linear
relationship with the ground pressure.

(4) The maximum positive temperature gradient of structure A was 12.50% higher than
that of structure B and 9.50% higher than that of structure C. The heat transfer effi-
ciency of the thermally recycled pavement was lower than that of the new asphalt
pavement, and the temperature had a greater impact on the bottom strain of the
asphalt pavement.

(5) The driving speed directly affects the load action time and pulse time of the response.
The higher the vehicle speed was, the smaller the bottom layer strain value became.
Based on the accelerated loading test data, a prediction model for the maximum
bottom layer strain was established. The error rate in the calculations of the maximum
strain value of the pavement bottom layer was controlled within 5%.

(6) No direct relationship was observed between the loading times and instantaneous
strain, and the relationship between the loading times and accumulative bottom could
be represented using the Boltzmann function. After 310,000 loads, the hot-recycled
asphalt pavement entered the dense stage, and plastic deformation was basically
completed. Under a load of 400,000 times, there was no obvious difference in rut
performance between the recycled asphalt pavement and the new asphalt pavement.

(7) Certain limitations remain in evaluating the performance of hot-recycled asphalt
pavement based on the bottom-strain behavior of asphalt pavement. The mechanical
response of high-volume thermally recycled pavement can basically fulfill the new
pavement standards, but the uniformity and migration law of thermally recycled
materials cannot be determined in the strain behavior clearly and must be further
verified in combination with the properties of thermally recycled materials.

(8) Based on the above conclusions, this paper accelerates road damage through the fast
loading method of controllable axle load, and provides a real data model for analyzing
the influence of various factors such as road load on the strain. Considering the
actual operating conditions on the road, the poor accuracy, authenticity, practicability
and real-time performance of the experimental data, and the resulting errors in the
analysis results, the accelerated loading test is a cost-effective method. In addition,
the dynamic strain behavior analysis of asphalt pavement also plays a very important
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role in the study of pavement failure modes. Therefore, the popularization and
application of the pavement accelerated loading test system is of great practical
significance to study the long-term performance of the pavement. In this paper, the
ALT biaxial accelerated loading test equipment is used to simulate the dynamic load
of the vehicle, and the parameters such as axle load, temperature, speed, and loading
times are synthesized, and the development law of the bottom strain of the three
kinds of pavement structures is analyzed, which will also provide information for the
advancement of related research.
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