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Swelling of anhydrite rock causes serious damage to the tunnel and generates high additional costs in the process of tunnel
construction and operation and has gradually become one of the main factors that threaten the safety of the tunnel. It is extremely
difficult to predict swelling pressures and deformations accurately based on conventional swelling constitutive models. Thus,
a new practical swelling constitutive model of anhydrite for tunnel engineering has been developed. First, swelling tests of natural
anhydrite samples focusing on the time effect have been designed and conducted, whose test results show that swelling strain-time
can be described by the S-curve model and that swelling stress-strain can be described by the quadratic model. Second, a swelling
constitutive model with considering the time effect has been developed to reproduce the swelling behavior of anhydrite observed
in swelling tests. This model can track the evolution of swelling activity in tunneling, which has practical significance for process
simulation and process control of swelling disaster. Then, this model has been implemented within ANSYS for numerical
simulation of the Lirang tunnel. Based on simulation results, useful measures have been proposed. Satisfactory results have been

achieved according to the feedback from the site.

1. Introduction

Anhydrite rock is a kind of widely distributed rock; with the
high-speed development of the transportation industry, its
negative impacts on tunnel engineering are reported in-
creasingly, especially in China [1-3]. Its main composition
CaSO, will transform into CaSO,-2H,0 after meeting water,
resulting in an increase of the solid volume by some 61%,
and major swelling deformation will occur. During the
construction of anhydrite rock tunnel, swelling will cause
engineering disasters, such as floor heave, beyond limit or
destruction of lining, and collapse of surrounding rock [1, 4].

So the swelling of anhydrite rock is a major threat in tunnel
engineering and can cause serious damage to tunnels, which
will produce high additional costs.

Research on engineering disaster caused by anhydrite
rock in the construction of anhydrite rock tunnel can be
triggered in the early 1970’s. Luo [5] carried out research on
swelling deformation of anhydrite rock samples and accu-
mulated some valuable test data. Rauh et al. [6, 7] conducted
some research related to the micromechanism of anhydrite
swelling, while Schadlich et al. [8] paid attention to
a macroscopic swelling constitutive model. Microscopic
swelling models based on mineral transformations in the
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anhydrite-gypsum-water system were studied by Ana-
gnostou et al. [9], Ramon Tarragona [10], and Oldecop and
Alonso [11]. Alonso et al. [12] and Berdugo [13] also carried
out many on-site research works including monitoring and
analysis of inverted arch of tunnel. In the abovementioned
literature, the swelling process of rock and soil involves the
reaction of CaSO, and water to crystallize and has the
characteristics of long swelling duration. Therefore, these
long-lasting and chemically reactive expansive rocks can be
classified into one category and can be treated differently
from other clay-type expansive rocks. Based on the above
research results, a great amount of practical experience and
experiment research has been gained in the last decades, but
tunneling in anhydrite is still a very challenging task. Re-
liable prediction of swelling pressures and deformations
based on conventional swelling constitutive models is ex-
tremely difficult for the following reasons:

(a) The anhydrite swelling process can last a very long
time. Powder samples instead of natural rock were
usually employed to carry out the test for estab-
lishing the model [6, 14, 15]. For example, Liu et al.
[14] used disk-shaped samples remodeled by an-
hydrite powder in the swelling test and obtained the
relationship between the swelling stress and mois-
ture. Actually, the models based on test results of
powder samples cannot accurately reflect swelling
behavior, for the structure of the powder sample is
different from that of natural rock.

(b) Most constitutive models for swelling rock employ
Grob’s swelling law [16]. These models were estab-
lished based on an underlying assumption that the
relationship between swelling stress and swelling
strain is stable and unchangeable in the whole
swelling process. In addition, the swelling stress-
strain relationship described by these models usu-
ally is under the condition of complete swelling. So,
these models are only able to predict a final swelling
behavior of surrounding rock but unable to track the
evolution of swelling activity in tunneling. Due to the
slow evolution of swelling deformations in anhy-
drite, the dynamic changing of swelling stress-strain
before complete swelling cannot be neglected.

(c) Conventional swelling constitution models for
swelling rock are usually employed by the loga-
rithmic function to fit test data of swelling stress-
strain. In the interval that swelling stress is large, the
function fits the data well [17].

As the above reasons, a practical swelling constitutive
model of anhydrite, considering the dynamic changing of
swelling stress-strain, is the key to solve tunnel engineering
problems associated with anhydrite swelling. For reason (a),
we employed natural anhydrite rock samples coring from
the Lirang tunnel to carry out the experiment study aiming
to get closer to on-site swelling performance. For reason (b),
we introduced the time effect into the swelling constitutive
model; i.e., the relationship between swelling stress and
strain changes over time. The time factor was taken into
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consideration in the test method with the aim of obtaining
swelling stress-strain curves at different points in time. For
reason (c), we employed a new function instead of a tradi-
tional logarithmic function to fit swelling stress-strain data.

2. Swelling Test

2.1. Sample Preparation. In order to carry out swelling tests,
anhydrite rocks belonging to Lower Triassic Jialing River
Group were obtained from the Lirang tunnel located in
Liangping county, Chongqing, China. As shown in Figure
1(a), the results of X-ray diffraction qualitative analysis show
that the compositions of anhydrite samples are CaSO,,
CaS04-2H,0, SiO,, Fe,03;, and CaCOs;, respectively. As
shown in Table 1, a quantitative analysis was carried out to
determine the content of CaSO, and CaSO,2H,0O by
employing the internal standard method. The CaSO, content
ranges from 88% to 95%, the CaSO4-2H,0O content ranges
from 2% to 8%, and the content of other composition
(including SiO,, Fe,03, and CaCO3) ranges from 2% to 5%.
As shown in Figure 1(b), these anhydrite rocks were pro-
cessed into disk-shaped samples with 61 mm in height and
20mm in diameter according to the recommendations of
ISRM [19], whose process was performed air flushed in order
to avoid an early activation of the swelling process. What
needs illustration is that the expansion time of anhydrite
expansive rock is relatively long, and there are relatively few
examples for reference in the expansion experiment of this
kind of rock. Most of the examples in existing research also
refer to the old ISRM suggested methods from 1989. In order
to have a better comparative effect with the previous results,
the experiment in this paper adopts the ISRM 1989 standard.

2.2. Swelling Test Apparatus. As shown in Figure 2, Single
Lever Trigeminy High Pressure Oedometer Apparatus with
a maximum capacity of 4000 kPa in the vertical direction was
employed to carry out the swelling tests. Besides, TW] Data
Auto Sampling System, which can distinguish a minimum
vertical deformation of 0.001 mm, was also employed to
assist the swelling test. This system consists of a computer,
sensor, servo, and circuit and can be linked with the oed-
ometer apparatuses, which ensures timely recording of data.

2.3. Test Method. Swelling of anhydrite is a complicated
process, which is influenced by a lot of factors. In order to
establish a practical model, only the time factor is concerned
in this paper. A swelling stress-strain relationship is a re-
flection of swelling potential of rock materials because it
changes over contact time with water. It is possible to obtain
a complete swelling stress-strain curve at one point in time
with the method suggested by ISRM [19]. However, it is not
possible to obtain a series of complete swelling stress-strain
curves of a separate sample at various points in time during
the swelling process, because a separate sample is unable to
be reused. Thus, we employed the swelling stress-strain
curves of several samples after different contact times
with water instead of the swelling stress-strain curves of
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FIGURE 1: (a) One result of X-ray diffraction analysis. All four anhydrite samples for quantitative analysis show similar peaks as above (a).
There are differences between X-ray diffraction analysis result of anhydrite in this paper and that reported by [18]. (b) An anhydrite sample

after processing which is bluish-grey.

TaBLE 1: The mineral composition of the anhydrite rock.

Sample CaSO, (%) CaSO,2H,0 (%) Other compositions (%)

1 90 8 2
2 91 4 5
3 88 7 5
4 95 2 3

FIGURE 2: The left are the oedometer apparatuses linked with the
data auto sampling system. The right is one of the test apparatuses.
® Computer used for indication. @ Loading frame, which can be
moved away when measuring the vertical deformation without
loading. ® Dial gauge linking with the computer. @ Water
container, into which a sample is put.

a separate anhydrite sample at various points in time. The
specific method is presented as follows:

(a) Free swelling test with lateral confinement (FLC): At
this stage, we aimed at establishing the relationship
between swelling strain and time. First, a disk-
shaped anhydrite sample was embedded into
a metal ring, which can be used to confine the lateral
of the sample. Then, the sample with the metal was
put into the water container of the oedometer ap-
paratus. Both the top and bottom of the sample were
placed on a porous plate. Then, water was poured

slowly into the water container until the water
surface was above the sample by 5mm. Axial de-
formation was recorded by the data auto sampling
system after reaching design time. Nine disk-shaped
anhydrite samples were tested with the above
method but different contact times with water. The
swelling time of each sample is shown in Table 2.

(b) Axial swelling stress and strain test with lateral
confinement (ALC): At this stage, we aimed at
obtaining the swelling stress-strain relationship of
the above nine samples having experienced different
swelling times. After a sample finished design
swelling time, the sample is put in a loading frame
and loaded stepwise until the measured de-
formations due to swelling were compensated [19].
The compression deformation under each load was
recorded, and its corresponding swelling stress-
strain curve was obtained.

2.4. Test Results. Figure 3 shows the relationship between
swelling strain and time from FLC. The swelling strain of all
samples increases over the time. The swelling strain of No. 9
is still not finished and could continue in a constant rate after
a longest swelling time 119 days. The growth rate of swelling
strain of anhydrite increases initially in a positive acceler-
ation phase and then declines in a negative acceleration
phase until reaching a relatively stable positive value. The
swelling process of anhydrite is a complicated physico-
chemical reaction. Swelling is able to be controlled by both
osmotic effect of water, which is related to the speed of water
inflow into the rock, and sulfate hydration, so the growth
rate of swelling strain changes [20, 21]. After the rock
completely contact water, the dominate reason is the sulfate
hydration, whose reaction rate is relatively stable, so the
swelling strain can sustain increasing with a relatively stable
rate, this is why the latter part of each swelling strain-time
curve is approximately an oblique line.
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TaBLE 2: The swelling time of each sample.

No 1 2 3

4 5 6 7 8 9

Swelling time (days) 7 14 21

35 49 63 77 98 119
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FiGURe 3: The relationship between swelling strain and time from free swelling with lateral confinement. The inner figure is the swelling

strain-time on the first day.

Figure 4 shows the relationship between swelling stress and
strain from ALC. Swelling stress is defined as the ratio of the
force which can inhibit the swelling strain caused by the water
seeped into the sample to the sectional area of the sample [22].
As shown in Figure 4, with the increase in swelling stress, the
swelling strain decreases and all stress-strain curves behave as
concave characteristic. The intersection of each curve with
a swelling strain axis, which is the swelling strain of the cor-
responding sample at the end of FLC, goes up with the increase
in sample numbers. It indicates that the longer the swelling
time, the larger the swelling strain. By extending the bottom of
each curve, the intersection of each curve with a swelling stress
axis can be obtained, which also shows an increasing trend with
the sample number increase. It indicates that the swelling stress
under the condition of completely inhibiting swelling strain
goes up with the increasing swelling time.

3. Model Established

3.1. Swelling Strain-Time Model. As shown in Figure 5, Liu
et al. employed the exponential model to describe the
swelling strain-time of pure clay rock as follows [23]:

800
g (ﬁ) =

Swelling Strain (%)

0 100 200 300 400 500 600 700 800 900 1000
Swelling Stress (kPa)

—— NO.1 —7— NO.4 —— NO.7
—— NO.2 —— NO.5 —a— NO.8
—4— NO.3 —— NO.6 —o— NO.9

FIGURE 4: The relationship between swelling stress and strain from
axial swelling stress and strain with lateral confinement.

where t is the time, ¢, is the swelling strain at time ¢, ¢, is the
final swelling strain, and k is the coefficient depending on
characteristics of rock.
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Time

- - Exponential model
—— S-curve model

F1GURE 5: Introduction of two kinds of swelling strain-time model.
The red line is the exponential model employed in [23]. The black
line is the S-curve model employed in this paper. In the repre-
sentation of the S-curve model, there are three clearly defined
phases: @ the growth rate of swelling strain increases over time.
This phase can be very short, for example, the data of No. 1 and No.
2 samples in Figure 3. @ Swelling strain increases rapidly, while the
growth rate of it decreases over time. @ The increase of swelling
strain is relatively stable and is able to last a long time and will be
close to a maximal swelling strain too. @ and @ Unstable phases of
the growth rate of swelling strain, which is controlled by the
combined effect of both the osmotic effect and hydration effect. ®
A relatively stable increase phase of swelling strain, of which the
hydration effect is dominant.

This model is able to describe the swelling stress-time of
pure clay rock well but not for anhydrite rock. It cannot
describe the changing process of the growth rate of swelling
strain, which is controlled by the coupled effect of both the
osmotic effect and hydration effect, before the water is in full
contact with rock. Although such a changing process lasts
a short time in the laboratory test, it can last a long time in
the field test [2]; i.e., the changing process will be more
obvious with increasing the size of the rock sample. Such
a long duration of the changing process has an impact on
tunnel construction and design. Second, this model cannot
describe well the relatively stable status of the growth rate of
swelling strain after water is in full contact with rock, which
is very important for predicting the final swelling de-
formation in tunnel engineering.

Thus, we employed an S-curve model, which has been
widely used to show the growth rate of a variable changed
over time [24], to describe the swelling strain-time due to the
fact that the curve of each sample in Figure 3 is approxi-
mately S-shaped. The model is as follows:

&
= —= |, 2
‘i (1+atb) 2

where a and b are coefficients related to characteristics of
rock. In this equation, if time tends to infinity, ¢, will tend to
a maximal swelling strain €. It indicates that swelling strain
is not able to increase to infinity but has an upper limit. This
agrees with the practical situation, and several papers
([6, 25]) point out that the upper limit, i.e., maximal swelling

strain e, of pure anhydrite is 61%. Actually, 61% is an ideal
value and is never obtained in the test. So, in the practical
application of this model, ¢, just as a coeflicient, should be
obtained by fitting the test data.

Theoretically, the higher the main component CaSO, in
anhydrite, the more components in the anhydrite can
participate in the expansion reaction to produce a greater
final expansion strain. In formula (2), the meaning of ¢ is
the final expansion strain and should have a quantitative
relationship with the content of the main component CaSO,.
In order to improve the constitutive model, we will conduct
further research to clarify this quantitative relationship.

As shown in Figure 6, for a better comparison, we fitted
the nine sample data by using the two swelling strain-time
models, respectively. It is obvious that the S-curve model is
better than the exponential model for anhydrite rock
swelling strain-time; especially, it can better describe the
continuing increase process of swelling strain. Table 3 is the
summary fits of swelling strain-time of nine samples for the
two models. In terms of a separate sample, the R-squared of
the S-curve model is higher than that of the exponential
model, which also indicates the S-curve model is better than
the exponential model. It should also be noted that a max-
imal swelling strain ¢_, estimated by the S-curve model is
more than that by the exponential model.

3.2. Swelling Stress-Strain Model. As shown in Figure 7,
based on the laboratory test of clay rocks, Einstein et al.
[26-28] formulated a logarithmic model to describe the
swelling stress-strain:

Ig(0)

s=K[l—m], 3)

where ¢ is the swelling strain at a given axial stress o (i.e.,
swelling stress based on definition) and K and Ig(o) are
coefficients depending on the rock features. As shown in
Figure 7, the intersection of the logarithmic curve with the
stress axis supplies the coefficient o0,,. For stresses o larger
than ¢,,,, no more swelling strains occur. For small stresses,
the application scope of the swelling law is limited by
minimum stress, because unrealistically high swelling strains
would result otherwise. Furthermore, very small stresses lead
to decomposition processes in the rock, which cannot be
described by the swelling law [27].

For this problem, as shown in Figure 4, we employed the
left part of a parabola opening upwards, the vertex of which
is on the X-axis, to describe the swelling stress-strain due to
the curve feature of each sample. As shown in Figure 7, this
model is a quadratic function and has intersections with
both the X-axis and Y-axis:

€= P(O - am)z’ (4)

where ¢ is the swelling strain, ¢ is the swelling stress, and p
and o,, are coefficients depending on the feature of rock. In
terms of a separate sample, 0,, is the swelling stress under
swelling strain inhibited completely, while po,, is the
swelling strain without inhibiting.



6 Advances in Materials Science and Engineering

0.8 1.2 1.5

o6l |

s 04 V £ 0.6 g :
g g £ 05
3 02 3 03 %

0 2 4 6 0 5 10 0 7 14 21

Time (days) Time (days) Time (days)
NO.1 test data - NO.2 test data - NO.3 test data
—— Exponential model —— Exponential model —— Exponential model
—— S-curve model —— S-curve model —— S-curve model
(a) () (c)
1.5 2.4 24
_ .. 18 _
£ - g ’ g
g € B
& & »
0 10 20 30 0 14 28 49 0 21 42 63
Time (days) Time (days) Time (days)
NO.4 test data . NO.5 test data - NO.6 test data
—— Exponential model —— Exponential model —— Exponential model
—— S-curve model —— S-curve model —— S-curve model
(d) (e) )
2.5 2.5 2.5
2.0 / 2.0 == 2.0
& 15 — 15 & 15 p
£ £ £
e & 1.0 & 1.0
0.5 f7 0.5 b/
0 11 22 33 44 55 66 77 0 14 28 42 56 70 84 98 0 17 34 51 68 85 102 119
Time (days) Time (days) Time (days)
NO.7 test data . NO.8 test data - NO.9 test data
—— Exponential model —— Exponential model —— Exponential model
—— S-curve model —— S-curve model —— S-curve model
(® (h) )

FIGURE 6: Swelling strain-time fitting results of nine samples of the exponential model and the S-curve model, respectively.

TaBLE 3: Summary fits of swelling strain-time of nine samples for the exponential model and the S-curve model.

N Exponential model: ¢, =¢, (1 -e™ ) S-curve model: ¢, =¢ /(1 +at™®)
° oo k R-square a b &0 R-square

1 0.0055 19.000 0.9082 0.3777 0.5599 0.0079 0.9727
2 0.0081 1.6400 0.8760 1.1290 0.4658 0.0121 0.9839
3 0.0122 0.5943 0.9299 54.370 0.4014 0.2516 0.8806
4 0.0093 1.0900 0.9119 1.0990 0.7054 0.0115 0.9610
5 0.0131 0.7403 0.8310 67.230 0.2789 0.3987 0.9788
6 0.0148 0.3044 0.9412 3.2180 0.5935 0.0215 0.9923
7 0.0157 0.3184 0.9097 138.60 0.3203 0.7320 0.9653
8 0.0253 0.0214 0.9094 196.30 0.4645 0.5360 0.9533
9 0.0239 0.0211 0.9322 194.40 0.4791 0.4666 0.9708

Note. R-square is a number that indicates how well data fit a statistical model and is known as the coefficient of determination. In general, the higher the R-
square, the better the model fits data. The above results were obtained using MATLAB Curve Fit Tool.
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As shown in Figure 8, for comparison, we fitted the data
of swelling stress-strain by using the two models, re-
spectively. It is obvious that the quadratic model is better

7
Swelling stress
- - Logarithmic model
—— Quadratic model
FI1GURE 7: Introduction of two kinds of swelling stress-strain model.
2
P am =&
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than the logarithmic model for anhydrite rock swelling
stress-strain, especially in the interval that swelling stress is
small. Table 4 is the summary fits of swelling stress-strain of
nine samples for the two models. The most R-square of the
quadratic model is higher than that of the logarithmic
model, which also indicates the quadratic model is better.

3.3. Swelling Constitutive Model with Consideration of Time
Effect. Unlike pure clay swelling rocks, the swelling of an-
hydrite rock is highly time-dependent [27]. Pure clay rock is
able to finish swelling in several days, while anhydrite needs
a very long time. In this paper, the swelling of anhydrite rock
is still not finished and could continue even though swelling
time is up to 119 days. Therefore, the time dependency of
anhydrite swelling cannot be neglected. By disregarding the
influence of the individual difference of the sample to
swelling, the curve of each sample in Figure 4 can be
regarded as swelling stress-strain of a separate anhydrite
rock at different points in time. So, if making these data
corresponds to the time, a swelling constitutive model with
consideration of the time effect can be established. This
model can describe a dynamic process that the swelling
stress-strain curve of an individual anhydrite changes
over time.

As illustrated in Section 3.2, data in Figure 4 can be better
fitted with a series of parabolas. So, the dependence of
swelling stress-strain on time can be established by finding
out the movement history of intersections of parabolas with
the axis. First, in terms of a separate anhydrite, the in-
tersections of parabolas with the Y-axis, po? (obtained by
substituting ¢,, = 0 into equation (4)) represent strain from
FLC, so their movement history can be better described by
equation (2), that is,

Second, the intersections of parabolas with the X-axis,
0,, (obtained by substituting ¢ = 0 into equation (4)) are
swelling stresses under the condition of completely inhib-
iting swelling strain. The relationship between o,, of pa-
rabolas and time is shown in Figure 9. ¢, increases over
time, while its increase rate tends to decrease. This is because
the longer the expansion time, the smaller the infiltration
rate of water in the sample, the denser the sample, and the
larger the expansion stress. Previous research [29-31] also
indicates that o, of swelling rock increases quickly at the
early stage and then tends to a constant value. We employed
the following equation to describe movement history of ¢,,,:

o-m = Omax(l - eiCt)) (6)

where 0,,,,, and ¢ are coeflicients that depend on the rock
feature and o0,,,, is maximal ¢,,, (when time ¢ tends to
infinity), ie., the swelling stress under the condition of
inhibiting completely swelling strain when rock completely
finishes swelling.

After finding out the movement history of intersections
of parabolas with both the X-axis and Y-axis, the swelling
constitutive model with consideration of the time effect can
be established by substituting equations (5) and (6) into
equation (4):

e
afmx(l + atib)(l - eie')z

In this model, both time t and swelling stress o are
independent variables, while ¢ is the dependent variable.
This model is a surface in a three-dimensional space and is
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F1GURE 8: Swelling stress-strain fitting results of nine samples of the logarithmic model and the quadratic model, respectively.

established to describe the dynamic process that the swelling
stress-strain relationship changes over time with dis-
regarding the influence of the individual difference. As it can
be regarded as the swelling stress-strain of an individual
anhydrite rock at different points in time, all data in Figure 4
were fitted by this model using MATLAB sftool.

As shown in Figure 10, test data are equably distributed
around the fitting surface. It indicates that this model fits the
test data well. As shown in Table 5, R-square is close to 1,
while both RMSE and SSE are close to 0. All of them also
support the view that this model can reflect the dynamic
process of swelling stress-strain of anhydrite well. It is very
meaningful that the estimated value of e, of this model,

which is a final swelling strain, is close to its theoretical value
of 61% [1, 32] as in pure anhydrite rock. The error between
the estimated value and the theoretical value may be caused
by the CaSO, content.

4. Application of the Model

This study is part of a project carried out at the Lirang tunnel
in Chongqing, China. The left channel from ZK14 + 582 to
ZK14+907 and the right channel from KI14+599 to
K14 +920 in the Lirang tunnel go through about 300 m
anhydrite-gypsum stratum. In this section, the swelling
constitutive model (7) was implemented within ANSYS to
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TABLE 4: Summary fits of swelling stress-strain of nine samples for the logarithmic model and the quadratic model.

N Logarithmic model: ¢ = K[1 - 1g(0)/1g(0,,)] Quadratic model: € = p(0 - am)2
o
O, K R-square p O, R-square
1 329.60 0.0107 0.8989 3.077E-7 151.00 0.8822
2 381.30 0.0177 0.9538 6.915E -8 365.00 0.9940
3 650.00 0.0188 0.9327 4.587E-8 487.30 0.9841
4 830.00 0.0311 0.9490 3.243E-8 600.00 0.9937
5 668.00 0.7403 0.8796 4.255E-8 632.90 0.9919
6 759.80 0.0362 0.8692 3.004E-8 758.30 0.9988
7 1020.0 0.0357 0.8761 1.792E-8 1050.0 0.9840
8 1171.0 0.0352 0.8826 2.100E -8 985.30 0.9904
9 1233.0 0.0407 0.9815 1.169E -8 1315.0 0.9599
1400 -
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FIGURE 9: The relationship between o,, of the quadratic model and time.
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FiGure 10: Comparisons between test data and prediction of the swelling constitutive model with consideration of the time effect.

simulate the influence of swelling on the tunnel during the A previous simulation for surrounding rock swelling
construction period, so that some practical measures based  usually used the method of simulating thermal expansion for
on simulation results were proposed to counteract the  reference. For example, Miao et al. ever simulated swelling of
swelling problem. surrounding rock by corresponding humidity stress field to
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TABLE 5: Summary fits of swelling stress-strain changing over time for the swelling constitutive model with consideration of the time effect.

%) Parameters Goodness of fit

g,

oo A7 0oy (kPa) a B c R-square RMSE SSE
52.04 1510 150.30 0.3954 0.0125 0.9750 0.0011 9.4820E -5

Note. Parameter ¢, (%) = 52.04% indicates that swelling strain of this type anhydrite is able to reach to 52.04% after complete free swelling. o, =1510kPa,
which indicates that swelling stress under swelling strain inhibited completely of this type anhydrite, is able to reach 1510 kPa. R-square is the coefficient of
determination. RMSE (root-mean-square error) is a frequently used measure of the differences between values predicted by a model and the values actually
observed. SSE (sum of squares due to error) is used to measure the total deviation of the response values from the fit to the response values. RMSE and SSE

values closer to 0 indicate a fit that is more useful for prediction.

temperature field [33]. However, as our model considered
the time effect, we used the method of simulating creep for
reference to simulate swelling. Our model is essential for
describing strain under the effect of stress and time. So with
user-defined creep subroutine offered by ANSYS, we can
directly simulate swelling.

As shown in Figure 11, based on geologic survey data
and design documents of the Lirang tunnel, a 2D finite
element model is established using ANSYS. The plane42
element was employed to simulate the surrounding rock, the
link]1 element was employed to simulate rock bolts, and the
beam3 element was employed to simulate first lining. The
basic material parameters for both rock stratums and
support structure are given in Table 6. As the samples were
obtained from the Lirang tunnel, so the parameters listed in
Table 5 can be employed for simulating swelling immedi-
ately. In this study, we only simulated the process from
excavation to the beginning of second lining. Some useful
results are presented in Figure 12 and Table 7.

Figures 12(a) and 12(b) show the deformation distri-
bution of surrounding rock on day 36. As shown in
Figure 12(a), the arch crowns go down 24.5 cm and the floors
are uplifted up to 19.7 cm. It indicates that not only the roof
but also the floor of the tunnel are subjected to larger de-
formation due to the effect of swelling. Figure 12(b) shows
that the maximal deformation of surrounding rock is
27.6cm. Figures 12(c) and 12(d) show the mechanical
performance of support structures. As shown in
Figure 12(c), the maximal axial force of beam elements on
day 36 is 50396 kN coming from arch springing. In the
simulation results, the beam elements are mainly subjected
to axial force, while both shearing force and bending mo-
ment of them are very small. Based on the mechanical
performance of beam elements, a maximal compression
stress of first lining that is 7.4 MPa is worked out. In
Figure 12(d), the maximal axial force of link elements is
197.86 kN, which also comes from the arch springing. Based
on the axial force characteristics of link elements, the
maximal tensile stress of the rock bolt that is 100.4 MPa was
worked out, which is less than the design strength of
130 MPa. Based on the simulation results, we gave some
useful and quantitative measures for counteracting the
swelling problem:

(a) In consideration that the maximal deformation
surrounding the cross section of the tunnel is
27.6cm, the reserved deformation with 40cm in
thickness was reduced to 30 cm.

100 m

le sk =l mmmm >

20m 40 m

Ficure 11: 2D finite model. A1 and A2 are limestone stratums,
which are unable to swell. A3 and A4 are anhydrite stratums. A4 is
subjected to underground water, so it is able to swell, while A3 is far
away from the tunnel and free of underground water, so A3 does
not need to consider swelling.

(b) The floor of the tunnel got an upheaval of 19.7 cm,
and an overbreak of 20 cm in thickness under the
inverted arch was set within laying some gravel as
a buffer layer.

(c) As maximal tensile stress of the rock bolt is not
beyond the strength tensile, the length and ring
direction installation intervals of rock bolts still
followed initial design. At the same time, considering
that arch springing is subjected to a lager force, we
suggested increasing the quantity of rock bolts there
when necessary.

The above measures have already been applied to the
Lirang tunnel, and a satisfactory result was obtained; es-
pecially, the revised reserved deformation provides a scien-
tific basis for cost saving. According to the on-site feedback,
the updated reserved deformation is reasonable due to no
beyond-limit phenomenon, the measures for the inverted
arch are also reasonable due to no upheaval phenomenon,
and there was no collapse of surrounding rock and damage
to the support structure during the construction period, so
such a simulation using ANSYS is able to effectively guide
tunneling through anhydrite formation.

5. Discussion

The swelling constitutive model developed in this study is in
principle capable of reproducing the swelling behavior of
anhydrite as observed in swelling tests. As described in the
test method, this model was established under the situation
that finite rock is subjected to enough water. However, this is
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TaBLE 6: The basic material parameters for both rock stratums and support structure employed for simulation analysis.

Elasticity modulus . , . . 3 Friction angle Cohesive force
Rock stratum (GPa) Poisson’s ratio Density (g/cm”) ) (MPa)
Limestone 24.50 0.27 2.70 45.28 9.85
Anhydrite 5.00 0.28 2.70 40.00 0.08
Rock bolt 170.00 0.30 7.80 — —
Initial liner 31.00 0.17 2.50 54.90 3.18

j__________SSSSS .  ESSSeeee—— ]
-.245464 -.147029 -.048593 049843 .148278 0 . . . .
196247 -.097811 625E-03 09906 197496 .03062 09186 1531 21434 27558
() (b)
! STEP=3 ! STEP=3
SUB =180 ANSYS 10.0 SUB =180 ANSYS 10.0
TIME=36 TIME=36
EX_I  FXJ FORX FORX
MIN =-503956 MIN =50596
ELEM=536 ELEM=225
MAX =-329192 MAX =197855
ELEM=496 ELEM=426

B x
X
| I—
-503956 -465120 -426283 -387447 -348610 50596 83321 116045 148769 181493
-484538 -445702 -406865 -368029 329192 66958 99683 132407 165131 197855
(0 (d)

FIGURE 12: The results of numerical simulation. (a) Y direction displacement on day 36 (unit: m). (b) Resultant displacement on day 36 (unit:
m). (c) Axial force of first lining on day 36 (unit: m). (d) Axial force of rock bolt on day 36 (unit: m).

TABLE 7: Summary numerical simulation results using ANSYS.

Crown Maximal Maximal Maximal Maximal Max1r.nal Maxnlnal Max1ma.l
Convergenceof . . ) . shearing bending compressive
settlement wall (cm) axial force of axial force of tensile stress axial force of force of BE  moment of stress of FL
(cm) LE (kN) LE (kN) of RB (MPa) BE (kN) (N) BE (N-m) (MPa)
24.50 54.00 27.60 197.93 100.4 503.96 1.90 0.30 7.40

Note. SR is surrounding rock. LE is the linkl element. RB is the rock bolt. BE is the beam element. FL is the first lining.

different from a realistic situation that the water content of ~ in swelling deformation among different positions in the
surrounding rock is different at different positions in the  tunnel due to nonuniform distribution of groundwater. For
tunnel. In other words, our model is unable to consider the ~ the above problem, we carry out a further discussion for
water content of rock, so it is unable to reflect the difference ~ improving the model in this section.
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It is worth noting that after the tunnel is excavated, the
surrounding rock of the tunnel will produce cracks, and the
groundwater will flow into the tunnel floor along the cracks,
causing the tunnel floor to expand significantly.

Existing research supports the view that the main me-
chanics of anhydrite swelling is the growth of the
CaS0,4-2H,0 crystal, and the volume swelling strain can be
expressed as follows [11, 32]:

dsv_ y  dmpy

d pou  dt

(8)

where ¢, is the volume-swelling strain, y is the coefficient
which reflects the swelling effect caused by crystal growth,
mpy is the water consumed by CaSO4-2H,0 crystal growth,
and ppy is the density of the CaSO,-2H,O crystal.

Assuming w is the volumetric water content of anhy-
drite, based on its definition,

o= Ma
= mde’ (9)

where m,, is the mass of water in anhydrite rock, m, is the
drying mass of anhydrite rock, and p, is the rock-drying
density.

Taking derivative of equation (9) with respect to time t,

then the following equation is obtained:
dm, dom
—_r_=_7r (10)
Assuming that mass change of water in rock is only
caused by two reasons, one is that water is consumed by
CaS04-2H,0 crystal growth, set as mpy. The other one is
that water loss occurs due to evaporation and diffusion, set as
my, so the following equation can be obtained:
dm, dm dm
Y _ DH + 1 (11)

dr dt dt -

Substituting equations (10) to (11), we obtain

iy _do 1, _ dmy

dt  dt p; dt- (12

Then, substituting equations (12) to (8), we obtain

%:L d_w_y_% . (13)
dt  ppg\dt p; dt

A new relationship between swelling strain and time can
be obtained by taking the integral of both sides of equation
(13) with respect to time:

t
y [(dom, dm,
=| —|——-——]dt
m
=L(W(t)—Y—L<t)>,
PpH Pd

where W () is a function employed to describe volumetric
water content changing over time during the swelling
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process and L(t) is a function employed to describe evap-
oration and diffusion of water. Equation (14), deduction of
which is based on the microcosmic swelling mechanics,
considers the mass change of water in rock. However, in this
equation, the items W (t) and L (t) are unknown, so we will
carry out research on obtaining specific expressions of the
two items by using the test method in the follow-up work.
After this, a complete expression of ¢, can be obtained. By
employing ¢, instead of ¢, in equation (5), a new expression
of g is obtained, so that a new swelling constitutive model
with consideration of both mass change of water in rock and
time is established, and such a model is able to simulate the
swelling changing over time at different positions in the
tunnel.

Besides, the expansion strain rate of anhydrite is related
to the infiltration rate of water in anhydrite for the following
reasons: The permeability of anhydrite can not only change
the time required for dilatational strain but also affect the
stress around gypsum rock, by changing the speed of water
immersion in gypsum rock. Thus, the effect of permeability
on the expansion stress-strain relationship is a very complex
chemical kinetic problem at the mesoscopic level. At this
stage, we are committed to solving the tunnel engineering
problems related to expansive rock, so from the perspective
of phenomenology, we establish a constitutive model whose
accuracy meets the requirements of engineering applica-
tions. In this constitutive model, the effect of permeability on
expansion is attributed and embedded in the change process
of the expansion strain with time, which can be embodied by
parameters a and b in equation (2).

6. Conclusion

A swelling constitutive model with consideration of the time
effect was developed to reproduce the swelling behavior of
anhydrite observed in swelling tests. This model is able to
describe the dynamic changing of swelling stress-strain of
anhydrite in the whole swelling process, so this model can
match the construction process of the tunnel with the
swelling evolution of surrounding rock, which has practical
significance for process simulation and process control of
tunnel engineering disaster caused by anhydrite swelling. In
addition, by introducing the time effect into the swelling
constitutive model, the simulation of swelling can be easily
achieved by using the simulation of creep as a reference.

The swelling constitutive model was implemented within
ANSYS for the numerical simulation of the Lirang tunnel.
This simulation result shows that both the roof and floor of
the tunnel are subjected to a larger deformation due to
swelling, and arch springing should be paid enough atten-
tion. Based on simulation results, some useful measures were
proposed and applied to the Lirang tunnel and obtained
a satisfactory result according to the feedback information
from on-site.

The model developed in this paper is practical enough
for solving engineering problems. However, the impossi-
bility of reproducing the swelling deformation difference
among different positions in the tunnel reveals that our
understanding of swelling influenced by water content is still
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incomplete; hence, there is an open field of research in the
relationship between water content and swelling of
anhydrite.
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This study investigated the effects of light-burned magnesia, fly ash (FA), dolomite powder (DP), and limestone powder (LP)
contents on the performance of magnesium oxychloride cement lean concrete (MOCLC). The effects of light-burned magnesia
and mineral admixture content on the mechanical properties and durability of MOCLC were tested by the compressive strength
test, splitting strength test, water resistance test, shrinkage test, and fatigue test, respectively. The results revealed that the optimum
dosage of MgO was 4%. The optimum dosages of FA, DP, and LP were 25%, 20%, and 20% of the cement dosage, respectively. The
compressive and splitting strengths of the MOCLC were decreased by the addition of FA and DP. Due to part of the internal pores
of MOCLC were filled with FA and DP, the decomposition of the main strength phase 5Mg (OH),-MgCl,-8H,0O (phase 5) was
suppressed and the water resistance of MOCLC was improved. The addition of FA and DP also improved the shrinkage resistance,
and the fatigue resistance of MOCLC was also improved by the addition of FA and DP. The water resistance, shrinkage, and fatigue

properties of MOCLC with a FA content of 25% were better than those of MOCLC with DP and LP.

1. Introduction

Lean concrete (LC) has attracted significant attention owing
to its low cement content, high strength, and excellent frost
resistance [1, 2]. However, previous studies have shown that
LC composed of ordinary silicate cement suffers from low
early strength and slow strength development [3-5]. The
primary reason for this is that ordinary Portland cement has
a sluggish hydration rate and a high hydration heat release
rate, which results in significant hydration heat release.
Compared with ordinary Portland cement, magnesium
oxychloride cement (MOC) has a good availability, simple

preparation [6, 7], low energy consumption, high early
strength, and excellent adhesion with a variety of materials
[8-10]. MOC is a gas rigid gelled material that was invented
by the French chemist Sorel in 1867, and it was made of
MgCl, solution and active magnesium oxide powder [11].
The mixture of active magnesium oxide powder and mag-
nesium chloride solution will produce an exothermic
chemical reaction, and MOC with excellent mechanical
properties will be rapidly formed [12, 13]. The MOC system
is a typical ternary system produced from the reaction of
magnesium oxide, magnesium chloride, and water [14, 15].
The chemical expression of the ternary system is MgO-
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MgCl,-H,0. The mechanical properties of MOC depend
upon its hydration products [16, 17]. Generally, at ambient
condition phases, the main hydration products of MgO-
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MgCl,-H,0 are 5Mg (OH),-MgCl,-8H,0 (phase 5) and 3Mg
(OH),-MgCl,-8H,0 (phase 3) [18]. The formation of phases
5 and 3 of MOC is summarized in the following equation:

5MgO + MgCl, - 6H,0 + 7H,0 —> 5Mg (OH), - MgCl, - 8H,0,
3MgO + MgCl, - 6H,0 + 5H,0 —> 3Mg(OH), - MgCl, - 8H,0,

Phases 5 and 3 of MOC occur as well-crystallized needles
that developed quickly and have a high material strength. In
further detail, phase 5 is almost completed after 96h and
phase 3 is almost completed after 36 h. The crystallized
needles can be described as scroll-tubular whiskers. Whis-
kers intergrow into structures with higher density, which is
the key reason for MOC strength growth. Although the
thermal stability of phases 5 and 3 is low, and they start to
decompose at 145°C and 125°C, respectively, to form H,O
and HCI, they can exist stably at ambient temperature
[19, 20]. Therefore, phases 5 and 3 are also called the main
strength phases of the MOC system. Reportedly, the me-
chanical properties and durability of concrete can be ef-
fectively improved by adding MOC to concrete materials
[21, 22]. As a cementitious material for the preparation of
concrete, MOC has a particularly prominent advantage of
strength. Zheng et al. investigated the mechanical charac-
teristics of magnesium oxychloride cement concrete
(MOCQC) using the changing law of the microstructure. The
addition of MOC increases the pavement strength of the
structure, which was based on X-ray diffraction (XRD) and
scanning electron microscopy (SEM) results, as well as the
compressive and flexural strengths of MOCC at various ages

(1)

[23]. Cheng et al. investigated the long-term mechanical
properties of MOCC, measured the change in the phase 5
content in MOCC by XRD and SEM, and tested the com-
pressive strength of MOCC at 28, 180, and 270 days. It has
been found that the long-term strength of MOCC is sig-
nificantly higher than that of the ordinary concrete of the
same grade [24]. Notably, the early strength properties of
MOCC are also excellent. According to Hao and Li, the early
strength is higher because MOCC has a greater interfacial
adhesion than ordinary concrete [25]. In addition to its
mechanical properties, MOCC also exhibits excellent du-
rability. Generally, concrete construction in saline envi-
ronments can be harmed by salt. However, Gong et al. found
that high Mg®* and CI~ concentrations would enhance the
development of phase 5, ensuring the structural integrity
and endurance of the MOCC [26]. Although the addition of
MOC to concrete buildings can significantly increase their
mechanical and durability features, water resistance issues
still exist [27, 28]. Phases 5 and 3 are easy to decompose in
the water environment, and the strength of MOC decreases
gradually [23]. The specific decomposition formula is shown
in equations (2) and (3).

5Mg(OH), - MgCl, - 8H,0 — 5Mg(OH),+Mg** +2Cl~ +8H,0, (2)

3Mg (OH), - MgCl, - 8H,0 —> 3Mg(OH),+Mg** +2CI” +8H,0. (3)

Mineral admixtures have been used to increase the water
resistance of MOCC. Qiao et al. studied the effects of
phosphoric acid and fly ash (FA) on the water resistance of
MOCC by analyzing the water resistance coefficient of
MOCC after soaking for 90 days. Combined with different
soaking conditions, the study found that water resistance can
be effectively improved by phosphoric acid and FA [29].
Furthermore, Deng et al. reported that the coordination of
phosphate and magnesium ions increased the water re-
sistance of MOCC [30]. Moreover, the pores and cracks in
concrete can also be filled with fibers, which increase the
water resistance coefficient, thus improving its water
resistance [31].

In summary, existing research studies primarily focus on
enhancing the strength and durability of concrete using
MOC. Mineral admixtures, such as FA and phosphoric acid,
have been used to enhance the mechanical strength and
durability of concrete. However, there has currently been

little research reporting the application of MOC in lean
concrete. In addition, the effects of FA, DP, and LP on the
water resistance and durability of MOCLC have not been
studied. As lean concrete is mainly used for road bases, its
material composition and strength evaluation index are
different from ordinary concrete. As a result, the existing
conclusions of adding MOC to concrete cannot be directly
applied to MOCLC. Based on the above considerations, this
paper uses MOC to prepare lean concrete instead of ordinary
Portland cement. The effects of different magnesium cement
contents and mineral admixtures on the mechanical prop-
erties and durability of LC were studied through com-
pression, splitting, immersion, shrinkage and fatigue tests,
and microscopic analysis. The addition of MOC can not only
improve the early strength of lean concrete but also reduce
the cement consumption. The addition of mineral admix-
tures has little effect on the mechanical properties of
MOCLC, but it can effectively improve the water resistance
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TaBLE 1: Chemical composition of lightly burned magnesium oxide powder.

Oxide MgO SiO, Al 0, CaO K,0 Na,O Fe,0; P,0; TiO,
Mass fraction (%) 80.21 6.87 2.01 0.22 0.15 1.32 0.21 0.02
TaBLE 2: Basic properties of lightly burned magnesium oxide powder.

Size Setting time Fineness
L Specific . . . . . 170 mesh screen allowance Stability
Grain size (ym) surface area (m> /g) Initial setting (min) Final setting (h) (%)
70 30.2 >40 <7 <25 Qualification

TaBLe 3: Chemical compositions of magnesium chloride

hexahydrate.
Material MgCl,-6H,O NaCl KCl CaCl,
Mass fraction (%) 96.4 0.3 0.7 0.2

and durability of MOCLC. It can be seen that the application
of MOC in lean concrete is expected to achieve an energy-
saving green base.

2. Materials and Test Methods

2.1. Raw Materials. The raw materials used for preparing the
magnesium oxychloride cement lean concrete (MOCLC)
included light-burned magnesia, magnesium chloride
hexahydrate, mineral admixtures, and coarse and fine ag-
gregates. The magnesia employed in this study was 80.3%
pure with 57% activity. It was obtained from Yingkou
Huiteng refractory material Ltd. (Liaoning Province, China).
The chemical compositions and basic properties are shown
in Tables 1 and 2. Magnesium chloride hexahydrate
(MgCl,-6H,0) was obtained from Yuze Chemical Ltd.
(Shandong Province, China). Its chemical composition is
shown in Table 3, in which the content of magnesium
chloride is 45% and the water content is 50%. Continuously
graded limestone rubbles meeting the requirements of
Chinese standard GB/T 14685-2011 [32] were applied as
coarse aggregate and their size range was from 5mm to
25 mm. The water absorption and specific gravity of gravel
were 0.68% and 2.72, respectively. The crushing value of
gravel is 6.8%. Moreover, the water absorption and specific
gravity of sand were found to be 1.24% and 2.63, re-
spectively. The sand was the river sand with a fineness
modulus of 2.6 while FA, dolomite powder (DP), and
limestone powder (LP) were incorporated in the proportions
of 10%, 15%, 20%, 25%, and 30%, respectively, by mass of
MOC. FA, DP, and LP were obtained from, respectively,
Xi’an power plant, Jiangxi Sanbao Industry and Trade Co.,
Ltd., and Beijing Hongwei Yongjia building materials Co.,
Ltd. FA with silica and alumina of 87% (Class F). The
chemical compositions of the FA, DP, and LP are shown in
Table 4. In accordance with the Chinese standard JGJ
63-2006 [33], ordinary tap water was used for the tests.
The content of magnesium oxide was divided into 3%,
3.5%, 4%, 4.5%, and 5%, numbered MOCLC,;, MOCLC,,
MOCLC;, MOCLC,, and MOCLCs respectively, to study the

effect of lightly burned magnesia content on the perfor-
mance of MOCLC. The mixing proportions of MOCLC are
shown in Table 5. MOCLCs with different mineral admix-
tures are denoted as MOCLC-FA, MOCLC-DP, and
MOCLC-LP.

2.2. Specimen Preparation. The specimen preparation in-
cluded seven steps. (1) Preweighed water and magnesium
chloride hexahydrate were poured into the glass in turn, and
the magnesium chloride solution was prepared by stirring
thoroughly for 2mins using a glass rod. The MOC was
prepared by pouring preweighed lightly burnt magnesium
powder into magnesium chloride solution and stirring it
thoroughly with a glass rod for 5mins. (2) Then, the pre-
weighed mineral admixture was poured into MOC and was
mixed with a glass rod evenly for 5 mins. (3) Preweighed raw
materials (sand and gravel) were poured into the basin and
mixed evenly with a spatula for 2mins. (4) The mixtures
from (2) and (3) were mixed with a shovel for 5 mins. (5) The
slump of the MOCLC was measured according to the
Chinese standard JTG 3420-2020 [34]. (6) The MOCLC was
cast in 150 mm x 150 mm x 150 mm and
100 mm x 100 mm x 400 mm steel dies, which were cured for
24 hin an indoor natural environment (the temperature and
the relative humidity were 22+5°C and 65+5%, re-
spectively). During the curing process, a film was used to
cover the steel dies containing the specimen. (7) MOCLC
was removed from the steel dies and then cured for 3 days,
7 days, 14 days, 28 days, and 90days at a temperature of
20+ 2°C and a relative humidity above 95%, respectively.

2.3. Test Methods

2.3.1. The Strength of MOCLC. All considered LC mixtures
were produced at the optimum moisture content (OMC).
The OMC and maximum dry density (MDD) values of the
considered LC mixtures were evaluated based on the Chi-
nese standard JTG E51-2009 [35].

A universal testing machine with an accuracy of +1% was
employed to test the strength of MOCLC. First, hardened
samples and cubes with a side length of 150 mm were uti-
lized to test the compressive strength and splitting strength
of the MOCLC. Second, 12 groups of MOCLC were pre-
pared according to the division criteria in Section 2.1. Ac-
cordingly, an average of three specimens was prepared for
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TaBLE 4: Chemical compositions of considered FA, DP, and LP.
Oxides SiO, MgO AL O3 CaO Fe,03 CaCOs; MgCO; Na,O
FA (%) 54.8 0.6 33.1 2.24 4.3 — — 0.25
DP (%) 0.42 21.05 0.28 0.4 0.16 70.5 3.25 0.08
Lp 37.2 11 12.5 45.8 1.12 0.03 0.06 0.2
(%)
TaBLE 5: Mixing proportions of MOCLC.

Magnesium oxide =~ Magnesium oxide 3 3 Magnesium chloride 3
No content (%) (ke /m?) Sand (kg/m”) Gravel (kg/m”) (kg /m?) Water (kg/m”)
MOCLC, 3 68 815 1449 31 34
MOCLGC, 3.5 77 810 1441 35 37
MOCLG; 4 89 808 1438 37 37
MOCLCy 4.5 98 805 1435 39 39
MOCLCs 5 110 802 1431 45 41

each age. The strength values of different types of MOCLC at
each age were then calculated using three groups of parallel
test values. Finally, the compressive strength of the MOCLC
was determined at the ages of 1, 3, 7, 14, and 28 days. The
splitting strength of the MOCLC was determined at 28 days.

2.3.2. Water Resistance of MOCLC. The water resistance of
MOCLC was evaluated by the water resistance coefficient
[23, 25]. The water resistance coefficient is defined as the

before placing the test piece in the shrinkage instrument. The
accuracy of the vernier caliper was 0.01 mm. The shrinkage
instrument containing the test piece was then placed in
a curing box. After curing to the specified age, the test piece
was removed, the dial indicator reading X; ; was recorded,
and the mass m; of the standard test piece was weighed. The
shrinkage coefficient was calculated using the ratio of
shrinkage strain to water loss rate, which was calculated
using the following formula:

ratio of the immersed compressive (splitting) strength to the ay = & ,
dry compressive (splitting) strength of the specimen and is w;
calculated using the following formula: 5

. ei = _l >

K= —J}l“‘m , (4) !
dry (24 X - 24 X ) (5)
=1 i, =1 Xitl,j

where K denotes the water resistance coefficient of MOCLC. 8 =~ ! 2 ! L,
fimm and f4ry denote the immersion compressive (splitting)
strength and dry compressive (splitting) strength of the oo (m; —myy,)

MOCLC, respectively, for a given period. Evidently, the
larger the water resistance coeflicient of the specimens, the
better the water resistance. The specimens for dry condi-
tioning were placed in a dry conditioning chamber at a room
temperature of 20 + 1°C for 1 day, 3 days, 7 days, 14 days and
28 days, respectively. The specimens were placed in a water
tank with a water temperature of 25+ 3°C for 1 day, 3 days,
7 days, 14days, and 28 days, respectively. The specimens
soaked to the specified age were removed and placed in an
oven at 40°C for 24 h to dry [36]. After that, the compression
test and splitting test were conducted. In addition, the
specimens were tested for water absorption and porosity
according to standard ASTM C642-06 [37].

2.3.3. Shrinkage Property of MOCLC. The shrinkage co-
efficient of the MOCLC was obtained by curing a specimen
with a molding size of 100 mm x 100 mm X 400 mm by using
a box curing for 7days at a temperature of 20+ 1°C and
a relative humidity of 60+5%, as specified by Chinese
standard JTG E51-2009 [35].

Surface moisture was removed from the test piece, and
a vernier caliper was used to measure the datum length

my

where a; corresponds to the shrinkage coefficient of the
MOCLG, ¢; represents the shrinkage strain of the MOCLC
sample, the value of the dry shrinkage was tested at the ith
time, X; ; is the reading of the jth dial indicator at the ith test
of the dry shrinkage, | denotes the length of a standard
MOCLC sample, w; is the water loss rate of the test piece,

and m, indicates the constant value for the standard

MOCLC sample after drying.

To explore the effect of mineral admixtures on the
shrinkage properties of MOCLC, the shrinkage properties of
MOCLC were compared by adding FA, DP, and LP. FA and
LP were incorporated in a proportion of 25% by a mass of
lightly burned magnesia powder in the same proportion. DP
replaced 25% of the lightly burned magnesium oxide powder
in excess with a mass ratio of 1:3.

2.3.4. Fatigue Property of MOCLC. Fatigue is a significant
indicator for evaluating the durability of MOCLC [38]. The
hardened samples, cuboids of 100 mm x 100 mm x 400 mm,
cured at a temperature of 20 +2°C and a relative humidity
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above 95% for 90 days respectively, were crushed to test the
fatigue property, as outlined in the Chinese standard JTG
E51-2009 [35]. In the fatigue test, loading was conducted
with a continuous sine wave. The loading frequency was set
to 10 Hz. In this study, four stress levels were used. Three
samples were tested under each stress level. The fatigue
equation was calculated using the following formula:

lgN =a+%,
(6)
lgN =a+blgo,

where N denotes the load action time, ¢ indicates the action
load, and S represents the flexural tensile strength of the beam
specimens. Moreover, a and b are the regression coefficients.

3. Results and Discussion

3.1. Fresh Properties of MOCLC. Figure 1 shows the effect of
the incorporation of cement content on the MDD and OMC
values of MOCLC.

As shown in Figure 1, the optimum moisture content
(OMC) of MOCLC;, MOCLC,, MOCLC;, MOCLC,, and
MOCLC:s is 3.0%, 3.3%, 3.5%, 3.8%, and 4.2%, respectively,
and the maximum dry density (MDD) was 2308 kg/m’,
2313kg/m’, 2317kg/m’, 2324kg/m’, and 2331kg/m’, re-
spectively. Besides, the OMC and MDD of the ordinary
Portland cement lean concrete (OPCLC) were about 6.5% and
2255 kg/m® respectively [39, 40]. Compared with the OPCLC,
the MDD value of MOCLC was higher and the OMC value of
MOCLC was lower. It was observed that as the percentage of
cement content increased from 3% to 5%, both the MDD and
OMC of the MOCLC increased slightly. This phenomenon
may be explained by the fact that adding cement to a mixture
increases the lubricity between particles and the compatibility
of the mixture. An increased proportion of the cement slurry
can also help plug the pores in the mixture and can enhance
its MDD. Owing to the strong water absorption of cement,
with an increase in cement content, the OMC also increases.

3.2. Mechanical Properties of MOCLC

3.2.1. Compressive Strength. The compressive strength of LC
is a physical quantity used to express its compressive bearing
capacity of LC per unit area. Figure 2 visually describes the
change in the compressive strength of MOCLC with dif-
ferent light-burned magnesia contents and ages.

As shown in Figure 2, the compressive strength of
MOCLC increased with the increasing magnesium oxide
content and age. This is consistent with Wang Dongxing’s
conclusion [9]. Wang analyzed the change of specimen
strength with MOC content and age by XRD. The peak
intensity of phase 5 is observed to increase with the curing
time thus revealing that more cementitious products are
formed. Besides, the peak intensity of phase 5 enhances with
the increase of MOC content, leading to the formation of
more phase 5, which can fill in the interparticle pores and
cement fine particles together.”
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FiGure 2: Effect of cement content and age on the compressive
strength of MOCLC.

Generally, the compressive strength of MOCLC grew
rapidly for the first 7 days and then tended to flatten out. For
example, before 7days, the compressive strength of
MOCLC; increased by approximately 2 MPa/d. However,
after seven days, the compressive strength of MOCLC5 only
increased by approximately 0.14 MPa/d. Similar patterns in
the compressive strength were observed in different con-
tents. Since MOC was used for the preparation of the
considered mixes, the rapid increase in the early compressive
strength was primarily due to the rapid formation of hy-
dration products, which may have enhanced the chances of
strength formation. At 7 days, the compressive strengths of



MOCLC; were 12 MPa and 7.4 MPa higher than those of
MOCLC, and MOCLGC,, respectively. However, compared
with MOCLC;, the compressive strengths of MOCLC, and
MOCLCs did not increase significantly. Obviously, the
compressive strength of MOCLC grew the fastest when the
magnesium oxide content was 4%.

The effects of mineral admixtures with different types
and contents on the compressive strength of MOCLC were
investigated using the internal mixing method. The pro-
portion of MgO used in the MOCLC benchmark ratio was
4%. In this study, FA, dolomite powder, and LP were selected
to explore the changing trends in the mechanical properties
of MOCLC. The content of FA was divided into 10%, 15%,
20%, 25%, and 30%, named as MOCLC-FA;, MOCLC-FA,,
MOCLC-FA;, MOCLC-FA;, and MOCLC-FAs, re-
spectively, to study the effect of FA on the performance of
MOCLC. Similarly, DP and LP follow this naming rule. The
test results are shown in Figure 3.

It can be observed from Figure 3 that the compressive
strength of MOCLC decreases with an increase in the
mineral admixture content. With an increase in mineral
admixture content from 10% to 30%, the compressive
strength of MOCLC mixed with FA, DP, and LP decreased
by 56%, 77%, and 70%, respectively. The influence of FA on
the strength of the MOCLC was minimal.

The compressive strength of the MOCLC by the addition
of FA is consistent with Wu’s study [41]. For instance,
compared with the MOCLC-FA,, the reductions in com-
pressive strength were 9% and 11% for MOCLC-FA, and
MOCLC-FA;, respectively. Ultimately, the compressive
strength of MOCLC-FA5 is 16% lower than that of MOCLC-
FA,. It can be observed that the optimum proportion of FA
is 25%. These findings suggest that the addition of FA to
MOCLC does not promote the development of compressive
strength. The reason is that FA breaks the bridge between
hydration products and weakens the hydration structure.
This phenomenon was also suggested by Wu et al. [41].
Moreover, Gong’s study [15] also found that FA disrupts the
hydration products of MOC, leading to a decrease in the
MOCLC-FA intensity.

Figure 3 shows that the compressive strength of MOCLC
is reduced by the addition of DP. The compressive strength
of the specimen decreased significantly when the DP ad-
dition exceeded 20%. Excess DP resulted in a significant
decrease in the compressive strength of MOCLC, which is
consistent with the results of Nguyen’s study [42]. For in-
stance, compared with MOCLC-DP,, the reductions in
compressive strength were 3% and 14% for MOCLC-DP,
and MOCLC-DP;, respectively, whereas the reduction was
approximately 39% for both MOCLC-DP, and MOCLC-
DPs, respectively. In summary, the optimal content of DP is
20%. The reason is that DP will hinder the contact between
lightly burned magnesium powder and magnesium chloride
solution, and Liu et al. [43] mentioned a similar theory.
Consequently, DP slows the hydration response of the
system, resulting in delayed strength development. More-
over, Xu et al. and Yu et al. [44, 45] also suggested that excess
DP is equivalent to increasing the proportion of fine
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FiGure 3: Effect of mineral admixture with different types and
contents on compressive strength of MOCLC.

aggregates, which will reduce the coarse and fine aggregate
ratio and overall strength.

Compared with MOCLC-LP,, the reductions in com-
pressive strength were 4% and 9% for MOCLC-LP, and
MOCLC-LP;3, respectively, whereas the reductions were 19%
and 37% for MOCLC-LP, and MOCLC-LPs. When the LP
content of MOCLC exceeded 20%, the compressive strength
of the material rapidly declined. Therefore, the optimum
content of LP is 20%. The reason for this phenomenon is that
LP is present only as a filler, and Ahmad et al. [46] also
pointed out that LP is not involved in hydration reactions
and does not contribute to the formation of hydration
products.

3.2.2. Splitting Strength. To explore the effect of the mag-
nesium oxide content on the splitting strength of the
MOCLGC, the splitting strength of the MOCLC was observed
at an age of 90 days, as shown in Figure 4.

As shown in Figure 4(a), the variation law of the splitting
strength of the MOCLC is similar to that of the compressive
strength. The splitting strength increased with an increase in
the cement content. The splitting strength of MOCLC rose
by approximately 0.53 MPa as the cement content increased
from 3% to 5%. Compared with MOCLC;, the increase in
splitting strength was 11.8% and 30.1% for MOCLC, and
MOCLG;, respectively, whereas the increase was approxi-
mately 35.7% for both MOCLC, and MOCLC:. Clearly, with
4% MgO, MOCLC exhibited the largest increase in splitting
strength. Furthermore, the hydration products of MOCLC;
were generally gel-like and leaf-like crystals with thick ar-
chitectures. The gel-like crystals can characterize the
strength of the MOC paste [47]. Besides, these leaf-like
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crystals can also be referred to as “whiskers,” and Wu and
Tan’s study [48, 49] suggests that these “whiskers” are
composed of phase 5 and other substances responsible for
the reinforcing strength of the MOC paste. These are the
reasons for the rapid increase in the mechanical strength of
MOCLC;. Therefore, the optimum content of magnesium
oxide should be 4%, which is consistent with the conclusion
that an optimum amount of MgO is obtained for the
compressive strength.

Figure 4(b) shows the regression analysis of the
MOCLC’s 7-day compressive strength and 90-day splitting
strength of the MOCLC. As shown in Figure 4(b), the
compressive strength and splitting strength exhibit a good
linear relationship. Therefore, the splitting strength can be
calculated indirectly from the compressive strength by using
a regression formula. Furthermore, this regression analysis
method can be used as a strength test.

Figure 5 shows that the splitting strength of the MOCLC
decreases with an increase in the mineral admixture content.
This is because the hydration product of MOCLC without
mineral admixtures appears as leaf-like crystals, as shown in
Figure 6(a). However, the incorporation of mineral admixtures
can hinder the formation of these leafy crystals, leading to
a reduction in splitting strength. With an increase in mineral
admixture content from 10% to 30%, the splitting strength of
MOCLC mixed with FA, DP, and LP decreased by 26.3%, 59.6%,
and 47.5%, respectively. Therefore, in terms of splitting strength,
the effect of FA on the strength of the MOCLC is minimal.

The addition of FA lowered the splitting strength of the
MOCLC, as shown in Figure 5. For example, compared with
MOCLC-FA,, the reduction in splitting strength was 12%
and 18% for MOCLC-FA, and MOCLC-FA;, respectively,
whereas the reduction was approximately 21.5% for both
MOCLC-FA; and MOCLC-FAs. Obviously, the in-
corporation of FA is not conducive to the development of
MOCLC splitting strength. In addition, Figure 6(b) shows
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Figure 5: Effect of mineral admixture with different types and
contents on splitting strength of MOCLC.

that FA is spherically dispersed in the LC system, which
hinders the formation of the flaky gel phase, resulting in
hydration products that are mostly short rods. This may be
the primary reason for the decrease in the splitting strength
of MOCLC. Chau et al. [50] also suggested that FA is
spherically distributed in the MOC, which is not conducive
to its strength formation.

In Figure 5, compared with the MOCLC-DP;, the re-
ductions in the splitting strength were 4% and 9% for
MOCLC-DP, and MOCLC-DP;, respectively, whereas the



NS AL o8 2

84800 3.0kV 12.2mm x5.00k SE(M)

10.6ur;|

Advances in Materials Science and Engineering

FIGURE 6: SEM image of MOCLC with mineral admixture. (a) SEM image of MOCLC. (b) SEM image of MOCLC-FA. (c) SEM image of

MOCLC-DP. (d) SEM image of MOCLC-LP.

reductions were 21% and 33% for MOCLC-DP, and
MOCLC-DPs. Therefore, the addition of DP led to a decrease
in the splitting strength of the MOCLC. Figure 6(c) shows the
microstructure of the MOCLC-DP. The crystals in the figure
primarily exist in the shape of rods. Liu et al. [43] found that
the rod-like crystal structure is loose and not conducive to
strength formation compared to the flaky gel phase.
Similarly, in Figure 5, compared with MOCLC-LP;, the
reductions in splitting strength were 3% and 11% for
MOCLC-LP, and MOCLC-LP3, whereas it was 22% and 32%
for MOCLC-LP, and MOCLC-LPs, respectively. Figure 6(d)
shows the microstructure of the MOCLC-LP. Apparently, the
presence of LP hinders the formation of the gel phase, making
the main strength phase appear needle-rod-like. The low
reaction state of LP in the cement paste does not provide
mechanical strength, which is consistent with Zeng’s study
[51]. Therefore, LP reduced the strength of the MOCLC.

3.3. Water Resistance of MOCLC

3.3.1. Water Resistance Coefficient. The water resistance
coefficient is a physical quantity used to evaluate the water

resistance. Figure 7 shows the variation in the waterproof
coefficient of the MOCLC under different ages and im-
mersion conditions. In this study, two different immersion
conditions of the static and flowing water were set, and the
compressive strength and splitting strength were used to
calculate the water resistance coefficient of MOCLC, re-
spectively. Specifically, the water resistance coeflicient cal-
culated by using the compressive strength for static
immersion conditions was denoted as MOCLC-SW-C, and
the water resistance coefficient calculated using compressive
strength for flowing water immersion conditions was
denoted as MOCLC-FW-C. The same was performed for the
water resistance coefficient calculated using splitting
strength.

As shown in Figure 7, the water resistance coeflicient of
the MOCLC decreased as the age increased. This phe-
nomenon can be attributed to the fact that phase 5 was
unstable in water and hence gets easily decomposed into Mg
(OH),, as shown in Figure 8. Figure 8 shows the XRD
spectrum of the specimens at different ages under hydro-
static conditions. From Figure 8, it can be seen that the
characteristic peak of phase 5 keeps decreasing and the
characteristic peak of Mg (OH), increases with the increase
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F1Gure 8: XRD patterns of MOCLC at different immersion ages.

of water immersion age. This is because the hydrolysis
product of the phase 5 is mainly Mg (OH),. The charac-
teristic peak of phase 5 decreased by 65.1% as the age of
immersion increased from 1 to 28 days. Phase 5 has a high
modulus, which was the main provider of strength for
MOCLC, while Mg (OH), is a loose layered crystal with
a low strength [23]. This indicates that an increase in the
number of years of immersion reduces the strength of
MOCLC, leading to a decrease in the water resistance
coefficient.

In addition, Figure 7(a) shows the change in the water
resistance coefficient calculated using the compressive
strength. Evidently, at 28 days, the water resistance co-
efficients of MOCLC-SW-C and MOCLC-FW-C decreased

t0 0.42 and 0.15, respectively. Obviously, the water resistance
coefficient of the MOCLC has a higher strength loss in
flowing water than in still water. Figure 7(b) shows the
change in the water resistance coefficient calculated using
the splitting strength. At 28 days, the water resistance co-
efficients of MOCLC-SW-S and MOCLC-FW-S decreased to
0.32 and 0.15, respectively. The result is consistent with the
conclusions drawn from the compressive strength mea-
surements. Figure 7 shows the lower softening coefficient of
the MOCLC specimens in a flowing water environment. It
could be chiefly attributed to the differences in ion con-
centration caused by the transformation of unstable phase 5
into Mg (OH), in water. Under flowing water conditions, the
ion concentration remained constant, accelerating the dis-
solution of phase 5.

Figure 9 shows the variation of the water resistance
coefficient of MOCLC with the type and content of mineral
admixtures. The test conditions included hydrostatic im-
mersion for 7 days. Generally, the water resistance coefficient
of MOCLC increased with the addition of mineral admix-
tures, except for LP.

Figure 9 shows that the water resistance coeflicients of
MOCLC-FA and MOCLC-DP were higher than those of
MOCLC at all test dosages. For instance, when the dosage
was 25%, the water resistance coefficient of MOCLC-FA
and MOCLC-DP increased by approximately 0.18 and
0.16 compared with MOCLC, respectively. The results
reveal that FA and DP had a positive effect on the water
resistance coefficient of the MOCLC, which is in agree-
ment with the results of the XRD analysis in Figure 10. In
contrast, the results indicated that LP had a negative effect
on the water resistance coefficient of the MOCLC, as
shown in Figure 10. Compared to MOCLC, the water
resistance coeflicient of MOCLC-LP was reduced by an
average of 30%.
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Figure 10: XRD patterns of MOCLC with different mineral
admixtures.

Figure 10 shows the XRD spectrum of MOCLC,
MOCLC-FA, MOCLC-DP, and MOCLC-LP cured for
7 days. It can be observed from Figure 10 that the MOCLC
was comprised of phase 5, Mg (OH),, Mg CO3, and MgO.
Hydration products of MOC primarily included Mg (OH),
and phase 5. During water immersion, the inclusion of FA
and DP raised the characteristic peaks of phase 5 by 36% and
32%, respectively. In addition, the characteristic peak in-
tensity of MgO increased by 25.1% and 19.7%, respectively.
However, the characteristic peak intensity of Mg (OH),
decreased. Chau et al. [50] found that the reason for this
phenomenon is that both the degradation of hydration
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phases and the formation of Mg (OH), were reduced by
adding fly ash. Furthermore, this also shows that the ad-
dition of FA can reduce the harmful pores of MOC paste and
slow down the hydrolysis of the 518 phase. This is consistent
with the research study of Guo et al. [36]. Moreover, the
study by Averina et al. [52] concluded that DP contributes
significantly to the filling of the pores of MOC pastes. Hence,
there was an increase in the water resistance coefficient of
MOCLC modified by FA and DP.

Apparently, the characteristic peaks of phase 5 appear to
diminish with the inclusion of LP in MOCLC, whereas the
characteristic peaks of Mg (OH), appear to increase slightly.
This was principally because the addition of LP reduced the
gel material of MOCLC. As the gel material was reduced, the
gel phase and crystals in the MOC became more dispersed
[53], and the hydrated gel phase was more easily exposed to
water because of the inability of the LP to bind the crystal
phase together. Therefore, when eroded by water, the gel
phase and crystals are more easily hydrolyzed, thus reducing
the water resistance of the MOCLC.

3.3.2. Water Absorption and Porosity. The water absorption
and porosity of the specimens under different conditions are
shown in Figure 11. The water absorption of the specimen
under still water conditions was recorded as W-MOCLC-
SW, and the porosity of the specimen was recorded as P-
MOCLC-SW. Similarly, the water absorption of the speci-
men under flowing water conditions was recorded as W-
MOCLC-FW, and the porosity of the specimen was recorded
as P-MOCLC-FW. The water absorption of MOCLC doped
with fly ash was recorded as W-MOCLC-FA, and the po-
rosity was recorded as P-MOCLC-FA. The specimens doped
with dolomite powder and limestone powder were marked
in the same way as mentioned above.

Figure 11(a) shows that water absorption and porosity
increase with the increasing age of immersion. This was in
line with the results of Wang et al. [7]. The water absorption
of the specimens immersed for 7 days and immersed for
28 days in a static water environment increased by 7.1% and
8.2%, respectively. The water absorption of the specimens
immersed for 7 days and 28 days increased by 11.4% and
14.2%, respectively, in the flowing water environment.
Obviously, the water absorption rate of the specimen in the
flowing water environment increased more dramatically.
The water absorption rate of the specimens grew rapidly in
the first 7 days of immersion. Wang et al. [7] suggested that
this is because most of the free water is absorbed and fills the
pore space of the cured sample within 2 days, while longer
immersion times contribute less to the overall amount of
absorbed water. The porosity of the specimens immersed for
7 and 28days in a static water environment increased by
9.2% and 10.6%, respectively. In the flowing water envi-
ronment, the water absorption of the specimens immersed
for 7 and 28 days increased by 11.5% and 13.8%, respectively.
The variation pattern of porosity in Figure 11(a) also con-
firms Wang’s view [7].

Figure 11(b) shows the variation of water absorption and
porosity for different contents of MOCLC-FA, MOCLC-DP,
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FIGURE 11: Water absorption and porosity of MOCLC.

and MOCLC-LP. The addition of FA and DP reduced the
water absorption of the specimens by 2.5% and 1.35, re-
spectively, compared to the reference specimens. However,
the addition of LP increased the water absorption of the
specimens by 2% and reduced the water resistance of the
specimens. This is consistent with the conclusion of the
water resistance coefficient in Section 3.3.1. Besides, after
doping with FA and DP, the pores of the specimens in-
creased first, then fluctuated, and finally tended to rise again.
Guo et al. [36] explained the reason for this phenomenon.
This is because the incorporation of FA and DP, while re-
ducing the harmful macropores of the MOC paste, increases
the small internal pores with a pore size of less than 50 nm.
The increase in small pores was greater than the decrease in
large pores, which led to an increase in the overall porosity.
When the content of FA and DP is 25% and 20%, re-
spectively, the filling effect on the MOC paste is the best,
which densifies the MOC paste, so the porosity curve
fluctuates. However, the excess admixture destroys the in-
ternal structure of the MOC paste, which leads to another
increase in the porosity curve. This was also illustrated by
Chau et al. [50]. The doping of LP increased the porosity of
the specimens by about 10%, indicating that LP had
a negative effect on the water resistance performance of
MOCLC. This is in agreement with the study of Mostofi-
nejad et al. [54].

3.4. Shrinkage Properties of MOCLC. Studies have demon-
strated that the deterioration in the mechanical properties
and durability of LC structures is primarily caused by
shrinkage cracking. Furthermore, shrinkage affects MOCLC
far more than it affects ordinary Portland cement lean
concrete. Figure 12 shows the differences between the
shrinkage strains of the MOCLC under the base ratio and
mineral admixture conditions. Owing to the rapid hydration
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FIGURE 12: Relationship between dry shrinkage strain and time of
different admixtures.

of MOC, shrinkage testing was performed in this trial
starting on the first day of molding.

Figure 12 shows that the dry shrinkage strain of the
MOCLC increased to different degrees with age. According
to previous studies, the evaporation of water creates a large
number of capillary pores inside the MOCLC [55]. Gen-
erally, the dry shrinkage strains of MOCLC-FA, MOCLC-
DP, and MOCLC-LP were lower than that of the MOCLC.
The dry shrinkage strains of MOCLC-FA, MOCLC-DP, and
MOCLC-LP decreased approximately by 27.2%, 18.3%, and
16.5%, respectively. The results exhibited that FA, DP, and
LP positively affected the shrinkage performance of the
MOCLC. The reasons cited for this declined behaviour were
the addition of FA, DP, and LP which reduced the amount of
cement in the voids between aggregates. This led to the lesser
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drying shrinkage [1]. During the drying process, MOCLC
samples lost their quality due to the gradual loss of free water
and crystal water [23]. With the extension of drying time, the
dehydration process can be divided into two steps. Step 1:
MOCLC sample gradually loses free water. Step 2: phase 5 in
the MOCLC sample loses crystal water. Phase 5 is converted
from 5Mg (OH),-MgCl,-8H,0 to 5Mg (OH),-MgCl,. The
porous and the loose structure of FA has a strong water
absorption capacity, which can accelerate the drying of
cement interior and can reduce the loss of free water and
crystal water [36]. In addition, FA is spherical, with low
hydration reaction [56], and can also play a filling role.
Therefore, the incorporation of FA reduced the shrinkage
strain of the MOCLC. Additionally, DP was finer than
ordinary mineral admixtures [57], which could better fill the
internal pores of the MOCLC and can improve the pore
structure. Additionally, CaCO; in the DP reacted with
calcium aluminate hydrate to form monocarbon aluminate
hydrate or tricarbon aluminate hydrate, which could
compensate for its volume shrinkage. Additionally, as an
inert material, LP is mostly used as a filler for MOCLC to
disperse the cementitious phase, thereby reducing its
shrinkage strain.

As shown in Figure 12, before 3days, the shrinkage
strain of the MOCLC increased rapidly and flattened after
three days. The variation law of the shrinkage strain of the
MOCLC with the mineral admixture was the same as that of
the standard ratio. On an average, MOCLC-FA exhibited the
largest reduction in shrinkage strain of approximately 25%
compared to the standard ratio. The reduction in shrinkage
strain of MOCLC-DP and MOCLC-LP was similar, ap-
proximately 20%. Therefore, adding 25% FA had the best
effect in improving the shrinkage properties of MOCLC.

3.5. Fatigue Properties of MOCLC. Figure 13(a) shows the
fatigue life of the MOCLC at different stress levels. The
logarithmic average fatigue life IgN, is taken as the ordinate
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and the stress level 0/S as the abscissa to perform the linear
fitting and regression, as shown in Figure 13(b). Considering
the abovementioned shrinkage and mechanical properties of
the MOCLC, the stress ratios of the four fatigue tests were
considered as 0.6, 0.65, 0.7, and 0.75, respectively.

Figure 13 shows that the increase in the stress level
decreased the fatigue life of MOCLC. The fatigue life of
MOCLC-FA, MOCLC-DP, and MOCLC-LP increased by
88.0%, 28.4%, and —9.1%, respectively, according to the
fitting equation shown in Figure 13. It can be observed
that the fatigue curves of MOCLC-FA and MOCLC-DP
were located above the fatigue curve of MOCLC, while
the fatigue curve of MOCLC-FA was much higher than
that of MOCLC-DP. More specifically, the fatigue curves
of MOCLC-LP and MOCLC were roughly identical. This
implied that the anti-fatigue performance of MOCLC-FA
was the best, followed by MOCLC-DP, and MOCLC and
MOCLC-LP which were the lowest. Therefore, at the
same stress level, MOCLC-FA could bear the most load
times, followed by MOCLC-DP, MOCLC, and MOCLC-
LP.

Regarding the fatigue curve, the slope of the fatigue curve
of MOCLC-FA was the smallest, and the slope of the fatigue
curve of MOCLC-DP was the largest. The research of Li et al.
and Sun et al. [58, 59] shows that the sensitivity of fatigue life
to stress level is reflected by the slope of the fatigue curve.
Obviously, the change in stress level had the least effect on
the fatigue life of MOCLC-FA. Furthermore, MOCLC-DP
exhibited the highest fatigue sensitivity. In summary, FA
doping had the best effect on enhancing the fatigue prop-
erties of the MOCLC.

4. Conclusions

A comprehensive investigation of the mechanics and du-
rability of MOCLC was conducted using a series of physical
mechanical, durability, and microstructural tests. Based on
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the obtained data, the following conclusions were drawn
regarding the characteristics of the MOCLC:

(1) The addition of MOC improves the compaction
characteristics of lean concrete. As the content of
light-burned magnesia increased from 3% to 5%, the
MDD and OMC of MOCLC increased by 0.96% and
40.1%, respectively.

(2) The compressive and splitting strengths of MOCLC
were reduced by the addition of FA, DP and LP,
however, its durability was improved. The optimal
contents of FA, DP, and LP were 25%, 20% and 20%,
respectively.

(3) FA and DP improved the water resistance of
MOCLC, but LP was detrimental to the water re-
sistance of MOCLC. The water resistance coefficients
of MOCLC-FA and MOCLC-DP were increased by
0.18 and 0.16, respectively, relative to the control
sample. And the water resistance coeflicient of
MOCLC-LP was reduced by an average of 30%.

(4) The shrinkage resistance of MOCLC composites is in
the following order: MOCLC-FA >MOCLC-
DP > MOCLC-LP > MOCLC. MOCLC-FA has bet-
ter fatigue properties than DP and LP.

(5) The water resistance, shrinkage, and fatigue prop-
erties of MOCLC with a FA content of 25% were
better than those of MOCLC with DP and LP.
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Desulfurized rubber powder and SBS were used as asphalt modifiers to study the rheological properties and performance of
desulfurized rubber powder/SBS composite-modified asphalt (DR/SBSCMA). First, the basic performance indicators such as
penetration, ductility, softening point, and viscosity were studied. Second, the high-temperature and low-temperature rheological
properties of asphalt were evaluated by using a dynamic shear rheometer (DSR) and bending beam rheometer (BBR). Finally, their
high-temperature stability, low-temperature crack resistance, and water stability under the gradation of AC-13 and SMA-13 were
evaluated. The results show that DR/SBSCMA had great advantages in terms of ductility and softening point, especially the
softening point, which reached 90°C. It also demonstrated excellent high-temperature performance and tensile strength, and
penetration was slightly lower than that of SBS-modified asphalt. Moreover, after compound modification, high-temperature and
low-temperature rheological properties were effectively improved, and DR/SBSCMA adequately met the requirements of PG82-
34. In addition, DR/SBSCMA maintained excellent high-temperature stability in both AC-13 and SMA-13 mixtures, coupled with
obvious improvements in rutting deformation. Meanwhile, its low-temperature cracking resistance is slightly lower than that of
SBS-modified asphalt, but both adequately meet the specification requirements. Ultimately, the water stability of DR/SBSCMA is
comparable to that of SBS-modified asphalt, with both reaching more than 90%, proving its excellent water stability.

1. Introduction

In recent years, with increasing traffic, ordinary asphalt
pavement is prone to cracking, rutting, loosening, peeling,
and other pavement diseases, affecting the quality and life of
the pavement. As a means to improve the performance of
conventional asphalt at high temperatures and low tem-
peratures, polymer-modified asphalt has developed rapidly
[1-3], of which SBS-modified asphalt is the most widely
used. Under the stimulus of the circular economy and re-
source utilization policy, rubber asphalt has launched a new
development. Compared with basic asphalt, high-temper-
ature and low-temperature performances of SBS-modified
asphalt are effectively improved. However, SBS-modified

asphalt is expensive and deteriorates easily, which limits its
application [4, 5]. Grinding scrap tires to obtain rubber
powder for asphalt modification has become an important
way to treat scrap tires in a harmless and resourceful way
[6, 7]. However, when using rubberized asphalt, the com-
patibility and storage stability of rubber powder and asphalt
are poor, and segregation occurs easily [8, 9], which limits its
further development.

To solve the above difficulties and pain points, road
researchers proposed measures such as rubber powder de-
sulfurization and rubber powder/SBS blending and obtained
preliminary results [10, 11]. Filippelli et al. [12] used ul-
trasonic waves to produce desulfurized rubber powder, and
produced desulfurized rubber asphalt had Dbetter
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deformation resistance and fatigue life. Kabir et al. [13] used
microbial devulcanization of rubber, and its surface energy
was increased three times after devulcanization, which could
increase rubber asphalt interaction and reduce segregation.
Research by Presti et al. [14] found that the solubility of
desulfurized rubber powder is high, the dosage can reach
30%, and the processing time can be shortened. Ibrahim
et al. [15] used radiation to pretreat rubber powder and
found that its high-temperature and low-temperature
properties and antiaging properties were improved. Singh
etal. [16] improved the surface activity of rubber crumb after
desulfurization, which improves the compatibility of rubber
crumb with asphalt and the storage stability of rubber as-
phalt [17]. Shatanawi et al. [18] found that the desulfurized
rubber powder can be melted into asphalt, which enables
modified asphalt to have better storage stability. Kim et al.
[19, 20] used SBS, SIS, petroleum resin, and tire rubber
powder to make composite-modified asphalt. The perfor-
mance of composite-modified asphalt at high temperature
and low temperature was effectively improved, and viscosity
was dependent on the content of rubber powder and SIS.
Behnood and Olek [21] studied the rheological properties of
SBS rubber powder polyphosphoric acid (PPA) composite-
modified asphalt, and its rheological properties at high
temperatures were improved. Ameri et al. [22] found that
adding rubber powder and SBS could improve the fatigue
resistance of modified asphalt. Rasool et al. [23, 24] used a
twin-screw extruder to desulfurize and degrade rubber
powder to improve its dispersing effect on SBS-modified
asphalt. The degree of desulfurization and degradation of
rubber powder was found to affect its dispersibility and
interaction with asphalt. It was then suggested that the
components and materials between desulfurized rubber
powder, asphalt, and SBS exchange and interact, and the
desulfurized rubber powder showed an increase in com-
patibility with asphalt, thereby improving ductility, soft-
ening point, and aging resistance, while reducing viscosity of
composite-modified asphalt, which is advantageous for
construction workability. The SBS powder and desulfurized
rubber powder were also determined to be crosslinked after
aging, which further improved ductility and aging resistance.
Ma et al. [25] developed modified asphalt with stable rubber
powder and found that its storage stability was effectively
improved, and after that, the modification mechanism was
analyzed.

Desulfurized rubber asphalt is produced after rubber
powder is desulfurized, and its storage stability is effectively
improved. To a certain extent, the amount of rubber powder
can be increased and the construction temperature reduced,
but its viscosity and softening point index decrease signif-
icantly, which is not conducive to improving high-tem-
perature performance. Rubber powder/SBS composite
modification can greatly improve the pavement perfor-
mance, and the content of SBS is reduced, reducing the cost
of use, but the compatibility problem has not been effectively
solved.

Based on this, this study extensively uses two solutions of
rubber powder desulfurization and rubber powder/SBS
compounding, with desulfurized rubber powder and SBS as

Advances in Materials Science and Engineering

asphalt modifier materials to produce composite-modified
asphalt and to develop desulfurized rubber powder/SBS
composite-modified asphalt. Then, research was conducted
on the rheological properties of desulfurized rubber powder/
SBS composite-modified asphalt and its mixture’s perfor-
mance. At the same time, compared to SBS-modified asphalt
and rubber asphalt, which are commonly used in pavements,
the advantages of composite-modified asphalt in terms of
the rheological properties of asphalt and the pavement
performance of mixtures are illustrated. Ultimately, the
research results can effectively improve the overall perfor-
mance of modified asphalt, improve the resource utilization
of scrap tires in China, and greatly reduce the cost of asphalt
pavement construction, which has important economic and
environmental significance.

2. Materials and Methods
2.1. Materials

2.1.1. Asphalt

(1) Virgin Asphalt. In this study, base asphalt (SK 90%) was
used to prepare rubberized asphalt or SBS-modified asphalt,
and the basic performance indicators are shown in Table 1.

(2) Modified asphalt. To compare and analyze the perfor-
mance of asphalt and the pavement performance of the
mixture in this paper, three kinds of modified asphalt
commonly used in Shaanxi Province were selected as the
control, namely, SBS-modified asphalt, rubber asphalt, and
desulfurized rubber asphalt produced by an asphalt plant in
Shaanxi Province. The performance indicators are shown in
Table 2.

2.1.2. Desulfurized Rubber Powder. Desulfurized rubber
powder is produced from rubber powder (Figure 1) after
thermal-mechanical shear desulfurization, extrusion, and
granulation by using a twin-screw extruder. The appearance
and shape are shown in Figure 2, and black particles are
uniform in particle size without agglomeration. The tech-
nical indicators are shown in Table 3.

2.1.3. SBS Modifiers. SBS modifiers have thermoplastic
elastomer properties and are widely used in asphalt modi-
fication. An SBS 4303 modifier was selected in this paper,
and the performance indicators are shown in Table 4.

2.1.4. Aggregate

(1) AC-13 aggregate. Coarse aggregates are diorite crushed
stones from a company in Shaanxi, and the specifications are
as follows: 9.5~16 mm, 4.75~9.5 mm, 2.36~4.75 mm. The test
results of physical properties of coarse aggregates are shown
in Table 5. Machine-made sand and mineral powder were
processed by crushed limestone from a company in Shaanxi.
The test results of physical properties are shown in Tables 6
and 7.
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TasLE 1: The basic properties of SK 90 virgin asphalt.

Items Value Requirements
Penetration (25°C, 0.1 mm) 89 80~100
Penetration index -0.6 -1.5~+1.0
Ductility (10°C, cm) >100 >20
Softening point (°C) 46.0 >45
Viscosity (60°C, Pa-s) 162.9 >160
Flash point (°C) 294.3 >245
Solubility (%) 99.97 >99.5
Density (15°C, g/cm®) 1.032 Measured
Loss on heating (%) -0.512 <+0.8
Aged asphalt (TFOT) Penetration ratio (%) 59.9 >57
Ductility (10°C, cm) 9 >8

TaBLE 2: The performance technical indicators of three kinds of modified asphalt.

Desulfurized rubber asphalt

Rubber asphalt

SBS-modified asphalt

Items
Value Value Requirements Value Requirements

Penetration (25°C, 0.1 mm) 65 53 40~80 63 60~80
Ductility (5°C, cm) 12.6 8.5 >8 32 >30
Softening point (°C) 62 68 >58 79 >55
Density (15°C, g/cm®) — 1.047 Measured 1.030 Measured
Viscosity (135°C, Pa-s) 2.527 8.674 — 1.828 <3.0
Viscosity (180°C, Pa-s) 0.790 2.142 1.5~4.0 - —

Loss on heating (%) -0.16 -0.182 <+1.0 -0.229 <+1.0
Aged asphalt (TFOT)  Penetration ratio (%) 90 89 >60 81 >60

Ductility (5°C, cm) 10.1 52 >5 27.4 >20

FIGURE 1: Rubber powder.

FIGURE 2: Desulfurized rubber powder.

TaBLE 3: The technical indicators of desulfurized rubber powder.

Items Value Requirements
Heating loss (80°C) (%) 0.4 <15
Ash (%) 7.2 <8
Acetone extract (%) 16.4 <20
Mooney viscosity ML 100°C (1 +4) 35 <45
Carbon black content (%) 28.3 >18
Rubber hydrocarbon content (%) 48 >40
Iron content (%) 0.028 <0.03
Particle size (mm) 5 <10

TaBLE 4: The performance indicators of SBS 4303.

Items Value
Melt index (g/10 min) 11.0
300% tensile stress (MPa) 2.5
Elongation at break (%) 590
Hardness (degree A) 80
Tear-off permanent deformation 12
Volatile 0.50
S/B (mass ratio) 30/70

(2) SMA-13 aggregate. Aggregates and ore powder were
produced in a factory in Hainan Province. The specifications
of ore materials are 10~15mm, 5~10 mm, 3~5mm, and
0~3 mm, respectively. The technical indicators of aggregates
and ore powders are shown in Table 8.
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TaBLE 5: Coarse aggregate quality specification test results.
Items 9.5~16 mm 4.75~9.5mm 2.36~4.75 mm Requirements
Volume relative density 2.975 2.952 2.884 —
Apparent relative density 3.026 3.021 2.953 >2.6
Water absorption (%) 0.57 0.77 0.81 <2.0
Needle-like particle content (%) 6.1 8.1 — <12
Crushing value (%) 10.3 — — <26
Particle content (<0.075 mm, %) 0.1 0.2 0.1 <1.0
Los Angeles attrition (%) 10.2 — — <28
Polished value (PSV) 43 >38
Soft stone content (%) 1.0 — — <3
Firmness (%) 5.0 <12
Adhesion to asphalt (grade) 5 — — >4
TaBLE 6: Test results of physical properties of manufactured sand.
Items Value Requirements
Sand equivalent (%) 70 >60
Methylene blue value (g/kg) 1.2 <25
Angularity (s) 43 230
Robustness (>0.3 mm) 4.5 <12
Apparent relative density 2.757 >2.5
TaBLE 7: Test results of physical properties of mineral powder.
Items Value Requirements
Apparent relative density 2.717 >2.5
Hydrophilic coefficient 0.70 <1.0
Plasticity index (%) 3 <4
Moisture content (%) 0.1 <1.0
TaBLE 8: Test results of physical properties of SMA-13 aggregates.
Items 10~15mm 5~10 mm 3~5mm 0~3 mm Mineral powder Requirements
. . 2.923 2913 2.862 — — >2.6
Apparent relative density o - - 2818 2756 >25
Volume relative density 2.870 2.863 — — — —
Water absorption (%) 0.63 0.60 — — — <2
Crushing value (%) 10.5 <20
Wear value (%) 12.4 <28

2.2. Test Methods

2.2.1. Evaluation Method of Asphalt Physical Properties.
According to the previous research results of composite-
modified asphalt under different formulations, the mixing
ratio of composite-modified asphalt used in this paper was
determined to be 25% desulfurized rubber powder + 2% SBS.
We first add SBS and then add rubber powder, the prepa-
ration temperature is 175°C, and the shearing time is 50 min.
Conventional indexes such as penetration, softening point,
ductility, and Brookfield rotational viscosity of composite-
modified asphalt were tested according to the Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway
Engineering (JTG E20-2011).

2.2.2. Rheological Property Test. The high-temperature and
low-temperature rheological properties of asphalt were
evaluated by using a dynamic shear rheometer (DSR) and

bending beam rheometer (BBR). The DSR strain control is
12%, the angular frequency is 10rad/s, the temperature
sweep range is 34~88°C, and the temperature range is 6°C.
Parameters such as complex modulus G*, phase angle 6, and
rutting factor were tested. The BBR test temperature range
was —6~—-24°C, the temperature interval was 6°C, and the
parameters such as stiffness modulus S and creep rate m
were also tested.

In the Superpave asphalt binder specification, the
original asphalt rutting factor G*/siné is required to be no
less than 1.00 kPa. The corresponding rutting factor critical
temperature can be obtained by fitting the rutting factor
change curve, which corresponds to the temperature when
the rutting factor is 1.00 kPa. The rutting factor is further
improved, and G*/(sind)’ is used as the improved rutting
factor [26]. The critical temperature was determined by
exponential regression, and then, high-temperature rheo-
logical properties were evaluated. In this paper, formulas (1)
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FI1GURE 3: Synthetic gradation diagram of AC-13 asphalt mixture.

and (2) were used to perform exponential regression fitting
on the rutting factor G = /sind and the improved rutting
factor G * /(sind)’, as well as to further obtain the critical
temperature, and determine its PG classification.

y=exp(a+b*x+c*xﬁ), (1)

y =d * exp(e*x), (2)

where a-e are regression coefficients.

2.2.3. Mixture Mix Ratio Design and Pavement Performance
Test

(1) Mix ratio design. According to the grading requirements
of AC-13 and SMA-13 asphalt mixture in the Technical
Specifications for Construction of Highway Asphalt Pave-
ment (JTG F40-2004), the design of mineral material gra-
dation was carried out. The synthetic gradation diagram of
the mixture is shown in Figures 3 and 4.

The optimum asphalt dosage of desulfurized rubber
powder/SBS composite-modified asphalt in AC-13 mixture
grading was determined to be 4.7%. According to the same
method, the optimum amounts of rubber asphalt, desul-
furized rubber asphalt, and SBS-modified asphalt were de-
termined to be 6.0%, 5.7%, and 4.8%, respectively. In the
gradation of SMA-13 asphalt mixture, the optimum asphalt
dosage of desulfurized rubber powder/SBS composite-
modified asphalt and SBS-modified asphalt was 6.0%. The
optimum asphalt dosage was then applied to the road asphalt
pavement mixture, and after that, test pieces were moulded
for performance testing.

(2) Pavement performance test. According to the Standard
Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering (JTG E20-2011), the rutting test, low-
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temperature trabecular bending test, immersion Marshall
test, and freeze-thaw splitting test were used to evaluate
high-temperature stability, low-temperature cracking re-
sistance, and water stability of asphalt mixture, respectively.

3. Results and Analysis

3.1. Basic Performance Analysis. Penetration, ductility,
softening point, and viscosity of virgin asphalt (VA), rubber
asphalt (RA), desulfurized rubber asphalt (DRA), SBS-
modified asphalt (SBSMA), and desulfurized rubber



powder/SBS composite-modified asphalt (DR/SBSCMA)
were tested. The test results are shown in Figure 5. In the
follow-up research, each type of asphalt is represented by the
corresponding letter code.

From Figure 5, it can be seen that the four types of
modified asphalt have some improvement over the con-
ventional performance of virgin asphalt and that the pen-
etration, softening point, ductility, and viscosity of DR/
SBSCMA could all meet the performance requirements of
composite-modified asphalt in the specification. It is su-
perior to SBSMA, RA, and DRA in ductility and softening
point, especially the softening point, which reached
whopping 90°C, indicating that DR/SBSCMA has excellent
high-temperature performance and tensile strength. It also
proves the stability of the crosslinked lattice structure, which
is formed by rubber powder and SBS is higher than that of
the a single modified asphalt system. The penetration of DR/
SBSCMA is slightly lower than that of SBSMA and DRA but
higher than that of RA. This is due to swelling and dispersion
of rubber powder particles, which absorb a large amount of
light oil, and composite-modified asphalt becomes hard to
some extent, resulting in a decrease in penetration. With
rubber-modified asphalt, the viscosity at 180°C is crucial to
ensure that construction can be carried out smoothly. The
viscosity of DR/SBSCMA is slightly higher than that of
SBSMA and DRA but much lower than that of RA, indi-
cating that composite-modified asphalt can fully meet
construction requirements and does not affect construction
workability.

3.2. Research on Rheological Properties

3.2.1. Dynamic Shear Rheological Test. The American SHRP
program proposes to use the DSR test to evaluate the high-
temperature stability of asphalt, test the complex shear
modulus G * and phase angle J, and calculate the rutting
factor G * /sind. In this paper, the temperature sweep was
used, and the G * and ¢ test results of the five types of
asphalt at a test temperature of 34~88°C are shown in
Figures 6 and 7.

From Figure 6, it can be seen that the complex shear
modulus G * of some asphalt gradually decreases with in-
creasing temperature. Compared to virgin asphalt, the re-
moval of modified asphalt is somewhat slower. In the
temperature range, G * of asphalt ranking from large to
small goes as follows: DR/SBSCMA, SBSMA, RA, DRA, and
VA, indicating that composite-modified asphalt has higher
rigidity and greater resistance to deformation under load.
Modifiers such as rubber powder and SBS have good
resilience and strength, and their incorporation improves
the viscoelastic properties of asphalt and improves the as-
phalt system’s ability to resist deformation. Compared with
the single modification, the compound modification shows
greater improvement in asphalt viscoelasticity.

It can be seen from Figure 7 that the phase angle of virgin
asphalt gradually increases with increasing temperature and
gradually tends to 90°, thereby losing elastic deformability
and entering a viscous flow state. Unlike virgin asphalt, the
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phase angles of four types of modified asphalt became
significantly smaller at the same temperature, indicating that
the addition of the modifier improved the elastic properties
of the asphalt system, and showed a trend of first decreasing
and then increasing with an increase in temperature. In the
lower temperature range, the change in the phase angle was
relatively gentle. At this time, the phase angle trend was
VA >DRA >RA > DR/SBSCMA > SBSMA; when tempera-
ture exceeded 70°C, SBSMA, RA, and DRA had similar
growth trends, while DR/SBSCMA was still growing slowly,
and the phase angle trend at this stage was
VA >RA >DRA >SBSMA >DR/SBSCMA. In the test
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temperature range, high-temperature performance of DR/
SBSCMA and SBSMA was better and temperature sensitivity
was reduced.

The rutting factor G * /sind is calculated, and the results
are shown in Figure 8.

It can be seen from Figure 8 that the rutting factor
gradually decreased exponentially with increasing temper-
ature, and the rutting factor, also called high-temperature
stiffness, characterizes the resistance of asphalt to rutting at
high temperature. It can be intuitively seen that in the
temperature range of 30-50°C, the rutting resistance of the

five types of asphalt is DR/
SBSCMA >RA >SBSMA >DRA >VA. When it exceeds
50°C, asphalt rutting resistance is DR/

SBSCMA > SBSMA >RA >DRA > VA, with DR/SBSCMA
having the strongest high temperature performance, fol-
lowed by SBSMA and RA. As the temperature rises, the
performance difference of four types of modified asphalt
gradually decreased, and it was also shown that the im-
provement in high-temperature performance by the com-
posite modification method was better than that in the single
modification.

The rutting factor G * /sind and the improved rutting
factor G /(sind)’ were further fitted by exponential re-
gression, respectively. The regression curves are shown in
Figures 9 and 10, and it can be seen that equations (1) and (2)
achieved good fitting results. On this basis, the corre-
sponding critical temperatures of the rutting factor and the
improved rutting factor were obtained, respectively, as
shown in Table 9.

It can be seen from Table 9 that the difference between
the critical temperature of the rutting factor determined by
the regression fitting of equations (1) and (2) is not large.
Overall, the fitting results of the critical temperature of
formula (2) were slightly lower than those of formula (1),
and the difference was basically within 3°C. DR/SBSCMA
had the highest critical temperature, the strongest antirut-
ting ability, and met the requirements of high temperature
classification PG-82, followed by SBSMA, RA, and DRA,
which all had the same trend as the softening point index.

The critical temperature of the improved rutting factor is
higher than that of the rutting factor, indicating that the
improved rutting factor is more sensitive to the phase angle,
and the improved rutting factor can be selected when an-
alyzing the difference in the high-temperature performance
of modified asphalt. If high-temperature performance re-
quirements are more stringent or the results are more
conservative, the rutting factor can be selected and fitted
with (2).

3.2.2. Bending Beam Rheometer Test. The creep stiffness
modulus S represents the ability of asphalt to resist per-
manent deformation under low temperature load, and the
creep rate m is the rate of change of the stiffness modulus.
SHRP stipulates that S <300.0 MPa, m >0.300, if stiffness is
too high, asphalt is brittle and prone to cracks; the thermal
stress of asphalt accumulates during the process of tem-
perature reduction, and stiffness changes. The faster the
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FIGURE 8: Test results of the rutting factor.

change, the stronger the relaxation stress. Therefore, a high
m value and low S value can effectively reduce low-tem-
perature cracking, and both are indispensable.

The creep stiffness modulus and creep rate test results are
shown in Figures 11 and 12.

It can be seen from Figure 11 that in the temperature
range of —12~-24°C, except for virgin asphalt, the creep
stiffness modulus of four types of modified asphalt all meets
the requirements of the specification (less than 300 MPa).
Meanwhile, with the decrease in temperature, the stiffness
modulus shows a gradual upward trend, and the increase
range is quite different. DR/SBSCMA and SBSMA have the
same growth trend. When temperature is higher than —18°C,
the growth rate of the stiffness modulus is relatively slow,
and after temperature is lower than —18°C, the amplitude
increases greatly. DRA and RA are completely opposite and
gradually tend to be flat when temperature is lower than
-18°C. After compound modification, DR/SBSCMA did not
show obvious rubber-like asphalt properties in terms of low-
temperature rheological properties, which further indicated
that there was more than physical swelling reaction between
desulfurized rubber powder, SBS, and asphalt.

It can be seen from Figure 12 that with the decrease of
temperature, the creep rate gradually decreases. At —18°C,
several types of asphalt meet specification requirements. At
—24°C, only DRA and DR/SBSCMA meet specification re-
quirements. The creep rate from large to small is DRA > DR/
SBSCMA > RA > SBSMA > VA. The addition of the rubber
powder modifier significantly improved the elasticity of the
asphalt system, enabling it to respond quickly and relax the
stress in the face of thermal stress concentration, thereby
reducing the possibility of cracking.

Based on the test results of the creep stiffness modulus
and creep rate, low-temperature rheological properties from
best to worst are DRA > DR/SBSCMA > RA > SBSMA > VA.
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Combined with the dynamic shear rheological test, PG
grades were carried out, and DR/SBSCMA was PG82-34,
DRA was PG76-34, SBSMA was PG82-28, RA was PG82-28,
and VA was PG64-22.

3.3. Research on the Pavement Performance of Mixture

3.3.1. High-Temperature Stability. The high-temperature
stability of asphalt mixture is mainly reflected in the ability

of the pavement to resist rutting when the pavement is
subjected to traffic loads during the high-temperature
process in summer. The rutting test results are shown in
Figure 13.

From Figure 13 it can be seen that the dynamic rut
stability of four modified asphalt mixes far exceeds the re-
quirements of more than 3000 or 5000 times/mm in the
specification. Moreover, DR/SBSCMA had excellent high
temperature stability for both AC-13 and SMA-13 com-
pounds, as they both improved to varying degrees compared
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TaBLE 9: Test results of critical temperature.

G #* /sind critical temperature (°C)

G * /(sind)’ critical temperature ("C)

Type Equation (1) Equation (2) Equation (1) Equation (2)
VA 65.25 65.43 65.30 65.49
RA 84.12 83.05 87.81 85.43
DRA 82.67 81.95 86.71 85.29
SBSMA 89.06 87.02 95.99 91.25
DR/SBSCMA 90.29 87.17 111.44 94.19
750 modified asphalt, there is no need to add lignin fibers into
the composite-modified asphalt SMA mixture. When fibers
are added, they affect mixing difficulty of mixture and in-
600 - crease production costs.
g 401 3.3.2. Low-Temperature Crack Resistance. The low-tem-
§ perature cracking of asphalt pavements is prone to occur in
300 4 areas with large temperature difference, and temperature
drops, the volume shrinkage of mixture is limited, and
temperature stress is generated. The results of the trabecular
150 ~ bending test are shown in Figure 14.
It can be seen from Figure 14 that the elongations at
0 break of four types of modified asphalt in the mixed bending

T T T
-12 -18 -24
Temperature (°C)

= VA —¥— SBSMA
—-eo— RA DR/SBSCMA
—a— DRA

FIGURE 11: Creep stiffness modulus test results.

to other types of modified asphalt, and rut deformation was
also effectively improved, indicating that the composite
modification of desulfurized rubber powder and SBS can
effectively improve mixtures’ resistance to high temperature
and load capacity. When continuously rated to AC-13, the
dynamic stability of composite-modified asphalt was 24.3%,
7.0%, and 5.0% higher than that of RA, DRA, and SBSMA,
respectively. With SMA-13 discontinuous grading, the dy-
namic stability of composite-modified asphalt mixture
reaches 8664 times/mm, which is 5.2% higher than that of
SBS-modified asphalt mixture. This shows that composite-
modified asphalt has a more obvious effect on improving
high-temperature stability in batch sorting and has more
performance advantages. At the same time, it can be noted
that under the same type of asphalt, the dynamic stability of
the SMA-13 compound is significantly higher than that of
the AC-13 compound. This is because the gradation com-
position of the SMA-13 mixture is different, and the ag-
gregate contains coarse aggregates. During the moulding
process, aggregates are embedded into a skeletal structure
and pores are filled with mastic, which consists of fine ag-
gregates, mineral powder, and asphalt. This special structure
has stronger integrity and more strength, showing that
SMA-13 connection has better high-temperature stability. In
addition, because of high viscosity properties of composite-

tests AC-13 and SMA-13 all meet the technical require-
ments. In the AC-13 mixture, rubber asphalt has the highest
elongation at break, followed by DR/SBSCMA and SBSMA,
and DRA has the lowest elongation at break, indicating that
rubber asphalt has the best low-temperature crack resis-
tance. On the other hand, in the SMA-13 mix, the low-
temperature crack resistance of SBS-modified asphalt has
more performance advantages than that of composite-
modified asphalt. For the same type of asphalt, the crack
resistance of the SMA-13 compound proved to be better
than that of the AC-13 mixture.

Without considering aggregate forces, there are a large
number of rubber powder particles due to the special system
structure of rubber asphalt. When loaded, the load is mainly
concentrated on rubber powder particles, because rubber
powder has its own elastic properties, and it can absorb and
consume external energy, so it can store a large amount of
elastic strain energy, thereby improving the low-temperature
crack resistance of rubber asphalt. Since the modified ma-
terial for composite-modified asphalt and desulfurized
rubber asphalt is mainly desulfurized rubber powder,
desulfurized rubber powder is easier to swell and decompose
into asphalt, different from ordinary rubber powder. The
reaction in asphalt is more complete and forms a more stable
overall structure with asphalt. At the same time, desulfurized
rubber asphalt and composite-modified asphalt are manu-
factured by the shearing method, considering that different
manufacturing methods have a certain influence on it, there
are fewer and smaller rubber powder particles in asphalt.
Meanwhile, rubber asphalt is produced by agitation
methods, and the incompatibility of rubber powder and
asphalt leads to a large number of large rubber powder
particles in asphalt, which has a positive effect on low-
temperature cracking resistance.
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FIGURE 13: Results of the mixture rutting test.

In the low-temperature flexural test, rubber-modified
asphalt has higher fracture stress than SBS-modified asphalt,
indicating that the addition of the rubber-based modifier has
a positive effect on stress absorption and is used in the
asphalt pavement with high cold crack resistance require-
ments. When planning, it is recommended that rubber-
modified asphalt be used. In addition, rubber asphalt has a
better effect on reducing road noise.

3.3.3. Water Stability. Water damage usually means that
under the action of rainwater and seasonal freeze-thaw
cycles, road surface water enters the interior of the pavement
structure through cracks or the dynamic water pressure of
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FIGURE 14: Results of the bending test of mixture.

the load. Under the action of water and load, the adhesion
between asphalt and aggregate is gradually weakened. Then,
they are separated from each other and damaged. The results
of immersion Marshall and freeze-thaw split tests are shown
in Figure 15.

From Figure 15, it can be seen that the residual stability
ratios in water immersion from large to small are DR/
SBSCMA > SBSMA >DRA > RA. The residual stability of
four types of modified asphalts meets the specification re-
quirements. In AC-13 and SMA-13 mixtures, the residual
stability of the composite-modified asphalt mixture excee-
ded 95%, and especially, in the AC-13 mixture, the residual
stability of composite-modified asphalt reached 98%. This
shows that it has excellent water damage resistance and that
the compound modification of desulfurized rubber powder
and SBS can improve the water stability of the compound.
The strength of the mix depends on the cohesiveness of
asphalt and the internal friction between minerals. The
addition of desulfurized rubber powder and SBS increases
the viscosity of asphalt, which improves the interfacial
strength between asphalt and aggregates, effectively reducing
oil scale detachment, and further improves adhesion and
resistance to water damage, ultimately improving the water
stability of the mixture.

The improvement of compound-modified asphalt by
desulfurized rubber powder and SBS contrasts with other
related research on rubber-asphalt mixtures. Usually, water
stability is affected by the addition of rubber powder. This is
because ordinary rubber powder cannot completely react
with asphalt and there are a large number of incompletely
dissolved rubber powder particles. As a stress concentration
point, it is easy to generate stress concentration and damage.
On the other hand, the addition of rubber powder to absorb
the light oil and part of paraffin in asphalt increases asphaltic
acid and acid anhydride in asphalt, which is beneficial for the
adhesion of stone and asphalt. The two effects have a mu-
tually weakening and strengthening effect on water stability.
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The composite-modified asphalt in this study is different
from conventional rubber asphalt. The modification process
is no longer simple physical swelling but a compatible and
stable modification of the coexistence of physical mixing and
chemical reaction, forming a more stable three-dimensional
network structure, and there is not a large amount of un-
dissolved rubber powder particles. Under the compatible
and stable system, mutual flow between molecules is im-
peded, viscosity increases, cohesion is increased, aggregate
encapsulation is stronger, and cohesion is improved, and it
has a greater positive effect on water stability.

The freeze-thaw splitting test results are shown in
Figure 16.

It can be seen from Figure 16 that the residual strength
ratio of freeze-thaw  splitting is SBSMA > DR/

11

SBSCMA >DRA > RA. In the AC-13 and SMA-13 mixtures,
the residual strength ratio of the composite-modified asphalt
mixture reached more than 90%, which was slightly lower
than that of SBS-modified asphalt. The reason for the above
results may be that rubber powder particles made asphalt
hard at low temperature and viscoelastic properties de-
creased, thus affecting its water stability.

On the other hand, considering that the curing tem-
perature of the specimens in the immersion Marshall test
and the freeze-thaw split test were 60°C and —18°C, re-
spectively, combined with the properties of composite-
modified asphalt and SBS-modified asphalt. Composite-
modified asphalt had stronger adhesion at a temperature of
60°C; SBS-modified asphalt had stronger rheological and
low-temperature properties at —18°C, which are reflected in
Sections 3.1 and 3.2. Thus, the different performance trends
of composite-modified asphalt and SBS-modified asphalt in
the two tests appeared.

Under the same asphalt conditions, the residual stability
ratio and the strength ratio of AC-13 mixture are larger than
those of SMA-13 mixture, indicating that AC-13 mixture has
stronger resistance to water damage, which is closely related
to gradation. AC-13 is a continuous dense gradation, which
contains more fine aggregates, the flatness and the depth of
the surface structure are small, and it is not easy for the
surface water to enter the interior of the mixture structure,
which reduces the impact of water damage on it. The SMA-
13 mixture contains more coarse aggregates, has larger
structural depth, and is more likely to accumulate and store
water. Under the action of load, small molecular water easily
enters the structure and affects water stability.

Based on the above analysis, composite-modified asphalt
has water stability equivalent to that of SBS and even sur-
passed SBS-modified asphalt in the water immersion
Marshall test, indicating that the composite modification
improved the water damage resistance of the asphalt mixture
to a certain extent, and the improvement was more obvious
in the AC-13 mixture.

4. Conclusions

In this paper, the rheological properties of desulfurized
rubber powder/SBS composite-modified asphalt and the
properties of its mixture were studied. The main conclusions
are as follows:

(1) DR/SBSCMA is superior to SBSMA, RA, and DRA in
terms of ductility and softening point, especially the
softening point which reached 90°C, with excellent
high temperature performance and tensile strength.
In addition, the penetration ofDR/SBSCMA is
slightly lower than that of SBSMA, and the viscosity
ofDR/SBSCMA is slightly higher than that of SBSMA
and DRA but much lower than that of RA.

(2) DR/SBSCMA has higher stiffness and greater de-
formation resistance under load and has the stron-
gest high-temperature performance, followed by
SBSMA and RA. With the increase in temperature,
the performance difference of four types of modified



12

asphalt gradually narrows, showing that the im-
provement of rheological properties by composite
modification is better than that of a single modifier.
Low-temperature rheological properties were as
follows: DRA > DR/SBSCMA > RA > SBSMA > VA,
The comprehensive high- temperature and low-
temperature rheological tests were carried out for PG
classification, and DR/SBSCMA was found to be
PG82-34, DRA was PG76-34, SBSMA was PG82-28,
RA was PG82-28, and VA was PG64-22.

(3) DR/SBSCMA maintains excellent high-temperature
stability in both AC-13 and SMA-13 mixtures, which
is improved to varying degrees compared with other
modified asphalt, and rutting deformation is also
effectively improved. It has the advantage of high-
temperature performance in intermittent grading.
The low-temperature cracking resistance of DR/
SBSCMA is slightly lower than that of SBS-modified
asphalt, but both meet the requirements of the
specification. The water stability of DR/SBSCMA is
comparable to that of SBS-modified asphalt, reach-
ing more than 90%, which is better than that of RA
and DRA, thereby proving its excellent water
stability.
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In order to study the variations of the non-Darcy flow permeability coeflicient and the porosity of permeable friction courses
(PFCs), as well as the effects of the coupled seepage and stress fields on them, repeated uniaxial compression tests were carried out
under the coupled action of water and a load. A set of water and load coupling tests were conducted, and a non-Darcy flow
permeability coefficient tester was also made. After the PFC-13 specimen was carried out by the repeated uniaxial compression test
under the water and load coupling, the total air void ratio and effective air void ratio were measured by the vacuum sealing
method, and the non-Darcy flow permeability coefficients were obtained by a non-Darcy flow permeability coefficient tester. It
was found that the coupled action of water and a load caused the total air void ratio, effective air void ratio, and permeability
coeflicient to sharply increase and reduced the number of repeated uniaxial compression cycles. These results are helpful for the
design, construction, and maintenance of PFC mixtures.

1. Introduction

Permeable friction courses (PFCs) [1] are a new generation
of open-graded friction courses (OGFCs). PFCs typically
contain at least 20% more asphalt binder (by volume) than
conventional OGFC mixtures. PFCs contain 18%-22% air
voids, whereas conventional OGFC mixtures only contain
10%-15% air voids [2]. Unlike conventional OGFCs, PFCs
typically contain polymer fibers [1].

PFCs have many advantages, but durability is a critical
issue. The existing standard methods to evaluate the dura-
bility of PFCs typically only include the Cantabro loss [3, 4],
the indirect tensile (IDT) strength [3, 4], and the Hamburg
wheel tracking test (HWTT) [5].

Poulikakos et al. used a coaxial shear test and wheel
tracking tests to investigate the mechanical properties of
porous asphalt mixtures [6]. Because PFC mixtures have
large air voids, the freeze-thaw process cannot cause internal
damage, and therefore, the indirect tensile strength is less

likely to decrease. At the same time, there is water in the
voids, which influences the Cantabro loss in the Cantabro
test. Huang et al. [7] used fracture energy to evaluate the
durability of porous asphalt mixture.

The coaxial shear test and Hamburg wheel tracking test
can simulate a load and the influence of water and tem-
perature. However, water does not flow in the pores, and
thus, the test cannot reflect the seepage process of rainwater
in the pores. Yang and Zhou [8] investigated the immersion
fatigue of a dense asphalt mixture and found that the effect of
static and dynamic water on the fatigue lives of asphalt
mixtures was not significant.

The main causes of asphalt pavement damage are a heavy
load and repeated rolling. In addition, excess-pressure pore
water is also an important factor causing asphalt pavement
damage. The existence of moisture significantly affects the
material properties of the asphalt mixture, and it changes the
mechanical response of the asphalt mixture under a load. In
the process of water seepage, the change of the seepage field
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FIGURE 1: Flowchart of study materials and corresponding test methods.

leads to the redistribution of stress in the mixture. At the
same time, due to the change in stress, the void ratio and
void volume will also be affected.

Kringosn et al. [9] believed that water intruded into the
gaps between the asphalt and aggregate and produced a
pumping effect under a load, resulting in water damage, and
they established a fluid-solid coupling model based on this.
Sietal. [10] established a viscoelastic constitutive equation of
asphalt and a finite element model of asphalt pavement,
deduced the stress seepage coupling equation of asphalt
pavement, and verified the effectiveness of the model. Ding
and Wang [11] analyzed the mechanical response of satu-
rated asphalt pavement under the coupling of a seepage field
and a stress field.

Sun et al. [12] studied the dynamic response of unsat-
urated permeable asphalt pavement under a moving load
with a three-dimensional finite element model with the
coupling of water, air, and forces based on unsaturated
seepage theory. Si et al. [13] computed the mechanical re-
sponse of asphalt pavement under rainfall with the finite
element method.

From above the papers, it was found that the variations
of non-Darcy flow permeability coefficient and the porosity
of permeable asphalt mixture samples, as well as the effects
of the coupled seepage and stress fields on them, have been
less studied after repeated uniaxial compression tests.

In this paper, first, the optimal asphalt-aggregate ratio
was determined by a draindown loss test. Second, PFC-13
specimens were formed by a gyratory compactor. Water and
load coupling tests were conducted, and non-Darcy flow
permeability tests were also conducted. After the specimens
underwent repeated uniaxial compression tests under the
coupled action of water and a load, the total air void and
effective air void ratios were measured by a vacuum sealing
method, and the non-Darcy flow permeability coefficients
were obtained by a non-Darcy flow permeability tester. The
materials and corresponding test methods used in this study
are summarized as a flowchart in Figure 1.

2. Materials

2.1. High-Viscosity Polymer-Modified Asphalt. The high-
viscosity polymer-modified asphalt composed of a high-
viscosity polymer modifier and styrene-butadiene-styrene
(SBS) polymer-modified asphalt, and they were mixed to-
gether and sheared for 30 min at 4000-5000 r/min and 180°C
[14]. The technical properties [15] are shown in Table 1.

2.2. Aggregate

2.2.1. Coarse Aggregate. Hard sandstone aggregate was used
to form a skeleton contact structure of the coarse aggregate.
The technical properties [2] are shown in Table 2.

2.2.2. Fine Aggregate. The fine aggregate used was lime-
stone-manufactured sand. The technical properties [2] are
shown in Table 3.

2.3. Filler. The filler was limestone powder, which could
significantly enhance the adhesion between the aggregate
particles [2]. The technical properties are shown in Table 4.

2.4. Fiber Stabilizer. Polyester fiber does not absorb water,
which is helpful in improving the moisture stability of PFC
mixtures. At the same time, the polyester fiber was easily
dispersed during the mixing process. Hence, polyester fibers
with lengths of 9 mm and diameters of 15 ym were used.

3. Aggregate Gradation and Optimal Asphalt-
Aggregate Ratio

3.1. Aggregate Gradation. The 10-15mm coarse aggregate,
0-5mm fine aggregate, and the filler were sieved. Their
results are shown in Table 5. According to the technical
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TaBLE 1: Technical properties of high-viscosity polymer-modified asphalt.

No. Item Unit Requirements Results

1 Penetration degree (25°C, 100 g, 55) 0.1 mm 40-60 48

2 Ductility (5°C, 5 cm/min) cm > 35 47

3 Softening point Tregp °C > 85 97

4 Capillary dynamic viscosity, 60°C kPa-s 400-800 509.6

5 Viscosity, 25°C N-m > 25 53.3

6 Toughness, 25°C N-m > 20 35.0

7 Elastic recovery, 25°C % > 90 99.3

TaBLE 2: Technical properties of hard sandstone aggregate.

No. Item Unit Requirements Results

1 Stone crushing value % <24 9.5

2 Los Angeles abrasion loss % <26 10.4

3 Apparent relative density — > 2.60 2.912

4 Water absorption % <20 0.8

5 Robustness % <12 1.3

6 Flatness, elongated particles % <10 9.0

7 Particle content smaller than 0.075 mm % <1 0.6

8 Soft stone content % <1.0 0

9 Polishing value PSV > 42 52

10 Adhesion level for asphalt — Level 5 Level 5

TaBLE 3: Technical properties of limestone machine-made sand.

No. Items Unit Requirements Results

1 Apparent relative density — > 2.60 2.912
Particle content smaller than 0.075 mm % <1 0.6

TaBLE 4: Technical properties of limestone filler.

No. Item Unit Requirements Results
1 Apparent relative density —— > 2.60 2.723
Particle size range — — —
< 0.6 mm % 100 100
2 < 0.3mm % 95-100 99.8
< 0.15mm. % 90-100 95.4
< 0.075 mm % 75-100 79.9

requirements [15], the combined aggregate gradation of
PFC-13 is shown in Table 6.

3.2. Optimal Asphalt-Aggregate Ratio. First, five groups of
PFC-13 mixtures were prepared according to the suggested
asphalt-aggregate ratio of +0.5%. Second, the draindown
losses of the PFC-13 mixtures were measured. Finally, fitted
power function curves were obtained. Two tangent lines,
labeled 1 and m, were drawn, which intersected at point
A. The straight line labeled o bisected the angle ¢ and
intersected the fitted curve at point B. Through point B, the
vertical straight line n of the horizontal axis (asphalt-stone
ratio) was drawn and intersected at point D. The value
corresponding to point D was the optimal asphalt-stone
ratio [15], as shown in Figure 2. According to Figure 2, the
optimal asphalt-aggregate ratio was 5.1%.

4. Repeated Uniaxial Compression Test of
Seepage and Stress Field Coupling

A seepage field is a water flow field in which water with a
certain flow velocity flows from a porous medium. If there is
no other load coupled with it, the water seepage field is a
hydrostatic seepage field, and hydrostatic pressure is applied
to the pore walls [16]. The stress field is due to an applied
external load on the top surface of the sample, which acts on
the sample and generates a stress field in the porous me-
dium. For a porous medium similar to a permeable asphalt
mixture, this stress field is borne by the particle skeleton
around the pores.

When a seepage field and a stress field are generated
simultaneously in the porous medium, the seepage-stress
coupled field is formed in the porous medium. In order to
simulate the damage of the permeable asphalt mixture
specimen caused by the coupling of seepage and stress fields,
a system for performing repeated uniaxial compression tests
under the coupling of a seepage field and a stress field was
designed and fabricated, as shown in Figure 3. The water
flow volume, which was coupled with the stress field, was
about 5L/h [17]. This simulated the non-Darcy flow seepage
of a rainstorm in permeable asphalt mixture pavement,
forming a seepage field.

As shown in Figure 3, the seepage field was established
with a water pump, transparent rubber pipe, flowmeter,
loading permeable plate, and water tank. The red circle
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TABLE 5: Aggregate sieving analysis.

Sieve size
Aggregate size 16 13.2 9.5 4.75 2.36 118 0.6 0.3 0.15 0.075
Percentage of weight passing (%)
10-15 100.0 93.0 14.5 1.2 1.2 1.0 1.0 1.0 1.0 1.0
0-5 100.0 100.0 100.0 100.0 84.2 59.3 40.3 25.5 18.3 14.5
Filler 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.8 95.4 79.9
TaBLE 6: Combined aggregate gradation of PFC-13.
. Percentage of weight passing (%)
Gradation
16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Gradation two 100.0 94.1 27.3 16.0 13.9 10.6 8.1 6.2 52 4.4
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FIGURE 2: Draindown loss vs. asphalt-aggregate ratio.

highlights the water flowmeter. Water seeped into the
permeable asphalt mixture specimen through the water
flowmeter and a loading plate to simulate the seepage
process of rainwater in the permeable asphalt mixture
pavement. To describe the process of the seepage and stress
field coupling, a schematic diagram of the coupling test is
shown in Figure 4.

As shown in Figure 4, water percolated into the per-
meable asphalt mixture specimen at a certain flow rate, and a
seepage-stress coupled field was formed in the permeable
asphalt mixture specimen together with the load on the top
of the specimen to jointly load the permeable asphalt
mixture specimen. The impermeable metal floor simulated
the impermeable layer. Water seeped out from the side wall
of the permeable asphalt mixture specimen and the top part
of the impermeable metal base plate.

5. Non-Darcy Flow Permeability Coefficient of
Compacted Permeable Asphalt Mixture

In order to obtain the non-Darcy flow permeability coef-
ficient (or hydraulic conductivity) of the compacted per-
meable asphalt mixture, a non-Darcy flow permeability
tester was designed and fabricated. Its design sketch is shown
in Figure 5, and Figure 6 shows a photograph of the actual
system.

Based on Figure 5, the water heads at ¢, and ¢, can be
expressed as

P

‘/’1:21"';)_;7’ (1)
P,

¢2=z2+@, (2)

where Z, is the water head at the position of the inlet section
of the sample with respect to the reference plane 0-0, Z, is
the water head at the position of the outlet section of the
sample with respect to the reference plane 0-0, P, is the
water pressure on the inlet section of the sample, whose
value is equal to the water head of the water column ¢, — Z,
P, is the water pressure on the outlet section of the sample,
whose value is equal to the water column ¢, — Z,, p is the
density of water, generally taken as 1.0 x 10> kg/m>, and g is
the gravitational acceleration, generally taken as 9.81 m/s’.

The rate of water flow Q (volume per unit time) is equal
to the product of the average seepage velocity u and the
constant cross-sectional area A, i.e.,

(3)

u=-—,
A
where u is the average seepage velocity of water in the porous
medium (m/s), Q is the rate of water flow (volume per unit
time) through the porous medium sample (m’/s), and A is
the cross-sectional area of the porous medium sample (m?).

Considering the effective porosity ¢ of the porous media
sample [16], (3) is rewritten as

uz(p%. (4)

When water is in a laminar flow state in the porous
medium, i.e., Darcy’s flow, the permeability coefficient of
Darcy’s flow [18] is calculated through Darcy’s law, as
follows:

oP 1
L 5
ox kM )

where P is the pressure (Pa), X is the seepage length of water
in the porous medium (m), y is the dynamic viscosity (the
dynamic viscosity of water is 1.01 x 107 Pas at 20°C), u is the
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FIGURE 3: Seepage field-stress field coupling test.

‘Water

Sample

Water tank

Impermeable
metal plate

Load

FIGURE 4: Schematic diagram of the seepage field-stress field coupling test.

average seepage velocity of water in the porous medium (m/
s), and k is the hydraulic conductivity (m?).

Therefore, it is necessary to convert k into a permeability
coefficient K (m/s), as follows:

Pg
K=k—=. 6
P (6)
According to Figure 5 and equation (6), equation (5) is
changed to an expression of the head gradient:
A u
_A¢ _u )
AX K
When the effective porosity of the porous medium is
large, it is generally considered that the seepage of water in
the porous medium is non-Darcy flow and satisfies the
Forchheimer equation, which can be expressed using either
of the following forms [19, 20]:

5
Outlet
J/ Sink
oP uu 2
-7 8
N a Bou”, (8)
0
AX K g

where f3 is the Forchheimer coefficient (1/m). The meanings
of the other parameters are the same as above.

The permeability coefficient (or hydraulic conductivity)
of the compacted permeable asphalt mixture is obtained
based on Figures 5 and 6, equations (1)-(9), and the fol-
lowing test steps:

(1) After the permeable asphalt mixture specimen un-
derwent the repeated uniaxial compression test
under seepage and stress field coupling, according to
the non-Darcy flow permeability coefficient tester
described above, the water drainage volume M at
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FIGURE 5: Schematic diagram of non-Darcy flow permeability coefficient tester.

FiIGUure 6: Non-Darcy flow permeability coeflicient tester for
compacted PFC-13 specimen.

time t was measured five times. The maximum and
minimum values among the five values were re-
moved, whereupon the average value Mof the
remaining three values was calculated.

(2) Q was calculated as follows:

Q= (10)

NE

(3) The average seepage velocity was calculated using
equation (3) or (4)

(4) The water pressure gradient was calculated

(5) The water outlet height was changed, which in turn
changed the water pressure gradient

30000 -
25000 -
20000 -
15000 -
10000 -

V= 627.76x% + 352.87x
5000 - R?=0.9993

Pressure gradient (Pa/m)

0 T T T 1
0.00 2.00 4.00 6.00 8.00

Flow velocity (m/s)

FiGure 7: Flow velocity vs. water head gradient.

(6) According to steps (1)-(4), five groups of seepage
velocities and their corresponding pressure gradients
were obtained

(7) Based on equation (8) or (9), the above five sets of
data were fitted with a one-variable quadratic
equation, as shown in Figure 7

(8) Based on equation (8) or (9), the coefficients of the
first-order and second-order terms of the one-var-
iable quadratic fitting equation were converted into a
k or K value and a f§ value.

Based on the fit shown in Figure 7, fp = 627.76 and
ulk = 352.87. The f and k values were calculated according
to the density and dynamic viscosity of water: 5 was 0.628
and k was 2.862 x 107°. Based on the k values and (6), k was
transformed into K, and K was 27.801 m/s. The test pro-
cedure from Step (1) to Step (8) is shown in Figure 8.

From the non-Darcy flow permeability coefficient test,
the relationship between the permeability coefficient and
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Repeated unaxial compression test
under the coupling of seepage field
and stress field
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FIGURE 8: Test process of non-Darcy flow permeability coefficient.
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FIGURE 9: Permeability coefficient vs. pressure gradient.

pressure gradient was determined, as shown in Figure 9. The
water flow in the permeable asphalt mixture specimen was a
typical non-Darcy flow, and the permeability coefficient had
a nonlinear relationship with the pressure gradient.

6. Testing Plan

6.1. Preparation of PFC-13 Specimen. According to the
combined aggregate gradation and the optimal asphalt-ag-
gregate ratio of the PFC-13 mixture, PFC-13 specimens with
150 mm diameters and 150 mm heights were prepared with a
gyratory compactor, as shown in Figure 10.

In this study, the vacuum sealing method was used to
measure the bulk-specific densities of the PFC-13 specimens

FIGURE 10: PFC-13 specimens prepared with a gyratory compactor.

and to calculate the total air void and effective air void ratios,
as shown in Figure 11. The results are shown in Table 7. The
effective air void ratio was about 5% smaller than the total air
void ratio, which fully indicated that there were partially
closed pores in the compacted PFC-13 sample, which would
not affect its permeability.

6.2. Test Load. The test load of this study was set as a contact
pressure between a rubber tire and asphalt pavement of
700 kPa, i.e., a standard contact load. Under the action of the
above three contact loads, the variation characteristics of the
permeability of the compacted permeable asphalt mixture
samples were studied. The load waveform was half a sine
wave with a frequency of 10 Hz. After the PFC-13 specimens
underwent repeated uniaxial compression under water and
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FIGURE 11: Total air void and effective air void ratios determined using the vacuum sealing method.
TaBLE 7: Total air void and effective air void ratios of PFC-13 specimens.
No. Bulk-specific relative density Theoretical maximum relative density Total air voids (%) Effective air voids (%)
1 1.971 2.450 19.6 14.6
1.911 2.450 22.0 18.5

load coupling, the total air void ratio, effective air void ratio,
sample height, and permeability coefficient were measured.

7. Results and Discussion

In order to reduce the influence of water in the pores on the
total air void ratio and especially on the effective air void
ratio, after repeated uniaxial compression tests, the samples
were first dried by fans. During the drying process, the water
in the pores basically flowed out under the dual effects of
self-weight and wind. In the process of drying, the sample
mass was determined by weighing. If the weight difference
between two consecutive times was less than 0.1%, it indi-
cated that the water in the sample flowed out completely.

7.1. Effect of Seepage Field on Damage Factors. In order to
compare the influence of the seepage field on the damage
factor, the damage factor was calculated as follows:

hy—h
H=-0 "7
ho (11)

where H is the damage factor, hj is the original height of the
sample (mm), and A, is the height of the sample after # cycles
of repeated uniaxial compression testing (mm).

Repeated uniaxial compression tests were carried out on
PFC-13 specimens under a nonseepage field and a seepage
field. Based on (10), the damage factors were calculated, as
shown in Figure 12. For the same number of repeated
uniaxial compression cycles, namely, 2 million cycles, the
damage factor was about 0.006 for the nonseepage field, but
the damage factor was about 0.025 for the seepage field. The
ratio of 0.025-0.006 was 4.2, indicating that the seepage field
along with the stress field heavily accelerated the damage of
the PFC-13 specimens.

7.2. Effect of Seepage Flow Field on Total Air Void and Effective
Air Void Ratios. In order to eliminate the influence of the
initial air voids on the number of repeated uniaxial
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FIGURE 12: Relationship between the number of uniaxial loading
cycles and the damage factor.

compression cycles, the total air void and effective air void
ratios were measured after each repeated uniaxial com-
pression test and were divided by the initial total air void and
effective air void ratios. The ratio of these two sets of data was
used to express the change in voids. Then, the relationships
between the ratios and the number of repeated uniaxial
compression cycles are shown in Figures 13 and 14. It can be
seen from Figure 13 that when the total air void ratio was 1%,
the number of repeated uniaxial compression cycles for the
nonseepage field was about 1.5 times that for the seepage
field. It can be seen from Figure 14 that when the effective
void ratio was about 1%, the number of repeated uniaxial
compression cycles for the nonseepage field was about 1.3
times that of the seepage field.

Therefore, under the coupled action of the seepage field
and the stress field, the changes in total air void and effective
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FIGURE 13: Relationship between repeated uniaxial compression cycles and ratio of total air voids.
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FIGURE 14: Relationship between repeated uniaxial compression cycles and ratio of effective air voids.

air void ratios of PFC-13 were accelerated. At the same time,
the total air void and effective air void ratios decreased first
and then increased with the increase in the number of re-
peated uniaxial compression cycles. This showed that the
PFC-13 specimen was compacted first and then cracks
appeared in the specimen. Then, changes in the displace-
ment of the aggregates began to occur, and the specimen was
damaged.

7.3. Effect of Seepage Field on Permeability Coefficient.
Figure 15 shows the relationship between the number of
repeated uniaxial compression cycles and the non-Darcy
flow permeability coefficient. When the permeability coef-
ficients were the same, the seepage field had a great impact
on the number of repeated uniaxial compression cycles, and
this effect was more significant with the increase in the
number of repeated uniaxial compression cycles. When the
permeability coefficient was 500 m/s, the number of repeated
uniaxial compression cycles with the nonseepage field was
about 1-2 times that with the seepage field. Therefore, the
coupled effect of the seepage field and the stress field
accelerated the water damage of the PFC-13 specimen.
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100 ~

Permeability coefficient (m/s)

T T T T 1
0 100 200 300 400 500

Repeated uniaxial compression cycles (10000)

—e— Seepage field
—s— Non-seepage field

FiGUre 15: Relationship between repeated uniaxial compression
cycles and permeability coeflicient.

Furthermore, it was found that the non-Darcy flow
permeability coeflicient decreased first and then increased
with the increase in the number of repeated uniaxial
compression cycles, which fully showed that the PFC-13
specimen was further compacted first and then gradually
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TaBLE 8: Repeated uniaxial compression test results with non-seepage field.

Repeated uniaxial compression cycles (10000) Total air voids (%) Effective air voids (%) Damage factor Permeability coefficient (m/s)

450 23.0
290 19.8
170 19.3
90 19.2
50 19.1
30 19.2
20 18.8
10 19.4
0 19.6

20.1 0.0272 512.243
15.1 0.00855 113.884
15.0 0.00693 11.883
15.3 0.00535 5.525
15.6 0.00367 9.418
14.1 0.00356 17.828
14.4 0.00355 25.648
14.85 0.00355 —
14.6 0 28.339

TABLE 9: Repeated uniaxial compression test results with seepage field.

Repeated uniaxial compression cycles (10000) Total air voids (%) Effective air voids (%) Damage factor Permeability coefficient (m/s)

300 23.8 19.9 0.0456 545.256
140 20.5 17.7 0.0141 99.128
60 19.6 16.2 0.00698 65.716
20 20.2 15.6 0.00375 15.537
0 22.0 18.5 0 60.310
600.000 600.000
_ y = 16.947x% - 585.45x + 5016.4 = _ =
é 500.000 - R?=0.9817 : § 500.000 - *
5 400.000 - 5 400.000 -
é é ¥ = 0.0058¢0-3479x
[ i 3 n 2 —
8 300000 9 41 996:2 - 1712.9x + 17509 s 300.000 R7=0.5044
= R?=0.9762 =
Z 200.000 Z 200.000
5 100.000 - 5 100.000 - . y = 0.001e 6415
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FIGURE 16: Relationship between total void ratio and non-Darcy
flow permeability coefficient.

developed cracks during the repeated uniaxial compression
test.

7.4. Relationship between Non-Darcy Flow Permeability Co-
efficient and Air Voids. Curves relating the total air void and
effective air void ratios to the non-Darcy flow permeability
coefficient (Tables 8 and 9) are shown in Figures 16 and 17,
respectively. According to Figure 16, the non-Darcy flow
permeability coefficient followed a one-dimensional qua-
dratic relation with the total air void percentage. When the
total air void percentage exceeded 21.4%, the permeability
coefficient increased sharply. Figure 17 shows that the
correlation between the permeability coeflicient and the
effective air voids was adequate, which could be described by
an exponential function. The overall variation trend was that
the non-Darcy flow permeability coefficient increased with
the increase in the effective air void ratio. Similarly, when the

13 14 15 16 17 18 19 20 21
Effective air void ratio (%)

+ Non-seepage field
» Seepage field

FIGUre 17: Relationship between effective void ratio and non-
Darcy flow permeability coeflicient.

effective air void ratio was about 18.1%, the non-Darcy flow
permeability coeflicient increased significantly.

8. Conclusions

In this paper, a draindown loss test and power function
fitting were used to determine the optimal asphalt-aggregate
ratio of a PFC-13 mixture. The coupled action of water and a
repeated compression load on PFC-13 specimens was ex-
amined. The vacuum sealing method was used to measure
the total air void and effective air void ratios. A non-Darcy
flow test device was made to measure the permeability
coeflicients of the PFC-13 specimens. It was found that the
damage factor, total air void ratio, effective air void ratio, and
permeability coeflicient were influenced by the seepage and
stress fields under repeated uniaxial compression condi-
tions. The conclusions were as follows:
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(1) Under the same number of repeated uniaxial com-
pression cycles, namely, 2 million cycles, the damage
factor for the seepage field was about 4.2 times that
for the nonseepage field

(2) When the total air void ratio was 1%, the number of
repeated uniaxial compression cycles for the speci-
men without the seepage field was about 1.5 times
that of the specimen with the seepage field. When the
effective void ratio was about 1%, the number of
repeated uniaxial compression cycles of the speci-
men with the nonseepage field was about 1.3 times
that of the sample with the seepage field.

(3) When the permeability coefficient was 500 m/s, the
number of repeated uniaxial compression cycles for
the specimen with the nonseepage field was about 1-
2 times that of the specimen with the seepage field.
Furthermore, the non-Darcy flow permeability co-
efficient decreased first and then increased with the
increase in the number of repeated uniaxial com-
pression cycles.

(4) When the total void ratio exceeded 21.4%, the
permeability coefficient increased significantly. The
effective void ratio was about 18.1%, and the per-
meability coefficient changed significantly. There-
fore, the coupled effect of seepage and stress fields
accelerated the water damage of the permeable as-
phalt pavement. In the permeable asphalt mixture,
the water flow was non-Darcy flow.

In the future, after the coupling of the seepage and stress
fields, the aggregate structure changes in permeable asphalt
mixtures will be studied. The permeability properties and the
crack evolutionary process will be explored under the
coupled action of multiple factors, namely, seepage, stress,
and temperature fields.
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Cracking of asphalt pavement is mostly caused by the mixed fracture of asphalt concrete. Determining a simple, repeatable, and
accurate method is necessary for evaluating the fracture resistance of asphalt concrete. To explore the mixed fracture performance
of asphalt concrete and determine the feasibility of different semicircular bend methods, the mixed fracture performances of
asphalt concrete at medium and low temperatures were measured. The mixed fracture modes were realized through changing the
position of the support and notch or changing the notch angle. After that, the crack propagating characteristics, crack initiation
angle, and fracture toughness were analyzed. Results show that temperature has a significant impact on the fracture path, and
crack initiation angle at low temperature follows the generalized maximum tangential stress (GMTS) theory. The measured
fracture toughness ratios are lower than the theoretical value of GMTS criterion, but the established empirical model has higher
accuracy. In the semicircular bend method, changing the positions of the support and notch is stable and repeatable. Therefore,

this method may be preferred to evaluate the mixed fracture performance of asphalt concrete in the future.

1. Introduction

As a major concern of asphalt pavement, cracks seriously
affect the service life of the pavement. Accurately evaluating
and improving the crack resistance of asphalt concrete is one
of the important topics to reduce pavement cracking [1].
Based on the theory of fracture mechanics, the cracking of
asphalt concrete is divided into pure tensile failure (mode I),
pure shear failure (mode II), and mixed fracture [2].

In the 1980s, Chong and Kuruppu [3] used the semi-
circular bend test to explore the fracture toughness of rocks
in mixed modes for the first time, which provided a new
method for studying the mixed fracture properties of ma-
terials. The load-displacement curve of the semicircular bend
test is stable. The semicircular bend method can be used not
only to determine the fracture and fatigue properties of
asphalt concrete [4-6] but also to evaluate the low-

temperature fracture resistance of asphalt cores from the
construction site [7]. The good applicability of this method
makes it rapidly popularized in road engineering research.
In order to measure the mixed fracture toughness of asphalt
concrete, mixed fracture mode is often achieved by adjusting
the position of the support and notch or the angle of the
notch [8-10]. The fracture characteristics of the specimens
through moving the positions of the notch and the support
were in good agreement with the theoretical values [11-13].

However, Ameri and Primohammad [14] found that
changing the notch angle could easily lead to premature
failure at the location around acute angles, and the crack
propagation path was inconsistent with the theoretical re-
sults while only changing the position of the support, and
this phenomenon was more prominent in mode II. It can be
seen that, although the semicircular bend test has a good
application prospect in the analysis of the fracture
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performance of asphalt concrete, the feasibility of different
methods is not consistent. Therefore, this work conducts
experimental tests on different semicircular bend methods.
The applicability and accuracy of different semicircular bend
methods were compared, so as to clarify the applicability of
various methods to asphalt materials. It will provide a
reference for the comprehensive evaluation of asphalt
concrete mixed fracture performance.

2. Materials and Methods

2.1. Materials. The asphalt with a penetration grade 70,
which is called AH-70#, and basalt aggregate are used to
prepare asphalt mixture, and their properties are listed in
Tables 1 and 2. The filler is limestone powder. The gradation
AC-13, which is recommended by China technical specifi-
cations JTG D50-2017, is adopted in this paper, and the
gradation curve is shown in Figure 1. According to the
Marshall test, the optimal asphalt content is 4.6%, the ap-
parent density of the mixture is 2.43 g/cm’, and the air void
in asphalt mixture is 3.62%. The Marshall specimens with a
diameter of 152.4 mm and a height of 95.3 mm were formed
by the Marshall method, and then the Marshall specimens
were cut to make four semicircular specimens with a
thickness of about 45 mm for use according to the work of
Guo et al. [15].

2.2. Semicircular Bend Test. In order to realize the mixed
fracture of asphalt concrete, this paper designs different
fracture modes by adjusting the position, notch angle, and
support span. In the field of fracture mechanics, the mixed
mode parameter M® (0 <M°<1) is generally used to char-
acterize different fracture modes: M°= 1, it is the pure mode
I fracture; M®=0, it is the pure mode II fracture, and M° is
obtained using the following formula.

2 K
M = —arctan(—l). (1)
K

0 II

In equation (1), K7 is the stress intensity factor of mode I
fracture, MPa-m®>, and Kj; is the stress intensity factor of
mode II fracture, MPa-m®>. K; and Kj; are calculated using
the following equations:

P
K =— maY,
17 oRe VT

(2)

p
Ky = —+/maY
I~ 3Rt 7a Xy,

In equation (2), P is the peak load; R is the radius of the
specimen; ¢ is the thickness of the specimen; a is the notch
length; and Y7 and Yy are geometric parameters, which are
only related to the size and can be determined by the finite
element method. Based on the existing research results [13],
this paper uses the plane stress model to determine Y7 and
Y}1. The thickness of the model is set to 1 mm, the radius of
the semicircular model is 76 mm, the length of the notch is
20 mm, and the elastic modulus in FE analysis is 2000 Mpa.
On the basis of studies [12, 14], the influence of Poisson’s
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TaBLE 1: Properties of AH-70# asphalt.

Items Values Test methods
Penetration (25°C, 0.1 mm) 68 ASTM D5
Softening point (°C) 48.0 ASTM D36
Ductility (15°C, cm) >100 ASTM D113
Flashing point (°C) 285  ASTM D92
Mass loss after TFOT, 163°C, 5 hours (%) 0.15 ASTM D6
Penetration ratio after TFOT (%) 78.8 ASTM D5
Ductility after TFOT (cm) 6.5 ASTM D113
Density (g/cm?) 1.034 ASTM D70

ratio is modest, so this paper uses Poisson’s ratio of 0.35 for
FEM analysis. The load is set to 1N. After FE analysis, the
geometric parameters of different modes are determined and
listed in Table 3. Considering the different test methods for
mixed mode fracture, 10 typical conditions were selected in
this paper.

After determining the position of the notch, a diamond
cutting machine was used to make the notch with a width of
2 mm. Before test, the semicircular specimens were kept in a
chamber at —10°C and 20°C for more than 24 hours to keep
the temperature of specimens stable. Afterwards, the bend
test was carried out in 5 minutes using an electrical universal
testing machine without environmental box. According to
the recommendation of the Chinese specification JTG E20-
2011, a loading rate of 1 mm/min is often used in the low-
temperature test, so the loading rate was 1 mm/min in this
paper, and the diameter of the roller support was 25 mm. An
industrial camera was used to capture the photos of spec-
imen surface in real time to analyze the crack propagation
characteristics. The test procedure is shown in Figure 2.

2.3. GMTS Criterion. To accurately predict the material
fracture properties using the fracture test results, the
maximum tensile stress (MTS) criterion was often employed
to predict the mixed fracture parameters, but this theory
does not consider the effect of the T stress at the notch tip,
which may result in large errors sometimes [16]. Consid-
ering the T stress, the MTS criterion evolves into the gen-
eralized tangential tensile stress (GMTS) criterion, which is
widely used in the analysis of mixed fracture properties [17].
T stress can be expressed as follows:

T = iT*, (3)
2Rt

where T* is the normalized form of T stress and can be
obtained with finite element analysis, and T* for different
fracture modes are listed in Table 2. The GMTS criterion
indicates that the crack occurs within the region, which can
be controlled by the critical radius . of the notch tip, and the
propagating direction of the crack is perpendicular to the
direction of maximum tangential stress. When the crack
length exceeds the critical radius r,, the crack begins to
expand in further. According to existing results [18], the
critical radius r. changes with temperature. The values were
0.0084 m and 0.0056 m at —10°C and 20°C, respectively. The
tangential stress at the notch tip can be calculated using
equation (4).
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TaBLE 2: Properties of aggregates.
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Apparent gravity (g/cm3) 2.716 2.723 2.681 2.679 2.694 2.708 2.713 2.713 2.712 2.712
Moisture uptake ratio (%) 0.49 0.57 0.63 0.52 — — — — — —
time Ky =0 and 6, = 0. Therefore, the fracture toughness
100 ' ' "t K¢ for mode I also can be expressed as follows:
/
4 0 [ ooc® 3 o .
g0 L //* S K¢ = cos 5 Kcos 5 EKH sin 6, | + \2nr T sin6),. (9)
// I.
= /,d ? Generally, the mode I fracture toughness of materials is
= 60 S /;’ i often measured in the experiment. The ratios of stress in-
= o tensity factor to fracture toughness (K;/K;., Ky /Kyc) are
% a0l R / 7 i often analyzed in order to utilize K. to evaluate the mixed
£ el /* e fracture properties of materials. After the transformation of
o, 3 (9), we can get (10) and (11).
20 EI’// / - o e 1
i K 0,( .0, 3V . . T 5. 1
PR o —=|cos —| cos"—~—— —sinf, | + \— —sin'6,| ,
g= o K 2 2 2, a v,
O 1 1 1
0.1 1 10 (10)
Sieve size (mm) 0 0 -1
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-0-- Lower limit Kic 2 \Yy 2 2 a Yy
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FIGURE 1: Experimental gradation.

\/%Wcos g KIcoszg - %KH sin@ | + T'sin” 6 + O(rm). (4)

In equation (4), r is the notch tip extension radius; 0 is
the notch tip extension angle; and O (r'/?) is the high-order
term, which can be ignored. According to the GMTS cri-
terion, the crack initiation angle can be determined when
00gg/00)g_g, = 0, namely,

16 0
[Kysin 6, + Ky (3cos6y —1)] - ?T\/anc cos B, sin ?O =0. (5)

Substituting (2) and (3) into equation (5), the crack
initiation angle can be obtained by using the following
equation:

1 2
[Ysin6, + Yy (3cosf, - 1)] - ;T*\ e cos 0, sin % =0. (6)
a

The GMTS criterion shows that when the stress reaches a
critical value, the crack starts to propagate in the direction of
6, According to (4), the critical stress can be expressed as
follows:

1 0 6, 3
Og, = —=—="C0S =2 [KICOSZEO - EKH sin 90] + T sin’6),.

27T, 2
(7)

For mode I fracture, K;- can be expressed as

Kic = 0gg, V277 (8)

While the critical stress intensity factor for the mode I is
equal to the fracture toughness, i.e., K| = K|, at the same

Once the K¢ is determined through experiment, the stress
intensity factors Kj, Kj; and the crack initiation angle of any
mixed mode will be determined by using the GMTS theory.

3. Results and Discussion

3.1. Crack Propagation Characteristics. An industrial camera
was utilized to take real-time photos in the loading proce-
dure and then analyze the crack propagation characteristics
of different modes. Crack propagation characteristics were
marked in yellow line, as shown in Table 4.

On the basis of the crack propagation characteristics
of typical specimens listed in Table 4, it can be seen that
the crack development at 20°C shows a dispersed dis-
tribution due to the influence of coarse aggregate under
the same loading mode, and the influence of coarse ag-
gregate is not obvious at —10°C. The cracks are concen-
trated and expanded along the direction of the main crack
at low temperature. Herein, the coarse aggregate has a
significant influence on the fracture path at medium
temperature.

For the case of mixed mode M®=0.7 (condition 6#),
changing the notch angle can realize the mixed fracture of
asphalt concrete, which is in line with the designed experi-
mental expectation. For the cases of M°=0.5, the crack initi-
ation position of conditions 2#, 7#, and 8# occurred near the
support, which deviates from the designed fracture expectation.
It proves that only moving the support position or changing the
notch angle could not ensure the crack initiation firstly occurs
at the notch tip. Although the stress concentration caused by
the roller support cannot be ignored, Ameri and Primo-
hammad [14] showed that even if the diameter of the roller
support was adjusted, the fracture of condition 2# still



TABLE 3: Parameters of mixed fracture modes.
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No. M*® S ; (mm) S , (mm) b (mm) a () Y Yo T* Schematic
b
1# 1 50 50 — — 3.66 0 -0.58 76
:20
os0 50
|,
24 0.5 50 16 — — 0.99 0.99 -1.72 N )
20
- 50 »'»
16
o h
3# 0 50 9 — — 0 1.79 -391 X
20
- 50 -'4
9
b
4# 0.5 50 50 38 — 1.45 1.36 —1.47 % 1w
:2()
:‘ 50 _4 50 ;
b
5# 0 50 50 47 — 0 2.24 -3.92 R
‘Zu
.
Joso o oso o
Ie
6# 0.7 50 50 — 40 2.14 1.10 1.8 B e
_ o
" 50 — 50 b
ol
7# 0.5 50 50 — 70 0.81 0.73 2.72 o
Jos0 Zasu
b
8# 0.5 33 33 — 40 0.71 0.74 1.99 B
)5 5 C
e
o# 0.5 50 25 11 — 1.22 1.29 -19 %
:20
Joso 25_”‘
Ie
10# 0 50 25 22 — 0 2.46 ~4.74 %
:20
50 25

S; represents the distance from the left support to the mid-span, S, represents the distance from the right support to the mid-span, b is the distance from the

notch to the mid-span, and T* represents the tangential stress in the area near the notch tip.
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F1GURE 2: Process of semicircular bend test.

TaBLE 4: Typical crack propagation characteristics of different modes.

No. M*© 20°C -10°C

1# 1

6# 0.7

24 0.5

4# 0.5

7# 0.5 Specimen fabrication failed

8# 0.5
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TasLE 4: Continued.

No. M* 20°C

o# 0.5

3# 0

5% 0

10# 0

generated at the supporting position, and one possible way was
to set steel gaskets on the support [19]. The methods that only
change the notch position or synchronously adjust the posi-
tions of support and the notch (i.e., 4# and 9#) can effectively
prevent the fracture in the vicinity of the support, which can
achieve the designed experimental expectation. Therefore,
these two methods have better feasibility for investigating the
mixed fracture performance of asphalt concrete.

In addition, it can also be observed from condition 7#
that it is difficult to ensure the processing quality of the
specimen by changing the notch angle when the span is
100 mm. There is no guarantee that every specimen can be
prepared successfully. If the span is shorten (such as con-
dition 8#), the cracks also first generate near the support
position during the loading process even though the notch
angle and the quality of specimen can be guaranteed. Hence,
when M is large and the proportion of tensile stress is high,
changing the notch angle is feasible. It should be noted that
the feasibility of changing the notch angle is inadequate
when M’ is less than 0.5.

For the pure mode II fracture characteristics of 3#, 5#,
and 104, changing the support position and the notch angle
induced the crack initiation near the support, and the crack
initiation direction was almost along the mixed fracture
path. It can be inferred that the stress concentration is
significant, and the stress transmission path in the vicinity of
the notch is blocked by notch when it is close to the support,
which leads to the crack initiation at the support. So, there is
a damage risk near the support for the pure shear fracture
mode in the semicircular bend test.

3.2. Comparative Analysis of Crack Initiation Angle. In order
to accurately predict the fracture path of asphalt concrete,
the crack initiation angle was determined by using (6) based
on the GMTS theory, and the difference between the the-
oretical angle and the measured one was analyzed. To
eliminate the errors from the specimen processing, the re-
sults of the remaining 9 conditions in addition to 7# were
selected for comparison, as shown in Figure 3. The negative
angle in Figure 3 means counterclockwise rotation direction.

As shown in Figure 3(a), the measured fracture initiation
angle through changing notch angle is almost consistent
with the theoretical value of GMTS at medium temperature,
but the discreteness of the angle is large, and the standard
deviation is about 10°. The fracture initiation angles mea-
sured through the other means are all less than the theo-
retical value of GMTS. When M’ is lower than 0.5, the
growth of fracture initiation angle becomes slow. Although
the measured angles are lower than the theoretical ones,
their changing trends are similar. It can be inferred that the
GMTS criterion cannot accurately predict the fracture path
of asphalt concrete at medium temperature.

It can be seen from Figure 3(b) that the tensile action
occupies the main proportion when M° is higher than 0.5,
and the measured fracture initiation angles of these four
bend means are almost consistent with the theoretical results
of GMTS at —10°C. With the increase of shearing action, the
fracture initiation angle gradually deviates from the theo-
retical value of GMTS when M is less than 0.5. In addition,
the measured angles by changing the positions of support
and notch are the closest to the theoretical value of GMTS.
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FiGure 3: Comparison of fracture initiation angles at different temperatures: (a) 20°C and (b) —10°C.

For the pure shear mode, the deviations between the
measured angles and the theoretical values are the largest by
changing the support position or the notch position. Based
on the angles at medium and low temperatures, it is proved
that temperature has a significant effect on the fracture path
of asphalt concrete. The GMTS criterion is suitable for
describing the low-temperature fracture performance of
asphalt concrete. At medium temperature, a large error
would generate if one uses the GMTS criterion to predict the
fracture path.

3.3. Comparative Analysis of Fracture Toughness Ratio. It can
be seen from the above analysis that the notch is close to the
support, which causes the area in the vicinity of support to
crack first in the pure shearing fracture test. The larger the
M is, the lower the differences between the measured and
the theoretical values are. Fortunately, the critical fracture
toughness Kjc of mode I is easy to measure, the fracture
toughness K for pure shear mode II can be estimated using
the mixed fracture criterion, which had been widely applied
in the field of fracture mechanics. Therefore, this paper
discusses the applicability of GMTS criterion based on K/
Kic and Kj1/K;c  Based on the results as shown in Table 2, the
fracture initiation angle is determined and substituted in
(10) and (11) to obtain the theoretical values of K;/K;c and
Ku/Kic, the ratios of stress intensity factor to fracture
toughness. The experimental Kj/Kijc and Ky /Kjc can be
calculated by using (2). These ratios are shown in Figure 4.

It can be seen from Figure 4 that the measured K;1/Kj¢ at
medium and low temperatures is all lower than the theo-
retical values, and the measured Kj;/K;c is about 0.3 lower
than the theoretical value. This may be caused by the

1.0

KII/K[C

0.2

K/K,.

rrrrrr Therotical value of GMTS
—— Emprical model

[ Testvalue @ -10°C

O Test value @ 20°C

FIGURE 4: Comparison on the ratios of fracture toughness.

experimental control precision and the influence of coarse
aggregate inside the asphalt concrete [20-23]. The critical
shear fracture toughness Kjjc would be overestimated when
it was estimated by using the GMTS criterion and the critical
fracture toughness Kic of mode I. The empirical model
established in Figure 4 has a good correlation with the
experimental values, and this empirical model effectively
reduces the prediction error. In order to verify the validity of
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FIGURE 5: Verification on the empirical model.
TaBLE 5: Feasibility analysis of different methods.
Test method Advantages Drawbacks Priority
Moving support only Notch remains in thg mid-span, easy Cracks generate and.p.r(.)pa.lgate from the. support, and the 4
preparation fracture initiation angle is discrete
Moving notch only Easy preparation, cracks first generate The vicinity of support is severely damaged in the pure shear )
and propagate from notch tip. mode
Changine notch anele The angle control requirements are high, and when the span
onl g 8 Cracks propagate at the notch tip  is small, it will be destroyed first near the support, and it is 3
Y difficult to measure in the pure shear mode
. Notch is easy to be cut, cracks propagate

Moving support and along the notch tip, and good High accuracy requirement for notch position 1

the empirical model in this paper, the experimental data
from the existing literature were also taken in this part, and
their results were collected and are shown in Figure 5.

It can be seen from Figure 5 that the predicted ratios
using the empirical model are closer to the experimental data
than that using the GMTS criterion, and the prediction
deviation of the empirical model is smaller than that of
GMTS. It can also be seen that the empirical model
established in this paper has good universality for different
mixtures.

3.4. Feasibility of Different Methods. It can be determined
from the previous analysis that different test methods have
significant influences on the low-temperature fracture
performance of asphalt concrete. Taking into account the
difficulty of preparing procedure and the discreteness of test
results, the four methods selected in this paper are com-
prehensively evaluated, as shown in Table 5.

It can be seen from Table 5 that different methods have
their own advantages and disadvantages. In addition to the
method of moving support only, the other three methods
can ensure that the crack propagates along the notch tip.
Although the position of the notch remains unchanged, it is
beneficial to the processing of the specimen, but it still
cannot avoid the fracture in the vicinity of support, which is
particularly serious in the pure shear fracture mode.
Changing the notch angle can realize the crack propagation
along the notch tip. For semicircular specimens, it is difficult
to realize the pure shear mode by changing the notch angle
due to the limitation of the size of the notch. However,
changing the support position and the notch position has
good repeatability for asphalt mixture and can ensure that
the crack generates and propagates along the notch tip. It can
also be determined that cracking near the support easily
leads to the failure of the pure shear fracture test due to the
limitation of processing, and it is difficult to control the pure
shear fracture test.
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4. Conclusions

(1) Temperature and fracture mode have significant
influences on the crack propagation path of asphalt
concrete. At medium temperature, the crack initi-
ation and propagation path are affected by the coarse
aggregate, while asphalt concrete mostly exhibits
elastic fracture at low temperature, and the coarse
aggregate has no influence on the fracture path. For
the pure shear mode, asphalt concrete is prone to
first fracture near the supports.

(2) In addition to the method of changing the notch
angle, the crack initiation angle obtained from other
methods is quite different from the theoretical value
of GMTS at medium temperature. The crack initi-
ation is closely related to the semicircular bend
method at low temperature, and this difference is
more prominent in mode II fracture. The measured
ratios of fracture toughness are lower than the
theoretical value of GMTS, but the empirical model
can be used to exactly describe the relationship of
fracture toughness ratios.

(3) For the selected bend methods in this work, changing
the positions of the support and notch synchro-
nously is stable and repeatable; this method is
suggested to be popularized and applied on the
mixed fracture behavior of materials in the future,
but attention should be paid to controlling the po-
sitioning accuracy of the notch [21-23].
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Due to the poor performance of ordinary Portland cement (OPC) as a solidified soil road and the large pollution in the production
process, environment-friendly magnesium oxychloride cement (MOC) was used as the soil curing agent to prepare the solidified
soil, exploring the optimal ratio of various raw materials when MOC is used as a curing agent. Analyzing the properties of MOC
solidified soil in the application of road subgrade. This paper tests compaction, mechanical properties, and durability of the MOC
solidified soil, simulates the development trend of 7 days unconfined compressive strength of MOC solidified soil, and then
analyzes the hydration process and strengthens the formation mechanism of MOC in solidified soil. The study found that the
addition of MOC as a curing agent to the soil can effectively improve the compaction and mechanical properties of the soil. Matlab
simulation found that when the MgO content is 5.5% to 6% and the ratio of raw materials MgO, MgCl,, and H,O is 2.45:1:14 to
6.3:1:14, the performance of MOC solidified soil is excellent. Fitting UCS data, it is found that MOC solidified soil has early
strength characteristics. The excellent compaction and mechanical properties of MOC solidified soil are due to the formation of a
small amount of phase 5 and layered Mg(OH), by the hydration of MOC, and the formation of amorphous gel with SiO, in the
soil. This reaction improves soil compaction and reduces internal porosity from a microscopic perspective. The strength loss rate
of MOC solidified soil is higher after immersion in water at the initial stage of curing, but it is still better than that of traditional
cement-based solidified soil. Poor performance after immersion in water is associated with disruption of the network-like
structure. As an environment-friendly soil curing agent, MOC can be used in engineering practice with low
environmental humidity.

1. Introduction

Soft soil can lead to potential safety hazards caused by poor
bearing capacity during construction; high soil expansion
will generate subgrade shrinkage, resulting in pavement
cracking and reduced service life [1-3]. Soil stabilization is
one of the soil improvement methods in geotechnical en-
gineering. In addition, cement and lime stabilizations are
two of the most commonly used methods in recent years
[4, 5]. The addition of traditional curing agents such as
ordinary Portland cement (OPC) and lime can improve soil
mechanical properties and durability [6-8]. Further, the
study found that after adding MgO to the OPC stabilized
soil, the pH of the soil increased with the increase of

magnesium slag. During the hydration process, calcium
aluminate hydrate (C-A-H) and calcium silicate hydrate gel
(C-S-H) were produced, which improved soil conditions
[9, 10]. However, traditional OPC curing agents have
problems such as limited mechanical strength, poor dura-
bility, poor volume stability, high pollution in the produc-
tion process, and high CO, emissions [11-14].
Magnesium oxychloride cement (MOC) is an environ-
ment-friendly magnesia cementitious material prepared by
lightly burning magnesium oxide, magnesium chloride and
water [15]. Due to its fast-setting speed, high mechanical
strength, good wear resistance, salt resistance and halogen
corrosion, simple production process, and low cost, it is
widely used in construction materials, biological materials,
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TaBLE 1: Technical indexes of fine-grained soil.

Nominal maximum particle size (mm) Maximum particle size (mm)

Moisture content Plasticity

Liquid limit (%) Plastic limit (%)

(%) index
2.36 4.75 8.7 23.8 14.7 9.1
TaBLE 2: Physical properties and chemical composition of raw materials.
) Chemical composition (%)

Raw materials )

MgO Sio, AL O5 CaO Fe,0;
Light burned magnesite 80.21 6.87 2.01 1.58 1.32
Industrial magnesium chloride 85.43 6.65 1.82 1.33 1.31
and other fields [16-18]. The salt lakes in the Qinghai area of
China have sufficient reserves of magnesium salts and high 100 -
grades [19]. Part of the waste MOC can be reused after g
recycling and processing, such as superhydrophobic mag- ® g0 |-
nesium oxychloride cement [20]. Waste building materials E
and industrial residues can also be used to prepare MOC or g 60 L
improve the performance of MOC, such as waste gypsum, 2
ammonia alkali residue, and fly ash [21-23]. Studies have % wl
shown that when MOC is used as a soil stabilizer, it can form =~
an amorphous gel product covering the surface of soil £
particles, effectively cementing soil particles and filling inter- é 20
particle voids. It also greatly improves soil mechanical 3
properties and reduces harmful ion leakage. The optimum 0 ) . . .
dosage of MOC as a soil stabilizer is 10% [24-26]. At present, 0.1 1 10 100
the environment-friendly soil stabilizer MOC has not Partical diameter (um)
attracted enough attention, and there are few related re-
searches and experiments. The optimal raw material ratio —=— Flyash
and maintenance method of MOC as a soil stabilizer still —e— MgO

need to be studied. Various properties of soil after curing
with MOC have yet to be tested, and the microscopic
mechanism remains to be explored.

This paper analyzes and simulates the optimal raw
material ratio of MOC as a curing agent through a macro
compaction test, mechanical test, durability test, and
MATLAB software. Scanning electron microscope (SEM)
and X-ray diffractometer (XRD) are used to observe the
microstructure of MOC solidified soil. The microscopic
mechanism of MOC reinforced fine-grained soil has been
explored. It is hoped that this study can provide a valuable
reference for the subsequent use of MOC:s as soil stabilizers.

2. Materials and Methods

2.1. Materials. The test soil was fine-grained soil with a
plasticity index of 9.1, which has low liquid limit clay.
Technical indexes are shown in Table 1. The raw materials
for the preparation of MOC were lightly burned magnesia
and industrial magnesium chloride. MgO was a light-burned
magnesite powder produced in Haicheng, Liaoning Prov-
ince. The content of MgO was more than 85%, and the
content of active MgO was 60%. The specific surface area of
the light-burned magnesia powder was 340 m°/kg. The
physical properties and chemical composition are shown in
Table 2. The particle size distribution of MgO is shown in

FIGURE 1: Particle size distribution of MgO.

Figure 1. MgCI2 was produced by Qinghai Golmud. The
content of magnesium chloride was more than 45%.

2.2. Experimental Methods. Mechanical properties and du-
rability tests were used to evaluate the performance of MOC
stabilized soil. Test flow is shown in Figure 2. The following is
a detailed description of the mechanical properties and
durability tests.

2.2.1. Compaction Test. The compaction test (Method A)
was adopted JTG-E51-2009. The size of the tube used in the
test was 10.0 cm x 12.7 cm (inner diameter x height) and the
volume was 997 cm®. Five different water contents were set,
with a difference of 2.0% in sequence. The ratio of the
compaction test is shown in Table 3.

2.2.2. Mechanical Property Analysis. The differences in
mechanical properties of OPC and MOC solidified soils were
compared. OPC consisted of 5% 42.5 cement and 11% water
content. The effects of different ratios of raw materials on the
mechanical strength of MOC solidified soil were discussed.
The MOC raw material ratio is shown in Table 4. The
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F1GURrE 2: Test flow chart.

TaBLE 3: Compaction test ratios.

Number MgO (%) MgCl,:H,0 Water content

1 3 1:15 7%, 9%, 11%, 13%, 15%
2 4 1:15 7%, 9%, 11%, 13%, 15%
3 5 1:15 7%, 9%, 11%, 13%, 15%
4 4 1:10 7%, 9%, 11%, 13%, 15%
5 4 1:15 7%, 9%, 11%, 13%, 15%
6 4 1:20 7%, 9%, 11%, 13%, 15%

TaBLE 4: MOC raw material ratios.

Number MgO (%) MgCl,:H,0 MgO:MgCl,:H,0 Moisture content (%)
Al 3 1:10 1.42:1:10 9.5
A2 3 1:15 2.13:1:15 9.5
A3 3 1:20 2.84:1:20 9.5
Bl 4 1:10 1.80:1:10 10
B2 4 1:15 2.70:1:15 10
B3 4 1:20 3.60:1:20 10
C1 5 1:10 2.14:1:10 10.5
C2 5 1:15 3.21:1:15 10.5
C3 5 1:20 4.29:1:20 10.5
D1 6 1:10 2.45:1:10 11
D2 6 1:15 3.68:1:15 11
D3 6 1:20 491:1:20 11
El 7 1:10 2.63:1:10 12
E2 7 1:15 394:1:15 12
E3 7 1:20 4.25:1:20 12

specimens were prepared and cured in an indoor envi-  2.2.3. Durability Analysis. The durability of MOC solidified
ronment for 7 days, and the unconfined compressive  soil was evaluated by volume shrinkage test, wet-dry cycle test,
strength (UCS) was tested. The variation trend of 7 days UCS ~ water stability test, and infiltration conductivity test. The
of MOC solidified soil was simulated by MATLAB. specimen size was ®50 x 50 mm cylindrical specimens.



F1GuUre 3: Digital conductivity meter.

The volume shrinkage test adopted the ratio of B2, C2,
and D2, and the curing temperature was 20+2°C. The
original height and diameter of specimens were measured
with a vernier caliper, then continued to test the data for 1 to
7 days of curing, and calculated the volume change.

The wet-dry cycle test was prepared according to the C2
ratio, the static pressure method was compacted and the
demoulding curing was carried out for 7 days. The number
of wet-dry cycles was set to 0, 1, 3, and 5 times.

The water stability test applied C2 ratio and the specimen
standard curing for 48 h in 20 + 2°C. After the specimen had
been formed, the UCS was measured after immersing in
water for 24h on the third and seventh day, respectively.
Water stability coeflicient of the specimens was calculated
according to

UCS of immersing water 24h (1)

t tabilit fficient =
water stabiity coethicren UCS of standard care

The ratio of B2, C2, and D2 were set for the water re-
sistance test, and the curing temperature was 20 + 2°C. After
curing for 7 days, the specimens were completely immersed
in water, and the amount of water in each group was strictly
controlled to be exactly the same. After immersing for 6 h,
the conductivity changes of water were measured. The in-
strument used is a DDS-11A digital conductivity meter as
shown in Figure 3.

2.2.4. Micro Tests. Scanning electron microscope was used
to observe the microscopic morphology of MOC solidified
soil, and X-ray diffractometer was used to test the chemical
composition of MOC solidified soil. The sample design
scheme of the microscopic analysis test is shown in Table 5.

3. Results and Discussion

3.1. MOC Solidified Soil Compaction. Figure 4 shows the
effect of different raw material ratios on the maximum dry
density of MOC solidified soil. The maximum dry density
can reflect the compaction of MOC solidified soil well. As
shown in Figure 4, the change of MgO content has a great
influence on the maximum dry density of MOC solidified
soil. In Figure 4(a), when the content of MgO is 5%, the
maximum dry density reaches 2.008 g/cm’® compared with
3% MgO, which is increased by 15.33%. The curing effect
improved continuously with the increase of MgO content. In
Figure 4(b), the curing effect has little correlation with the
ratio of MgCl, to H,O.

Advances in Materials Science and Engineering

3.2.  Mechanical Properties of MOC Solidified Soil.
Figure 5 illustrates 7 days UCS of MOC solidified soil
specimens with different ratios. The strength of C2, D1, D2,
E1, and E2 samples are higher than OPC solidified soil. The
strength of D2 reaches 1.76 MPa, which is composed of 6%
MgO and the ratio of MgCl, to H,O is 1:15. Compared with
OPC solidified soil, D2 is increased by 30.4%. Compared
with traditional cement-based soil stabilizers [27, 28], such
as OPC and calcium sulfoaluminate cement (CSA), 7 days
UCS value of MOC stabilized soil is the highest. Therefore, in
order to make the strength of the MOC solidified soil higher,
MgO should not be less than 5% and the ratio of MgCl, to
H,O is about 1 to 10~15.

In order to explore the effect of the raw material ratio on
the 7 days UCS of MOC solidified soil, MATLAB was used to
fit the ratio of MgO, MgCl,, and H,O on the surface. Three
fitting surfaces are shown in Figure 6. The x-axis is the
content of MgO (a%). The y-axis is the molar ratio of MgCl,
to H,O (1:b), and z-axis is the 7 days UCS.

The functional equations obtained by the fitting of
Models I, II, and IIT are sequentially shown in

0, = —1.876 + 43.87x + 0.293y — 252.4x°

, (2)
—-0.009y" - 0.58xy,
0, = 5.03 — 239.6x — 0.253y + 3955x° + 0.008 " 3
+11.03xy — 2.72ex” — 5.714x"y — 0.368x°,
0y = —1.45 + 19.17x + 0.312y — 0.58xy — 0.1y, (4)

The statistical parameter lists of the three models were
compared, as shown in Table 6. Statistical parameters in-
clude error term degrees of freedom (f), error sum of squares
(SSE), root mean square (RMSE), coefficient of determi-
nation R-square, and adjusted R-square.

The SSE and RMSE of Model II tend to be closer to 0 and
the R-square is closer to 1. It can be seen that the fitting
degree of Model II for MOC solidified soil is better. In
addition, from the models in Figure 6 and Table 6, it can be
seen that Model II is matched only when the MgO content is
greater than 5%, and the fitting degree of the data is better
under the same condition. When the MgO content is lower,
the strength predicted in Model II increases, but the actual
strength decreases. Model 1II is the opposite of the actual
situation, so it is not adopted. Taking into account com-
prehensively, Model I is suitable for characterizing the 7 days
UCS of MOC solidified soil with different proportions.

The shaded part of Figure 7(b) indicates that 7 days UCS
of MOC solidified soil is higher than that of OPC solidified
soil. It can be seen from Figure 7 that the optimum content
of MgO is 5.5%~6% and the ratio of MgCl, to H,O is 1:14. At
this dosage range, the strength reaches more than 1.6 MPa,
and the effect of constantly increasing the dosage of MgO on
improving the strength is not significant. Combined with the
experimental data, 7 days UCS of C2, D1, D2, E1, and E2 are
better than that of OPC solidified soil, and the strength of D2
reaches 1.76 MPa, which is 30.4% higher than that of OPC
solidified soil. 7 days UCS of MOC solidified soil is more
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TABLE 5: Microscopic test sample design scheme.

Number MgO (%) MgCl,: H,O Maintenance method
1 5 1:15 Standard curing 7d
2 5 1:15 Standard curing for 7 d, last day soaked in water
3 6 1:10 Standard curing 7d
4 5 1:15 Standard curing 6h

Maximum dry density (g/cm?)

Maximum dry density change rate (%)

MgO content (%)

I Maximum dry density

—e— Maximum dry density change rate

(a)

8
9
= F
5 4
e %
B E
z o
£ g
< 4T
>~
g 5
E £
»
< L8 L - - [ —1-8 E
= =
=
1.7 -12
1:20 1:15 1:10
MgCl,:H,0

Maximum dry density

—s— Maximum dry density change rate

(®)

FiGURE 4: Influence of raw material ratio on the maximum dry density of MOC solidified soil. (a) Different MgO contents. (b) Different

ratios of MgCl, to H,O.

1.65

1.20

1.05

7 days unconfined compressive strength (MPa)

Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3

Serial number

F1GURre 5: Unconfined compressive strength of specimen for 7 days.

than 1.0 MPa. Combining with Table 7, it can be seen that it
meets the requirements of the sub-base of secondary and
lower highways under medium and light traffic loads.

In order to study the effect of curing age on UCS of MOC
solidified soil, different curing times were taken and UCS
tests were carried out. Figure 8 shows the UCS change rate of
specimens after different curing aging. UCS development
trends of MOC solidified soil and OPC solidified soil are
shown in Figure 9.

Figures 8 and 9 demonstrate that the UCS of MOC
solidified soil develops faster than that of OPC solidified soil.
3 days strength reaches 90% of 7 days strength and the 28
days strength is significantly higher than that of the OPC
solidified soil. It shows that MOC added to fine-grained soil
as a curing agent can effectively improve the mechanical
properties of the solidified soil.

3.3. Durability of MOC Solidified Soil. Figure 10 represents
the volume shrinkage of MOC solidified soil as the ratio
change of MgCl, and H,O. After the MOC solidified soil was
formed, a slight volume expansion occurred on the first day,
then a certain degree of shrinkage came up. When MgO
content is 4%, 7 days change rate is 2.3%. When MgO
content is 6%, the change rate is 1.27%. Overall, the volume
change rate of MOC solidified soil was slight.

Under the natural environment, the early soil is easy to
absorb water and swell. With the extension of time, the water
in the soil gradually volatizes and shrinks in volume, which is
easy to produce a large volume change rate. Nevertheless,
MOC can play a role in consolidating and MgO has a certain
expansion, which offsets part of the soil autogenous
shrinkage and reduces the volume change rate of MOC
solidified soil.

After the wet-dry cycle test, the strength loss rate and
volume shrinkage rate of MOC solidified soil (C2) are shown
in Figure 11. Wet-dry cycles have little effect on the volume
shrinkage of MOC solidified soil, but have a greater effect on
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TABLE 6: Statistical parameters of different models.
Models f SSE RMSE R-square Adjusted R-square
I 9 0.1093 0.1102 0.8568 0.7772
I 6 0.0207 0.0587 0.9729 0.9369
11T 10 0.1286 0.1134 0.8315 0.7641
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F1GURE 7: 7 days UCS contour map of MOC and OPC solidified soils.

OPC solidified soil contour map.

UCS. After 5 cycles, the volume change rate of MOC solidified
soil is only 1.98%, and the strength loss rate is as high as 41.92%.
By simply fitting the data, it can be seen that the strength loss
rate decreases significantly before the 6th time, and becomes
flat at the 9th time. The volume shrinkage rate of C2 fluctuates
sharply only before 3 times, and fluctuates in a small range
since then.

Figure 12 shows the strength change rate of the MOC
solidified soil specimens before and after immersion in

0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
a

(b)

(a) Contour map of MOC solidified soil. (b) Comparison of MOC and

water. After curing for 48 hours, improving with the age, the
UCS of the immersed specimens decreased by 80.4% and
36.5% compared with the unimmersed specimens. After
immersion in water for 24 h on the seventh day, the strength
of the CSA solidified soil was only 0.6 MPa [27]. The strength
of the MOC solidified soil is still as high as 1.26 MPa.

To sum up, MOC solidified soil has poor water stability
and is sensitive to moisture and environmental humidity.
With the increase of age, the strength loss rate of the
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TaBLE 7: Chinese cement-based material 7 days UCS standard (MPa).

Structural layer Highway grade Extremely heavy traffic Heavy traffic Medium and light heavy traffic
Subbase Class 1 and above highways 3.0~5.0 2.5~4.5 2.0~4.0
Secondary and lower highways 2.5~4.5 2.0~4.0 1.0~3.0
2.0 120
101.00 +
100 & 100.75
$ 100.50
P S
. 80 ¢ < 100.25
5 5 %
& ~ & 100.00
— 60 3 =
% 2 g 99.75
=) £ 2
40 g E 9950
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2 99.00
98.75
0
98.50
Curing time (Day)
Age (Day)
mm UCS
—e— As a percentage of 7d UCS —=— 4% MgO
. . L —e— 5% MgO
FiGgure 8: UCS of MOC solidified soil with different curing time.
—A— 6% MgO

2.5+

Unconfined compressive strength (MPa)

Curing time (Day)

—— Development trend of OPC solidified soil
—— Development trend of MOC solidified soil

F1GURE 9: Strength prediction curve of OPC and MOC solidified
soil.

specimens after immersing in water gradually decreases. In
particular, during the initial maintenance, contacting with
water should be avoided or the ambient humidity should be
reduced. However, compared with other cement-based
solidified soils, it still has better water resistance.

As illustrated in Figure 13, the electrical conductivity
of the samples with different ratios in the infiltration
solution is compared. As the ratio of MgCl, to H,O
increases, the electrical conductivity gradually

FiGUure 10: Volume shrinkage rate of MOC solidified soil with
different ratios.

decreases, and it enhances continuity with the increase
of MgO content. The change of conductivity is more
correlated with the ratio of MgCl, to H,O, and the effect
of MgO content is less. When the MOC solidified soil
was soaked in water, free Cl™ ions played a conductive
role, and Mg>* ions might be transformed into Mg(OH),
and MgCOs;.

Because MOC is an unsaturated porous, multiphase
material, its main strength phase (phase 5) is an unstable
crystalline phase, which is prone to hydrolysis in water
environment. After immersing in water, the needle-like
dense structure was transformed into a loosely structured
Mg(OH),. Therefore, the density of MOC decreases and the
internal voids increase, which led to poor water resistance
and mechanical properties.

3.4. Microstructure. The XRD patterns of the four samples
are shown in Figure 14. Sample 1 contained more phase 5, a
small amount of MgO and SiO, phases. It indicated that the
reaction of active MgO was relatively complete, and it
reacted with SiO, in the soil to form an amorphous gelling
substance. Calcium was derived from fine-grained soils and
impurities in raw materials.

After sample 2 absorbed water, the Mg** concentration
in the system decreased. This phenomenon led to the in-
stability of the presence of alkaline hydrates on the surface,
and phase 5 hydrolysis reaction occurred to generate
Mg(OH),. In addition, free Mg2+ was carbonized to form
MgCO; and MgCO;CIOH-2H,0. MgCO;CIOH-2H,0 was
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FIGUre 12: Changes in strength of MOC solidified soil after water
immersion.

not stable, and would continue to react in the solidified soil
under the condition of sufficient water to generate
Mg(ClO,),-(H,0)s [29]. The hydrolysis reaction is indi-
cated in formula (5), and the carbonization reaction is
presented in

5Mg(OH),MgCl,8H,0 — 5Mg(OH), + Mg** +2CI" + 8H,0,  (5)
MgO + CO, + H,0 — MgCO; + H,0, (6)

MgO + CO, + MgCl, + H,0 — MgCO,CIOH2H,0.
(7)

The spectrum of sample 3 was similar to that of sample 1.
Sample 3 has a higher content of phase 5 and less SiO,. It
showed that the curing reaction of sample 3 was more
complete. The SiO, content of sample 4 was very high, and

42 |
4.09

Wetting fluid conductivity (mS/cm?)

MgO content (%)

MgClL:H,0=1:10
mm MgClL:H,0=1:15
mm MgCl:H,0=1:20

Figure 13: Infiltration conductivity of MOC solidified soil with
different proportions.

phase 5 began to appear. A small amount of MgO could still
be seen in the sample. It illustrated that the curing reaction
was still continuing when curing under standard conditions
for 6h.

Figure 15 indicates the SEM of the four samples. In
sample 1, it can be observed that the surface of soil particles
is covered with a large number of amorphous gelling
products, lamellar Mg(OH),, and a few needle-like phase 5.
The gelling product and the lamellar Mg(OH), are closely
connected, and a small amount of phase 5 fills the voids in
the soil to form a network structure and improve the
compaction and mechanical properties of the soil.

Sample 2 was soaked in water after the hydration
product was formed. On the one hand, phase 5 hydrolysis
reaction occurred to produce loosely packed triangular
pyramid Mg(OH),, which distributed along the soil voids.
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And part of Mg(OH), reacted with CO, dissolved in water to
form MgCO;, attaching to the unhydrolyzed hydration
product in the form of massive grains. On the other hand,
the soil expands after the flood, causing the network
structure to be destroyed. Therefore, larger voids could be
seen, and the density of MOC solidified soil decreased.

After increasing the active MgO content and the ratio of
MgCl,, the amorphous gel, lamellar Mg(OH),, and needle-
like phase 5 were superimposed on each other to form a
network structure, and soil particles could hardly be seen.
The reaction greatly increases soil density, it is consistent
with the above compaction degree and mechanical property
analysis.

For sample 4 had smaller size amorphous gels as well as
layered Mg(OH),. Because of the short curing time, the
activated magnesium oxide had not fully reacted, the
strength mainly depended on the consolidation of soil
particles by the gel tissue produced by the previous hy-
dration. At the same time, it also reflects that a small amount
of the phase 5 appeared in MOC solidified soil at the be-
ginning of curing for 6 h, which is consistent with the fast-
setting characteristics of MOC.

Through the above microscopic experiments, it can be
concluded that the process of using MOC as a curing agent
to solidified soil includes: active MgO, H,O, and silicon in
soil form M-S-H gel, which is wrapped on the surface of soil;
then CI” in dissolved MgCl, reacted with the gel layer to
form the main strength phase (phase 5). Phase 5 continued
to grow to fill the gaps between soil particles and cross-
linked to form a network structure to consolidate the soil
particles. The reason for the poor performance of MOC
solidified soil after immersing is that the phase 5 was hy-
drolyzed to form layered Mg(OH),, and part of the
Mg(OH), was carbonized to form MgCOs3, which destroys
the network structure formed by the phase 5 and soil
particles.

4. Conclusions

In this paper, MOC stabilized soil was studied through
laboratory experiments and mathematical modeling, and the
feasibility of MOC as an environmentally friendly soil-sta-
bilizing agent was described and discussed. Through a series
of mechanical properties, durability and microstructure test,
engineering properties, main hydration products and mi-
crostructure characteristics of MOC stabilized soil were
explored, and the optimal raw material ratio of MOC as a
soil curing agent was proposed. The precautions and ap-
plication fields of MOC as a soil stabilizer in engineering
practice are given. According to the experimental data and
model, the following conclusions are drawn:

(1) Compared with existing cement-based soil stabi-
lizers, such as OPC and CSA, the MOC curing agent
can effectively improve soil compaction and me-
chanical properties. Combined with the specification
requirements under the action of different grades of
highways and traffic loads, MOC solidified soil is
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suitable for the sub-base of secondary and lower
highways under light traffic load.

(2) In-depth research was carried out on the strength
development law of MOC solidified soil with
different ratios of raw materials. The test found
that when the content of MgO is 6% and the ratio
of MgO, MgCl,, and H,0 is 3.68:1:15, the
properties of MOC solidified soil are the best. Then
the relevant mathematical model was established
according to the test data, and the optimal ratio of
raw materials was obtained as MgO content in
5.5%~6% and the ratio of MgCl, to H,O is 1:14.
After the test data was fitted to analyze the strength
change trend, it was found that the MOC solidified
soil had the characteristics of early strength, and
the construction time should be controlled in
practice.

(3) The strength loss rate of MOC solidified soil after
water immersion in the initial stage of curing is
higher, but it is still better than that of traditional
cement-based solidified soil. MOC solidified soil
should be avoided in coastal areas, areas with suf-
ficient rainfall, and the sub-base of permeable
pavement. Water erosion should be minimized in the
initial stage of maintenance.

(4) According to mechanical test and durability test
combined with microscopic morphology, the hy-
dration process of MOC in soil was analyzed, and
the strength formation mechanism of MOC that
used as a soil stabilizer was explained: MgO, H,0,
and SiO, formed M-S-H gel to wrap soil particles.
It further reacts with MgCl, to form the main
strength phase (phase 5) and lamellar Mg(OH),,
and the soil particles form a cross-linked network
structure with phase 5 and lamellar Mg(OH),,
thereby forming a high-strength solidification soil.
The poor water resistance is due to the destruction
of the network structure, resulting in the forma-
tion of loose triangular pyramid-shaped Mg(OH),
and MgCO:s.

(5) In this paper, optimal raw material ratio range of
MOC curing agent is given. Experiments and
microscopic analysis are conducted to investigate
the process that MOC enhanced soil. Subsequent
experiments can be refined with reference to the
given ratio range and mathematical model.
Moreover, the test found that the water stability
and water resistance of MOC solidified soil were
poor. Follow-up research could focus on im-
proving the water resistance of MOC solidified
soil.
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Bagasse is the residue after juicing sugarcane, and bagasse is a recyclable biological resource that can be used in many ways. Under
arid climatic conditions, the clay material shrinks and loses water. Many crisscross drying shrinkage cracks formed on the surface
and inside the soil will affect the stability of the soil. In this article, the cracking characteristics of clays with different bagasse
contents during the evaporation process have been studied. The cracks were extracted and calculated by digital image processing
technology, and the crack characteristics of samples with different bagasse contents were studied by fractal dimension and crack
entropy. The results show that when moisture content maintains 34%, the clay material forms only one main crack without bagasse,
forms no crack with bagasse content of 9%, and forms a crack network with the bagasse content of 3%. Adding bagasse to the clay
can advance the cracking time of the clay, and different contents of bagasse have different effects on the cracking time of the clay.
Among these five experimental groups, the clay was affected the most with 3% bagasse content, while the least effect happened with
6% bagasse content. The time can be advanced when the clay crack entropy appears and increases the size of the crack entropy.

1. Introduction

Sugarcane is a kind of sugar cash crop. As a renewable
biological resource, bagasse is the residue of sugarcane juice,
which is mainly composed of cellulose, hemicellulose, and
lignin [1, 2]. Hemicellulose is bound between cellulose. As a
molecular adhesive, lignin has a network structure, which
surrounds and strengthens cellulose and hemicellulose as a
supporting framework [3]. After bagasse is recycled, it can be
mixed with urea, fermented, dried, and ground into powder,
which can be used as feed for cattle, sheep, pigs, etc. Bagasse
contains high sugar and nutrients. The cellulose in bagasse
can be converted into sugar, which can be used as alcohol
and fuel. As the raw material for making paper cups,
mulching films, and paper tableware, wood can be replaced
by bagasse to reduce tree felling and protect the environ-
ment. It can also make disposable tableware green.
Bagasse used to improve soil is often processed into
biochar first. Biochar is a carbon-rich material formed by
pyrolysis and carbonization of biomass under the conditions
of low oxygen, hypoxia, and relatively low temperature [4].
The biochar is generally alkaline, with large porosity and
specific surface area, and rich in ash, which can improve soil

pH, improve soil structure, and increase soil nutrient content.
Therefore, biochar is often used as a soil improvement ma-
terial [5, 6]. But converting bagasse into biochar requires
additional energy. Bagasse is widely used in concrete building
materials. The characteristics of concrete produced with
bagasse ash as a substitute by substituting bagasse ash for
some components of concrete mixtures, such as cement and
pozzolan materials, have been analyzed by many scholars
[7, 8]. By summarizing the articles about replacing cement
with bagasse ash in the Scopus database from 2007 to 2021, it
is found that replacing cement with bagasse ash in cement
composites is a sustainable method [9].

In recent years, as a new type of slope protection and
treatment technology, vegetation slope protection and
greening technology have been widely used in engineering
practice. It can not only improve the stability of the slope to a
certain extent and prevent geological disasters, but also
improve the ecological environment and promote green
development [10, 11]. As major slope protection and
greening technology in China, the main soil base material
(clay) is prone to water loss and cracking under dry climate
conditions, which has a serious impact on the protection
effect of actual slope engineering [12]. The crack
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characteristics of soil are related to a series of processes such
as soil structure, permeability, and water evaporation. The
existence of cracks destroys the integrity of soil, makes the
cementation between soil particles loose, reduces the co-
hesion and internal friction angle of soil, reduces the
strength of soil, and thus causes a series of engineering
problems. Geological disasters caused by soil shrinkage
cracking and other problems continue to occur, posing a
great threat to human living environment and property
safety [13-15]. At present, domestic and foreign scholars
have conducted a lot of research on the influencing factors of
cohesive soil cracking and quantitative analysis of crack
networks [16, 17]. In the process of soil shrinkage and ex-
pansion, the content of water and clay has a very important
impact on cracks, and wind speed has the greatest impact on
the evaporation of cracked soil [18-20].

Cracked clay is a geological body with multiple cracks
and significant expansion and contraction produced during
the formation of natural geology. Its main components are
strongly hydrophilic minerals like montmorillonite, illite,
and their mixed-layer clay minerals [21]. In an arid climate,
the soil loses water due to dry shrinkage. Crisscross dry
shrinkage cracks will develop on the surface and inside the
soil. This phenomenon is particularly common and typical in
expansive soils with high clay content [22, 23]. Clay
shrinkage cracks are a common phenomenon in nature. The
crack will accelerate the evaporation of water in the soil,
greatly change the movement of nutrients, water and mi-
croorganisms in the soil, affect the development of crop
roots, and even lead to yield reduction [24]. It not only
destroys the integrity of soil, but also provides a good
channel for rainfall infiltration, thus reducing the strength of
soil, which is an important factor affecting the engineering
properties of clay [25, 26]. Cracks will also increase the
weathering depth of soil mass, aggravate soil erosion on
slope surfaces, and damage the ecological environment. The
dry-wet cycle will lengthen the cracks on the surface of the
weak argillaceous interlayer, and the dry-wet cycle will in-
crease the crack degree of the weak argillaceous interlayer
and reduce the shear strength [27].

In this article, bagasse was recovered and crushed. The
cracking characteristics of clay with different bagasse con-
tent during evaporation were investigated by an evaporation
drying test. The change of water content in the process of
evaporation cracking of different samples was monitored,
and the development characteristics of cracks of samples in
the process of evaporation cracking were recorded by a
digital camera. The crack was extracted and calculated by
digital image processing technology, and the complexity of
cracking was studied by fractal dimension. We observe the
degree of chaos in the direction of crack development is
determined by the crack entropy.

2. Materials and Testing Methods

2.1. Materials. The clay used in the experiment is mainly
from Xuchang City, Henan Province, China. The weather
here is a typical temperate monsoon climate. The annual
sunshine duration is about 2280 hours, with sufficient
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sunshine and abundant heat resources. Xuchang is mainly
affected by seasonal climate, with less precipitation and dry
weather in spring. Summer is the season with the most
precipitation in a year, and the weather is hot. Normal
rainfall in autumn is mild and comfortable. Winter is cold
with less rain and snow. The average annual precipitation
can generally reach 650 mm. The annual average tempera-
ture is 13°C-16°C, and the average temperature in January is
about 0.7°C. The average temperature in July is about 27.5°C.
The physical and mechanical properties of clay samples are
listed in Table 1.

In the past five years, the global sugarcane planting
industry has developed steadily. Due to its strong adapt-
ability, sugarcane has been planted in most parts of the
world. Therefore, the global sugarcane resources can be said
to be very rich. However, our utilization of sugarcane only
stays at its sugar-making value and edible value. There are
two kinds of sugarcane produced in the world, most of
which are used to make sugar and most of which are used for
our daily consumption. According to my investigation and
research, 80% of the raw materials of sugar in the world are
cane sugar and 20% is beet sugar, as shown in Figure 1.
According to the experimental results, it is found that both
the sugarcane used for sugar production and the fruit cane
we eat daily contain rich lignocellulose in the remaining
bagasse after use. Lignocellulose can not only improve the
strength, stiffness, and ductility of the soil, but also play a
good role in strengthening the soil. It can also reduce the
crack width of the clay, delay the cracking time of the clay,
and improve the drying shrinkage of the clay to a certain
extent. Therefore, if we can recycle the unused bagasse, we
can not only increase the utilization rate of natural resources,
but also promote the development of the sugarcane industry
chain to a certain extent, so that we can promote common
economic progress while making green development. The
bagasse used in this experiment is 5mm bagasse particles
dried and screened after mixing the bagasse collected from
the sugar factory with the bagasse after juice extraction and
consumption. The sugarcane treatment process is shown in
Figure 2. The purpose of adding bagasse to the soil is to
explore the influence of bagasse as a micro-additive on the
drying shrinkage of the clay. The content of chemical
components in bagasse is listed in Table 2, and the com-
parison of mechanical properties between bagasse and other
fibrous materials is listed in Table 3. In this article, the
experimental results were obtained by comparing the
evaporation rate of water and the rupture rate and rupture
morphology of soil between normal clay and clay with
bagasse in a controlled laboratory environment.

2.2. Methods

2.2.1. Sample Preparation and Experimental Procedures.
After obtaining soil samples from the surrounding areas of
Xuchang, the retrieved original soil was dried, crushed with a
wooden hammer, and screened to remove large particles in
the soil through a 2 mm sieve. The screened small granular
soil was poured into 15 open round glassware with a



Advances in Materials Science and Engineering 3

TaBLE 1: Physical and mechanical properties of clay samples.

Density (g-cm™®)  Liquid limit (%) Plastic limit (%) Plasticity index Cohesion Internal friction angle () Compression factor

1.88 60.34 37.71 22.63 58.13 23.31 0.223

mmm Beet Sugar
mm Cane Sugar

FiGure 1: Composition of global sugar raw materials.

Juicing

Harvest

Collect
Deal With Mix and Dry
Sugar Cane Dried Bagasse
Edible
FIGURE 2: Sugarcane treatment process.
TaBLE 2: Contents of chemical components in bagasse.
Ingredient name Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) Wax (%)
Composition ratio 49 24 23.6 2.8 0.6

TaBLE 3: Comparison of mechanical properties between bagasse and other fibrous materials.

Type of material Density (g-cm73) Elastic modulus (GPa) Tensile strength (MPa)

Bagasse 1.5 6.38 92




diameter of 18cm and a height of 5cm. Each glassware
contained 150 g of dry soil and different contents of bagasse
of different contents, which were mixed evenly. Then, water
was added to the material to make it reach the saturation
state. After the material reaches the saturation state, it can be
observed that the material changes from solid state to slurry
state. The treated slurry sample was sealed, placed at a
constant temperature and humidity box with a constant
temperature of 30°C and relative humidity of 40%, and
solidified for 170h under the condition of weight. In the
process of weight consolidation, in order to ensure the
accuracy of the test results, the test samples should be strictly
controlled in a constant temperature and humidity envi-
ronment of 30°C and 40% relative humidity, and an elec-
tronic balance with an accuracy of 0.01 g should be used to
record the real-time weight changes of the test samples. The
specific operation steps are shown in Figure 3. A total of 15
samples with the same initial thickness were prepared for the
test, including 5 bagasse test samples with different pro-
portions. Three samples were set for each test sample to
avoid special data in the test, and to ensure the accuracy of
the test results.

2.2.2. Image Processing of Drying Experiment. The devel-
opment of cracks in clay with or without bagasse was
monitored with a digital camera. First, a fixed platform was
selected and the platform was connected to the computer
through the wireless network. The digital camera was in-
stalled on the fixed platform selected, with the orientation
directly above the test sample and 75 cm away from the test
sample. The lens direction of the digital camera was adjusted
perpendicular to the surface of the glass container of the test
sample. The electronic balance was placed for measuring the
weight of the test sample under the circular glass container
containing the test sample and the projection range of the
camera lens was adjusted to 200 mm x 200 mm, making it
the same size as the electronic scale. After adjustment, in the
process of test monitoring, we can directly observe the
changes of test samples in each round glass container by
observing the imaging of the projection center of the digital
camera. In order to observe the center change of the image
more intuitively and eliminate the influence of the
boundary, the image collected by the digital camera is
cropped to 15cm x 15cm, and then the cropped image is
processed according to the process in Figure 4. First, all the
collected images are color images in RGB mode, as shown in
Figure 4(a). The gamma correction graying method can be
used to process the image after we remove the noise, as
shown in Figure 4(b). The principle is as follows:

R*? + (1.5G)** + (0.6B)*? ()
1+ 1.5%% +0.6*?

Gray = ZQI

Second, the binary image which can clearly reflect the
local and overall characteristics of the image is obtained by
selecting the appropriate binary threshold for the gray image
with 256 brightness levels after processing. After calculating
the binarization threshold of different gray values in the gray
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histogram, the gray image can be divided into two parts:
crack and clay. The binary image after the assignment is
shown in Figure 4(c).

Finally, the image without past noise processing is very
blurred, and even isolated pixel points or pixel blocks will be
formed. There are some denoising methods: mean filter,
median filter, and Gaussian filter. Because the mean filter can
easily lead to the blurring of image edges, and since the
premise of using the median filter is to select an appropriate
sliding window, a Gaussian filter is used to remove noise in
this experiment. The denoised image is shown in Figure 4(d).

2.2.3. Calculation of Crack Fractal Dimension and Crack
Entropy. In order to better analyze the length, shape, crack
length, and other characteristics of clay cracks, fractal dimension
is used to quantify the sample crack network. The commonly
used fractal dimension algorithms mainly include the size
method, the island method, and the box-counting dimension
method. The sizing method is often used to measure the tor-
tuosity of a curve. It mainly uses a selected size r to measure
along the measured curve by dividing rules. The precondition
for the use of the island method is the closed curve. The crack
change map extracted is the closed curve, which meets the
requirements. However, because it is not a regular figure, it
cannot be calculated by assuming that the perimeter is directly
proportional to the power of the measurement unit, and the
area is directly proportional to the power of the measurement
unit. The original smooth perimeter was replaced by the fractal
perimeter curve according to the calculation method of the
fractal dimension of irregular graphics, which was proposed by
Blumen and Mandelbort [28]. The box-counting dimension
method covers the fractal curve by taking a small box with side
length ] and uses the least square method to fit the curve in the
double logarithmic coordinates through the number of boxes N
(D). The slope of the curve is the fractal dimension, as shown in
the following formula:

D= - lim 28N ®

0 Tog (1/1) @

where D is the fractal dimension. The box-counting di-
mension method is similar to the size method, which is
suitable for fractal dimension calculation in this test.
Information entropy is related to the number of possible
results of events. Under the condition of equal probability, the
more possibilities exist, the greater the information entropy, that
is, the greater the uncertainty of events. Information entropy is
related to the probability distribution of events. The more
uniform the probability distribution, the greater the information
entropy [29]. When all probabilities are equal, the larger the
information entropy is. Based on the information entropy, the
probability entropy of a crack can be constructed. The larger the
crack entropy is, the more uniform the crack distribution is.

K = _Zpilogpi’ (3)
i=1

where K. is the fractal dimension and pi is the probability of
crack occurrence in a certain direction.
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3. Result

3.1. Fractal Characteristics of Crack Network. By observing
the changing image of the clay crack network with different
bagasse content in Figure 3, it can be found that the cracking
degree of clay increases with the decrease of water content
when the bagasse content is 0, 3%, 6%, 9%, and 15%, but the

cracking degree of bagasse clay with similar water content is
different under different bagasse content. There is only one
main crack in the clay without bagasse when the water
content is 34%, and there is no crack in the clay with bagasse
content of 9% when the water content is 34%. However,
secondary cracks appear in the clay with a bagasse content of
3%, 6%, and 15% when the water content is approximately
33%, and the clay with bagasse content of 3% has initially
formed a crack network. The clay with a bagasse content of
6% and 15% initially formed its crack network when the
water content was about 18%, while the clay without bagasse
and with a bagasse content of 9% initially formed its crack
network when the water content was about 12%. When the
water content is 5.2%, the clay without bagasse is completely
cracked. When the clay with bagasse content of 3%, 4.2%,
6%, 9%, and 15% is completely cracked, the water content is
4.8%, 4.2%, 4.5%, and 7.4%, respectively. Through simple
data analysis, we can find that different bagasse content can
affect the cracking degree of clay under the same water
content.

As shown in Figure 5, the change characteristics of the
fractal dimension of clay crack with different bagasse con-
tent, the lines with different colors represent the clay with
different bagasse content, and the starting points of the lines
represent the occurrence time and stability time of the fractal
dimension of the clay with different bagasse content. The
slope of the line represents the relationship between the
fractal dimension of clay with different bagasse content and
time. The observation shows that when the bagasse content
of clay is 3%, its fractal dimension begins to increase at 112 h,
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indicating that the clay with a bagasse content of 3% cracks
first and its fractal dimension is 1.304. Then, the fractal
dimension of clay with a bagasse content of 9% was 1.271 at
116 h. The fractal dimension of clay with 15% bagasse is
1.258 at 120h. The fractal dimension values of clay with
bagasse content of 6% and clay without bagasse at 124 h are
1.285 and 1.402, respectively. The cracking time of clay varies
with the different contents of bagasse. Adding bagasse to the
clay can advance the cracking time of the clay, and different
bagasse contents have different effects on the cracking time
of the clay. Among our five experimental groups, the clay
with 3% bagasse content has the greatest impact, and the clay
with 6% bagasse content has the least impact. We can ad-
vance the cracking of clay by adding different content of
bagasse to the clay.

As shown in Figure 6, the change characteristics of clay
crack entropy with different bagasse content, different ba-
gasse content in clay will change the time and size of clay
crack entropy. By observing the data changes in the figure,
the crack entropy of clay with a bagasse content of 3% first
appeared at 112 h, with a size of 0.974. Compared with the
clay with a bagasse content of 9% and a bagasse entropy of
0.950 at 116h, the clay with a bagasse content of 3% ob-
viously cracks earlier and has a greater impact on the clay
crack entropy than the clay with a bagasse content of 9%. By
observing the change curves of the other three contents, the
earliest crack entropy of the clay with a bagasse content of
15% has first appeared at 120 h, and the size of the crack
entropy is 0.902. The clay without bagasse and the clay with
bagasse content of 6% both appeared at 124 h, but the clay
without bagasse had a crack entropy of 0.862 at 124 h, and

the clay with bagasse content of 6% had a crack entropy of
0.972 at 124 h. Finally, the crack entropy of the clay with and
without bagasse tends to be about 0.980 at 170 h. The crack
entropy of clay with bagasse appeared earlier than the clay
without bagasse, and the value is large. The effect of bagasse
with different content on the change characteristics of clay
crack entropy is also different. The addition of bagasse to the
clay can advance the time of clay crack entropy and increase
the current size of crack entropy.

Variation characteristics of clay water content with
different bagasse content are shown in Figure 7. The vari-
ation characteristics of clay water content with and without
bagasse are different. The water content of the clay without
bagasse decreased from 100% to 5.2% in 170 h, and the water
content basically showed a linear change with time. The
water content of the clay with different content of bagasse
decreased from 100% to about 65% in 0-30h, while the
water content of the clay without bagasse decreased from
100% to about 80% in 0-30 h, indicating that the addition of
bagasse can make the water content of the clay decrease
rapidly in the early stage. The water content of clay with
different content of bagasse slows down at 30-170h. The
water content of clay with different content of bagasse is
basically the same as that of clay without bagasse at about
100h. The water content of clay with 6%, 9%, and 15%
bagasse at 100-170h is greater than that of clay without
bagasse. Only the water content of clay with 3% bagasse is
less than that of clay without bagasse at 100-170 h, Finally, at
164 h, the water content of the clay without bagasse and the
clay with bagasse content of 3% completely cracked did not
change and decreased to 5.2% and 4.8%, respectively. The
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clay with a bagasse content of 6%, 9%, and 15% completely
cracked at 166 h, and the water content decreased to 4.2%,
4.5%, and 7.4%, respectively. It shows that the appropriate
addition of bagasse to the clay can make the water content of
the clay with bagasse higher than that of the clay without
bagasse at the same time in the later stage, and enhance the
water retention capacity of the clay in the later stage.

4. Discussion

Bagasse fiber contains many polar hydroxyl groups, and its
compatibility with hydrophobic polymer matrix is very
poor; at the same time, hydroxyl groups generate strong
hydrogen bonds between bagasse fibers, which makes ba-
gasse easy to agglomerate in the polymer matrix, and the
dispersion is not ideal. As shown in Figure 8, for the sample
without bagasse, the final fractal dimension of the sample
crack network is the largest, with a value of 1.553. The final
fractal dimension of the sample crack network decreases
with the addition of bagasse. The final fractal dimension of
the sample with 15% bagasse content is the smallest, which is
1.421, which is decreased by 8.4% compared with the sample
without bagasse. The final fractal dimension of the sample
with bagasse content of 3% was 1.423, which decreased by
8.3% compared with the sample without bagasse. The final
fractal dimension of the crack network of the sample with
bagasse content of 6% was 1.466, which decreased by 5.6%
compared with the sample without bagasse. The final fractal
dimension of the crack network of the samples with bagasse
content of 9% was 1.435, which decreased by 7.5% compared
with the samples without bagasse. The stable water content of the
sample decreased first and then increased with the addition of
different amount of bagasse. For the sample without bagasse, the

stable water content of the sample is 5.2%. The stable water
content of the sample with bagasse content of 3% was 4.8%,
which decreased by 7.6% compared with the sample without
bagasse. The sample with a bagasse content of 6% had the lowest
stable water content, which was 4.2%, and decreased by 19.2%
compared with the sample without bagasse. For the samples
with a bagasse content of 9%, the stable water content of the
samples began to rise, and the value was 4.5%. However,
compared with the samples without bagasse, the stable water
content of the samples still decreased, with a decreasing per-
centage of 13.4%. The stable water content of the sample with
15% bagasse was the highest, which was 7.4%, and increased by
42.3% compared with the sample without bagasse.

5. Conclusions

There are many polar hydroxyl groups in the bagasse fiber,
and its compatibility with the hydrophobic polymer matrix
is very poor. In this article, the cracking characteristics of
clay materials with different bagasse contents during
evaporation were studied by recycling bagasse. The digital
image processing technology is used to extract and calculate
the crack. The fractal dimension and entropy of cracks are
used to quantitatively analyze the crack characteristics of the
samples.

When the content of bagasse in the clay is different, the
cracking time of the clay is also different. The clay with a
bagasse content of 9% has no cracks when the water content
is 34%, and the clay with a bagasse content of 3% has initially
formed a crack network.

The clay with 3% bagasse content has the greatest impact,
and the clay with 6% bagasse content has the least impact. By
adding a certain amount of bagasse to the clay, the time of
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clay crack entropy and the size of clay crack entropy can be
increased.

The final fractal dimension of the sample crack network
decreases with the addition of bagasse. The final fractal
dimension of the sample with 15% bagasse content is the
smallest, which is 1.421, which is decreased by 8.4% com-
pared with the sample without bagasse.
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Asphalt aging has a direct influence on the durability of asphalt mixture. In order to improve thermal oxidizing aging resistance of
asphalt, the commercial antioxidants including Irganox 1010 and Irgafos 168 were selected to modify base asphalt and SBR
asphalt. The basic properties of modified asphalt before and after the rolling thin film oven test (RTFOT) are evaluated by
penetration, softening point, ductility, and viscosity. The Fourier transform infrared spectroscopy (FTIR) test was applied to
determine the antiaging mechanism of modified and unmodified asphalt. According to the test result, Irganox 1010 not only
reduces the aging degree of asphalt but also has little adverse effect on other properties. Irgafos 168 with a content of 1% improves
the low temperature ductility of asphalt and improves the antiaging performance of asphalt significantly. After RTFOT, the
content of oxygen-containing functional groups (carbonyl group and sulfoxide group) declines significantly in antioxidation
modified asphalt, and Irganox 1010 and Irgafos 168 inhibit oxidizing reaction in the aging procedure. This study can provide a

useful reference for improving the aging property of asphalt in highway construction.

1. Introduction

Asphalt pavement with a good performance has been
widely used around the world since the 1850s [1-6]. In the
mixing and paving stage of asphalt mixture, the oxidation
reaction of asphalt with oxygen occurs at high tempera-
ture, which leads to the rapid aging of asphalt. In the
service stage, a slow oxidation reaction gradually occurs
between asphalt and oxygen in the air [7-9]. Asphalt aging
causes the binder to become hard and brittle, with a severe
decline in relaxation properties, eventually leads to
pavement cracking and other diseases. Therefore, research
efforts on asphalt aging research and discussion had never
terminated until now [10-14]. Adding additives to asphalt
to improve the antiaging performance of asphalt is the
most commonly used method [15-18]. Therefore, more
and more attention has been paid to the addition of
antiaging agents, which can inhibit the thermal and ox-
ygen aging reaction process to improve the antiaging
property of asphalt.

The antioxidant was used as antiaging agents frequently.
Previous studies have shown that antioxidants can effectively
improve the aging resistance of asphalt. Williams et al. [19]
have evaluated the antioxidant effects of lignin-containing
ethanol coproducts on asphalt binders. They proved that
lignin-containing ethanol coproducts can effectively reduce
the aging degree of asphalt binders. Reyes et al. [20] have
studied the antiaging effect of VE for the base and modified
asphalt binders, and the results showed that the viscosity of
asphalt decreases and fatigue crack resistance increases.
Ouyang et al. [21] have investigated the impacts of anti-
oxidants including zinc dialkyl dithiophosphate (ZDDP)
and zinc dibutyl dithiocarbamate (ZDBC) on SBS-modified
asphalt, and they suggested that ZDDP and ZDBC can retard
the oxidation of asphalt through the inhibition of peroxides
and radical scavenging. Li et al. [22] researched the antiaging
effect of three antioxidants in asphalt, evaluated antiaging
performance using the aging index, and analyzed the an-
tiaging mechanism with FTIR. The result shows that the
antioxidants make the aging chain reaction terminated so
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that the aging resistance had been effectively improved. The
composite antioxidant was more stable for aging resistance
improvement of asphalt due to its good synergistic effect.
Different kinds of antioxidants in asphalt binders have
different effects on resistance oxidation [22, 23].

Among the antioxidants, Irganox 1010 and Irgafos 168
were the common antioxidants. Irganox 1010 was char-
acterized by low volatilization, extraction resistance,
nontoxic and high thermal stability, and melting tem-
perature similar to asphalt, and Irgafos 168 has good high
temperature resistance, color resistance, strong extraction
resistance, and stable hydrolysis. Both of them have
significant antiaging effects on polymer materials.
Apeagyei et al. [9] used Irganox 1010 and its different
combinations with other antioxidants to explore the
antiaging effect of antioxidants on asphalt through the
dynamic shear rheological (DSR) test and the bending
beam rheometer (BBR). Their result shows that the
hardness of asphalt after short-term aging did not de-
crease significantly when the content was less than 1%, but
the effect was significant when it is above 5%. The re-
duction in hardness after aging of asphalt was related to
the content of Irganox 1010. Irganox 1010 in combination
with carbon black has a good antiaging effect for asphalt
binders when its content reaches 3%. Thus, it can be found
that Irganox 1010 is beneficial for the improvement of
asphalt properties. However, only the rheological prop-
erties and antiaging properties of asphalt under the in-
fluence of Irganox 1010 were studied, but the impact of
different contents on the physical properties of asphalt is
required to be researched in the future, and the interaction
mechanism between Irganox 1010 and asphalt also should
be revealed. Furthermore, Feng et al. [24] studied the
effects of Irganox 1010, Irgafos 168 and their different
combinations on the physical properties and antiaging
properties of asphalt, and the result shows that Irganox
1010 can improve the thermal oxidative aging resistance
of asphalt; the oxidative aging resistance of asphalt can
also be improved when the content of Irganox 1010 was
not more than 0.6 by a total weight of bitumen. Irgafos 168
did not improve the thermal oxidative aging resistance
when the content was less than 0.6 by a total weight of
bitumen. A notable improvement can be found when the
content exceeds 0.6 by a total weight of bitumen. How-
ever, the range of antioxidant content was on a small scale
and lacked Irganox 1010 and Irgafos 168 in the thermal
oxidative aging mechanism of asphalt. Li et al. [25]
studied that the reaction mechanism of Irganox 1010 and
Irgafos 168 in asphalt, indicating that Irganox 1010 was
one of hindered phenols, and it can effectively prevent SBS
from oxidation via scavenging free radical; Irgafos 168 can
decompose hydroperoxides as phosphite. It can be
inferred that the antiaging properties of polymers were
improved by adding Irganox 1010 and Irgafos 168;
therefore, the antiaging performance of asphalt can also be
modified by Irganox1010 and Irgafos168.

Herein, the aging reaction can be reduced by Irga-
nox1010 and Irgafos 168. Though above research studies
have studied the effects of Irganox 1010 and Irgafos 168 on
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asphalt, but the effect of Irganox 1010 and Irgafos 168 on
thermal oxidative aging properties of asphalt has not been
studied systematically. It is meaningful to investigate the
effect of Irganox 1010 and Irgafos 168 on the aging per-
formance of asphalt in order to reduce the aging during the
service process of pavement. This will also provide a ref-
erence for the application of antiaging asphalt mixture.

The aging of asphalt is closely related to the change in
the asphalt structure and the molecular structure, and the
chemical composition of asphalt can be studied by Fourier
transform infrared spectroscopy. Wu [26] indicated that
the antiaging effect of Irganox 1010 on asphalt was im-
proved using FTIR, and Irganox 1010 inhibited gelatini-
zation of asphalt in the thermal oxidation aging process.
Lmontagne et al. [27] used the sum of the peak areas at
4000 cm™'-700 cm™" as a benchmark to evaluate the effect
of thermal oxidative aging on different asphalt and different
functional groups. Studies have shown that the main reason
for asphalt aging is that it reacts with oxygen to produce
carbonyl polar macromolecules during the aging process.
Zhang et al. [28] studied the structure characteristics of
asphalt based on FTIR and used five analytical benchmarks
in different ranges to study the functional group indexes
before and after the aging. The results showed that the peak
area at 4000 cm™'~700 cm™' was the most stable.

In this paper, the rolling thin film oven test was used to
simulate the short-term aging process in order to study
the impact of Irganox 1010 and Irgafos 168 on the thermal
oxidative aging property of asphalt. The modified anti-
aging asphalt was homogenized using a high-speed
shearing method. The impacts of both antioxidants on
properties were evaluated through penetration, softening
point, ductility, and viscosity tests before and after
RTFOT. FTIR analysis was conducted to reveal the an-
tiaging reaction mechanism of Irganox 1010 and Irgafos
168.

2. Materials and Experiment

2.1. Raw Materials. Asphalt called AH-70# and SBR-II-A
and modified asphalt were selected for experiment, and
physical properties of asphalt binders are summarized in
Table 1. It should be noted that SBR-modified asphalt was
the standard product from an asphalt plant. The antioxi-
dant includes Irganox 1010[pentaerythritol tetrakis 3-(3,5-
di-tert-butyl 4-hydroxyphenyl)propionate] and Irgafos168
[ tris-(2,4-di-tert-butyl)phosphite]. The common proper-
ties of Irganox 1010 and Irgafos 168 are summarized in
Table 2.

2.2. Preparation of Modified Asphalt. A high-speed shearing
machine was used to prepare modified asphalt in this paper.
Base asphalt AH-70# and SBR-modified asphalt were se-
lected for experiment. The contents of Irganox 1010 and
Irgafos 168 were Owt.%,1wt.%,5wt.%, and 10wt.%. In pre-
paring the procedure, asphalt is placed in an oven at 135 °C
for 1hour in order to ensure the fluidity of asphalt and
reduce aging of the thermal insulation process, and then, the
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TaBLE 1: Physical properties of the asphalt binder.

Physical properties 1;(1)_;_ SBRasphalt ~ Standard
Penetration (25°C, 75 140 ASTM-D5
0.1 mm)

Ductility (10°C, cm) 38.9 144 ASTM-D113
Ductility (15°C, cm) >100 >150 ASTM-D113
Softening point (°C) 49.2 49.6 ASTM-D36
Viscosity (135°C, Pa-s) 0.306 0.528 JTG E20-2011

TaBLE 2: The common indexes of antioxidants.

Physical properties Irganox 1010 Irgafos 168

Color White White
Melting point (°C) 110~125 182~186
Content (%) >98 >99
Density (gecm ) 1.15 1.03
Ash (%) <0.1 <03
Transmittance (425 nm%) >95 >93
Transmittance (500 nm%) >97 >95
Volatile (%) <0.5 <0.5

TaBLE 3: Preparation conditions of modified asphalt.

Shearing speed

No Antioxidant Asphalt Temperature (°C) (radls)
1# Irganox 1010 AH-70 150 4500
2# Irgafos 168  AH-70 180 4500
3# Irganox 1010 SBR-II-A 150 4500
4#  Irgafos 168 SBR-II-A 180 4500

antiaging asphalt in Table 3 is obtained after mixing for
15minutes. AH-70# asphalt and SBR-modified asphalt
should be mixed under the same conditions related to the
speed, temperature, and time in order to eliminate the
adverse effect caused by operation.

2.3. Experimental Methods. According to the standard JTG
E20-2011, oxidative aging of antioxidation aging asphalt
binders was performed using the rolling thin film oven test
(RTFOT). The penetration test, softening point test, ductility
test, and viscosity test before and after RTFOT were per-
formed according to the standard JTG E20-2011. The test
temperature of the penetration test was 25°C. The softening
point test (ring-and-ball Apparatus) had adopted a standard
test. The test temperature of the ductility test was 10°C, and
the speed was 5cm/min because the ductility of SBR
modified asphalt at 15°C was overrange, and at 5°C, the 70#
binder was easy to fracture. The viscosity was determined by
the Brookfield viscometer method, and the test temperatures
of the viscosity test were 90°C, 100°C, 110°C, 120°C, and
135°C. Three replicates were prepared for each test.

2.4. Characterization Method. The asphalt aging degree was
evaluated by the penetration retention rate (PRR), the
ductility retention rate (DRR), the softening point increment
(SPI), and the viscosity aging index (VAI).

2.4.1. Penetration Retention Rate (PRR)

P
PRR(%) = — x 100%, (1)
P,
where P, indicates the unaged penetration of asphalt,
0.1 mm;P indicates the aged penetration of asphalt, 0.1 mm.
The lower the PPR, the more severe the aging.

2.4.2. Ductility Retention Rate (DRR)

[} D 0,
DRR (%) = 1~ 100%, (2)
0

where D, indicates the unaged ductility of asphalt, cm; D
indicates the aged ductility of asphalt, cm. The lower the
DRR, the more severe the aging.

2.4.3. Softening Point Increment (SPI)
SPI = SP - SP,, (3)

where SP indicates the aged softening point of asphalt,’C;
SP, indicates the unaged softening point of asphalt, ‘C. The
greater the SPI, the more severe the aging.

2.4.4. Viscosity Aging Index (VAI)

Vaged - Vunaged

VAI = x 100%, (4)

unaged

where V.4 indicates the aged viscosity of asphalt, Pa-s;
Viunagea indicates the unaged viscosity of asphalt, Pa-s. The
greater the VAI, the more severe the aging.

2.5. FTIR Test. The asphalt sample for FTIR analysis was
prepared by the KBr disc method. In the narrow-mouthed
bottle, the asphalt sample was dissolved in a toluene solvent
to prepare a 5% asphalt/toluene solvent. In order to avoid the
water in the air entering into the narrow-mouthed bottle, we
put the narrow-mouthed bottle in the desiccator waiting for
the test. For the Irganox 1010 and Irgafos 168 sample, the
spectra samples were obtained by blending Irganox 1010 and
Irgafos 168 with the KBr powder, respectively. FTIR was
measured by FTIR-1500 series. The spectra were recorded
from 4000 to 400 cm™" averaging 120 scans for each mea-
surement. The testing process is shown in Figure 1. The FTIR
data were analyzed and processed by OMNIC.

3. Results and Discussions

3.1. Effects of the Mixing Procedure and Aging on the Properties
of Asphalt. Influence of Irganox1010 and Irgafos168 con-
tents on antiaging performances of modified asphalt for
virgin bitumen and RTFOT aged one is shown in Table 4.
The coefficients of variation of parallel experiments were all
within 10%.

As listed in Table 4, it can be seen that both Irganox
1010 and Irgafos 168 have significant effects on asphalt
physical properties. For Irganox 1010, with the increase of
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FiGure 1: Fourier infrared spectroscopy (FTIR) sample preparation and test.
TaBLE 4: Influence of matrix asphalt on three indexes before and after mixing and aging.
Before aging After aging
Name Property
0 1 5 10 0 1 5 10
Penetration (0.1 mm) 81 79 76 60 49 49 47 37
1# Softening point (°C) 48.9 48.6 48.8 48.4 54.4 53.6 53.9 53.3
Ductility (10 °C, cm) 39.0 44.8 33.6 — 6.6 7.9 7.2 —
Penetration (0.1 mm) 81 77 80 87 49 49 53 56
2# Softening point (°C) 48.9 48.8 48.2 48.0 54.4 54.1 53.0 52.3
Ductility (10 °C, cm) 39.0 41.6 35.8 50.3 6.6 7.3 7.5 10.0
Penetration (0.1 mm) 145 144 138 117 89 94 88 77
3# Softening point (°C) 49.2 48.5 48.8 50.0 49.9 48.9 49.3 50.3
Ductility (10 °C, cm) 150.0 150.0 142.5 117.1 52.7 53.1 52.6 44.3
Penetration (0.1 mm) 145 145 141 142 89 97 101 98
4# Softening point (°C) 49.2 49.0 48.4 48.3 49.9 49.6 48.7 48.5
Ductility (10 °C, cm) 150.0 150.0 150.0 144.5 52.7 58.5 68.7 70.7

antioxidant contents, the penetration of asphalt gradually
decreased and the range of change gradually increased.
However, Irganox 1010 has little effect on the softening
point of both types of asphalt and will not influence the
thermal stability of asphalt. At the same time, it is clearly
found that Irganox 1010 has a similar impact on the
ductility of both types of asphalt, and adding 1% antiox-
idant can improve the low temperature performance. Low
temperature ductility will be greatly declined with the
increase of antioxidants. In particular, the ductility of
asphalt 1# dropped significantly when Irganox 1010 content
reached 10%. After RTFOT, the ductility of asphalt was
optimal when its content was 1%. The addition of Irganox
1010 to asphalt forms an ester-based substance, which
causes asphalt to become hard. Thus, the penetration and
ductility of the aged asphalt declined when Irganox 1010 is
more than 1%.

For Irgafos 168, when the antioxidant content is 1%, the
penetration and softening point of asphalt changed slightly.
The regularity is also observed in the paper of Feng et al.
[24]. With the increase of Irganox 168, the most drastic
changes existed in the penetration and ductility, but the
softening point changed a little. In particular, the pene-
tration of asphalt 4# decreased but is still greater than
original SBR asphalt. The ductility is greater than 150 cm
when the content is not more than 5%, but it dropped a
little when the content reached 10%. After RTFOT, the
penetration and ductility of asphalt had risen notably, and

the softening point decreased. It can be seen that large
content of Irgafos 168 has a notable improvement on the
property after aging.

Influence of Irganox 1010 and Irgafos 168 on the
Brookfield viscosity of antiaging modified asphalt is shown
in Figure 2.

As shown in Figure 2, it can be seen that Irganox 1010 and
Irgafos 168 have similar effects on the viscosity of asphalt. The
antioxidants reduced the viscosity, and with the increase of
Irganox 1010 and Irgafos 168, the viscosity decreased grad-
ually. In the case of a small content, the effect of antioxidants
on base and SBR asphalt is not consistent. Antioxidants have
little effect on the viscosity of base asphalt, which made the
viscosity of SBR asphalt decrease significantly. The higher the
test temperature, the less the effect of antioxidants.

3.2. Evaluation of Antiaging Effects

3.2.1. Mass Loss. During the aging process, the light mo-
lecular structure of volatilization reduces the mass of the
sample, but the oxidation reaction also occurs during aging,
which increases the mass of asphalt. The positive value of
mass loss meant that oxygen reacts during the aging process
to increase the mass, while a negative value of the mass loss is
due to the volatilization of light oils, and the influence of
Irganox 1010 and Irgafos 168 on the mass loss is shown in
Figure 3.
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FIGURE 2: Viscosities of virgin and modified asphalt.

As shown in Figure 3, it could be seen that the mass loss
of modified antiaging asphalt decreased after adding Irganox
1010 and Irgafos 168, and with the increase of the content,
the mass loss tended to be stable. SBR asphalt generated
more mass loss after aging. The antiaging capacity was
improved after adding the antioxidants, which weakened the
volatilization of light components and also inhibited the
aging of SBR asphalt.

3.2.2. Aging Index. The influence of RTFOT aging on the
penetration is shown in Figure 4.

The penetration retention rate (PPR) can be used to
evaluate the antiaging performance, Yu et al. [18] indicated
that the lower the PPR was, the more severe the aging was.

As described in Figure 4, it was easy to find that the PPR of
base asphalt increased, but its improvement was limited. So,
Irganox 1010 has slight influence on the PPR of asphalt 1#
when the content of Irganox 1010 was not more than 5%.
Although the PPR substantially increased when the content
of Irganox 1010 reached 10%, Irganox 1010 would produce
adverse effects on the penetration. Therefore, considering
the antiaging action and the adverse effect for the pene-
tration, the optimal content of Irganox 1010 is 1% for base
asphalt. The PPR of SBR asphalt increased significantly with
the increase of Irgafos 168, the PPR was at its peak when the
content reached 5%. Therefore, Irgafos 168 effectively re-
duces the decrease of penetration caused by aging and
improves the antiaging performance. From the PPR, the
antiaging action of Irgafos 168 is better than that of



0.00 T T T T

-0.05 .

-0.10 - A

-0.15 A

-0.20 .

Mass loss (%)

-0.25 A

-0.30 - A

0 1 5 10
Content (%)

—— 1#
—A— 2#
—m— 3#
—o— 4#

FIGURE 3: Mass loss of different types of asphalt.

74 - -

72 4

70 A

68 - .

PPR (%)

64 - 4

62 - A

60 1 1 1 1
0 1 5 10

Content (%)

—a— 1#
—o— 2#
—A— 3#
o 4%

FIGURE 4: PPR of different types of asphalt.

Irganox1010. The PPR of SBR is higher than that of base
asphalt. This is because the antioxidant and SBR have a
synergistic effect, and the composite modification has a
better antiaging action.

As described in Figure 5, the softening point increment
(SPI) can be used to evaluate the antiaging performance, and
the larger the SPI, the more severe the aging. The SPI of
antioxidant-modified SBR binders is always smaller than
that of base asphalt. The SPI dropped with the increase of
both antioxidants. The SPIs of modified base and SBR as-
phalt gradually decreased with the increase of Irgafos 168.
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When the content is small, the change in the SPI was rel-
atively small. It can be inferred that the addition of two
antioxidants can reduce the oxidative aging degree of
modified asphalt. Among them, Irganox 1010 showed a
better aging resistance when the content was 1%, and a better
antiaging performance was observed when Irgafos 168 was
more than 1%.

The ductility retention rate (DRR) can be used to
evaluate the antiaging performance, and the lower the DRR
was, the more severe the aging was . From Figure 6, it can be
seen that DRRs of the modified asphalt with Irganox 1010
and Irgafos 168 are higher than those of the unmodified
ones. When the amount of antioxidants is small, the DRR of
base asphalt slightly changed. The DRR significantly rose
after the amount exceeded 1%. For asphalt 1#, when Irga-
nox1010 reached 10%, the asphalt generated brittle failure
before and after aging. Therefore, the DDR of the modified
group containing 10% Irganox 1010 was unavailable. The
DRR of Irgafos 168 modified SBR asphalt increases with the
increase of antioxidants. However, the DDR of asphalt 4#
showed a good improvement, while the DDR of asphalt 3#
had no significant change.

The viscosity aging index (VAI) can be used to eval-
uate the antiaging performance, and the higher the VAI
was, the more severe the aging was. As shown in Figure 7,
the VAI of modified asphalt shows an overall downward
trend, especially when the antioxidant content is 10%, the
decline is the largest. Among them, Irganox 1010 has a
complex effect on the VAI of base asphalt. With the in-
crease of antioxidant content, the VAI of base asphalt first
decreased then gradually increased and finally dropped to
the lowest value. At the same content, the VAI decline
amplitude of modified SBR is obviously larger than that of
base asphalt. The antiaging effect of antioxidants on SBR is
better.
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3.3. FTIR Analysis of the Antioxidant Mechanism. FTIR tests
were performed on the samples of 70# asphalt, SBR asphalt,
Irganox 1010, Irgafos 168, and modified asphalt before and
after aging. The main absorption peaks in modified asphalt
were analyzed , as shown in Table 5. The FTIR analysis of
Irganox 1010, Irgafos 168, unmodified asphalt, and modified
asphalt is shown in Figures 8-11.

As shown in Figures 8 and 10, for Irganox 1010, it is not
difficult to find two peaks in Irganox 1010 spectra observed
at 3645cm ™! and 1750 cm™'. From Table 5, it can be found
that the corresponding functional group at 3645cm™" is a
phenolic hydroxyl group (O-H) and at 1750 cm™" is an ester
group (C=0). Therefore, Irganox 1010 is fused with 70# and
SBR asphalt mainly through physical adsorption without
chemical reaction.

As shown in Figures 9 and 11, for Irgafos 168, the
characteristic peak is located at 856 cm™" and 1083 cm ™. The
corresponding functional group at 856cm™' is a “=CH”
nonplanar variable angle vibration on the benzene ring and
at 1083cm ™" is a P-H in-plane vibration in phosphorous
acid. In particular, the groups of 2# + 10% Irgafos 168 and 4#
asphalt+10%]Irgafos 168 contain a peak at 970 cm™". Irgafos
168 and 70# asphalt did not have this peak as shown in
Figure 9. So, the difference between the peak at 970 cm™'is
trans-butyl, and the peak intensity also increased. Therefore,
Irgafos 168 is fused with 70# asphalt and SBR asphalt mainly
through chemical reaction.

It is found in Figure 12(a) and Figure 13(a) that the
sulfoxide group appeared at 1030 cm ™", but no obvious
carbonyl group is found at 1700 cm™", indicating that the
content of the carbonyl group is very low before aging,
but there is still a small amount of the sulfoxide group,
and this finding is consistent with previous research
[29, 30]. The peak intensity of the phenolic hydroxyl
group at 3645cm™' and the ester group at 1750 cm™ is
increased with the increase of Irganox 1010. The increase

of the ester group is the main cause of hardening of
asphalt 1# and 3#. Because the ester group can connect
different molecules to produce higher relative molecular
weight substances, resulting in the increase of asphal-
tenes, so that the colloidal structure, chemical compo-
sition and properties of asphalt would be changed. As the
core of the micelles, the increase of asphaltenes leads to
the decrease of the solubility of the micelles, the devel-
opment of the network structure, and the gelation of the
asphaltenes. By comparing the FTIR of 1# and 3#, it can be
found that Irganox 1010 has a greater impact on 70#
asphalt.

As can be seen in Figures 14 and 15, when Irganox 1010
was not added, the absorption peaks of carbonyl groups at
1700cm™" and sulfoxide groups at 1030cm™ ' were sig-
nificantly enhanced after aging by RTFOT, indicating that
the content of oxygen-containing functional groups in
asphalt increased during aging. With the addition of
Irganox 1010, the absorption peak strength of carbonyl and
sulfoxide groups gradually decreased, indicating that the
hydroxyl (-OH) functional groups in Irganox 1010 were
relatively easy to release hydrogen atoms, which destroys
the reaction of free radical automatic oxidation chains,
thus inhibiting the generation of oxygen-containing
functional groups in asphalt and delaying the aging pro-
cess. For asphalt 3# after aging, the absorption peak of
trans-butadiene at 970 cm ™" is also significantly reduced,
which was due to the cleavage reaction of the SBR modifier
during aging. The synergistic effect of the Irganox 1010 and
SBR modifier increases the antiaging capability of asphalt
3#, which is also the reason why 3# has better antiaging
capability than 1#.

It is not difficult to see in Figure 14(a) and Figure 15(a),
with the increase of Irgafos 168, the absorption peaks of 2# and
4# at 1083cm™’, 970cm™", and 875cm™" were significantly
enhanced, and sulfoxide group absorption peaks appeared at
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FIGURE 7: Viscosity aging index of different binders.

1030cm™’, but no obvious carbonyl absorption peaks were
found at 1700 cm™". The peak at 970 cm™' generated by the
chemical reaction in 2# was the alkene functional group,
which had the same peak position as the transbutadiene in
SBR, and the absorption peak at 970cm™" in 4# is also
significantly enhanced. As shown in Figure 14(b) and
Figure 15(b), the content of carbonyl and sulfoxide
functional groups in 2# and 4# decreased with the increase
of Irgafos 168 after aging by RTFOT. After aging, the
absorption peak intensity of 2# and 4# decreased signif-
icantly at 970 cm™', indicating that butadiene can improve
the antiaging performance. Therefore, Irgafos 168 can
significantly improve the aging resistance of asphalt.

In order to avoid the influence of experimental errors,
itis often suggested that we select a part of a peak area and

use it as a reference to calculate the functional group
index. The change in the relative intensity of functional
groups was analyzed by using the functional group index,
and the antiaging properties of asphalt were studied by
using the change rate of the functional group index before
and after aging. In the FTIR analysis of asphalt, the
carbonyl index, sulfoxide group index, aromatic index,
and aliphatic index are often used as the analysis indexes.
Therefore, according to Lmontagne’s study [29], the sum
of different peak areas within the range of 4
000 cm™'~700cm™" is adopted as the benchmark. The
functional group index is calculated based on equations
(5)-(8). The exponential change rates of functional
groups before and after aging are calculated based on
equation (9).
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TaBLE 5: Spectral analysis of main absorption peaks in modified
asphalt.

Wavenumber Functional groups
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13777 6C-H of CH3 (aliphatic branched)
10837 P-H in-plane vibration in § phosphite
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FIGURE 8: Spectra of Irganox 1010, base asphalt, and 1#+10%
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of 4000 cm™'~700 cm™", W is the functional group change
rate, Ipeforeaging 18 the functional group index before aging,
and Lferaging is the functional group index after aging.

Irganox 1010 has different effects on 1# and 3# asphalt. It
can be seen from Table 6 that the carbonyl functional group
index, sulfoxide functional group index, and aromatic
functional group index decrease with the increase of Irga-
nox1010 content, while the aliphatic functional group index
remains almost unchanged. As can be seen from the change
in the functional group index in Table 7, the carbonyl
functional group index and the aromatic functional group
index first increase and then decrease, while the contents of
the sulfoxide functional group index and the aliphatic
functional group index increase, indicating that the Irganox
1010 content has different influences on the functional group
index of different asphalt. When studying the chemical
structure changes of asphalt in the aging process, the content
of carbonyl and sulfoxide functional groups is often used to
evaluate the oxidation of asphalt. The functional group index
is greater, and the content of carbonyl and sulfoxide
functional groups in asphalt is higher [35-39]. The contents
of the carbonyl group and the sulfoxide group decrease in 1#
and 3# asphalt, and this is because of the oxidation reaction
between asphalt and oxygen during the preparation process;
thus, the content of the carbonyl and sulfoxide group in-
creased. Therefore, the addition of Irganox 1010 inhibited
the oxidation reaction between asphalt and oxygen in the
preparation process, and the contents of carbonyl and
sulfoxide groups were reduced. The carbonyl functional
group index and the sulfoxide functional group index in 3#
are lower than that in 1#, indicating that Irganox 1010 has a
good synergistic effect on SBR.

After aging by RTFOT, the carbonyl functional group
index, sulfoxide functional group index, and aromatic

functional group index of 1# and 3# increased. During the
short-term aging of asphalt, carbon, sulfur, nitrogen, and
other elements in asphalt will be oxidized with the presence
of oxygen in the air; thus, the content of a series of oxygen-
containing functional group compounds such as carbonyl
and sulfoxide increased. The carbonyl and sulfoxide groups
of base and SBR asphalt significantly increased after aging,
which proves that aging leads to the increase of carbo-
hydrate and sulfur-oxygen groups in asphalt. The func-
tional group index change rate (W) is used to evaluate the
aging resistance of asphalt from the perspective of the
functional group intensity, as shown in Figure 16(a) and
16(b). After adding Irganox 1010, W_p and Wy in as-
phalt significantly decrease, and with the increase of
Irganox 1010, the change in carbonyl and sulfoxide
functional groups first decrease, then increase, and lastly
decrease, which is consistent with other aging index reg-
ularity. After aging, Wy, and W of base asphalt and SBR-
modified asphalt are both positive, and the aromatic and
aliphatic content increased after RTFOT. After adding
Irganox 1010, Wy, and W tend to decrease gradually. This
is because Irganox 1010 improves the antiaging perfor-
mance, and aging causes polymerization and chain scission
of asphalt, thus producing more aromatic groups after
aging. Therefore, Irganox 1010 slows down chain scission
and polycondensation of asphalt in the aging process, thus
reducing the aromatic content in asphalt. Wj close to zero
indicates that the chain scission of normal paraffin hy-
drocarbon in saturated fragrance is effectively inhibited. To
sum up, Irganox 1010 produces positive effects during
asphalt aging. Irganox 1010 prevents oxidative chain re-
actions and weakens the aging process of asphalt by cap-
turing the active radicals generated during asphalt aging,
and it was found that 3# had better antiaging effects when
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TaBLE 6: Effect of Irganox 1010 on the functional group index of 1#.
Before agin, After agin
Content/% gmne &g
Ico Iso I ar Ip ITco Iso I ar Ip
0 0.0055 0.0125 0.0372 0.2106 0.0155 0.0171 0.0561 0.2062
1 0.0048 0.0119 0.0336 0.1909 0.0087 0.0153 0.0368 0.1820
5 0.0030 0.0081 0.0271 0.20634 0.0077 0.0158 0.0272 0.2067
10 0.0015 0.0106 0.0247 0.2229 0.0021 0.0151 0.0268 0.2270
TaBLE 7: Effect of Irganox 1010 on the functional group index of 3#.
Before agin, After agin
Content/% gng gine
Ico I'so I ar I'p Ico Iso I ar Ip
0 0.0036 0.0043 0.0477 0.1820 0.0065 0.0064 0.1463 0.1790
1 0.0056 0.0036 0.0508 0.1940 0.0054 0.0043 0.078 0.1945
5 0.0027 0.0030 0.0462 0.1942 0.0037 0.0042 0.0840 0.1981
10 0.0032 0.0025 0.0412 0.2030 0.0014 0.0016 0.0811 0.1963
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FIGURE 16: Effect of Irganox 1010 on (W) (a) 1# (b) 3#.

the Irganox1010 content is 1%, which is consistent with the
previous conclusion in this paper.

It can be seen from Table 8 that after adding Irgafos 168,
the carbonyl functional group index decreased, while the
sulfoxide functional group index changed a little. It proved
that Irgafos 168 had inhibited the oxidation of asphalt in the
preparation and test process but had little influence on the
sulfoxide group. It can be found that the carbonyl functional
group indexes show a downward trend in different asphalt
from Table 9, while the sulfoxide functional group indexes
have different changes, indicating that the carbonyl func-
tional group indexes can represent the weak oxidation re-
action in asphalt.

As shown in Figure 17, after aging by RTFOT, the
carbonyl functional group index, sulfoxide functional group

index, and aromatic functional group index all increased,
while the aliphatic functional group index decreased. It can
be found from Figure 17(a) that adding Irgafos 168 makes
We_o and Ws_p in 2# significantly lower, W,, changes
slightly, and Wp first reduced and then gradually flattened.
From Figure 17(b), it can be found that adding Irgafos 168
reduces We_p and Wg_p in 4#, while Wy, and Wp first
reduced and then gradually flattened. W_g, Ws-o, and W,
in 2# and 4# asphalt are due to Irgafos 168 inhibiting the
oxidation reaction, and thus the antiaging performance of
asphalt is improved. W below 0 indicates that W not only
effectively inhibits the chain scission of normal paraffin
hydrocarbon in saturated fractions but also promotes the
saturated fraction production. In one word, Irgafos 168 also
has a positive effect on the asphalt aging. Irgafos 168 weakens
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TaBLE 8: Effect of Irgafos 168 on the functional group index of 2#.
Before agin After agin
Content/% gmne gmne
Ico Iso I ar Ip Ico Iso I ar Ip
0 0.0055 0.0075 0.0372 0.2106 0.0155 0.0171 0.0561 0.2062
1 0.0034 0.0072 0.0516 0.2306 0.0075 0.0068 0.0747 0.1963
5 0.0037 0.0080 0.0577 0.3081 0.0055 0.0106 0.0808 0.1771
10 0.0028 0.0082 0.0731 0.3272 0.0033 0.0085 0.0962 0.1886
TaBLE 9: Effect of Irgafos168 on the functional group index of 4#.
Before agin After agin
Content/% gine gng
Ico Iso I ar Ip Ico Iso I ar Ip
0 0.0036 0.0043 0.0477 0.1820 0.0065 0.0064 0.1463 0.1790
1 0.0029 0.0043 0.0879 0.2306 0.0047 0.0070 0.1523 0.1966
5 0.0027 0.0050 0.0984 0.3244 0.0039 0.0074 0.1565 0.2593
10 0.0031 0.0040 0.1042 0.3476 0.0040 0.0046 0.162 0.3228
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FiGure 17: Effect of different Irgafos 168 contents on W of modified antiaging asphalt. (a) 2#. 4#.

the aging degree of asphalt, and Irgafos 168 decomposes
hydroperoxides from thermally oxidized aging chain reac-
tions into inactive products. For asphalt 2# and 4#, a higher
Irgafos168 content has the better the antiaging effect.

4. Conclusions

From the result discussed above, the conclusions can be
drawn as follows:

(1) Commercial antioxidants including Irganox1010
and Irgafos168 improve the aging resistance of base
and SBR-modified asphalt. Based on the basic in-
dexes of asphalt binders and their antiaging per-
formance, 1% Irganox 1010 can improve the

antiaging performance of asphalt and has little
negative influence on the original properties. Asphalt
including 1% Irgafos 168 possesses good aging re-
sistance and low temperature ductility. Due to the
synergistic effect between SBR and antioxidants such
as Irganox 1010 and Irgafos 168, the antiaging effect
on SBR is more significant.

(2) FTIR analysis showed that there was physical ad-

sorption between Irganox 1010 and asphalt, while
there was a chemical reaction between Irgafos 168
and asphalt. According to the qualitative and
quantitative analysis, the main reason for the per-
formance degradation of Irganox 1010 is the ester
group. Irganox 1010 and Irgafos 168 effectively
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prevented the oxidation reaction during aging and
reduced the content of carbonyl and sulfoxide
groups after asphalt aging. [31-39].
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Using bio-based antioxidants and industrial wastes to inhibit asphalt aging is a sustainable practice in the pavement industry. To
investigate the inhibitory effects and potential mechanisms of phenolic compounds and crumb tire rubber on the aging de-
terioration of asphalt binders, the aging characteristics of base asphalt, catechin modified asphalt, and crumb rubber modified
asphalt were evaluated using Fourier transform infrared spectroscopy and reactive molecular dynamics simulations. The results
showed that both catechins and crumb rubber exerted resistance to asphalt aging and that the former performed better.
Specifically, catechins block asphalt aging at the chemical level by providing active H atoms to react with O, and free radicals, thus
preventing them from oxidizing asphalt molecules. In contrast, crumb rubber exerts its antiaging properties mainly in physical
aspects, firstly by limiting the movement of asphalt molecules to reduce the contact and reaction of asphalt with O, and secondly
by counteracting the aging-induced asphalt hardening through its own degradation, thus partially restoring the mechanical
properties of aged asphalt. This study provides molecular insight into the antiaging mechanisms of natural phenolic compounds
and rubber polymers and is expected to provide theoretical guidance for the development of targeted antiaging technologies for

asphalt binders.

1. Introduction

Asphalt is the residue of petroleum fractionation and is
widely used as a pavement bonding material due to its
unique viscoelastic property and mineral adhesion [1, 2].
According to the Corbett component separation test, asphalt
molecules are divided into four components, namely, sat-
urates, aromatics, resins, and asphaltenes (SARA),
depending on their polarity and solubility in different sol-
vents [3]. In the natural state, SARA components of asphalt
are in thermodynamic equilibrium with the effect of in-
termolecular interactions, thus maintaining its satisfactory
fluidity and functionality [4].

However, asphalt is susceptible to aging during service
by reacting with oxygen [5-7]. At high altitude areas, aging
of asphalt becomes faster and more severe under UV ra-
diation [8]. Studies based on Fourier transform infrared
(FTIR) spectroscopy indicate that a large number of polar
oxygen-containing groups, such as carbonyl (mainly ketones
and aldehydes) and sulfoxide groups, as well as small
amounts of carboxylic acids, dicarboxylic anhydrides, and
hydroxyl groups, are produced during asphalt aging [9, 10].
As a result, the molecular polarity and intermolecular ag-
glomeration of aged asphalt increases and the thermody-
namic equilibrium between SARA components is
irreversibly disrupted, which makes asphalt hard, brittle, and
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difficult to flow, resulting in asphalt pavement cracking more
easily under load [11-13].

Governments and contractors typically address pave-
ment cracking caused by asphalt aging through preventive
maintenance, but it reduces the operational efficiency of the
transportation system [14]. Therefore, taking measures to
actively inhibit the aging of asphalt is a better choice for
building tough and durable road facilities. Current asphalt
antiaging technologies, such as the incorporation of layered
silicates and layered double hydroxides (LDHs) compounds,
face the challenges of high cost and poor compatibility with
asphalt, making them difficult to apply in engineering
practice on a large scale [15, 16]. In contrast, phenolic an-
tioxidants from natural sources such as catechin, gallic acid,
and lignin are widely available and have a similar molecular
structure to asphalt, thus avoiding these disadvantages and
becoming a promising raw material for the development of
efficient asphalt antiaging technology [17].

At the atomic level, the aging of asphalt can be explained
by the theory of free radical chain reactions with the steps
equations (1)-(3). In the free radical chain reaction, one or
more steps are repeated multiple times until the chain is
terminated or until one of the reactants is exhausted.

R,H —eat,UV R,., (1)
R, -+0, — R,00,, (2)
R,00 - +R,H —> R,00H + Ry.. (3)

The asphalt molecule (RaH) is dehydrogenated under
environmental conditions of heat and UV light to generate
an unstable asphalt molecular radical (Rae). Rae adsorbs an
O, molecule to produce the highly reactive RaOOe radical,
which further attacks another asphalt molecule (RbH) to
generate RaOOH and an Rbe radical. Then, RaOOH un-
dergoes isomerization to produce ketones, aldehydes, and
other groups, while Rbe drives the reactions equations (2)
and (3) to keep repeating, resulting in the continuous aging
of asphalt. This process of asphalt aging is supported by the
experimental study of Petersen et al. [9].

Fortunately, phenolic hydroxyl groups can capture Re
and ROOe and block the radical chain reactions by pro-
viding protons to transform them to RH and ROOH [18], as
shown in reactions equations (4) and (5):

R-+ArOH — RH + ArO,, (4)

ROO - +ArOH — ROOH + ArO.. (5)

The generated ArOe is also a free radical, but its unpaired
electron is conjugated to the delocalized m bond on the
neighboring aromatic ring and thus remains stable in the
subsequent reactions. Therefore, the addition of phenolic
compounds theoretically prevents the asphalt molecules
from being attacked by free radicals and aging.

In addition, adding crumb rubber into asphalt binders is
also an antiaging technology widely used in engineering
practice [19]. This is because the carbon black in the rubber
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has antioxidant properties, and the crumb rubber can absorb
aromatic components of asphalt to prevent them from
evaporating during aging. Furthermore, the crumb rubber
can limit the physical hardening of asphalt during aging by
reducing the bulk viscosity of asphalt [20]. The crumb rubber
is usually recycled from used automobile tires, and its uti-
lization not only improves the performance of asphalt
materials but also exerts environmental benefits [21, 22]. The
use of crumb rubber modified asphalt (RMA) is mainly used
to improve the rutting resistance of asphalt mixtures at high
temperatures and cracking resistance at low temperatures,
but some studies suggest that the addition of rubber powder
also enhances the aging resistance of asphalt, although the
mechanism is unclear [23-25]. The main component of
crumb rubber from tires is styrene-butadiene rubber (SBR)
polymer, which is produced by polymerizing styrene with
butadiene and does not contain phenolic structures [26].
This fact suggests that crumb rubber enhances the aging
resistance of the asphalt binder by a different mechanism
than phenolic compounds.

Understanding the mechanisms by which phenolic
compounds and rubber crumbs inhibit asphalt aging is
important for the development of targeted antiaging tech-
nologies for asphalt but is challenged by the inability to
experimentally observe the aging behavior of asphalt mol-
ecules and their blocking process at the nanoscale as well as
the inability to predict aging-related chemical reactions by
classical molecular simulation methods [27]. To address this
issue, molecular dynamics (MD) simulations based on the
reactive force field (ReaxFF) were carried out in this study to
investigate the chemical reaction information of asphalt
aging and to comprehensively analyze the inhibition
mechanism of phenolic compounds and crumb rubber on
asphalt aging in combination with classical MD methods
[28]. The specific research steps were as follows:

(i) conducting attenuated total reflection (ATR)-FTIR
tests to evaluate and compare the aging resistance of
base asphalt with phenolic compound-modified and
crumb rubber-modified asphalt samples;

(if) modeling the aging behaviors of various asphalt
samples by ReaxFF MD simulations to analyze the
potential inhibition mechanisms of phenolic com-
pounds and crumb rubber on asphalt aging from a
chemical perspective;

(iii) determining the molecular diffusion and thermo-
dynamic properties of various asphalt samples by
classical MD simulations to analyze the potential
antiaging mechanisms of phenolic compounds and
crumb rubber from a physical perspective.

2. Background on Classical and ReaxFF
MD Simulations

MD simulation is a numerical method to predict the state of
motion of molecular and atomic systems at a given time by
solving Newton’s equations of motion by computer [29].
MD simulations can overcome the scale limitations of ex-
perimental methods and thus analyze the molecular
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mechanisms by which material systems exert their prop-
erties. MD was originally conducted in 1957 by Alder and
Wainwright to simulate elastic collisions between hard
spheres [30]. In 1964, Rahman simulated the system
properties of liquid argon using a Lennard-Jones potential
and compared them with experimental results [31]. His
computer code provided the basic framework for many
subsequent MD computing programs. In 2007, Zhang and
Greenfield were the first to introduce MD methods to as-
phalt research, and they proposed a three-component
molecular model of asphalt, with each asphalt component
represented by a single molecule [32]. Many years later, Li
and Greenfield proposed another four-component molec-
ular model of asphalt by summarizing previous studies, in
which each asphalt component is represented by multiple
molecules [33]. Compared with the three-component
model, the simulation results of asphalt properties such as
density, polarity, and solubility parameters using the four-
component model are closer to the experimental data, so the
four-component model was widely accepted as soon as it was
proposed.

Subsequently, researchers have conducted numerous
studies on the physical and thermodynamic properties of
asphalt materials using MD methods [34]. Bhasin et al. and
Sun et al. investigated the self-healing mechanism of asphalt
based on the diffusion principle and cohesion theory and
demonstrated the correlation between the chemical com-
position and the healing properties of asphalt binders
[35, 36]. Xu and Wang et al. performed comprehensive
mechanistic analyses of asphalt cohesion and adhesion
behaviors based on the interfacial energy theory and con-
sidered the effects brought by humidity and oxidation
[37, 38]. Guo et al. and Xu et al. investigated the strength
formation and debonding mechanisms at the asphalt-ag-
gregate interface, providing theoretical guidance for un-
derstanding the cracking resistance of asphalt mixtures
[39, 40]. These studies demonstrate that the MD method
provides an effective tool for obtaining insight into the
microscopic characteristics and mechanical properties of
asphalt materials.

However, in these MD methods based on classical force
fields (e.g., COMPASS, PCFF, and OLPS), the connectivity
between atoms is predefined and remains constant during
simulation [27]. In other words, the chemical bonds of the
molecule will not be broken or newly generated. Therefore,
classical MD simulations cannot be used to study the aging
and antiaging behaviors of asphalt related to chemical re-
actions. Quantum chemistry methods, such as ab initio
molecular dynamics (AIMD), are able to accurately predict
chemical reactions between substances because they cal-
culate electron behaviors based on quantum mechanics
(QM), but AIMD is much more computationally expensive
than classical MD due to the cost of dealing with electronic
degrees of freedom and is typically limited to shorter times
and smaller systems [41, 42].

Fortunately, the ReaxFF force field proposed by Senftle
et al. bridges this gap [28]. ReaxFF is a bond-order-based
force field that can predict the chemical reactions of a system
by determining the breakage and formation of chemical

bonds based on the bond-order size. Bond-order refers to
the number of chemical bonds that exist between two atoms
and determines the type and stability of covalent bonds. If
the bond-order is zero, there is no covalent bond between
the two atoms. The bond-order is calculated empirically
from the interatomic distances and is used to determine the
bond connectivity. The model parameters of the ReaxFF
force field are obtained by QM calculations, so the accuracy
of ReaxFF MD simulations is close to that of quantum
chemistry calculations, but its computational cost is only
comparable to that of classical MD methods.

The potential energy of the ReaxFF force field is given by

E :Ebond+E +E

system

+E + Epen +E

over under tors

(6)

+ Econj + EvdW + ECoulomb)

where Ebond is the bond energy describing the energy as-
sociated with bond stretching; Eover and Eunder are
overcoordination and undercoordination energy corrections
according to the valence bond theory; Eval is the valence
angle energy corresponding to valence angle strain; Epen is
the penalty energy, Etors is the torsion angle energy cor-
responding to torsional angle strain; EvdW and ECoulomb
are van der Waals energy and coulomb energy between
atoms that are not connected with covalent bonds.

ReaxFF MD has been successfully applied to the study of
oxidation and thermal decomposition of complex organic
compounds such as hydrocarbons, coal, and lignin [28]. As
for asphalt materials, Pan and Hu et al. performed ReaxFF
MD simulations to analyze the thermodynamic and kinetic
properties of oxidative aging of asphalt, and the simulated
results were well compared with experimental data [11, 43].
Their studies demonstrate that ReaxFF MD is feasible for
investigating the aging behavior of asphalt binders and their
aging blocking mechanisms.

3. Experimental and Modeling Methods

3.1. Preparation of Crumb Rubber-Modified and Phenolic
Compound-Modified Asphalt. The base asphalt used was a
Performance Grade (PG) 64-22 asphalt produced by SK
Company (Korea). The crumb rubber was produced by
Huangshi Rubber Factory (China), and its size was 40—80
mesh. Catechin purchased from Sigma-Aldrich (Shanghai,
China) was selected to represent phenolic compounds for
this study. Catechin is a natural phenol and antioxidant
widely found in tea leaves and other plants. It is rich in
phenolic hydroxyl groups and is therefore expected to have
strong antiaging properties. It has a small molecular size,
which ensures uniform dispersion when added to asphalt.

First, the base asphalt was heated to a flowing state in an
oven at 160°C, and then placed in an oil bath at 180°C to
maintain the flowing state. Next, 9wt.% of crumb rubber
and catechin were added to base asphalt, respectively, and
stirred manually to make them well dispersed, and then
sheared by a high-speed rotary shear at 6000 r/min for
60 min to obtain the RMA sample and the catechin modified
asphalt (CMA) sample.
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FIGURE 1: Representative molecules of asphalt components and antiaging modifiers.

3.2. Aging Tests and ATR-FTIR Spectroscopy. Base asphalt
and modified asphalt were subjected to a rolling thin-film
oven (RTFO) test according to the AASHTO T240 standard
to produce short-term aged samples [44], followed by an-
other pressure aging vessel (PAV) test following the
AASHTO R 28 standard to produce long-term aged samples
[45]. ATR-FTIR spectroscopy was performed on virgin and
long-term aged asphalt samples to assess changes in the
characteristics of their oxygen-containing functional groups
[46]. The ATR-FTIR tests were conducted on a Thermo
Nicolet iS10 spectrometer in the spectral range of
4000-400 cm ™.

The carbonyl index (CI) and sulfoxide index (SI) of
asphalt samples before and after aging were calculated
according to equations (7) and (8) to quantify the abundance
of carbonyl and sulfoxide groups and to evaluate the aging
degree of asphalt samples.

~ A(1700)
"~ A(1460) + A(1375)°

(7)

A(1030)

T A(1460) + A(1375) (8)

where A(1460), A(1375), A(1700), and A(1030) are inte-
grated absorption peak areas of methylene, methyl, car-
bonyl, and sulfoxide groups, respectively. It is generally
assumed that the amount of methylene and methyl groups
remains constant during asphalt aging, and thus their

integral areas are used as references in the calculation of CI
and SI indexes.

3.3. Modeling Details for MD Simulations

3.3.1. Molecular Models of Asphalt and Modifiers.
Asphalt is composed of a large number of complex hy-
drocarbons and their nonmetallic derivatives. It is not
possible to separate all asphalt molecules and to determine
their chemical structures through experimental methods.
Therefore, asphalt is usually modeled with a certain pro-
portion of representative molecules in the MD simulation.
The asphalt model used in this study was proposed by Li and
Greenfield in 2014 by modifying and integrating earlier
developed molecular structures [33]. In this model, asphalt
was divided into four fractions, namely, asphaltenes, polar
aromatics, naphthene aromatics, and saturates, as shown in
Figure 1. Each fraction contains multiple representative
molecules and is combined into a bulk asphalt model
according to the ratios in Table 1.

An SBR polymer chain composed of 13-unit monomers
of 1, 2-butadiene, 9-unit monomers of 1, 4-butadiene, and 3-
unit monomers of styrene was used to represent the crumb
rubber by reference to the literature [47]. Catechin is a small-
sized compound with a clear chemical structure. The mo-
lecular models of SBR and catechin are shown in Figure 1
[18]. The number of SBR chain and catechin molecule added
to the modified asphalt model was 2 and 10, respectively,
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TaBLE 1: Chemical information for molecular IDs in Figure 1 and their proportion in the asphalt model.

Component Molecular ID Chemical name Number in the asphalt model
al 1-pyrrole 2
Asphaltenes a2 2-phenol 3
a3 3-thiophene 3
pal 1-pyridinohopane 4
pa2 2-quinolinohopane 4
Polar aromatics pa3 3-benzobisbenzothiophe 15
pa4 4-trimethylbenzeneoxane 5
pa5 5-thioisorenieratane 4
. nal 1-PHPN 11
Naphthene aromatics na2 2-DOCHN 13
sl 1-squalane 4
Saturates 2 2-hopane 4
. . SBR — 2
Antiaging modifiers Catechin B 10

FIGURE 2: Reaction system of base asphalt for ReaxFF simulations (102.4 A x 102.4 A x102.4 A, black molecules are asphalt, red molecules
are O,).



which was calculated based on a modifier dosage of 9 wt.% of
base asphalt.

3.3.2. ReaxFF MD Simulation of Asphalt Aging Behavior.
ReaxFF MD simulations were carried out in this study using
LAMMPS software to predict the chemical reactions that
occur during asphalt aging [48]. The VMD procedure was
used to postprocess the simulation results for visualization
[49]. According to the molecular structures and ratios
presented in Figure 1 and Table 1, cubic periodic reaction
systems of base asphalt, RMA, and CMA mixed with 1000 O,
molecules were established, respectively, as shown in Fig-
ure 2. The number of O, molecules ensures that the asphalt
molecules can be seriously oxidized. The reaction system
first underwent energy minimization. After that, a 1ns
thermodynamic equilibrium was performed at a canonical
ensemble (NVT) and a temperature of 298 K, followed by a
2 ns oxidation simulation at the NVT-ensemble and target
temperature.

To accelerate the aging reaction of asphalt in the ReaxFF
MD simulation, the simulation temperature should be set
higher than the ambient temperature at which the asphalt
binder is exposed to in engineering practice. Meanwhile, it
should not be set too high, otherwise the oxidation reaction
will be too intense and incompatible with the mild aging
process of asphalt. To determine the proper temperature
condition, aging simulations of base asphalt were performed
at different temperatures (1000K, 1200K, 1400K, and
1600 K) in this study. Asphalt is transformed from the solid
to gas phase at these simulated temperatures, and its density
is much smaller than the real density of around 1.0 g/cm’;
therefore, the density of the reaction system was set to 0.1 g/
cm’. The time step of the ReaxFF MD simulation was set to
1£s, and the cut-off of bond-order used to identify the re-
action products was set to 0.3. The ReaxFF parameters used
in this study were determined according to the C/H/O/N/S
description developed by Van Duin’s group [50].

3.3.3. Classical MD Simulation of Asphalt Molecular
Diffusion. In addition to inhibiting the oxidation reaction
activity of asphalt at the chemical level, modifiers may also
reduce asphalt aging at the physical level by inhibiting the
free diffusion of asphalt molecules and reducing their ex-
posure to oxygen. This is particularly true for polymers such
as rubber. Therefore, we simulated the diffusion behavior of
asphalt binders and calculated the self-diffusion coefficient
of asphalt molecules to evaluate the effect of rubber polymers
and catechins on the diffusion property of asphalt molecules.
The self-diffusion coeflicient (D) is calculated as follows [36]:

D= 1 lim ii [x, () —x (0)]2 (9)
6N t —oo dt& ™" m

where N is the number of particles of the system; x,, (0)and
x,, (t) are the initial and current positions of the particles. D
is difficult to obtain directly, but it can be calculated from
mean square displacement (MSD) of the system particles
using the following equation:
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D< Slope o f the MSD cur6ve withrespect to time’ (10)
1¢ 2
MSD = NZ [x,(t) - x, (0)]". (11)
n=1

MD simulations based on the COMPASS 1I force field
were carried out using Materials Studio software to obtain
the MSD data of asphalt molecules [51]. COMPASS 1I is a
universal ab initio force field suitable for analyzing the
physical and thermodynamic properties of organic materials
and polymers. Firstly, cubic periodicity simulation systems
of base asphalt and modified asphalt were established
according to Figure 1 and Table 1, and the initial density of
each system was set to 1.0 g/cm’, which was consistent with
the real density of asphalt at ambient temperature. Then, a
1 ns thermodynamic equilibrium was performed at NVT
ensemble and a temperature of 180°C to simulate the mixing
of asphalt in engineering practice with a time step of 1 fs and
a cut-off of 15.5A. After that, a 1ns isothermal isobaric
(NPT) equilibrium was performed at 25°C and the atmo-
spheric (atm) pressure to bring the system density to its true
value at ambient temperature. Finally, another 1ns NPT
equilibrium was performed under the same conditions, and
the MSD and self-diffusivity coefficients were calculated
based on the trajectory of this phase.

3.34. Classical MD Simulation of Hardening-Related
Parameters. The main adverse effect caused by asphalt
aging is the hardening of the asphalt binder, namely, an
increase in its viscosity and modulus and a decrease in
molecular mobility and intermolecular compatibility.
Modifiers may enhance the aging resistance of asphalt by
reducing the susceptibility of asphalt to aging. Therefore,
hardening-related parameters were calculated for aged
asphalt models with and without modifiers to analyze
whether there is such a potential effect. The molecular
structures of the aged asphalt used was obtained according
to the ReaxFF simulation in Section 3.3.2. The component
ratio of the aged asphalt models was the same as that of the
virgin models.

The hardening-related parameters of the asphalt samples
were also obtained by conducting MD simulations based on
COMPASS 1I force fields using Materials Studio software.
Cubic periodic systems with a density of 1.0 g/cm’ were first
established for various asphalt samples. Then, a 1ns NVT
equilibrium was performed at 180°C to simulate the mixing
of asphalt with a time step of 1fs and a cut-off of 15.5 A,
followed by a 1 ns NPT equilibrium at 25°C and a pressure of
1 atm. The bulk modulus and compatibility parameters were
calculated for the obtained system configurations, and the
diffusion coefficients related to molecular mobility were
calculated according to the procedure in Section 3.3.3. The
obtained system configurations were subsequently subjected
to another 1 ns NPT equilibrium at 60°C and 1atm to cal-
culate the shear viscosity. The shear viscosity (1) was cal-
culated according to the Green-Kubo equation (11) from the



Advances in Materials Science and Engineering

trajectory data of a 10 ns NVT-shear simulation at 60°C and
a shear rate of 0.00005/ps [52].

V o0
1= |, Pus POt (12)

where V is the system volume, k is the Boltzmann constant,
Tis the temperature in thermodynamic scale, P, is the three
off-diagonal elements of the instantaneous pressure tensor,
and ¢ is the time.

4. Results and Discussion

4.1. ATR-FTIR Spectroscopy of Asphalt Samples before and
after Aging. Figure 3(a) displays the ATR-FTIR spectra of
base asphalt and modified asphalt before and after aging. The
spectra have undergone baseline correction and normali-
zation (by peak height) based on OMSNIC software. The
sharp peaks at 1375 and 1460 cm™" are assigned to methyl
and methylene groups, respectively. The moderate peaks at
1700 and 1030 cm™" correspond to stretching absorption of
carbonyl (C=0) and sulfoxide (S=O) groups, respectively.
The virgin base asphalt, RMA, and CMA were close in
intensity at the peaks corresponding to C=0O and S=O,
demonstrating the absence of these oxygen-containing
groups in the crumb rubber and catechin.

Figure 3(b) shows a significant increase in both CI and SI
indices for the aged asphalt samples, manifesting that a large
amount of C=0 and S=O groups were generated in asphalt
during aging, which is consistent with the observation of
previous studies [53, 54]. However, the increase in both CI
and SI indices of the aged CMA sample is significantly
smaller than that of aged base asphalt, indicating that cat-
echins exert considerable antiaging properties. The aged
RMA sample also shows less increase in CI and SI indices
than base asphalt, although not as significant as the CMA
sample.

The FTIR spectroscopy demonstrate that both crumb
rubber and catechin can inhibit the degree of aging of as-
phalt binders, but there are differences in their antiaging
ability, which may be attributed to their different antiaging
mechanisms. Therefore, the potential antiaging mechanisms
of these two modifiers were investigated based on ReaxFF
and classical MD simulations.

4.2. ReaxFF MD Simulations of Asphalt Aging Behaviors

4.2.1. Aging Characteristics of Base Asphalt. FTIR spectra
showed that the oxygen-containing groups produced during
asphalt aging are mainly carbonyl and sulfoxide, and their
corresponding chemical bonds in ReaxFF MD simulations
are C-0 and S-O bonds (note: the ReaxFF MD simulation
cannot distinguish whether the chemical bond is a single or a
double bond), respectively. Therefore, based on the results of
ReaxFF MD simulations, the number of C-O and S-O
bonds in the base asphalt reaction system at each temper-
ature was calculated, and then the oxygen content of base
asphalt with time was obtained accordingly, as shown in

Figure 4. Due to the presence of oxygen atoms in the virgin
asphalt molecules, the oxygen content in Figure 4 is an
increment relative to virgin asphalt rather than an absolute
value.

It can be seen that the dependence of the degree of
asphalt aging on temperature is very significant. The oxygen
content of asphalt at the end of the simulation increases from
8% at 1000 K to 85% at 1600 K. For every 200 K increase in
temperature, the oxygen content of asphalt more than
doubles. However, the oxygen content of aged asphalt
measured in the experiments generally does not exceed 8%
[55]. Therefore, the excessive oxygen content observed in the
ReaxFF MD simulations at high temperatures (1200, 1400,
and 1600 K) suggests that asphalt may have undergone an
intense combustion reaction rather than a mild aging
process. Consequently, the aging characteristics of asphalt
and its influence by rubber polymers and catechins were
analyzed hereafter only at a temperature of 1000 K.

The molecular structures of asphalt components at the
end of the ReaxFF MD simulation under 1000K were
identified using VMD software to determine the aging
products of asphalt. For example, Figure 5 displays the
molecular structures of asphaltene-pyrrole (i.e., al in Fig-
ure 1 and Table 1) before and after aging. It can be seen that
the most prominent change on this asphaltene molecule
during aging is the production of many carbonyl groups, and
most of them are generated on the benzyl C atom (the C
atom directly attached to the benzene ring), which is in
agreement with the experimental results of Dorrence et al.
[56]. This is because the bond dissociation energy of the
benzyl C-H bond is relatively small, and the H atom can be
easily abstracted from the benzyl C atom by O, and initiate
the subsequent oxidation reaction. In addition, a carboxyl
(—COOH) group is generated on the asphaltene molecule,
which is supported by Petersen’s research [9].

The formation of these polar groups leads to an increase
in intermolecular binding energy and molecular agglom-
eration of aged asphalt, increasing the hardness and de-
creasing the fluidity of the asphalt binder. Another change
on the asphaltene molecule is the conversion of two
cycloalkanes into benzene rings due to the loss of H atoms.
In this process, the bond-order between the carbon atoms on
the cycloalkane increases, and the originally distorted carbon
ring becomes flat, so aromatization is considered to have
occurred. This aromatization reaction was also confirmed by
the experimental characterization of Petersen [9]. The well
comparison of the simulation results with experimental
studies demonstrates that ReaxFF MD is feasible for sim-
ulating the aging behavior of asphalt materials.

Figure 6 displays the molecular structures of the various
asphalt components at the end of the ReaxFF MD simula-
tion. It can be seen that the main product of asphalt aging is
carbonyl, followed by sulfoxide, and a small amount of
carboxyl and hydroxyl groups. Because the saturate mole-
cules do not contain benzene rings and thus do not have
benzyl groups that are susceptible to oxidation reactions, the
saturate molecules (s1 and s2) were generally unreacted at
the end of the ReaxFF MD simulation. This is consistent with
the observation from the asphalt fraction separation
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FIGURE 3: ATR-FTIR spectra of virgin and aged asphalt samples.
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FIGURE 6: Molecular structures of various asphalt components at the end of the ReaxFF MD simulation.

experiments that the percentage of saturate fractions
remained essentially unchanged before and after aging [57].
It should be noted that Figure 6 shows representative
simulation results of the molecular structures of asphalt after
aging; due to the stochastic nature of the chemical reactions,
not every simulation will yield the same aging results. For
example, there are two asphaltene-al molecules in the
system, and at the end of the ReaxFF MD simulation, the
structure of one molecule is shown in Figure 5, while the
carbonyl groups on the other molecule are in different
positions, and no carboxyl group is produced. This differ-
ence suggests that the aging pathway is not fixed for multiple
replicates of the same asphalt molecule. Nevertheless, since
these replicates have a similar aging process, the typical
representation in Figure 6 was subsequently applied to
represent the molecular structures of aged asphalt.

4.2.2. Antiaging Properties of Rubber Polymers and
Catechins. Figure 7 displays the number of C-O and S-O
bonds in the base and modified asphalt with time obtained
from the ReaxFF MD simulations. Due to the presence of
C-O bonds in the virgin asphalt molecules, the bond
amounts in Figure 7(a) are increments relative to the virgin
samples rather than absolute values. As shown in
Figure 7(a), there is no significant difference in the growth
trend of C-O bonds in RMA compared to base asphalt,
indicating that rubber polymers cannot inhibit asphalt aging
at the chemical level. However, the amount of C-O bond
produced in LMA was significantly reduced relative to base
asphalt, suggesting that catechins chemically mitigate as-
phalt aging. This is due to the abundant phenolic hydroxyl

groups on catechins that attract and react with O, and free
radicals, thus reducing the attack of the latter on asphalt
molecules. Figure 7(b) shows that the number of S-O bonds
generated during asphalt aging is much smaller than the
number of C-O bonds due to the fact that the number of S
atoms in the asphalt molecule is much smaller than the
number of C atoms. Nevertheless, it can still be observed that
rubber polymers cannot but catechins can inhibit the
generation of S-O bonds.

Figure 8 displays the changes in chemical structures of
rubber polymers and catechins during aging. As can be seen
in Figure 8(a), two rubber chains underwent different aging
reactions, but they both decomposed into four segments and
reacted at the ends of the segments, including the formation
of carbonyl, hydroxyl, and unsaturated olefin bonds. For
these small-size segments, their molecular structures are
similar to that of the saturate molecules of asphalt, except for
the oxygen-containing groups at the ends. Therefore, the
decomposition of the rubber polymer may exert properties
that counteract the degradation of the mechanical perfor-
mance of aged asphalt, as will be discussed in Section 4.4.

Figure 8(b) shows that the catechin molecule loses the H
atoms on its hydroxyl groups after aging, which is the
underlying mechanism by which phenolic compounds exert
their antiaging properties: phenolic compounds provide
active H atoms to consume O, and free radicals in the re-
action system, thus preventing them from attacking asphalt
molecules. Although the catechin molecule exists as a free
radical after the loss of H atoms, it remains unreactive due to
the conjugation of the phenoxy group to the delocalized 7
bond of the aromatic ring and therefore does not react with
the asphalt molecules.
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4.3. Effects of Rubber Polymers and Catechins on the Diffusivity
of Asphalt. To investigate whether rubber polymers and
catechins reduce the contact of asphalt with oxygen and
inhibit asphalt aging by restricting the diffusion of asphalt
molecules, we calculated and analyzed the diffusivity of base
and modified asphalt samples. As described earlier, the self-
diffusion coefficient is numerically 1/6 of the slope of the MSD
curve. Since the MSD curve is not linearly related to the
simulation time in the initial stage of the MD simulation, the
first 50 ps of data are not used in the linear fitting of the MSD
curve, as shown in Figure 9(a). The self-diffusion coefficients
calculated from the MSD curves are shown in Figure 9(b), and
they are the average of three replicate simulations.

The self-diffusion coefficient of RMA decreases from
0.021 A2/ps to 0.015 A2/ps compared to base asphalt, in-
dicating that the addition of rubber polymers inhibits the

diffusion of asphalt molecules, which is attributed to the
embedding locking effect of the styrene block in the SBR
polymer on the asphalt molecules. In contrast, the addition
of small-sized catechins does not significantly affect the
diffusivity of asphalt molecules. By comparing Figures 7 and
9, it can be seen that both catechins and rubber polymers can
exert the property of inhibiting asphalt aging, but their
antiaging mechanisms are different: catechins prevent oxi-
dative aging of asphalt by competitively consuming O, and
free radicals, while rubber polymers exert an antiaging effect
by reducing the contact of asphalt molecules with O,.

4.4. Effects of Rubber Polymers and Catechins on the Hard-
ening of Aged Asphalt. Figure 8(a) reveals that the rubber
polymers decompose during aging into small fragments with
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FiGure 9: Effect of modifiers on the diffusivity of asphalt: (a) linear fitting of the MSD data; (b) self-diffusion coefficients of base and

modified asphalt.

similar molecular structures to the saturates of the asphalt
binder, which may counteract the hardening caused by
asphalt aging to some extent. Therefore, we further analyzed
the effect of aging-induced changes in the molecular
structures of the modifiers on the hardening-related pa-
rameters of the aged asphalt, as shown in Figure 10. The
molecular structures of aged asphalt and modifiers presented
in Figures 6 and 8 were used here to construct MD models.

Figure 10(a) shows that the shear viscosity of RMA
under the virgin condition doubles compared to base as-
phalt, which is attributed to the enhanced intermolecular
friction of the asphalt binder caused by the embedding
locking effect of the rubber polymer. The shear viscosity of
CMA also increases slightly compared to base asphalt, which
may be attributed to the numerous polar hydroxyl groups in
catechins that increase the agglomeration of asphalt mole-
cules. After aging, the viscosity of all three asphalt samples
increases significantly due to the generation of polar oxygen-
containing groups on the asphalt molecules. However, the
viscosity of RMA under the aging condition is lower than
that of base asphalt due to the breakage of rubber chains into
fragments similar to the saturate fraction of asphalt binders.
The viscosity of aged CMA also decreases slightly compared
to base asphalt, probably because the molecular structure of
the catechins was disrupted and their molecular polarity
decreased, thus serving to dilute the highly polar aged as-
phalt molecules.

As displayed in Figure 10(b), the bulk modulus of each
sample increases substantially after aging compared to that
before aging, which is also attributed to the generation of
polar groups that bind the asphalt molecules more tightly
and make it difficult for deformation to occur. Compared to
base asphalt, the bulk modulus of RMA increases slightly
before aging and decreases after aging by the same mech-
anism as the viscosity change. However, there was no sta-
tistical difference in the modulus of CMA before or after
aging compared to the matrix asphalt, suggesting that the
polar hydroxyl groups of catechins have a different effect on
the modulus of asphalt than on the shear viscosity.

The solubility parameter shown in Figure 10(c) is a
measure of intermolecular compatibility of the binder
samples. The larger the solubility parameter of modified or
aged asphalt, the more difficult it is for their respective
internal molecules to be compatible, thus exhibiting unfa-
vorable local hardening. In the virgin state, the solubility
parameter of RMA increases slightly compared to base as-
phalt, indicating that the addition of rubber polymers re-
duced the compatibility of the asphalt components, which is
consistent with the lack of storage stability of CRMA in
engineering practice [58, 59]. However, the solubility pa-
rameter of RMA after aging is smaller than that of base
asphalt, indicating that the decomposition products of the
rubber polymer become more compatible with the asphalt
molecules. The solubility parameters of CMA are not sta-
tistically different compared to base asphalt both before and
after aging.

Figure 10(d) displays the effects of modification and
aging on the diffusivity of the asphalt binder. The lower
diffusivity indicates that the asphalt binder is more difficult
to flow and is therefore also related to the hardening
properties of the asphalt material. The effects of rubber
polymers and catechins on the diffusivity of virgin asphalt
have been discussed in Section 4. The diffusivity of all
samples decreases significantly after aging, indicating that
the polar groups produced during aging restricted the
movement of asphalt molecules. Compared to aged base
asphalt, the diffusivity of RMA increases slightly while that
of CMA remains unchanged, suggesting that the cleaved
rubber polymers act as a lubricant for the aged asphalt
molecules, thus increasing their movement, while catechins
do not exert this effect.

According to Figures 9 and 10, it can be concluded that
rubber polymers can not only reduce the asphalt aging
reaction by limiting the contact of asphalt molecules with
oxygen but also restore the mechanical properties of aged
asphalt by partially offsetting the aging-induced hard-
ening of the asphalt binder through its own degradation.
Therefore, crumb rubber is widely used as antiaging
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(d) self-diffusion coeficient.

agents for asphalt binders, even though it cannot directly
block the oxidation reaction of asphalt molecules at the
chemical level.

5. Conclusions

ATR-FTIR spectroscopy and ReaxFF with classical MD
simulations were performed in this study to investigate the
inhibitory effects of catechins and crumb rubber on asphalt
aging and their potential mechanisms. The following con-
clusions can be drawn:

(1) ATR-FTIR analysis showed that both catechins and
crumb rubber can inhibit the aging of the asphalt
binder to some extent, and catechins have better
antiaging properties than crumb rubber.

(2) ReaxFF MD simulations of asphalt aging behavior
demonstrated that catechins can prevent asphalt
aging at the chemical level, leading to a reduction of
generated S-O and C-O bonds by the mechanism
that catechins provide H atoms to react with O, and
free radicals, thus preventing them from attacking
asphalt molecules.

(3) Classical MD simulations of diffusion behavior
suggested that the addition of rubber polymers

restricts the movement of asphalt molecules, thus
reducing their contact and reaction frequency with
O, at the physical level.

(4) MD calculations of the hardening parameters of the
aged asphalt binder show that the aging degraded
rubber polymer acts as a diluting and lubricating
agent, thus partially restoring the aging-induced
asphalt hardening.

In conclusion, this study demonstrates that phenolic
compounds and rubber polymers enhance the aging resis-
tance of asphalt binders through their respective mecha-
nisms at the molecular scale and is expected to provide
theoretical guidance for the development of targeted anti-
aging technologies for asphalt. In future studies, we will
further analyze the correspondence between the chemical
structures of polymers and phenolic compounds and their
antiaging properties to guide the selection and development
of antiaging agents for asphalt.
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In order to solve the problem of insufficient supply of aggregate for cemented filling material, the experimental research on the mix
ratio of cemented filling material using construction waste as recycled coarse aggregate was carried out. A ternary quadratic
regression model was created using the Box-Behnken design (BBD) based on the response surface methodology (RSM), using
slump, bleeding ratio, and 28 d uniaxial compressive strength of the filling material as response variables, and the model’s accuracy
and reliability were confirmed. The findings of the regression model reveal that the response value is influenced by a single
component as well as the interaction between the two factors. Finally, based on filling material cost optimization model, an
optimal mix ratio is given, in which the wet fly ash/aggregate ratio, Talbol gradation index of recycled aggregate, and dosage of
water reducing agent to cement are 0.507, 0.5, and 0.678%, respectively. The filling material which adopted the optimal mix ratio
exhibited a good performance with slump of 215mm and bleeding ratio of 4.00%, uniaxial compressive strength increased
significantly within 3 d, and 28 d uniaxial compressive strength was 4.08 MPa, which meet the requirements of field construction.

1. Introduction

Coal, as an important natural resource, plays a significant
role in industrial production and daily life. However, coal
mining activities give rise to a series of environmental
problems, such as ecological environment destruction,
stratum instability, surface subsidence, and groundwater
loss. In order to address these issues, abundant studies and
practices have been conducted, yielding many effective
solutions. In recent years, the development of human society
has been calling for the environmental, safe, and harmless
technologies and methods [1, 2]. It has been proved in
practice that filling mining is an effective way to achieve this
goal in coal mining [3-5].

Currently, the common filling materials for coal mining
include waste gangue, paste, and high water material. Beside
the expensive prices, the insufficient supply of these raw
materials for filling is also a key factor restricting the large-

scale application of filling mining [6-10]. In the process of
urban construction, huge amount of construction waste has
been produced. Specifically, the construction waste accounts
for 30~40% of the total amount of urban waste in China,
which is relatively large [11, 12]. Since 2012, the amount of
new construction waste in China reached over 1 billion tons
per year, though its reutilization rate was no more than 10%
[13, 14]. Undoubtedly, this construction waste, in such a
large amount, will cause harmful impacts on the ecological
environment if without proper handling. In view of this, the
reutilization of construction waste is an effective way to solve
the problems. Therefore, construction waste is made into
recycled aggregates and mixed with cemented materials to
form new cemented filling material, so as to meet the needs
of the industry, which can effectively save the cost and solve
the raw material shortage for mine filling, as well as realizing
resource conservation and ecological environment
protection.
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In recent years, the research about filling material
containing construction waste recycled aggregate has been a
hot topic. Based on the orthogonal experiment, Liu et al. [15]
took construction waste, quick lime, gypsum, and the coarse
fly ash as cemented material to analyze the influence of
various factors on property indexes of filling mortar and
derived the optimal ratio of construction waste to filling
material. The result exhibited that mortar mass concentra-
tion and cement-aggregate ratio are the main influential
factors for the delamination degree and compressive
strength of the filling body. Zhang et al. [16] studied three
kinds of construction waste; ordinary silicate cement and fly
ash formulated into paste materials basically meet the re-
quirements of filling, among which the frame structure
construction waste paste material has better performance.
Jiang et al. [17] determined the optimal mixture proportion
of mortar filling material composed of construction waste,
natural sand, ordinary Portland cement, and fly ash through
the orthogonal test. Qiu et al. [18] studied the preparation of
cementitious filling material with construction waste, silicate
cement, water ash, and additives and analyzed the strength
and microstructural changes of the filling material with
different particle sizes of construction waste. Li et al. [19]
used quicklime, gypsum, compound early strength agent,
coarse fly ash, and construction waste as the raw materials
for the filling material and used orthogonal tests to deter-
mine the optimum ratio of the filling material and to analyze
the mechanical properties of the construction waste-coarse
fly ash-based binder filling body. Liu et al. [20] analyzed the
aggregate particle size distribution, compressive strength,
and fine structure of cementitious paste fillings prepared
from construction waste and ordinary silicate cement. Yang
et al. [21] established the regression models by using the
RSM optimization method to explore the effects of the
concentration and suspension agent on the properties of coal
gangue and silicate cement based cementitious filling ma-
terial and finally obtained an optimal mix ratio. Tang et al.
[22] used the RSM-DDC (the central-composite design
based on the response surface methodology) method to
study the mechanical properties of the filling material ratio
with coal gangue as aggregate and Portland cement as ce-
mentitious materials, assessed the influence of each com-
ponent on the properties, and got the optimal ratio with the
coal-based solid waste consumption of 91.5%.

Although there has been much research on construction
waste filling material, few papers have focused on experi-
mental investigation of construction waste filling material
utilizing the RSM-BBD (the Box-Behnken design based on
the response surface methodology) approach. In addition, in
previous studies, the main cementitious materials for filling
material were silicate cement, lime, gypsum, and so forth.
This paper makes an attempt to prepare filling material from
tiny quantities of sulphate aluminium cement and silicate
cement as cementitious materials with construction waste,
fly ash, water reducing agents, and water and to use the
response method implemented by the Box-Behnken module
of the Design-Expert software. This work can improve the
early strength of filling material as much as possible under
the premise of meeting the performance requirements of

filling material, considering the cost factor, and finally
obtaining the final mix ratio of construction waste cemented
filling material. The research can reference the field appli-
cation of construction waste cemented filling material.

2. Materials and Methods
2.1. Materials

2.1.1. Construction Waste. The construction waste (Fig-
ure 1), mainly composed of fragment concrete, mortar,
bricks, and tiles, was used as recycled aggregate, whose
density is 2.62 g/cm’. Clear construction waste was collected
by two stages of crush at Harbin Jinlu Renewable Resources
Co., Ltd, and it was sieved into five particle size ranges:
0~2.5mm, 2.5~5 mm, 5~10 mm, 10~16 mm, and 16~20 mm.
The Talbol continuous gradation equation was used to
calculate the mass ratio of the construction waste in each
particle size range of samples, with the following expression:

d n
P=100x(5> , (1)

where n is Talbol grading index; d is the particle size of
crushed construction waste, mm; D is the maximum particle
size of crushed construction waste, mm; P is the mass
percentage of crushed construction waste with the particle
size less than D, %.

Talbol gradation index (n) of the broken construction
waste is 0.65 (Figure 2). When Talbol gradation index (1) of
the aggregate ranges between 0.3 and 0.5, the materials
mixed will be more uniform, with high bulk density and
strength [23]. So the aggregates with Talbol gradation in-
dexes (n) of 0.3, 0.4, and 0.5 were taken as experimental
objects. Aggregates with various Talbol gradation indexes
are listed in Table 1.

2.1.2. Wet Fly Ash. The abandoned wet fly ash of Qitaihe
Gangue Thermal Power Plant has moisture content of 42%.
The chemical composition of fly ash [24] is shown in Table 2.
The SEM photos show that the fly ash has major irregular
shape, massive block granules, and rare spherical glass beads
(Figure 3). The Talbol gradation index » of fly ash is 0.47 (less
than 0.5, Figure 4), indicating good gradation and high bulk
density.

2.1.3. Cement. The cement used in the experiments was
42.5" sulphate aluminate cement and 42.5” Portland cement
mixed at a mass ratio of 3:10, with density of 3.1 g/cm”. The
fineness of mixed cement measured by specific surface area
is 3100-3300 cm*/g. The initial setting time of mixed cement
is more than 30 minutes, and the final setting time is less
than 5 hours.

2.1.4. Water Reducing Agent. Polycarboxylic acid water
reducing agent with density of 2.1 cm’/g can reduce 35% of
water, and gas increase is less than 6%. The 28-day strength
of cement can be increased by more than 30%.
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FIGURE 1: Appearance of construction waste.
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FIGURE 2: Particle size grading curve of crushed construction waste.

2.2. Experimental Design Method. In this paper, Box-
Behnken design (BBD) based on the response surface
methodology (RSM) was conducted by using Design-Expert
10.0.3 software [21]. In the Box-Behnken design, wet fly ash/
construction waste ratio, Talbol gradation index of con-
struction waste, and usage of water reducing agent were
taken as independent variables. Table 3 shows different levels
in the form of actual and coded values. The slump, bleeding
ratio, and uniaxial compressive strength of filling material
were taken as dependent variables. The multivariate non-
linear regression fitting of these data was performed by the
Design-Expert 10.0.3 software. The established regression
model is

m m
Y,=a+ Z bix; + Zbij§ + z bjxix; te(Xp Xy X5), (2)
=1 1 k<j

where Y, represents the dependent variable; a is constant; b,
bkj, and bjj are the linear, quadratic, and interaction coef-
ficients, respectively; x; and x; are the coded values of in-
dependent parameters; e denotes the error caused by test and
regression.

2.3. Mix Ratios. In this paper, on the basis of the filling
mining practice of Longhu mine in Qitaihe, the approximate
proportion range of the experimental level of raw materials
is determined. When the solid mass concentration is 75%
and the cement content is 8% of the total weight, the 28d
uniaxial compressive strength of the material is greater than
3 MPa, which can meet the strength requirements of Longhu
mine for filling material. The horizontal selection of the mass
ratio of wet fly ash to construction waste x;, Talbol grading
index x, of construction waste, and the mass percentage of
water reducing agent in cement x; are shown in Table 3.
During the experiment, 17 mix ratios were tested, as listed in
Table 4.

2.4. Testing and Evaluation Methodology

2.4.1. Slump Test. Filling slurry was added to a moist slump
cone by three times, and a third amount of slurry was added
each time. Each layer was rammed 25 times with a ramming
bar. When adding the top layer, the filling slurry should be
higher than the top of the slump cone, and the excess filling
slurry was scraped off with a spatula. Then the slump cone
was lifted vertically and smoothly. The level difference be-
tween the height of slump cone and the highest point of the
filling slurry tested is the slump value of filling slurry
(Figure 5).

2.4.2. Bleeding Ratio Test. Firstly, filling slurry was added to
a 5L covered barrel (inner diameter of 185 mm and height of
200mm) and vibrated on the vibration table for 20s, of
which surface was wiped gently with a spatula and covered to
prevent moisture evaporation. The surface level of the slurry
was 20 mm lower than the edge of the barrel. After the filling
slurry was smoothed, bleeding water was pumped out by a
straw every 10 mins once for the first 60 mins and every
20 mins once later until there was no bleeding water for three
times (Figure 6). The water pumped out was injected in a
measuring cylinder with a plug, and the total amount of
water was accumulated. The bleeding ratio is calculated by
the following formula:

_ Ww
" (w/m) x (m1 — m0)

x 100%, (3)

where B is the bleeding ratio (%); Wy is the accumulated
amount of water (g); m is the total weight of filling slurry (g);
w is the total weight of water (g); m; is the initial total weight
of barrel and loaded filling slurry (g); m, is the weight of
barrel (g).

2.4.3.  Uniaxial ~Compressive  Strength  Test. Three
10x10x10cm’ cube specimens of filling material were
made as a group. The filling slurry was loaded into the mold
and vibrated for 20 s. Then excess filling slurry at the top of
mold was scraped off, and the surface of specimen was
smoothed. These specimens were put into the standard
curing box for 28d (Figure 7). After that, these specimens
were taken out and the mold was removed for uniaxial
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TaBLE 1: Particle size distribution of construction waste for different Talbol gradation indexes (wt. %).

Particle size range (mm)

n
<2.5 2.5~5 5~10 10~16 16 ~20
n=03 53.59 12.39 15.25 12.30 6.48
n=0.4 43.53 13.91 18.35 15.68 8.54
n=0.5 35.36 14.64 20.71 18.73 10.56
TaBLE 2: Chemical composition and physical properties of fly ash.

Si0, ALO; Fe,0; CaO MgO K,O Na,0O SO; Loss Total Fineness (mzlkg) Density (kg/ms)

Fly ash 372 24.5 8.4 8.3 1.6 1.2 1.6 12.2 2.7 97.7 119.0 2.2

FIGURE 3: SEM photos of fly ash.
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FIGURE 4: Particle size gradation curve of fly ash.

compressive strength test. YAW-300 microcomputer con-
trolled automatic concrete pressure testing machine was
used for test. In test process, the bearing surface of the

(®)

(a) 500 times of SEM photo. (b) 5000 times of SEM photo.

specimen should be vertical to the top surface of the
specimen, and the center of specimen was aligned with the
center of the pressing plate. The press was boosted con-
tinuously at the loading speed of 0.002 mm/s until yield
failure occurred in the specimen, and the maximum was
recorded as the failure load (Figure 7(b)). The compressive
strength (0,) of specimen was calculated according to the
following formula:

(4)
where F is failure load (N) and A is compression area (mm?).

3. Results and Discussion

3.1. Model Fitting and Analysis. The results of tests are listed
in Table 5.

In this study, the acceptance probability of coeflicients
(P) was less than 0.05. To ensure the accuracy of the
model, the insignificant terms with P value of the inde-
pendent variable coefficient greater than 0.05 were
eliminated. The response surface functions of slump,
bleeding ratio, and 28d uniaxial compressive strength
were obtained. The final equations in terms of the coded
factors are listed as follows.
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TaBLE 3: Actual and coded values of the experimental factors.

Talbol gradation index of
construction waste

. . The percentage of water reducin
Wet fly ash/construction waste ratio P 8 W ucng
Coded value

agent in cement (%)

X1 X2 X3

0.45 0.3 0.6 1
0.50 0.4 0.7 0
0.55 0.5 0.8 -1

TaBLE 4: Mix ratios of filling material for orthogonal test.

Samples Wet fly ash  Construction Talbol gradation Sulphate aluminate Portland cement Water reducing Water
(wt. %) waste (wt. %) index cement (wt. %) (wt. %) agent (wt. %) (wt. %)
¥ 20.78 46.17 0.5 24 5.6 0.56 25.0
2 22.31 44.63 0.4 2.4 5.6 0.56 25.0
3* 23.76 43.19 0.4 2.4 5.6 0.48 25.0
4" 22.31 44.63 0.4 2.4 5.6 0.56 25.0
5* 22.32 44.63 0.5 2.4 5.6 0.48 25.0
6 22.31 44.62 0.5 2.4 5.6 0.64 25.0
7 23.75 43.19 0.3 2.4 5.6 0.56 25.0
8" 20.78 46.17 0.4 2.4 5.6 0.48 25.0
9* 22.32 44.63 0.3 2.4 5.6 0.48 25.0
10* 23.75 43.18 0.4 2.4 5.6 0.64 25.0
117 22.31 44.63 0.4 2.4 5.6 0.56 25.0
12* 22.31 44.63 0.4 2.4 5.6 0.56 25.0
13* 20.77 46.16 0.4 2.4 5.6 0.64 25.0
147 23.75 43.19 0.5 2.4 5.6 0.56 25.0
15* 20.78 46.17 0.3 2.4 5.6 0.56 25.0
16* 22.31 44.63 0.4 2.4 5.6 0.56 25.0
17* 2231 44.62 03 2.4 5.6 0.64 25.0
Slump: significance of interaction effect on 28d compressive
Y, = 211.89 — 3.25x, + 3.63x, + 5.63x, strength is x1x3 > x1x,. The dete.rmination coefﬁc.ient de-
(5)  termined by the model can explain the degree of difference
+ 1.75x,x, — 20.01 xf - 3.76x§. between the response surface and the real value. Therefore,
the determination coeflicient determined by the model is
Bleeding ratio: used to evaluate the accuracy and reliability of the regression
Y, = 4.30  0.81x, + 0.27x, + 0.30x; mod.el [25]2, as shown ir} Table 7. .If .the determination co-
(6) efficient (R”) and coefficient of variation (CV) are close to 1

— 0.094x, X, — 0.48x" — 0.38x>.

28d compressive strength:
Y, = 3.66 + 0.063x, + 0.25x,
—0.088x; + 0.1x,x, — 0.17x, x5 (7)
~0.12x7 + 0.16x5 — 0.17x3.

To investigate the interaction influence between factors
based on the response surface regression model and the
response values, variance analysis was conducted on the
error sources of the regression equation, as shown in Table 6.
The significance of the model is determined by F value and P
value: the higher F value and lower P value indicate a sig-
nificant influence. The F values of the regression model are
180.35, 197.19, and 70.72, respectively, with the P values far
less than 0.0001, indicating a significant influence of the
regression model. The orders of significance of the single
factors on response values (Y3, Y,, and Y3) are x5 > x, > x1,
X1>X3> %, and X, >x3>x;, respectively. The order of

and 0, respectively, the model is of high reliability. For the
three models, the determination coefficient (R?), adjusted
determination coefficient (R%, ;)» and predictive determi-
nation coefficient (wa ) are greater than 0.93, and all the
coefficients of variation (CV) are less than 5%, indicating
that the models are reliable and accurate (Table 7).

In order to directly express the accuracy of the model, a
three-dimensional error coordinate system was constructed,
in which the relative differences between the measured value
Y and the calculated value Y’ of x;, x,, and x; are plotted
(Figure 8). As shown in Figure 8, the relative errors of slump,
bleeding ratio, and 28 d compressive strength, are less than
1.5%, 4%, and 1.5%, respectively [26], which means the
calculated values of the models are close to the actual values,
indicating a high accuracy of the models.

3.2. Properties Analysis of Filling Material. In this study, the
established model was used to explain the influence of
various independent variables and their binary interactions
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FIGURE 6: Photos of bleeding ratio test. (a) Measuring device. (b) Bleeding ratio measurement.

on the response values, namely, properties of filling material.
The details are discussed as follows.

3.2.1. Analysis of Single Factor Influence on Response Value

(1) Analysis of Factors Influencing Slump. In response surface
methodology regression model, according to the results of
ANOVA, slump is significantly influenced by single factors.
The influence of each factor on slump is shown in
Figure 9(a). When analyzing the influence of a single factor
on slump, the other two factors are fixed at the code level of 0
(i.e., wet fly ash/aggregate ratio of 0.5 or Talbol gradation
index of 0.4 or water reducing agent of 0.7, the same as
follows). With the increase of wet fly ash content, slump
value increases at the beginning and then decreases. In
relevant literature [27], there is a similar rule, but the
threshold value is 30%, which may be increased due to the
coarse particle size of wet fly ash. With the increase of Talbol
gradation index of construction waste (N), the slump first

obviously increases and then slightly decreases or remains as
is. Water reducing agent can increase the fluidity of filling
material. Therefore, with the increase of water reducing
agent proportion, slump would increase continuously, but
the increase rate of slump shows a decreasing trend. It proves
that the water reducing agent accounts for a lasting impact
on the fluidity of filling material within the permissible
amount.

(2) Analysis of Factors Influencing Bleeding Ratio. The in-
fluence of each factor on bleeding ratio is shown in
Figure 9(b). With the increase of wet fly ash/aggregate ratio,
the bleeding ratio remains as is at first and then decreases.
When the code value of wet fly ash/aggregate ratio exceeds
—0.50, the decreasing range of bleeding becomes more
obvious. Wet fly ash can make up for the shortage of fine
aggregate in cement and construction waste, so as to reduce
the water usage and block the bleeding channel, thus de-
creasing the bleeding ratio and improving the antiseepage
ability of filling material [27, 28]. When the proportion of
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FIGURE 7: Photos of stress resistance test. (a) The test specimens. (b) Compressive strength measurement.

TaBLE 5: The results of tests.

Samples Slump (mm) Bleeding ratio (%) 28d compressive strength (MPa)
¥ 193 4.63 3.8
2* 213 438 3.7
3* 183 2.63 3.7
4" 212 425 3.7
5* 206 3.75 4
6" 217 4.50 3.8
7* 181 2.50 3.4
8’ 190 438 3.2
9* 196 3.38 3.5
10° 192 3.25 3.2
17 212 438 3.7
12* 213 438 3.6
13* 200 4.88 3.4
14" 191 2.88 41
15 190 3.88 3.5
16" 212 4.25 3.6
17 211 3.88 3.3

water reducing agent increases, the bleeding ratio increase
continuously, showing a linear correlation between them.
The water reducing agent changes the ratio of bound water,
adsorption water, and free water and improves the free water
content. Therefore, the excess free water bleeds at first, thus
increasing the rate of bleeding. There are both positive and
negative effects of gradation on bleeding ratio. When the
code value of Talbol gradation index is 0.425, the bleeding
ratio reaches the maximum; when the index is less than
0.025, the bleeding ratio increases with the increase of the
index; when the index is above 0.025, the bleeding ratio
decreases with the increase of the index, but the increment is
more obvious than the decrement.

(3) 28d Compressive Strength. The influence of various
factors on 28 d compressive strength is shown in Figure 9(c).
With the increase of wet fly ash/aggregate ratio, the 28d
compressive strength of filling material increases first and
then basically remains constant and finally decreases. When
the code of wet fly ash/aggregate ratio is between 0.21 and
0.23, the 28 d compressive strength remains basically stable.

Before that, the compressive strength increases with the
increase of the ratio. After the maximum value, the com-
pressive strength declines as the ratio increases. The effect of
gradation on compressive strength exhibits a fixed value
when the Talbol gradation index code is below —0.178.
Subsequently, with the increase of Talbol grading index, the
compressive strength increases. It indicates that the coarse
aggregate content is conducive to the increase of com-
pressive strength. When the water reducing agent usage is
less than 0.071, the compressive strength increases with the
increase of water reducing agent content. After that, the
compressive strength decreases with the increase of the
proportion of water reducing agent. It proves that the ra-
tional use of polycarboxylic acid water reducing agent will
increase the compressive strength of filling material, but too
much water reducing agent will decrease the compressive
strength of filling material.

3.2.2. Analysis of Interaction Influence on Response Value.
According to the test results and variance analyses, it can be
seen that the response values are affected not only by a single



8 Advances in Materials Science and Engineering
TABLE 6: Results of ANOVA.
Source Sum of squares dy Mean square F value P value prob > F
Slump
Model 2246.77 6 374.46 180.35 <0.0001 Significant
X1 84.50 1 84.50 40.70 <0.0001
X 105.13 1 105.13 50.63 <0.0001
X3 253.13 1 253.13 121.91 <0.0001
X1X; 12.25 1 12.25 5.90 0.0355
xf 1691.11 1 1691.11 814.48 <0.0001
xﬁ 59.79 1 59.79 28.80 0.0003
Bleeding rate
Model 5.29 6 0.8822 197.19 <0.0001 Significant
X1 3.38 1 3.38 755.53 <0.0001
X 0.3613 1 0.3613 80.75 <0.0001
X3 0.4512 1 0.4512 100.87 <0.0001
X1X; 0.0225 1 0.0225 5.03 0.0488
xf 0.6190 1 0.6190 138.37 <0.0001
xg 0.4003 1 0.4003 89.47 <0.0001
28d compressive strength
Model 1.03 8 0.1282 70.72 <0.0001 Significant
X1 0.0313 1 0.0313 17.24 0.0032
X 0.5000 1 0.5000 275.86 <0.0001
X3 0.0613 1 0.0613 33.79 0.0004
X1X5 0.0400 1 0.0400 22.07 0.0015
X1X3 0.1225 1 0.1225 67.59 <0.0001
xi 0.0581 1 0.0581 32.07 0.0005
xg 0.1044 1 0.1044 57.63 <0.0001
xg 0.1181 1 0.1181 65.18 <0.0001
TABLE 7: Model correlation evaluation.
Evaluation index Y, Y, Y;
Determination coefficient (R) 0.995 0.992 0.986
Adjusted determination coeflicient (Ri 4i) 0.990 0.987 0.972
Predictive determination coefficient (R;red) 0.930 0.970 0.951
Coefficient of variation (CV) 0.610% 2.150% 1.18%
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FiGure 8: Three-dimensional error coordinate system of the re-
gression model.

factor but also by the interaction between factors, which is
discussed in detail as follows.

In Figure 10, when the percentage of water reducing
agent is 0.7%, the slump shows a trend of gradual increase
with the increase of wet fly ash/aggregate ratio before 0.49 at
the aggregate gradation of 0.3. When wet fly ash/aggregate
ratio is 0.49, it reaches the maximum and then presents a
declining trend, with the rate of decline slightly higher than
the increase rate. When the wet fly ash/aggregate ratio is
fixed, the slump obviously increases at first and then de-
creases with the increase of gradation. The effect of gradation
on slump is lower than that of the wet fly ash/aggregate ratio,
which is consistent with the result of variance analysis. In
addition, the contour map is oval, indicating a strong in-
teraction between mass and cement dosage [29]. In a word,
when the gradation and wet fly ash/aggregate ratio vary,
slump values show a parabolic regularity on the coordinate
axes. Suitable aggregate gradation and wet fly ash/aggregate
ratio can adjust the slump of filling material to reach a
reasonable engineering range.
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FIGURE 9: Influence curve of single factors on each response value. (a) Slump. (b) Bleeding ratio. (c) 28 d compressive strength.

In Figure 11, when the percentage of water reducing
agent is 0.7%, the bleeding ratio of filling material shows a
slight increase with the increase of wet fly ash/aggregate ratio
and reaches the maximum of 3.9% at the wet fly ash/ag-
gregate ratio of 0.46. After that, the bleeding ratio declines to
2.45% at last, indicating a significant influence of wet fly ash/
aggregate ratio on the bleeding ratio. When Talbol gradation
index of construction waste is 0.5, with the increase of wet fly
ash/aggregate ratio, the bleeding ratio decreases sharply,
from 4.63% to 2.79%, reaching a variation of 40%. At a low
wet fly ash/aggregate ratio, with the increase of the index, the
bleeding ratio increases from 3.88% to 4.72% and then

remains as is. When the wet fly ash/aggregate ratio is 0.55,
with the increase of gradation, the bleeding rate increases
from 2.45% to 3.02% and then decreases to 2.79%, indicating
that the influence of gradation on bleeding rate can be re-
duced with the increase of wet fly ash/aggregate ratio. In
addition, according to the contour diagram (Figure 11(a)),
when the Talbol grading index of construction waste and wet
fly ash/aggregate ratio are in the ranges of 0.3 to 0.39 and
0.53 to 0.55, respectively, the bleeding ratio is low.

In Figure 12, when the percentage of water reducing
agent is 0.7% with the gradation of construction waste fixed,
28 d compressive strength increases first and then decreases



10

0.50

0.45

o 0.40

0.35

0.30

0.45 0.47 0.50 0.53 0.55

0.50

0.45

< 0.40

0.35

0.45 0.47 0.50 0.53 0.55

Advances in Materials Science and Engineering

Slumps (mm)

()

Bleeding rate (%)

(®)

FIGURE 11: Interaction influence of x; and x, on bleeding ratio. (a) Two-dimensional diagram. (b) Three-dimensional diagram.

with the increase of the wet fly ash/aggregate ratio. For
example, when Talbol gradation index and wet fly ash/ag-
gregate ratio are 0.3 and 0.49, respectively, the maximum of
28 d strength is 3.58 MPa. Moreover, with the increase of
gradation, the maximum of 28d strength increases gradu-
ally, and the maximum of wet fly ash/aggregate ratio in-
creases accordingly. For example, when Talbol gradation
index and wet fly ash/aggregate ratio are 0.45 and 0.52,
respectively, the maximum of 28d compressive strength
reaches 3.85MPa, which is significantly higher than that
with the Talbol gradation of 0.3. In addition, the contour
diagram demonstrates that when the gradation and wet fly
ash/aggregate ratios are 0.48 to 0.50 and 0.48 to 0.55, re-
spectively, high compressive strength can be obtained.

In Figure 13, the interaction influences of wet fly ash/
aggregate ratio and the percentage of water reducing agent
on 28d compressive strength are depicted, in which Talbol
gradation index of construction waste is fixed at 0.4. When
the dosage of water reducing agent is small, the strength
increases gradually with the increase of wet fly ash/aggregate
ratio. When the dosage of water reducing agent is 0.60 and
the wet fly ash/aggregate ratio is 0.55, the 28 d strength is
3.70 MPa. If the percentage of water reducing agent in ce-
ment exceeds 0.63%, with the increase of wet fly ash/ag-
gregate ratio, the strength increases at first and then
decreases, and the increase or decrease rate gets smaller
around the peak. When the dosage of water reducing agent
and the wet fly ash/aggregate ratio are 0.8 and 0.55,
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respectively, the 28 d strength is 3.17 MPa. At a low wet fly
ash/aggregate ratio, the strength increases at first and then
decreases slightly with the increase of water reducing agent.
However, when the wet fly ash/aggregate ratio increases
gradually, the increase gets smaller, followed by an in-
creasingly obvious decrease. As shown in the contour dia-
gram, when the wet fly ash/aggregate ratio and dosage of
water reducing agent are in the ranges of 0.52 to 0.55 and

0.60 to 0.67, respectively, the maximum of compressive
strength can be derived.

3.3. Multiobjective Optimization and Model Verification.
The cost of filling material is an important factor affecting
the economic benefit of mine. As long as the physical

property of filling material is ensured, reducing the cost of
filling material is an important way to improve the benefit of
mining.

At present, Longhu Mine of Qitaihe Co., Ltd. of Longmei
Group is using the filling mining method to mine the coal
below buildings. The filling material used must satisfy
certain performance specifications, specifically, with slump,
bleeding ratio, and the 28d compressive strength being
210-220mm, less than 5%, and greater than 3 MPa, re-
spectively. If taking the Longhu Mine as the case to dem-
onstrate the economic optimization of filling material, the
following planning equation can be established:

2202Y,>,Y, =min,Y; = max. (8)

11
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TaBLE 8: Price of partial filling material mix ratio.
. . 28d compressive . 3
0, 0,
No. X X5 x3 (%) M, My M, M,  Slump (mm) Bleeding ratio (%) strength (MPa) Price (yuan/m”)
I 0.507 0.500 0.678 0.817 0.414 0460 0.147 210 3.99 4.10 103.7
2" 0.509 0.500 0.686 0.816 0.415 0.460 0.147 210 3.95 411 104.0
3* 0.513 0498 0.697 0.814 0418 0.460 0.147 210 3.92 4.09 104.5
4 0.506 0.488 0.670 0.818 0.414 0.460 0.147 210 4.03 4.04 105.0
5* 0.511 0478 0.680 0.815 0.416 0.460 0.147 210 4.00 3.99 106.5
6 0.517 0.448 0.709 0.812 0.420 0.460 0.147 210 4.01 3.83 110.9
7 0.505 0.401 0.675 0.818 0.413 0.460 0.147 210 4.14 3.68 115.8
8" 0.504 0.369 0.700 0.819 0413 0460 0.147 210 4.11 3.60 120.5
9* 0.501 0.352 0.714 0.821 0.411 0.460 0.147 210 4.11 3.56 1231
10°  0.497 0314 0766 0.823 0.409 0.460 0.147 210 4.03 3.44 129.4
4.5
In the optimization module of Design-Expert 10.0.3 20
software, 77 groups of solutions satisfying the equation can '
be obtained by setting the value range of response value . 354
. . . .o s ©
according to the above planning equation. The minimum =S
cost of filling material per unit volume is taken as the op- < 301
timization objective, namely, fiin (yuan/rn3), and the op- ) 25
5 2
timization model is established as shown in the following g
formula: ; 2.0 -
a
MC +&+ﬂ %+7M$x3:1, é" L5+
262 23 1 3.1 2.1 <}
© 1.0 4
M
s x 100% = 8%, 0.5 4
M. +Mp+ M+ M, +Mx,
0.0
1 3 7 28
M .
w x 100% = 25%, Curing age (d)
I M +Mp+M+ M, +Mx, (9)
[ ] Mixratio A
M [] Mixratio B
=X,
M, ! FiGUure 14: Compressive strength of various curing ages of the

c

x, = —150x, + 95,

Fomin = X4M, + 10M ; + 3.2M,,, + 420M, + 20000M ;x5,

where x; is the ratio of wet fly ash versus construction waste;
X, is Talbol gradation index of construction waste; x5 is the
mass percentage of water reducing agent versus cement; x, is
the price of construction waste; M., M M,,, and M, are the
masses of construction waste, wet fly ash, water, and cement
per cubic metre of filling material. The mass concentration of
solid material in the filling material is 75%. The masses of
water and cement account for 25% and 8%, respectively, of
filling material.

Based on current raw material prices, cement, water
reducing agent, wet fly ash, and industrial water are 420,
20000, 10, and 3.2 yuan/t, respectively. The prices of con-
struction waste with # of 0.5 and 0.3 are 20 and 50 yuan/t,
respectively, and the price of construction waste of other
Talbol gradation indexes can be obtained by interpolation
formula (x, =-150x, + 95). The 77 groups of solutions were
substituted into the optimization model (formula (8)), and
the results were calculated using Matlab (see Table 8 for

optimal mix ratio of filling material.

some of the results). From the results, it can be seen that the
lowest price (fiin) per cubic metre of filling material is 103.7
yuan for x;=0.507, x,=0.5, and x3=0.678%. The model
predicts that the slump, bleeding ratio, and 28 d compressive
strength are 210mm, 3.99%, and 4.10 MPa, respectively.
Indeed, the filling materials with these mix ratios were tested
experimentally, and the slump, bleeding ratio, and 1d, 7d,
and 28d compressive strength are 215mm, 4.00%, and
4.08 MPa, respectively, indicating that the results addicted
by the model highly match the actual results and can meet
requirements of field construction.

3.4. Analysis of Filling Material at Different Curing Ages.
In Figure 14, mix ratio A shows the compressive strength at
the curing ages for the optimum mix ratio of filling material.
Mix ratio B is the compressive strength at each curing age
after replacing 42.5" sulphate aluminate cement with 42.5"
Portland cement in the optimum mix ratio of filling material.
Figure 14 shows that the one-day compressive strength of
mix ratio A is 6 times that of mix ratio B, and the three-day
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F1GURE 15: SEM photos of the hydration products of the optimum mix ratio of filling material at different curing ages. (a) 1 d curing age. (b)

3d curing age. (c) 7d curing age. (d) 28d curing age.

compressive strength of mix ratio A is 1.67 times that of mix
ratio B; after that, the compressive strengths of the two mix
ratios are basically the same.

The SEM photos of the hydration products of the opti-
mum mix ratio of filling material at curing agesof 1d, 3d, 7 d,
and 28d are shown in Figure 15. The sulphate aluminate
cement mainly produces calcium vanadate (Aft), and the
Portland cement hydrates mainly produce hydrated calcium
silicate (C-S-H) gelation, both of which precipitate calcium
hydroxide (CH). When the curing age of the filling material is
1d (Figure 15(a)), the gaps between the hydration products
are significant, a large number of needle-like Aft appear, and
there is a small amount of C-S-H gelation, while a large
number of CH can be seen, and the morphology of CH is a
regular plate hexahedron, the surface of which has a crystal
luster and good crystallinity. When the age of the filling
material is 3 d (Figure 15(b)), the gaps between the hydration
products become smaller; the size of the Aft increases sig-
nificantly and becomes “rod” shaped; the hydration of
Portland cement produces a certain amount of C-S-H gela-
tion; CH becomes less, because CH reacts chemically with the
active SiO,, AL,Os, and so forth in fly ash. As shown from
Figures 15(a) and 15(b), the increase in compressive strength
of the filling material within 3 d of the curing age is mainly due

to the hydration of the sulphate aluminate cement to produce
a large amount of Aft. At the curing age of 7 d for the filling
material (Figure 15(c)), the gaps between the mid-hydration
products are smaller, a significant number of filamentous
C-S-H encapsulates the Aft, and the shape of CH hexahedron
is not obvious, and the crystallinity of CH is worse than that in
Figure 15(b). At the curing age of 28d (Figure 15(d)), the
filling material is dense and the needle stick Aft is largely
encapsulated by the gel. Only a small amount of Aft can be
seen, and CH crystals are basically invisible. From
Figures 15(a) and 15(b), it can be seen that the compressive
strength of the filling material at the curing age of 7 d to 28 d is
mainly due to the large amount of C-S-H gelation which is
produced by the hydration of Portland cement.

4. Conclusions

The response surface methodology (RSM) is using slump,
bleeding ratio, and 28 d uniaxial compressive strength of the
filling material as response variables, as well as using wet fly
ash/aggregate ratio, Talbol gradation index of recycled ag-
gregate, and dosage of water reducing agent as factors, which
has optimized the mix ratio of construction waste cemented
filling material. The main conclusions are as follows:
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(1) The reliable and accurate response surface model of
slump, bleeding ratio, and 28 d compressive strength
was established, with the determination coefficient
greater than 0.93 and the coefficient of variation
(CV) less than 5%. The relative errors between the
response surface model and the experimental results
were within 4%, indicating a good fitting.

(2) The wet fly ash/construction waste ratio, Talbol
gradation index of recycled aggregate, and dosage of
water reducing agent had the most significant effects
on bleeding ratio, 28d compressive strength, and
slump, respectively. The interaction of wet fly ash/
construction waste ratio and Talbol gradation index
of recycled aggregate had an obvious effect on the
three response values, and the interaction of wet fly
ash/construction waste ratio and water reducing
agent proportion significantly influenced the 28d
compressive strength.

(3) The optimal mix ratio of filling material was ob-
tained: the wet fly ash/construction waste ratio was
0.507, Talbol gradation index of recycled aggregate
was 0.5, and dosage of water reducing agent was
0.678%. Experimentally, the filling material with the
optimal mix ratio yielded slump of 215 mm, bleeding
ratio of 4.00%, and 28d compressive strength of
4.08 MPa, which meet the actual needs of mining.

(4) The hydration of sulphate aluminate cement pro-
duces a large amount of Aft, which can obviously
improve the compressive strength of the filling
material in 3 d. The hydration of Portland cement
produces a large amount of C-S-H gelation, which is
the main source of the compressive strength of the
filling material from 7d to 28d.
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In this paper, dry-mixed recycled cement concrete gravel (CCG) piles and dry-mixed cement macadam gravel (CMG) piles were
analyzed. CCG and CMG were prepared by using recycled concrete aggregate (RCA) with different substitution rates, recycled
macadam aggregate (RMA) from waste bricks and tiles, and fly ash, respectively. Mechanical properties, hydration heat release
performance, and frost resistance were used as evaluation factors. The compressive strength, hydration heat, relative dynamic
elastic modulus, and mass loss rate were tested. Based on the requirements of subgrade reinforcement on the material strength,
hydration heat release, and frost resistance of dry-mixed CRA piles, TOPSIS analysis method was used to conduct a com-
prehensive evaluation. The results show that the mechanical properties and frost resistance of CCG and CMG gradually de-
teriorate with the increase of RCA and RMA replacement rates. At the same time, the hydration heat release of CCG and CMG
increases with the increase of the replacement rate. The fly ash instead of cement can improve the compressive strength and frost
resistance of CCG and CMG and reduce the hydration heat and material cost. When the CCG replacement rate reaches 20%, the
CCG composite score of 20% fly ash is higher than that of traditional dry-mixed cement gravel pile and has better

comprehensive performance.

1. Introduction

In recent years, with the large-scale construction of high-
grade highway, the problems encountered in the project have
become more frequent and complex. Soft soil foundation has
the characteristics of high compressibility, large settlement,
and poor stability of drainage consolidation. Before building
high-grade highway on such foundations, if the foundations
are not treated or improper treatment, the quality of the
highway will be reduced or even destroyed [1]. As a result, a
series of problems such as pavement subsidence, muddying,
pulping, bridge jumping, and roadbed slippage appear [2].
Dry-mixed cement gravel pile is a new trenchless rapid re-
inforcement technology for highway subgrade developed
based on gravel pile and cement fly-ash gravel (CFG) pile [3].
This technology has the advantages of simple process, low
equipment requirements, local materials for raw materials,
high overall strength formed with the original topography,

and effective suppression of the unstable settlement of
roadbed. Along with the rapid development of highway traffic
construction, construction engineering, water conservancy,
and other infrastructure construction industry, the rapid
development of engineering construction in the aggregate
supply gap is gradually expanding [4]. However, a series of
environmental problems will be caused in the process of
large-scale construction. In order to solve the problem of
environmental pollution caused by aggregates shortage in
engineering construction, waste aggregates recycling has
become an effective solution [5].

The research on recycled waste concrete materials has
become a hot topic for scholars in related fields. Many
scholars have studied the properties of recycled aggregate
(RA) and recycled concrete. Bai et al. investigated the
characteristics of RA and the mechanical properties of
recycled concrete [6]. Some scholars have conducted
comparative studies on the mechanical properties of


mailto:bomingshang@163.com
https://orcid.org/0000-0001-8600-1597
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3925520

Advances in Materials Science and Engineering

FIGURE 1: Macroscopic view of RA. (a) RCA, (b) RMA.

ordinary concrete and recycled concrete [7]. The research
results generally show that the properties of RA are often
somewhat degraded compared with natural aggregate. The
improvement of the physical and mechanical strength of
recycled concrete has become a hot issue in the research of
recycled concrete. Accelerated carbonation can effectively
improve the strength of concrete, and steam curing can
improve the impermeability of recycled concrete [8, 9]. Deng
et al. applied recycled coarse aggregate to cement stabilized
base and studied the influence of RA homogeneity on ce-
ment stabilized base [10]. Many scholars have also carried
out corresponding studies on the application and rein-
forcement of RA. Among them, fly ash as industrial waste is
also a concern by many scholars. Some scholars have found
that fly ash pore refinement is beneficial to offset the higher
porosity of RA by means of microscopic tests. In addition, fly
ash has a positive effect on the erosion resistance of recycled
concrete [11, 12]. The research of most scholars has shown
that the appropriate addition of fly ash is helpful for the
application of RA in engineering. To sum up, although there
are many related researches on the application of RA in
China, these researches are mainly focused on non-load-
bearing concrete and semirigid base materials. The char-
acteristics of different road engineering materials are quite
different. Although the existing research results have certain
reference significance, it is difficult to directly apply to
roadbed reinforcement projects.

Several  production  technologies  capable  of
manufacturing high-quality RA have been developed, and
the recycled coarse aggregate concrete were applied to the
upper structure of buildings on a trial basis particularly in
Japan [13, 14]. In some Southern European countries, most
RA are used in road construction and unpaved rural roads
[15]. These uses have little added value but are a good al-
ternative for RA with medium or low quality [16]. High-
quality RA with high recycling potential can be obtained
using selective dismantling techniques [17]. The use of these
high-quality aggregates in the manufacture of concrete and
mortar gives more added value to these recycled materials.
In addition, the TOPSIS analysis method can comprehen-
sively analyze the optimal solution of each parameter under
multifactor conditions [18].

TaBLE 1: Physical properties of RCA and RMA.

Apparent Micro Ne.edle- Crush Water
Aggregate densi powder  like .
ensity value absorption
type kg/m?) content content o
(gm)  CRst RS o))
RCA 2.59 1.5 53 27.3 5.8
RMA 2.39 2.1 6.1 40.8 11.2

In this paper, recycled concrete aggregate (RCA) and
recycled macadam aggregate (RMA) are the research objects.
The compressive strength, hydration characteristics, and frost
resistance were used as evaluation indexes to analyze the in-
fluence of RA content on the material properties of dry-mixed
cement RA pile. At the same time, based on the characteristics
of low hydration heat and durability improvement of fly ash,
this paper systematically studied the influence of different fly
ash content on compressive strength, hydration characteristics,
and frost resistance of dry-mixed cement RA pile. Based on the
requirements of roadbed reinforcement on the material
strength, hydration heat release, and freezing resistance of dry-
mixed cement RA piles, TOPSIS analysis method was used to
comprehensively evaluate dry-mixed cement recycled piles
prepared from different types of RA, and to explore the re-
generation of dry-mixed cement. The optimal composition of
aggregate piles provides corresponding reference for its engi-
neering application.

2. Materials and Test Methods

2.1. Raw Materials. The raw materials used for preparing the
CCG and CMG included ordinary Portland cement, mineral
admixture, fine aggregates, RCA, and RMA. The mor-
phology of RCA and RMA is shown in Figure 1, and the
physical performance indicators of RCA and RMA are
shown in Table 1. The physical properties of Portland cement
are shown in Table 2. The chemical composition of indus-
trial-grade fly ash (FA) is shown in Table 3. The fineness
modulus of fine aggregate is 3.3, and its performance in-
dicators are shown in Table 4.

In order to study the effect of RA content on the per-
formance of CCG and CMG, the content of RCA and RMA
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TaBLE 2: Physical properties of cement.

. Flexural
S Compressive
Setting time strength o
Cement fineness (%) strength (MPa) (MPa) Stability (mm)
Initial setting (min) Final setting (h) 3d 28d 3d 28d
2.3 165 5.5 12.6 35.0 2.9 6.1 1.5
TaBLE 3: Chemical composition of considered FA (wt. %).
A1203 SIOZ MgO KzO CaO Fe203 P205 SO3 NazO
22.0 52.68 0.6 1.98 8.53 11.8 0.94 1.12 0.35

TaBLE 4: Physical properties of fine aggregate.

. Bulk Apparent  Void Stone Crush
Fineness densi densi . powder . dicat
modulus ens1t3y ens1t3y ratio . indicator

(kg/m)  (kg/m”) (%) (%) (%)
3.3 1447 2700 40 4.1 13

was 0, 20%, 40%, 60%, 80%, and 100%, numbered NC, RCA-
20, RCA-40, RCA-60, RCA-80, RCA-100, RMA-20, RMA-
40, RMA-60, RMA-80, and RMA-100, respectively. The
mixing proportion of CCG and CMG is shown in Table 5. In
order to study the effect of FA content on the performance of
CCG and CMG, the content of FA was 0, 10%, 20%, and
30%, numbered RCA20F10, RCA20F20, RCA20F30,
RMA20F10, RMA20F20, and RMA20F30, respectively. The
mixing proportion of CCG and CMG is shown in Table 6.

2.2. Specimen Preparation. The test process includes the
following steps: (1) the suitable amount coarse and fine
aggregates are placed in a rectangular pan with a size of
400 mm x 600 mm x 70 mm; (2) the dry materials are mixed
evenly for 3 min; (3) the water is poured into the dry in-
gredients and whisk quickly for 5min; (4) add the suitable
amount cement to the stuffed mixture and mix well for
6 min; (5) put the wet material into a square test mould with
a side length of 100 mm; (6) according to the specification
“Testing Methods of Cement and Concrete for Highway
Engineering” [19], cure for 1d and then demould.

2.3. Test Methods

2.3.1. Compressive Strength. According to the specification
“Standard for Test Method of Concrete Physical and Me-
chanical Properties” [20], the compressive strength test was
carried out on the samples of standard curing 7d, 28 d, and
90 d respectively, and each sample was tested 3 times, and
the average value was calculated as the final result.

2.3.2. Heat of Hydration. 'The heat of hydration of CCG and
CMG was obtained by curing a specimen with a moulding
size of 100 mm x 100 mm x 100 mm using box curing for
24d, under the temperature of 20°C +2°C and a relative
humidity of 90% +5%, according to the standard “Test

Methods for Heat of Hydration of Cement” [21]. The PTS-12S
hydration heat tester was used in the experiment.

2.3.3. Mass Loss Rate. Cubes with a side length of 150 mm
were subjected to freeze-thaw cycles according to the
specification “Standard for Test Methods of Long-term Per-
formance and Durability of Ordinary Concrete” [22]. The
mass of exfoliation (,) and the mass loss rate (y) of the
specimen are computed using the formula below for the
specimen after freeze-thaw cycles.

mg=my, —my (1)
mS
y=_ (2)

where m, is mass of exfoliation of specimen. 1, is the total
mass of filter paper and peel after drying; m; is the filter
paper quality; m is the mass of the dried specimen.

2.3.4. Relative Dynamic Elastic Modulus. The relative dy-
namic elastic modulus of the samples was tested according to
specification “Test Methods of Cement and Concrete for
Highway Engineering” [19]. The test was carried out with a
cuboid specimen of 100 mm x 100 mm x 400 mm, and the
frequency was set to 100 Hz.

3. Results and Discussion
3.1. Effects of RA Substitution Rate on Material Properties

3.1.1. Compressive Strength. The test results of different
substitution rates on the compressive strength of CCG and
CMG are shown in Figure 2. It can be seen from Figure 2
that, with the increase of the replacement rate, the strength
of the dry-mixed cement aggregate pile decreases gradually.
This may be related to the old mortar in the outer layer of RA
[13, 14]. There are a lot of micro-cracks in the old mortar,
and the internal structure is more easily damaged when it is
subjected to external pressure. It can be seen from Table 4
that the crushing value of RCA is 27.3%; the crushing value
of MCA is 40.8%. The aggregate acts as a scaffold in the dry-
mixed cement aggregate pile, and the destruction of the
aggregate reduces the overall compressive strength [15].
Therefore, the compressive strength of the dry-mixed
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TaBLE 5: The mixing proportion of CCG and CMG.
No. Cement (kg/m’)  Effective water (kg/m®)  Additional water (kg/m®) W/C  Stone chips (kg/m®)  Gravel kg/m’
NC 240.0 0 0.5
RCA-20 259.2 6.65 0.54
RCA-40 273.3 13.31 0.57
RCA-60 292.8 19.96 0.61
RCA-80 312.0 26.61 0.65
RCA-100 480 331.2 33.26 0.69 1297 1584
RMA-20 259.2 6.65 0.54
RMA-40 273.3 13.31 0.57
RMA-60 292.8 19.96 0.61
RMA-80 312.0 26.61 0.65
RMA-100 331.2 33.26 0.69
TaBLE 6: The mixing proportion of CCG and CMG.
No. FA content (%) Cement (kg/m3) Sand (kg/m3) Gravel (kg/m3) Additional water (kg/m3) Free water (kg/m3)
RCA20F10 26 228
RCA20F20 52 202
RCA20F30 77 177
RMA20F10 2% 228 595 1103 113 194
RMA20F20 52 202
RMA20F30 77 177
30 30
25 25
= ‘I‘—I_ = 1 -
a9 =¥
= Ea o = 'I'_I_ _I__I_ I+
< 20 - d < 20
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The type of CCG The type of CMG
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I 28d I 28d
] 90d [ 90d

()

FIGURE 2: The effect of RCA and RMA with different dosages

cement recycled aggregate pile gradually decreases with the
increase of the amount of recycled aggregate. In contrast, the
compressive strength of CMG is lower than that of CCG due
to the lower crush value of RMA and the higher water
absorption of RMA, which is about two times that of RCA.

3.1.2. Heat of Hydration. The experimental results of the
heat of hydration of CCG and CMG with different
substitution rates are shown in Figure 3. According to

(®)

on compressive strength of CCG and CMG. (a) CCG, (b) CMG.

Figure 3, with the increase of the replacement rate of RA,
the heat of hydration of CCG and CMG also increases. It
can be found from Table 5 that, due to the high water
absorption of RA, a part of additional water is required
for prewetting treatment [16]. Besides, with the increase
of the replacement rate of RA, the required water con-
sumption is also increasing, resulting in an increasing
water-cement ratio. The cement paste with low water-
cement ratio has smaller porosity and smaller pore size,
so the cement paste is denser. In order for cement to be
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FIGURE 3: The effect of RCA and RMA with different dosages on hydration heat of CCG and CMG. (a) CCG, (b) CMG.
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FIGURE 4: The effect of RCA and RMA with different dosages on mass loss rate of CCG and CMG. (a) CCG, (b) CMG.

fully hydrated, sufficient water diffusion in the slurry is
required [17]. Therefore, the heat of hydration of the
sample with a smaller water-cement ratio is also smaller;
in other words, the heat of hydration of the sample with a
higher replacement rate of recycled aggregate is also
larger. Compared to CCG, CMG has a higher heat of
hydration. The hydration exotherm is not only affected by
the degree of hydration, but also closely related to the
initial water content [18]. It can be seen from Table 4 that
the water absorption rate of RCA is 5.8%, and that of
RMA is 11.2%. Due to the high water absorption, the
additional water gives the CMG a higher initial water
content, resulting in a higher heat of hydration for the
CMG. In conclusion, CCG shows better performance in
terms of heat of hydration.

3.1.3. Frost Resistance. The test results of different RA sub-
stitution rates on the mass loss rate of CCG and CMG are shown
in Figure 4. Figure 4 shows that when the replacement rate of
recycled aggregate increases, the mass loss rate increases as well.
This is owing to recycled aggregates’ high crushing value and low
apparent density, which makes them more prone to damage
[23, 24]. On the one hand, the high water absorption rate of RA
causes it to absorb part of the water, and frost heave occurs
during the freezing and thawing process, resulting in structural
damage and loss. On the other hand, the bonding strength of RA
is weaker than that of natural aggregate, and it is not easy to bond
with old and new mortar, so the frost resistance is worse [25].

The experimental results of the relative dynamic elastic
modulus of RCA and RMA with different RA substitution rates
are shown in Figure 5. The relative dynamic elastic modulus
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FiGure 5: The effect of RCA and RMA with different dosages on relative dynamic elastic modulus of CCG and CMG. (a) CCG, (b) CMG.
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FIGURE 6: The compressive strength of CCG and CMG with different content of fly ash. (a) CCG, (b) CMG.

rapidly falls as the RA content increases, as seen in Figure 5. The
high crushing value and low apparent density of RA, like the
mass loss rate, render the interior structure of CCG and CMG
prone to destruction. RMA has a rougher surface and more
pores than RCA, as seen in Figure 1. Table 4 shows that RCA
has a higher apparent density than RMA, as well as a lower
crush value and water absorption. In conclusion, CCG has a
higher relative dynamic elastic modulus than CMG.

3.2. Effect of fly Ash Content on the Performance of Dry Mix
Cement RA Pile

3.2.1. Compressive Strength. The compressive strength of
CCG and CMG with different content of fly ash is shown in

Figure 6. From Figure 6, the compressive strength of CCG
and CMG decreases at 7 d and 28 d due to the slow hydration
of fly ash in the early stages, which cannot provide enough
strength for CCG and CMG [26]. However, the AFt crystals
and CH crystals are generated after the secondary hydration
reaction of fly ash, contributing to an increase in com-
pressive strength at 90 d [27]. Furthermore, with the increase
of fly ash, the compressive strength of CCG and CMG at 90 d
shows a trend of first increasing and then declining. The high
fly ash content can cause problems such as low strength and
carbonation of concrete at an early stage [28]. Meanwhile,
excessive amounts of fly ash can decrease the workability
and compressive strength of concrete (Temesge et al.) [29].
The reason for this phenomenon is the excessive water
requirement of fly ash in large content, and the secondary
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FIGURE 8: The mass loss rate of CCG and CMG with different content of fly ash. (a) CCG, (b) CMG.

hydration is incomplete. It can be found that the com-
pressive strength is higher when the CCG replacement rate is
20%, and the fly ash content is 10%.

3.2.2. Hydration Heat. The results of fly ash content on the
hydration heat of CCG and CMG are shown in Figure 7. The
hydration heat of CCG and CMG will gradually decrease
with the increase of fly ash [30]. The generation of hydration
heat mainly comes from the heat release from the cement
hydration reaction. The cement content of the hydration
reaction in the early stage and the hydration heat is reduced
by using fly ash instead of cement, and this result is con-
sistent with the conclusion of other studies [27, 31].

3.2.3. Frost Resistance. Figures 8 and 9 show the test results of
fly ash content on the frost resistance of CCG and CMG.
According to Figures 8 and 9, the mass loss rate decreases and

then increases with the increase of fly ash content, and the
relative dynamic elastic modulus exhibited a trend of rising and
then falling. Moreover, using fly ash as the filler will help fill gaps
in the dry-mixed cement recycled aggregate pile, improving
structural compactness and providing frost resistance [32, 33].
As a result, too much fly ash will reduce the strength of CCG
and CMG in the early stage, resulting in higher water demands
and a more vulnerable internal structure to freeze-thaw damage.
The internal structure is not tight enough, and the frost re-
sistance is reduced. RCA with 20% fly ash content has a lower
mass loss rate and a higher relative dynamic elastic modulus.

3.3. The Comprehensive Performance Evaluation of Dry-
Mixed RA Piles

3.3.1. The Analysis of TOPSIS. TOPSIS analysis method first
normalizes the original data matrix and then determines the
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FIGURE 9: The relative dynamic modulus of elasticity of CCG and CMG with different content of fly ash. (a) CCG, (b) CMG.

optimal and inferior solutions among a finite number of so-
lutions through the optimal vector and inferior vector. Then, it
determines the closeness of each study factor of the object of
investigation relative to the optimal solution by comparing the
object of investigation with the optimal and inferior solutions
and then evaluates the superiority and inferiority of the object
of investigation [34, 35]. The specific steps are as follows.

In the first step, a decision matrix needs to be con-
structed, and the raw data can be represented by matrix
X = (Xij)pxm> where n and m represent the number of
evaluation objects and evaluation indicators, respectively.
The resulting raw data are matrixed by

X..

Zoo=—
0T em o (3)
Zi:l X12]

In the second step, the above obtained matrix is nor-
malized by Eq. (4) and Eq. (5); then, determine the optimal
vector and the worst vector.

Y'= (Ymax I8 YmaxZ’ T Ymaxm) (4)

Y = (Yminl’Y "Yminm) (5)

min2> "’

In the third step, the difference distance between the i
examined object and the optimal solution and the worst
solution is then determined by Eq. (6) and Eq. (7).

D} \
D;:\

In the fourth step, the similarity between each examined
object and the optimal solution is calculated by Eq. (8) and
ranked for comparison to determine the optimal solution.

(Xmaxj - Yij)2 (6)

L

Il
—_

(Xminj - Yij)2 (7)

NgE

[
—_

CI=D;/(D{ +D;)1<i<n (8)

3.3.2. Analysis of Calculation Results. Compressive strength,
hydration heat, and frost resistance are used as the inves-
tigating factors to achieve a comprehensive evaluation of
CCG and CMG. The results of experimental values of
compressive strength, the heat of hydration, mass loss, and
relative dynamic modulus of elasticity are shown in Table 7.

(1) The above experimental data are matrixed by Eq. (3),
and the resulting standard matrix is as follows:
0.2850 0.3466 0.3241 0.2715
0.2726 0.2687 0.2927 0.2605
0.2550 0.2140 0.2614 0.2521
0.2390 0.1707 0.2300 0.2448
0.2254 0.1060 0.1568 0.2296
0.2062 0.0604 0.0523 0.1842
0.2460 0.2277 0.2509 0.2490
0.2347 0.1609 0.1882 0.2307
0.2196 0.1019 0.1150 0.2067 9)
0.2028 0.0738 0.0418 0.1914
0.1677 0 0 0.1651
0.2976 0.3188 0.3241 0.2605
0.2760 0.3646 0.3659 0.2769
0.2650 0.3877 0.2823 0.2872
0.2481 0.2277 0.2718 0.2609
0.2306 0.2616 0.3032 0.2673
0.2143 0.3450 0.2509 0.2448

(2) The optimal vector and the worst vector obtained by
Eq. (4) and Eq. (5) are as follows:
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TABLE 7: Factor values for CCG and CMG.

o0d . The heat of Mass Relatlv.e
Number COMmPressive hydration  loss dynamic
strength (J/kg) (%) modulus of
(MPa) 8 ? elasticity (%)
NC 25.12 291.1 3.2 71.2
RCA20 24.03 325.3 3.5 68.3
RCA40 22.48 349.3 3.8 66.1
RCA60 21.11 368.3 41 64.2
RCA80 19.87 396.7 4.8 60.2
RCA100 18.18 416.7 5.8 48.3
RMA20 21.68 343.3 3.9 65.3
RMA40 20.69 372.6 4.5 60.5
RMAG60 19.36 398.5 52 54.2
RMAS0 17.88 410.8 5.9 50.2
RMA100 14.78 443.2 6.3 43.3
RCA20F10 26.23 303.3 3.2 68.3
RCA20F20 24.33 283.2 2.8 72.6
RCA20F30 23.36 273.1 3.6 75.3
RMA20F10 21.87 343.3 3.7 68.4
RMA20F20 20.33 3284 34 70.1
RMA20F30 18.89 291.8 3.9 64.2

TaBLE 8: Sorting index values for different types of recycled ag-
gregate materials.

Aggregate type D* D Similarity CI
NC 0.0619 0.5003 0.8899
RCA20 0.1444 0.4219 0.7450
RCA40 0.2101 0.3596 0.6312
RCA60 0.2659 0.3059 0.5349
RCA80 0.3628 0.2081 0.3646
RCA100 0.4737 0.0907 0.1607
RMA20 0.2072 0.3577 0.6332
RMA40 0.3002 0.2648 0.4686
RMAG60 0.3965 0.1674 0.2969
RMAS80 0.4708 0.0956 0.1687
RMA100 0.5621 0 0
RCA20F10 0.0848 0.4823 0.8504
RCA20F20 0.0332 0.5395 0.9421
RCA20F30 0.0898 0.5043 0.8489
RMA20F10 0.1939 0.3760 0.6598
RMA20F20 0.1571 0.4181 0.7268
RMA20F30 0.1542 0.4365 0.7390

Y* = (0.2976,0.3877,0.3659, 0.2872) (10)

Y™ =(0.1677,0,0,0.1651) (11)

The difference distance and similarity between each
examined object and the optimal solution are obtained by
Eq. (7) and Eq. (8). The obtained results are shown in Table 8.

Table 8 shows that, through the TOPSIS analysis method,
the piles with 20% fly ash added scored the highest, even
exceeding the score of natural aggregates after a compre-
hensive analysis of compressive strength, exothermic hy-
dration, and frost resistance indexes. In comparing the
properties of recycled materials, it is concluded that
RCA>RMA considering the compressive strength, exo-
thermic hydration, and frost resistance.

4. Conclusion

(1) The mechanical properties and freezing resistance of
CCG and CMG gradually deteriorate with RCA and
RMA substitution rates. Meanwhile, the exothermic
hydration of CCG and CMG increases continuously
with the increase of the substitution rate.

(2) RCA has a higher crushing value and lower water
absorption than RMA. CCG prepared by RCA has
higher compressive strength, frost resistance and
lower hydration heat than CMG prepared by CMG.

(3) The use of fly ash to replace part of cement improves
the late compressive strength and frost resistance of
CCG and CMG and lowers the hydration heat and
material cost.

(4) TOPSIS analysis of dry-mix cement recycled ag-
gregate piles based on mechanical properties, frost
resistance, and exothermic hydration capacity
demonstrated that the comprehensive score initially
increases and then decreases with fly ash. When the
CCG substitution rate reaches 20%, the composite
score of CCG mixed with 20% fly ash is higher than
that of the conventional dry-mix cement aggregate
pile material, which has better performance.
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To evaluate the moisture stability of a hard sandstone asphalt mixture, a testing section of a hard sandstone asphalt mixture was
prepared in the laboratory. The accelerated pavement testing (APT) with the one-third-scale model mobile load simulator
(MMLS3) was conducted in this testing section under temperature and water-coupled conditions. As the APT number increased,
the elastic modulus of the hard sandstone asphalt mixture pavement gradually decreased. The average elastic modulus was
22.99 GPa after 160000 APT cycles. The bulk specific density of the sample rolled by the MMLS3 increased, and the residual
indirect tensile strength ratio was 88.7%. Therefore, the hard sandstone asphalt mixture had good resistance to moisture damage,
and hard sandstone aggregates can be used in a hot mix of asphalt.

1. Introduction

Moisture damage is one of the diseases of asphalt mixture
pavement [1]. The main external cause of moisture damage
in asphalt pavement is the coupled effect of water, tem-
perature, and vehicle loads. The main internal causes of
water damage in asphalt pavement are the properties of the
aggregate and asphalt [2]. High temperatures reduce the
asphalt viscosity, water erodes the asphalt film on the ag-
gregates, and repeated loads accelerate the moisture damage
of asphalt mixtures.

The indirect tensile strength ratio is used to evaluate the
moisture stability of asphalt mixtures in the standard
method [3, 4]. Based on a certain sinusoidal waveform [5-9],
water moves in the core in a compacted asphalt mixture
sample, which simulates hydraulic scouring. After this
moisture conditioning, the indirect tensile strength or dy-
namic modulus of the asphalt mixture sample is measured
(10].

An immersion rutting test is a procedure in which a
rolling tire compacts asphalt mixture specimens in the
presence of water and measures the rutting depth after each

rolling cycle. The rutting depth curves versus rolling cycles
are then processed to determine the asphalt mixture’s
moisture stability. For this immersion rutting test, the
Hamburg wheel-track test (HWTT) and an asphalt pave-
ment analyzer (APA) are used to evaluate the moisture
susceptibility of asphalt mixtures [11-14]. Twagira and
Jenkins [15] used a one-third-scale model mobile load
simulator (MMLS3) and tensile strength retention to eval-
uate the moisture damage and reveal the performances of
bitumen stabilized materials.

The aggregate used in the hot mix asphalt is a nonre-
newable resource, especially for individual aggregate types
that are gradually becoming scarce, such as basalt aggregate
and diabase aggregate. To solve the shortage problem of
aggregate in asphalt mixtures, hard sandstone aggregate is
being used in asphalt mixture pavement. Ouyang et al. [16]
used sandstone aggregate to study the highway perfor-
mances of sandstone asphalt mixtures. Metcalf and Goetz
[17] found that sandstone as an aggregate type can be sat-
isfactorily used in asphalt pavement. Zhang and Li [18] used
sandstone aggregate to produce sandstone concrete as the
road base.
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In this study, hard sandstone aggregate from an ag-
gregate plant in Guangxi was used. To examine the moisture
stability of the hard sandstone asphalt mixture, a testing
section of the hard sandstone asphalt mixture pavement with
a length of 4.2 m, a width of 1.4 m, and a thickness of 0.04 m
was paved in the laboratory. Then, accelerated pavement
testing (APT) with the MMLS3 under hot-water conditions
was performed on the hard sandstone asphalt mixture
pavement. The elastic modulus of the asphalt mixture
pavement was measured with a portable seismic property
analyzer (PSPA) after the APT. Finally, some core samples at
the wheel and nonwheel track locations were drilled, and
their indirect tensile strengths and bulk specific densities
were measured. Then, their indirect tensile strength ratios
were computed to evaluate their moisture stability. The
materials and corresponding test methods used in this study
are summarized as a flow chart, as shown in Figure 1.

2. Materials

2.1. Coarse Aggregate. In this study, the coarse aggregate was
a type of hard sandstone aggregate that has been rarely used
in asphalt mixtures. Its properties were measured by the Test
Methods of Aggregate for Highway Engineering (JTG E42-
2005) [19], as shown in Table 1.

2.2. Fine Aggregate. The fine aggregate was a limestone
manufactured sand, whose properties are shown in Table 2.

2.3.Filler. The filler was a limestone grinding powder, whose
properties are shown in Table 3.

2.4. Asphalt. Styrene-butadiene-styrene (SBS) modified as-
phalt was used, whose properties are shown in Table 4.

3. Aggregate Gradation and Optimal Asphalt
Aggregate Ratio

In this paper, the optimal asphalt aggregate ratio was de-
termined by the Marshall mix design method [20].

According to the Technical Specifications for Con-
struction of Highway Asphalt Pavement (JTG F40-2004)
[20], for hot areas in the summer with heavy traffic, the air
void content (AV) of an AC-13C asphalt mixture ranges
from 4% to 6%.

In this paper, the coarse aggregate with three size ranges
(3-5mm, 5-10 mm, and 10-15mm) was used. The coarse
aggregate of 3-5mm was a limestone aggregate. Through
aggregate sieve analysis and the specification requirements,
the aggregate gradation was optimized as shown in Table 5
and Figure 2. Hence, the combined gradation is composed of
5% filler, 29% fine aggregate, 16% coarse aggregate of
3-5mm, 26% coarse aggregate of 5-10 mm, and 24% coarse
aggregate of 10-15 mm, whose percentages are the ratio of
the mass of various aggregates to the mass of blended
aggregates.

The bulk specific density, Marshall stability (MS), flow
value (FL), air void content (AV), voids in the mineral
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aggregate (VMA), and voids filled with asphalt (VFA) were
determined and are shown in Table 6 and Figure 3. In
Figure 3, the horizontal axis corresponds to the asphalt
aggregate ratio.

First, from Figure 3, the following points were
determined:

(a) asphalt aggregate ratio, a,, at the maximum bulk
specific density
(b) asphalt aggregate ratio, a,, at the maximum MS

(c) asphalt aggregate ratio, a, at the midpoint of the
specified AV range (4%-6%)

(d) The asphalt aggregate ratio, a4, at the midpoint of the
specified VFA range (65%-75%)

Second, the average of the four asphalt aggregate ratios
was computed, as follows:

(a; +ay +a; +ay)

OAC, = "

(1)
~ (4.7% +4.5% + 5.0% + 5.1%)

4

= 4.83%.

Third, the range of the asphalt aggregate ratio,
Crin—Crao Was determined, based on the Technical Spec-
ifications for Construction of Highway Asphalt Pavement
(JTG F40-2004) [20] (excluding VMA). The average of the
minimum and maximum values were computed, as follows:

(OAC,;, + OAC,,,)  (3.8% + 5.0%)
2 - 2

= 4.40%.
(2)

Finally, the average of C; and C, were calculated, as
follows:

0AGC, =

(OAC, + OAC,)  (4.83% + 4.40%)
2 - 2

OAC = =4.6%. (3)

The optimal asphalt aggregate ratio was 4.6%.

4. Construction of Hard Sandstone Asphalt
Mixture Pavement

To study the moisture stability of the hard sandstone asphalt
mixture, a pavement sample of the hard sandstone asphalt
mixture was constructed in the laboratory. This hard
sandstone asphalt mixture pavement had a thickness of
0.04 m, length of 4.2 m, and width of 1.4 m. The construction
procedure of the pavement sample is shown in Figure 4.

In the laboratory, workers removed the old asphalt
mixture layer, then sprayed a seal coat, and finally, sprinkled
the hot asphalt as the binder on the base. Because the mixing
pot used in the laboratory only mixed 30 L of asphalt mixture
at a time, about 500 kg of the hard sandstone asphalt mixture
was mixed several times. The asphalt mixtures mixed each
time were packed in a white iron bucket, which were then
stored in an oven at 180°C, as shown in Figure 5.

Based on previous construction experience for AC-13C,
the loose paving coefficient for AC-13C was 1.2. The hard



Advances in Materials Science and Engineering

Raw materials

Y ] L]
Aggregates Filler Asphalt
|
L] L]
Coarse aggregate Fine aggregate
| |
]
Select aggregate
gradation
|
]

Optimum asphalt

Marshall mix design
method

aggregate ratio

!

Placing testing section for hard
sandstone asphalt mixture

!

Elastic Modulus

APT with MMLS3

with PSPA

!

Bulk specific density and
indirect tensile strength

Drilling cores

FIGURE 1: Flow chart of study materials and corresponding test methods.

TaBLE 1: Properties of coarse aggregate.

Properties Unit Requirements Results
Crushing value % <26 234
Los Angeles abrasion % <28 25.0
. . 5-10 mm 2.715
Bulk relative density 10-15 mm — >2.60 2714
. 5-10 mm 0.45
0
Water absorption 10-15 mm % <2.0 0.43
- >9.5 . 12 11.1
Flat and elongated particles (%) <95 % <18 12.8
Washing method <0.075 mm % <1 0.9
Durability/soundness % <12 6

sandstone asphalt mixtures were placed on the binding layer,
as shown in Figure 6. After the hard sandstone asphalt
mixtures were placed, about a 5-ton road roller-compacted
them to a 40-mm thickness, as shown in Figure 7.

5. Accelerated Pavement Testing

5.1. One-Third Scale MMLS3. APT refers to “the controlled
application of a prototype wheel loading, at or above the

appropriate legal load limit to a prototype or actual, layered,
structural pavement system to determine pavement response
and performance under a controlled, accelerated accumu-
lation of damage in a compressed time period. The accel-
eration of damage is achieved by means of increased
repetitions, modified loading conditions, imposed climatic
conditions, the use of thinner pavements with a decreased
structural capacity and thus shorter design lives, or a
combination of these factors. Full-scale construction by
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FIGURE 2: Aggregate gradation curve.
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TABLE 2: Properties of fine aggregate.
Properties Unit Technical requirements Results
Apparent relative density — >2.50 2.62
Durability/soundness % <12 0.9
Mud content % <3 1.8
Methylene blue value g/kg <25 16
Angularity s >30 45
TaBLE 3: Technical properties of filler.
Properties Unit Technical requirements Results
Apparent density g/em’ >2.50 2.679
Water content % <1 0.3
Hydrophilic coefficient — <1 0.75
<0.6 mm % 100 100
Particle size <0.15 mm % 90-100 98.8
<0.075mm % 75-100 87.4
TaBLE 4: Technical properties of SBS modified asphalt.
Properties Unit Technical requirements Results
Penetration depth at 25°C, 100g, 55 0.1 mm 40-60 50
Penetration index — >0 1.152
Softening point (ring and ball method) °‘C >60 85.0
Ductility at 5cm/min, 5°C cm >20 39
Specific relative density at 15°C — — 1.060
Kinematic viscosity at 135°C Pa-s <3 1.2
Flash point temperature °’C >230 303
Solubility in trichloroethylene % 299 99.54
Elasticity recovery at 25°C % =75 81
Weight change % +1.0 -0.105
Rolling thin-film oven test at 163°C Retained penetration % >65 67
Ductility at 5°C cm >15 19
TaBLE 5: Combined gradation.
Sieve size (mm) Mass percentage passing through the sieve (%)
Gradation 0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16
Upper limit of gradation 8 15 20 28 38 50 68 85 100 100
Lower limit of gradation 4 5 7 10 15 24 38 68 90 100
Middle limit of gradation 6 10 13.5 19 26.5 37 53 76.5 95 100
Combined gradation 5 8 11 16 24 34 50 76 95 100
100
90
oo 80 A
£ 70
g 60 -
< 50
4::0 40 A
3 30
g 20 4
10 1
0
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TABLE 6: Marshall testing results.

Asphalt aggregate ratio (%) Bulk specific density AV (%) VMA (%) VFA (%) MS (kN) FL (mm)
3.5 2.380 6.42 16.29 60.58 21.71 2.01
4.0 2.398 5.70 16.05 64.47 23.93 2.97
4.5 2.413 5.28 15.97 66.94 24.33 3.57
5.0 2.412 5.00 16.54 69.77 2291 4.09
5.5 2.382 4.76 16.84 71.73 19.94 4.56
246 —
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FIGURE 3: Design plots for Marshall mix design.
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5-10 =3.1143 kg
10-15=2.8748 kg
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A
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A
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FIGURE 4: Construction flow chart for the hard sandstone asphalt mixture testing section.

FIGURE 6: Paving the hard sandstone asphalt mixture.

conventional plant and processes is necessary so that real-

world conditions are modeled” [21].

The MMLS3 [22] can apply 7200 wheel loads per hour.
The maximum wheel load was 2.7kN (2.9kN for short

FIGURre 7: Compacting the hard sandstone asphalt mixture.

periods) on the 300-mm-diameter pneumatic tire wheels.
The maximum tire pressure was 700 kPa (800 kPa for short
periods). The MMLS3 included an electronic wheel load
calibration unit, one spare load wheel, eight spare guide
wheels, spare drive belts, a tool kit, and a canvas cover, as
shown in Figure 8.

5.2. Wet Heater System. The water heater unit was used to

circulate and heat the water to be applied onto the material

to be tested. It can be used in conjunction with a set of spray

nozzles to spray hot water onto the pavement in the field ora
slab in the laboratory while it is being trafficked by the
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FIGURE 8: Schematic diagram of MMLS3.
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FIGURE 9: MMLS3 and water heater unit.

MMLS3. In this study, the hard sandstone asphalt mixture
pavement was mainly heated by spraying hot water at 80°C,
which resulted in hot and humid environmental conditions,
as shown in Figure 9.

5.3. Testing Locations. The testing pavement was divided
into four segments to measure their elastic moduli sepa-
rately, as shown in Figure 10.

5.4. PSPA. The elastic moduli of the hard sandstone asphalt
mixture pavement were measured by the seismic wave
method, namely using a PSPA [23], as shown in Figures 11
and 12. Because the hard sandstone asphalt mixture pave-
ment was heated by hot water, the elastic moduli measured
by the PSPA were transformed into the elastic moduli at
25°C using the following equation [24]:

E,

Epe=—t 4
257 1,35 - 0.01404t )

where E,s and E; are the modulus at 25°C and temperature ¢
(°C), respectively.

5.5. Experimental Plan. The numbers of passes during the
APT were 0, 5000, 10000, 20000, 40000, 80000, and 160000.
After the APT, the elastic moduli of four testing segments

FiGure 11: PSPA.
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FiGURE 12: PSPA time records and dispersion curves.

were measured. Finally, the core specimens were drilled at
the wheel track and nonwheel track. Their bulk specific
density and the indirect tensile strength were measured in
the laboratory.

6. Results and Discussion

6.1. Elastic Modulus of Hard Sandstone Asphalt Mixture.
As shown in Figure 10, there were two segments completely
rolled by the MMLS3. The first and fourth segments were
only partially rolled. Hence, the elastic moduli of the second
and third segments are discussed here. The elastic moduli of
the hard sandstone asphalt mixture pavement segments are
shown in Table 7.

According to Grubbs’ statistical method [25], the elastic
modulus of 117.13 GPa in Segment 2 was an outlier. This
outlier was excluded, and the elastic modulus of the hard

sandstone asphalt mixture pavement ranged from 11.13 to
57.1GPa and decreased to 22.60-23.37 GPa after 160000
loading cycles, as shown in Figure 13.

From Figure 13, as the number of loading cycles in-
creased, the elastic moduli gradually decreased.

6.2. Bulk Specific Density and Indirect Tensile Strength.
After the hard sandstone asphalt mixture pavement was
rolled repeatedly by the MMLS3, some core specimens were
drilled from the wheel track of the MMLS3, as shown in
Figure 13. In addition, other core specimens were drilled
from sites that were not rolled by the MMLS3, as shown in
Figure 14.

The bulk specific densities and the indirect tensile
strengths of these core specimens were measured in the
laboratory. These results are shown in Table 8. The bulk
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TaBLE 7: Elastic moduli of the hard sandstone asphalt mixture

TABLE 9: t-test for the bulk specific densities of two types of core

pavement segments. specimens.
APTcycles 0 5000 10000 20000 40000 80000 160000 t-test: paired two sample for means
Segment 2 117.13 57.10 30.4 21.40 35.37 25.50 22.60 Sample Sample 1 Sample 2
Segment 3 44.10 14.53 5895 11.13 30.67 25.87 23.37 Mean 2.356 2.3314
Variance 0.0001633 3.628%x10-05
Observations 9 9
Pearson correlation coefficient 0.04765
& 80.00 Hypothesized mean difference 0
&)
= 60.00 df 8
_§ t Stat 5.242
© 40.00 P (T<t) one-tailed 0.0003909
p= 20.00 t critical one-tailed 1.860
=1 . .
Z P (T<t) two-tailed 0.0007818
m 000} T T T T 1 t critical two-tailed 2.306
0 40000 80000 120000 160000 200000
APT Cycles

—*— Segment 2
—#— Segment 3

FIGURre 13: Relationships between the elastic moduli and the
number of APT cycles for two segments.

F1GUre 14: Core specimens.

TaBLE 8: Bulk specific densities and indirect tensile strengths of two
types of core specimens.

Bulk specific density Indirect tensile strength

Numb (MPa)
umber Rolled Nonrolled Rolled Nonrolled
specimens  specimens specimens specimens
1 2.369 2.341 1.307 1.417
2 2.356 2.335 1.230 1.297
3 2.351 2.326 1.243 1.408
4 2.334 2.337 1.126 1.403
5 2.342 2.324 1.179 1.283
6 2.349 2.334 1.108 1.399
7 2.364 2.333 1.319 1.394
8 2.372 2.329 1.249 1.501
9 2.364 2.324 1.427 1.518
Average 2356 2331 1.243 1.402
value

TaBLE 10: t-test for the indirect tensile strengths of two types of core

specimens.

t-test: paired two sample for means
Sample Sample 1 Sample 2
Mean 1.243 1.402
Variance 0.01004 6.112x10-03
Observations 9 9
Pearson correlation coefficient 0.5053
Hypothesized mean difference 0
df 8
t Stat -5.263
P (T <t) one-tailed 0.0003807
t critical one-tailed 1.860
P (T <t) two-tailed 0.0007614
t critical two-tailed 2.306

specific density increased and the indirect tensile strength
decreased after the APT. The cause of the bulk specific
density increase was that the air void content was smaller in
the hard sandstone asphalt mixture pavement rolled re-
peatedly by the MMLS3. Under conditions with water,
temperature, and load coupling, microdamage could occur
in the hard sandstone asphalt mixture, which made the
indirect tensile strength smaller. However, the residual in-
direct strength ratio was still 88.7%, which fully meets the
technical requirements of the moisture stability of hot mix
asphalt [17].

To verify the significance of the effect of the wet-heated
APT with the MMLS3 on the bulk density and the indirect
tensile strength, the bulk specific density and the indirect
tensile strengths of the two types of core samples were
analyzed by the t-test method, as shown in Tables 9 and 10.
According to the Pearson correlation coefficient of 0.04764
shown in Table 9, the linear correlation between the two
types of samples was good. The one-tailed and two-tailed P
(T <t) values were both smaller than the significance level of
0.05, which verified that there was a significant difference
between them. Hence, the APT with the MMLS3 further
compacted the hard sandstone asphalt mixture.

According to the Pearson correlation coefficient of
0.5052 shown in Table 10, the linear correlation between the
two types of samples was a subpositive correlation. The one-



10

tailed and two-tailed P (T <t) values were both smaller than
the significance level of 0.05, which verified that there was a
significant difference between them. Hence, under condi-
tions with water, temperature, and load coupling, the APT
with the MMLS3 could accelerate the damage to the hard
sandstone asphalt mixture.

7. Conclusion

In this study, the moisture damage of a hard sandstone
asphalt mixture was investigated using APT with an MMLS3.
The elastic modulus of the hard sandstone asphalt mixture
pavement as well as the bulk specific densities and indirect
strengths of the specimens drilled from rolled and nonrolled
sites were analyzed by the t-test method. The elastic modulus
initially increased and then gradually decreased. The average
elastic modulus was 22.99 GPa after 160000 APT cycles.

It was also found that the bulk specific density increased
and the indirect tensile strength decreased after the APT
with the MMLS3. The bulk specific density increased by
1.1%. The indirect tensile strength ratio of the two types of
core samples was 88.7%. Based on a paired t-test, the bulk
specific densities and indirect tensile strengths of the two
types of core samples were significantly different at the
significance level of 0.05. Hence, the hard sandstone asphalt
mixture had a good ability to resist moisture damage.

In the future, it would be necessary to further track the
changes in the highway performance of hard sandstone
asphalt mixture pavement in the field and further carry out
fatigue tests of hard sandstone asphalt mixtures. In addition,
the differences between the hard sandstone aggregate,
limestone aggregate, basalt aggregate, and diabase aggregate
will be investigated. These results will be presented in
successive publications.
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The 24-hour artificial lighting of the tunnels consumes a large amount of electricity, which means increased environmental
damage and carbon footprint for China, which is dominated by thermal power. In order to alleviate the above problems, the effects
of the tunnel lighting environment on energy consumption and drivers’ reaction time were evaluated by the finite element method
and laboratory test to optimize the lighting environments. In this study, based on the Wanxichong extra-long tunnel in Yunnan
Province, a 3D tunnel model using DIALux software is established first. Then, the effects of climate conditions, layout method of
the lamps, and layout height and reflection of the sidewall material on the average luminance and uniformity on the pavement, the
efficiency ratio per unit length, and the actual energy efficiency value were investigated. Finally, the indoor lighting environment
simulation experiments were conducted to examine the effect of the type of sidewall materials, contrast, background luminance,
and eccentricity on drivers’ reaction time. Simulation results show that, under the same climate condition and layout method of
lamps, the average luminance and luminance uniformity on the road surface are positively correlated with the reflectivity of the
sidewall material. On the clear days, the efficiency ratio per unit length corresponding to the 2 m high sidewall material is the
largest, while the efficiency ratio per unit length on cloudy days and mixed days corresponding to the 2.5 m high sidewall material
is the largest. In addition, the staggered layout of the lamps at the entrance of the tunnel consumes less power, which is more
conducive to energy saving. Experimental results show that, with the increase of background luminance, the reaction time of
drivers decreases. Meanwhile, applying energy-storage reflective coating on the sidewalls of the tunnel has a better visual
performance than using light yellow ceramic tiles and cement mortar on the sidewalls. This conclusion would provide a lower
energy consumption lighting design method and higher drive comfortable for highway tunnels.

1. Introduction

The sustainable development of infrastructure is an im-
portant development goal in the future [1-4]. With the
development of China’s transportation industry, the
mileage of tunnels in China has increased rapidly [5-7].
Compared with the open road, the tunnel is a semiclosed
tubular structure, resulting in a great difference in lumi-
nance inside and outside the tunnel. According to the Rules
of Highway Tunnel Lighting Design (JTG/T D70/2-01-
2014), the tunnel should be installed in the lighting facilities
when the length of the tunnel is higher than 100 m.
Therefore, due to the closed characteristics of the tunnel, the

tunnel needs to provide a 24-hour artificial light source to
ensure driving safety in the tunnel [8-10]. For this reason,
the tunnel lighting system will bear overloading energy
consumption and management costs. This means increased
environmental damage and carbon footprint for China,
which is dominated by thermal power. In addition, although
lighting is installed inside the tunnel to reduce the lumi-
nance difference, the luminance difference between inside
and outside of the tunnel is still largely due to the excessive
natural light outside the tunnel. As a result, unique visual
phenomena, such as “black hole” and “white hole,” still
appear in the tunnel entrance and exit section [11-15].
Therefore, it is necessary to optimize the luminance and
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energy consumption of the tunnel from the perspective of
environmental sustainability.

In order to better solve the above phenomenon in
tunnels, researchers have carried out a lot of research on the
luminance at the tunnel entrance [16-18]. Guo et al. studied
the relationship between the external environment sur-
rounding the tunnel entrance and the driving behavior, and
they concluded that driving safety would be influenced by
the luminance at the entrance and exit of the tunnel. In this
case, they proposed a safety design plan for the tunnel based
on the vehicle speed [19]. Angel Pachamanov and Dessislava
Pachamanova proposed an optimization method to design
the lighting distribution of luminaries for tunnels based on
the International Commission on Luminance, and they
found that the optimization model can significantly improve
the lighting parameters of luminaries, thus resulting in the
lowest energy consumption for lighting installations [20].
Liu et al. investigated the effect of light source color on
tunnel lighting based on the experiment of reaction times,
and they concluded that the appropriate light sources in
different sections of tunnel lighting were selected in terms of
the influence of light source color on visual performance
[21]. Xie et al. used the DIALux software to compare the
average luminance of different lamps forms and spacing, and
they found that the luminance of staggered sides arraign-
ment of the lamp is the highest when the layout spacing of
lamps was the same, while the luminance of the lamps with
centerline sideways is the worst [22]. Na et al. explored the
effects of the different combinations of lighting power and
the installation space on surface luminance and uniformity
on the road, and they concluded that when the power is
small and the installation space is large, the surface lumi-
nance becomes smaller, but uniformity is better [23]. Zhang
et al. optimized the lighting environment at the entrance of
highway tunnels by using the simulation method and found
that the change of natural luminance is the strongest within
5m from the tunnel entrance, while when the distance is
larger than 5m, the change of natural luminance decreases
significantly [24]. Yang et al. investigated the effect of white
LED and high-pressure sodium lamp on the reaction time of
drivers under different background luminance, and they
concluded that the white LED can provide a shorter reaction
time for drivers [25]. Cai et al. studied the optimal values of
contrast revealing coefficient under different lighting
systems, and they found that the optimal value under
symmetric lighting was 0.2 and the optimal value under
counter-beam lighting was 0.85 [26].

In summary, the tunnel lighting environment design,
including climate condition, sidewall, pavement, and the
layout of the lamp and vault, is different from the road
lighting and has obvious particularity and importance. On
the one hand, the energy efficiency of artificial light sources
and the luminance and luminance uniformity on the
pavement are influenced by the lighting environment. On
the other hand, the drivers’ reaction time also has a close
relationship with the lighting environment. In this case, to
investigate and optimize the complex and changeable
lighting environment in the tunnel, based on the Wanxi-
chong extra-long tunnel in Yunnan Province, the simulation
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(1) 3D model of tunnel

(2) Schematic of cross section of tunnel

FiGURE 1: The three-dimensional simulation model of the tunnel:
(a) 3D model of tunnel and (b) schematic of cross section of tunnel.

and experimental research will be conducted at the entrance
section, middle section, and exit section of the tunnel.
Firstly, a 3D tunnel model using DIALux software is
established. The 30 m long pavement surface with both sides
inside the tunnel is set as the measurement area, and the
effects of different climate conditions, layout methods of
lamps, and the reflectivity of sidewall materials on the tunnel
lighting quality and energy-saving effect at the entrance and
exit are investigated. Based on the simulation results, the
optimal lighting parameters at the entrance and exit of the
tunnel with the different conditions will be discussed.
Finally, the indoor lighting environment simulation system
of the highway tunnel is established, and the test param-
eters such as type of sidewall materials, contrast, back-
ground luminance, and eccentricity are selected to
investigate the reaction time of the participants.

2. Simulation Research

2.1.3D Model Establishment of the Tunnel. The purpose of the
lighting simulation is to optimize the lighting conditions at
the entrance of the Wanxichong extra-long tunnel in Yunnan.
The DIALux simulation software was selected to carry out a
3D simulation analysis of the tunnel with different climate
conditions (clear, cloudy, and mixed) combined with lamps
and reflections from the inner wall of the tunnel. The actual
tunnel geometry at the tunnel entrance is complex, and it is
difficult to directly establish a tunnel model using the space
module of the DIALux software. However, the tunnel can be
disassembled according to its geometric size. As shown in
Figure 1, the cross section of the three-dimensional simu-
lation model of the tunnel can be composed of a circular arch
and multiple cubes. The length, width, and height of the
tunnel model are 200 m, 8 m, and 6.75m, respectively. In
addition, according to the characteristics of the tunnel
sidewalls in Chonggqing, the geometric dimensions of the
bottom of the model were divided into three heights from
bottom to top during the model building process, which were
2m, 0.5m, and 0.5 m, respectively. In this case, the reflectivity
of the inner side material at different heights can be adjusted.

Compared with the open section of the road, the tunnel
is a semiclosed tubular structure, resulting in a great dif-
ference in luminance inside and outside the tunnel. Al-
though a lamp is installed inside the tunnel to reduce the
luminance difference, due to the excessive natural light
outside the tunnel and the requirement of energy saving in
tunnel operation, the luminance difference between inside
and outside of the tunnel is still large. As a result, unique



Advances in Materials Science and Engineering

TaBLE 1: The layout parameters of the lamps.

Type Spacing Height Installed angle
Staggered lighting 1.5 5 30°
Middle lighting 0.75 6.75 90°
8.0m 8.0m
]
RN
. =
Staggered g Middle S
S [

(1) Schematic of lamp layout

(2) Schematic of layout height of reflective materials of the side walls

F1GURE 2: The schematic of lamp layout and layout height of reflective materials of the sidewall. (a) Schematic of lamp layout. (b) Schematic

of layout height of reflective materials of the sidewall.

visual phenomena such as “black holes” and “white holes”
will appear in the tunnel entrance and exit section. There-
fore, in this simulation, the 30 m long road surface with the
opening on both sides of the tunnel is set as the measure-
ment area, and the luminance on the road surface under
different working conditions is calculated. The entrance is
the southward tunnel, and the exit is the northward tunnel.

2.2. Scheme Design of the Simulation. The luminance at the
entrance of the tunnel is affected by many factors, such as the
natural light outside the tunnel, the light source of lamps in
the tunnel, and the materials of the sidewall. Therefore, in
this section, these above factors will be considered in the 3D
simulation analysis of the tunnel, including the different
climate conditions (clear, cloudy, and mixed days), layout
arrangement of lamps, and reflectivity of the material of the
sidewall of the tunnel.

2.2.1. Climate Conditions. The Wanxichong extra-long tun-
nel is located in the northern hemisphere. On December 22 of
each year, the sun shines directly on the tropic of Capricorn,
and the northern hemisphere gets the least amount of sunlight
at this time. Therefore, in this study, the different climate
conditions (clear, cloudy, and mixed days) were considered.
The noon with the highest sunlight intensity and the smallest
sun elevation angle on December 22 is selected as the natural
light environment for simulation analysis. At this moment, the
sunlight can directly enter the entrance of the southward tunnel
on clear days. In addition, there is little direct sunlight at the
entrance of the southward tunnel and exit of the northward
tunnel when the climate condition is cloudy and mixed days.

2.2.2. Layout Method of the Lamps. In this study, the LED
lights for tunnels with a color temperature of 4500 K and a
power of 160 W produced by Yaming Company, Shanghai,
were selected. The layout of the lamps has a great influence
on the lighting quality of the tunnel. For the same type and
quantity of lamps, the average luminance and uniformity on

the road surface in the tunnel will vary greatly due to the
layout method of the lamps. When the average luminance on
the road surface is large and the uniformity is low, the zebra
effect is likely to occur, which endangers driving safety. In
this case, this study intends to adopt two common layouts of
lamps in tunnels: double-sided staggered lighting and
middle lighting. The detailed layout methods of the lamps
are shown in Table 1 and Figure 2(a).

2.2.3. Layout Height and Reflectivity of the Sidewall Material.
The inner sidewall material of the tunnel has a reflective
synergistic effect on the luminance on the road surface in the
tunnel, and the greater the reflectivity, the better the ma-
terial’s reflection performance. Therefore, in order to in-
vestigate the effects of reflectivity on the luminance quality,
the reflection coeflicients of the inner sidewall material were
taken as 0.75, 0.80, and 0.85. In addition, the sidewall
without sidewall materials and vault shall be sprayed with a
dark gray fire-retardant coating with a reflectivity of 0.1. The
asphalt pavement was selected as the surface material of the
road in the tunnel, and the reflection coefficient was taken as
0.2. Based on the actual situation of the tunnel, 2 m, 2.5m,
3 m, and 3.5 m are, respectively, taken as the layout heights
of the sidewall materials, as shown in Figure 2.

In summary, with the climate conditions (clear, cloudy,
and mixed days), the reflectivity (0.75, 0.80, and 0.85) of the
sidewall material, the layout height of lamps (2 m, 2.5 m, 3 m,
and 3.5 m), the layout method of lamps (staggered and middle)
as the independent variables, and the average luminance,
uniformity, and energy efficiency value as the dependent
variables, the lighting at the entrance and exit of the tunnel is
optimized. Combined with these above factors, the simulation
schemes of the 3D model of the tunnel are shown in Table 2.

3. Experimental Research

The lighting luminance in the tunnel will have an impact on
the driver’s reaction time. According to the calculation
formula of the stopping sight distance, the length of the
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TaBLE 2: The simulation schemes of the 3D model of the tunnel.

No Reflectivity of sidewall Climate condition Layout method Layout height of sidewall (m)
1 0.75 Clear Staggered 2
2 0.75 Clear Staggered 2.5
3 0.75 Clear Staggered 3
4 0.75 Clear Staggered 3.5
5 0.75 Clear Middle 2
6 0.75 Clear Middle 2.5
7 0.75 Clear Middle 3
8 0.75 Clear Middle 3.5
9 0.75 Cloudy Staggered 2
10 0.75 Cloudy Staggered 2.5
11 0.75 Cloudy Staggered 3
12 0.75 Cloudy Staggered 3.5
13 0.75 Cloudy Middle 2
14 0.75 Cloudy Middle 2.5
15 0.75 Cloudy Middle 3
16 0.75 Cloudy Middle 3.5
17 0.75 Mixed Staggered 2
18 0.75 Mixed Staggered 2.5
19 0.75 Mixed Staggered 3
20 0.75 Mixed Staggered 3.5
21 0.75 Mixed Middle 2
22 0.75 Mixed Middle 2.5
23 0.75 Mixed Middle 3
24 0.75 Mixed Middle 3.5
25 0.8 Clear Staggered 2
26 0.8 Clear Staggered 2.5
27 0.8 Clear Staggered 3
28 0.8 Clear Staggered 35
29 0.8 Clear Middle 2
30 0.8 Clear Middle 2.5
31 0.8 Clear Middle 3
32 0.8 Clear Middle 3.5
33 0.8 Cloudy Staggered 2
34 0.8 Cloudy Staggered 2.5
35 0.8 Cloudy Staggered 3
36 0.8 Cloudy Staggered 3.5
37 0.8 Cloudy Middle 2
38 0.8 Cloudy Middle 2.5
39 0.8 Cloudy Middle 3
40 0.8 Cloudy Middle 3.5
41 0.8 Mixed Staggered 2
42 0.8 Mixed Staggered 2.5
43 0.8 Mixed Staggered 3
44 0.8 Mixed Staggered 3.5
45 0.8 Mixed Middle 2
46 0.8 Mixed Middle 2.5
47 0.8 Mixed Middle 3
48 0.85 Mixed Middle 3.5
49 0.85 Clear Staggered 2
50 0.85 Clear Staggered 2.5
51 0.85 Clear Staggered 3
52 0.85 Clear Staggered 35
53 0.85 Clear Middle 2
54 0.85 Clear Middle 2.5
55 0.85 Clear Middle 3
56 0.85 Clear Middle 3.5
57 0.85 Cloudy Staggered 2
58 0.85 Cloudy Staggered 2.5
59 0.85 Cloudy Staggered 3
60 0.85 Cloudy Staggered 3.5
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TaBLE 2: Continued.

No. Reflectivity of sidewall Climate condition Layout method Layout height of sidewall (m)
61 0.85 Cloudy Middle 2
62 0.85 Cloudy Middle 2.5
63 0.85 Cloudy Middle 3
64 0.85 Cloudy Middle 35
65 0.85 Mixed Staggered 2
66 0.85 Mixed Staggered 2.5
67 0.85 Mixed Staggered 3
68 0.85 Mixed Staggered 3.5
69 0.85 Mixed Middle 2
70 0.85 Mixed Middle 2.5
71 0.85 Mixed Middle 3
72 0.85 Mixed Middle 3.5

(1) lighting environment system of the
highway tunnel

(2) Data acquisition

FiGuRre 3: The lighting environment system and data acquisition. (a) Lightning environment system of highway tunnel. (b) Data acquisition.

reaction time has a direct impact on the stopping sight
distance. Therefore, the value of the lighting luminance in
the tunnel will indirectly affect the stopping sight distance in
the tunnel. In this study, the purpose of the experiments is to
measure the reaction time of the participants to observe
small objects under different luminance levels by simulating
the lighting environment system of the highway tunnel.

The lighting environment simulation system of a highway
tunnel consists of three parts: observation box, optical system,
and light box, as shown in Figure 3. The ratio of the simulated
device to the actual tunnel size is 1:10. The width of the
pavement inside the tunnel is 1 m, the height of the sidewall is
0.6 m, and the vault is made of a 1/3 circle with an approximate
diameter of 0.57 m. The entire observation box is made of the
wood skeleton and filled with plywood. The current main-
stream light source (80W LED light) was selected, and its
luminance range (1-15 cd/m2) can be adjusted to simulate the
luminance level of the middle section of the tunnel. A random
light spot is used to simulate the obstacles that may appear
when driving through the tunnel. The diameter of the light spot
is 25 mm, which can completely fall in the fovea of the par-
ticipants’ eyes. The luminance of the light spot and the lu-
minance of the background are provided by the same light
source to ensure that their luminance has the same spectral
distribution. In addition, the luminance of the light spot can be
adjusted arbitrarily to form a different contrast with the
background. Reaction time refers to the time difference be-
tween the light spot appearing and the participants pressing the
button under each test condition.

To investigate the reaction time of the participants, the test
parameters such as type of sidewall materials, contrast,
background luminance, and eccentricity were selected for the
experiments, as shown in Table 3. In this experiment, three
kinds of sidewall materials were selected, including cement
mortar, light yellow ceramic tile, and energy-storage reflective
coating. These kinds of background luminance, including 2 cd/
m2, 6cd/m2, and 10cd/m2, were used. Three kinds of ec-
centricity were selected, including 0°, 10°, and 20°. In addition,
two kinds of contrast (0.2 and 0.5) were used. Ten people were
selected as test subjects, and their ages ranged from 24 to
30 years. All participants had normal color vision and corrected
visual acuity. In addition, all participants understood the
purpose of the experiments. Test procedures were as follows:

(1) Before starting each group of experiments, a lumi-
nance meter was used to calibrate the luminance of
the background and light spot of the two-contrast
ratio. All participants spent 30 minutes to adapt to
the darker experimental environment. Both eyes of
the participants were used to observe the objects
during the experiment, and they needed to ensure
that both eyes were always looking at the cross mark
in front of them.

(2) The observer holds the reaction time trigger button
for testing and records the reaction time. If the
subject does not respond or the reaction time exceeds
a certain interval when the light spot appears, it will
be regarded as invalid data.
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TaBLE 3: Value of the test parameters.
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Test parameters
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FIGURE 4: The average luminance and uniformity on the road surface on the clear days. (a) Average luminance of entrance. (b) Average
luminance of exit. (c) Uniformity of entrance. (d) Uniformity of exit.

(3) The tests are performed in order of sidewall material
type. Namely, after testing all the experimental schemes
of a certain sidewall material, the experiment of the

next material is conducted. In addition, in order to
ensure the mental state of the participants, the duration
of each experiment should not exceed two hours.
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FIGURe 5: The average luminance and uniformity on the road surface on cloudy days. (a) Average luminance of entrance. (b) Average
luminance of exit. (c) Uniformity of entrance. (d) Uniformity of exit.

(4) Finally, the reaction times of each participant were
obtained under different conditions through the
procedures of the experiment. The mean reaction
time of the 10 participants was calculated.

4. Results and Discussion
4.1. Simulation Results and Discussion

4.1.1. Effect of Climate Condition on Average Luminance and
Uniformity. The average luminance and luminance unifor-
mity at the entrance and exit of the tunnel on clear days are
shown in Figure 4. It can be seen that inner sidewall materials
with high reflectivity at the entrance and exit sections of the

tunnel can improve the average luminance on the road
surface. When the layout method of lamps and the layout
height of sidewall material is the same, as the reflectivity of the
sidewall material increases from 0.75 to 0.85, the average
luminance on the road surface at the entrance of the tunnel
increases by 99 Ix, 117 Ix, 136 Ix, and 149 Ix, while the average
luminance at the exit of the tunnel increases by 20 1x, 26 1x, 32
Ix, and 36 1x. In addition, the sidewall material with high
reflectivity is also beneficial in improving the luminance
uniformity on the road surface. Another interesting phe-
nomenon is that the average luminance at the entrance is
larger, but the luminance uniformity is lower than that at the
tunnel exit. This is because the entrance of the southward
tunnel is directly irradiated by sunlight, which makes the
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(2) Average luminance of exit
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FIGURE 6: The average luminance and uniformity on the road surface on mixed days. (a) Average luminance of entrance. (b) Average
luminance of exit. (c) Uniformity of entrance. (d) Uniformity of exit.

luminance distribution of the southward tunnel entrance
extremely uneven, which seriously affects the driver’s ability
to distinguish the front target. Therefore, the arrangement of
high-reflectivity sidewall materials at the tunnel entrance is a
measure to improve the luminance uniformity, which is
conducive to safe driving.

In addition, it can be observed that, on cloudy days, the
average luminance and luminance uniformity at the exit and
entrance of the tunnel are similar, as shown in Figure 5.
When the layout method of lamps and the layout height of
sidewall material are the same, as the reflectivity of the
sidewall material increases from 0.75 to 0.85, the average
luminance on the road surface at the entrance of the tunnel
increases by 18 Ix, 20 Ix, 25 Ix, and 28 Ix. Also, the luminance

conditions of the mixed days are similar to those of clear
days, as shown in Figure 6. Namely, the average luminance
on the road at the entrance to the south is higher than that of
the entrance to the north, while the luminance uniformity at
the entrance to the south is relatively low compared with the
exit to the north. When the layout method of lamps and the
layout height of sidewall material are the same, as the
reflectivity of the sidewall material increases from 0.75 to
0.85, the average luminance on the road surface at the
entrance of the tunnel increases by 44 Ix, 53 Ix, 63 Ix, and 75
Ix, while the average luminance at the exit of the tunnel
increases by 22 Ix, 25 Ix, 31 Ix, and 35 Ix. The uniformity at
the entrance and exit of the tunnel increases with the
reflectivity of the sidewall material, but the improvement at



Advances in Materials Science and Engineering

TaBLE 4: Efficiency ratio per unit length of sidewall material at tunnel entrance.

Layout height

Climate condition Reflectivity
2 2.5 3 3.5
0.75 2.72% 2.58% 2.48% 2.37%
Clear days 0.80 2.94% 2.81% 2.67% 2.58%
0.85 3.15% 3.04% 2.91% 2.78%
0.75 4.35% 4.64% 4.59% 4.55%
Cloudy days 0.80 5.06% 5.22% 5.07% 4.76%
0.85 5.07% 5.28% 5.21% 4.97%
0.75 5.22% 5.24% 4.92% 4.79%
Mixed days 0.80 5.47% 5.51% 5.30% 5.19%
0.85 5.87% 5.92% 5.68% 5.60%
TaBLE 5: Efficiency ratio per unit length of sidewall material at tunnel exit.
Layout height
Climate condition Reflectivity Y &
2 2.5 (%) 3 3.5 (%)
0.75 7.35% 7.21 7.10% 7.03
Clear days 0.80 7.41% 7.28 7.65% 7.49
0.85 8.20% 7.87 8.25% 7.96
0.75 5.15% 4.71 4.90% 5.04
Cloudy days 0.80 5.88% 5.29 5.39% 5.46
0.85 6.62% 5.88 5.85% 5.90
0.75 5.07% 5.22 5.31% 4.97
Mixed days 0.80 5.80% 5.80 6.28% 5.79
0.85 6.52% 6.38 6.76% 6.21

the exit is relatively small. Therefore, the sidewall material
with high reflectivity can improve the average luminance
and luminance uniformity on the road at the entrance and
exit when the climate condition is mixed days.

4.1.2. Effect of Layout Height of Sidewall Material on Effi-
ciency Ratio per Unit Length. The layout height of the
sidewall material has a significantimpact on the improvement
of the luminance of the road surface, thus affecting its energy-
saving effect. In order to get the optimal layout height, the
efficiency ratio per unit length was used as the evaluation
index. This evaluation index is to first calculate the percentage
of luminance improvement caused by the arrangement of
sidewall materials with different heights in the tunnel relative
to the whole sidewall sprayed with gray fire-retardant coating
and then divide the above percentage by the height of the
sidewall material under the corresponding working condi-
tions to obtain the efficiency ratio per unit length.

The efficiency ratio per unit length with different layout
heights of sidewall material is shown in Tables 4 and 5.
According to the data in the table, the efficiency ratio per
unit length at the tunnel entrance under different climate
conditions is compared. It can be seen that, on the clear days,
the efficiency ratio per unit length corresponding to the 2 m
high sidewall material at the tunnel entrance is the largest.
When the reflectivity of the sidewall material is 0.75, 0.80,
and 0.85, the efficiency ratio per unit length is 2.72%, 2.94%,
and 3.15%, respectively. On the cloudy days and mixed days,
the efficiency ratio per unit length corresponding to the

2.5m high sidewall material at the tunnel entrance is the
largest. When the reflectivity of the sidewall material is 0.75,
0.80, and 0.85, the unit length efficiency ratios for cloudy
days are 4.64%, 5.22%, and 5.28%, respectively, and as the
reflectivity increases, the unit length efficiency ratio for
mixed days also increases from 5.24% to 5.92%.

The efficiency ratio per unitlength at the tunnel exit under
different climate conditions is compared. It can be observed
that, on clear days, the efficiency ratio per unit length cor-
responding to the 2 m high sidewall material at the tunnel exit
is the largest when the reflectivity of the sidewall material is
0.75. However, the efficiency ratio per unit length corre-
sponding to the 3 m high sidewall material at the tunnel exit is
the largest when the reflectivity of the sidewall material is 0.80
and 0.85. On cloudy days, the efficiency ratio per unit length
corresponding to the 2 m high sidewall material at the tunnel
exit is the largest. When the reflectivity of the sidewall ma-
terial is 0.75, 0.80, and 0.85, the efficiency ratio per unit length
on cloudy days is 5.15%, 5.88%, and 6.62%, respectively.
When the climate condition is mixed days, the efficiency ratio
per unit length corresponding to the 3 m high sidewall
material at the tunnel exit is the largest. When the reflectivity
is 0.75, 0.80, and 0.85, the efficiency ratio per unit length in
mixed days is 5.31%, 6.28%, and 6.76%, respectively.

4.1.3. Effect of Layout Method of Lamps on Actual Energy
Efficiency Value. The actual energy efficiency value refers to
the power consumption of lamps when the luminance value
reaches 100Ix per square meter on the road surface. In other
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words, the smaller the actual energy efficiency value is, the
less electric energy consumed is. The actual energy efficiency
value corresponding to the entrance and exit of the tunnel
under the two layout forms is shown in Figure 7. When the
climate condition is clear days and the reflectivity of the
sidewall is constant since the entrance of the tunnel is greatly
affected by the direct sunlight, the actual energy efficiency
value of the lamp is small at this time, and the difference in
the actual energy efficiency values corresponding to the two
layout forms is only 0.06%~0.18%. When the climate con-
dition is cloudy and mixed days, the difference in the actual
energy efficiency values of the two layout forms is 1%. In
other words, the staggered layout of the lamps at the en-
trance of the tunnel consumes less power, which is more
conducive to energy saving. In addition, when the climate
condition is clear days, the actual energy efficiency value
with the middle layout at the exit of the tunnel is 0.16%~
0.35% lower than that of the staggered layout. When the
climate condition is cloudy and mixed days, the actual
energy efficiency value with a staggered layout at the en-
trance of the tunnel is 0.42%~0.64% lower than that of
staggered layout.

4.2. Experimental Results and Discussion. The relationship
between the reaction time of participants and background
luminance under two kinds of contrast is described in
Figure 8. As shown in Figures 8(a)-8(c), it can be seen that
the reaction time of the participants decreases with the
increase of background luminance. When the background
luminance is 2 cd/m2, the reaction time is the longest.
When the background luminance reaches 10 cd/m2, the
reaction time under the action of three kinds of sidewall
materials all reached the minimum, and the reduction
speed of the reaction time slowed down with the increase
of background luminance. When the background lumi-
nance is within the range of 2 cd/m2-10 cd/m2, the re-
sponse time corresponding to the energy-storage
reflective coating is shorter than that of the other two
materials. When the contrast is 0.2, the eccentricity is 0°,
and the background luminance is 10 cd/m2, the minimum
response time can be obtained as 276 ms. In addition, the
response time corresponding to the energy-storage re-
flective coating on the sidewalls decreases slightly less
than the other two materials with the increase of the
background luminance.
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In addition, when the contrast is 0.5, the eccentricity is
0°, and the sidewall materials of the tunnel are energy-
storage reflective coating, the driver’s reaction time de-
creased from 271 ms to 256 ms as the background luminance
increased from 2 cd/m2 to 10 cd/m2. When the contrast is
0.5, the eccentricity is 10°, and the sidewall materials of the
tunnel are energy-storage reflective coating, the driver’s
reaction time decreased from 282ms to 263ms as the
background luminance increased from 2 cd/m2 to 10 cd/m2.
When the contrast is 0.5, the eccentricity is 20°, the sidewall
materials of the tunnel are energy-storage reflective coating,
and the driver’s reaction time decreases from 296 ms to
277 ms as the background luminance increases from 2 cd/m2
to 10 cd/m2. The change law of reaction time corresponding
to the other two materials is similar. In summary, with the
increase of background luminance, the reaction time of
drivers decreases. Meanwhile, applying energy-storage re-
flective coating on the sidewalls of the tunnel has a better
effect than using light yellow ceramic tiles and cement
mortar on the sidewalls.

5. Conclusion

The 24-hour artificial lighting of the tunnels consumes a large
amount of electricity, which means increased environmental
damage and carbon footprint for China, which is dominated
by thermal power. In this study, based on the Wanxichong
extra-long tunnel in Yunnan Province, the simulation and
experimental research were conducted at the entrance sec-
tion, middle section, and exit section of the tunnel to evaluate
the energy consumption of the tunnel from the perspective of
environmental sustainability. The effects of different climate
conditions, layout methods of lamps, and the reflectivity of
sidewall materials on the tunnel lighting quality and energy-
saving effect at entrance and exit are investigated by using the
simulation method. At the same time, the test parameters
such as type of sidewall materials, contrast, background lu-
minance, and eccentricity are selected to investigate the re-
action time of the participants by using the indoor lighting
environment simulation system of a highway tunnel. The
main conclusions are summarized as follows:

(1) The greater the brightness of natural light, the more
obvious the improvement effect of the sidewall
material on the lighting quality at the entrance and
exit of the tunnel. When the reflectivity is constant,
the improvement of the luminance and luminance
uniformity on the road surface by the sidewall
material is much greater on clear days than on cloudy
days, while the mixed days are between the both.
With the same climate condition and layout method
of lamps, the average luminance and luminance
uniformity are positively correlated with the
reflectivity of the sidewall material. Therefore, the
high-reflectivity sidewall material on the sidewall is
beneficial to improving the lighting quality and
achieving the purpose of energy-saving lighting. For
the same climate condition and sidewall material
reflectivity, the higher the height of the sidewall
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material, the greater the average luminance and
luminance uniformity at the entrance and exit of the
tunnel. When the reflectivity of the sidewall material
is constant, the use of staggered lights in the tunnel
can greatly improve the luminance uniformity on the
road, which is more conducive to safe driving.

(2) Firstly, the efficiency ratio per unit length at the
tunnel entrance under different climate conditions is
compared. It can be seen that, on the clear days, the
efficiency ratio per unit length corresponding to the
2m high sidewall material at the tunnel entrance is
the largest, but on the cloudy days and mixed days,
the efficiency ratio per unit length corresponding to
the 2.5m high sidewall material at the tunnel en-
trance is the largest. The efficiency ratios per unit
length at the tunnel exit under different climate
conditions are compared. It can be observed that, on
clear days, the efficiency ratio per unit length cor-
responding to the 2 m high sidewall material at the
tunnel exit is the largest when the reflectivity of the
sidewall material is 0.75. However, the efficiency
ratio per unit length corresponding to the 3 m high
sidewall material at the tunnel exit is the largest when
the reflectivity of the sidewall material is 0.80 and
0.85. On cloudy days, the efficiency ratio per unit
length corresponding to the 2 m high sidewall
material at the tunnel exit is the largest. When the
climate condition is mixed days, the efficiency ratio
per unit length corresponding to the 3 m high
sidewall material at the tunnel exit is the largest.

(3) On cloudy and mixed days, double-sides staggered
lighting should be used for the entrance and exit of
the tunnel, which can achieve the maximum actual
energy efficiency value, and this layout method also
can improve the lighting quality of the tunnel. On
clear days, it is greatly affected by natural light, and
the actual energy efficiency values of the two layout
methods are a little different, but double-side stag-
gered lighting can improve the luminance unifor-
mity, so it is advisable to use double-side staggered
lighting on clear days.

(4) The reaction time of the participants decreases with
the increase of background luminance, and the re-
duction speed of the reaction time slowed down with
the increase of background luminance. Applying
energy-storage reflective coating on the sidewalls of
the tunnel has a shorter reaction time than using
light yellow ceramic tiles and cement mortar on the
sidewalls.
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The skeleton formed by coarse aggregate has an important influence on the macroscopic mechanical properties of concrete,
especially the fracture properties. Based on mesomechanics and fracture mechanics, this paper conducts theoretical simulations
and experimental studies on the mechanical and fracture properties of coarse aggregate interlocking concrete through the theory
of mesomechanics homogenization as well as compressive strength tests, flexural strength tests, axial compressive strength tests,
elastic modulus tests, and fracture toughness tests. The results show that when the coarse aggregate is within a certain volume
increase, the fracture energy and ultimate strength of concrete are significantly improved. At the same time, the proposed
mesomechanics calculation model has high accuracy for calculating the fracture characteristics of concrete when the coarse

aggregate increment is less than 20%.

1. Introduction

The mechanical strength and fracture toughness of concrete
are material parameters that characterize the crack resis-
tance and failure criteria of the material and are extremely
important for the safe design of concrete members [1-3].
Concrete can be considered as a two-phase composite
material containing mortar and aggregate [4-6], and its
crack tips will form irregular intermittent cracks or crack
extension zones during fracture. In recent years, relevant
studies have shown that material property parameters such
as fracture toughness and fracture energy of concrete are
affected by significant size effects, and to obtain material
parameters independent of the size of the concrete material,
sufficiently large specimens must be cast [7-9]. In the
concrete single-sided incised beam (SENB) specimen pro-
posed by the International Federation for Research in
Structures and Materials (RILEM) [5], the fracture pa-
rameters of concrete independent of size will not be obtained
directly from this test because the concrete specimen size

relative to the maximum particle size of the aggregate is not
sufficiently large (W/dmax=5~30). For this reason, re-
vealing the effect of size on the fracture performance of
concrete has become a hot spot for domestic and interna-
tional research.

Cement paste forms a large component in conventional
concrete, while the coarse aggregate content is very small.
Coarse aggregates are the strength framework of concrete
and are usually the strongest, most durable, and volumet-
rically stable structural units of concrete materials [10, 11].
As a composite material, the mechanical properties of the
aggregate improve with increasing aggregate volume frac-
tion as long as the aggregate is well integrated with the
cement paste [12-14]. However, the mechanical behavior of
concrete is not an absolute property and it is influenced by
many factors. Traditional concrete has some problems in its
mechanical design [15-17]: (1) The large amount of cement
and cementitious materials leads to significant cracks in the
concrete at an early stage, which in turn affects its me-
chanical and durability properties at a later stage. (2) The
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low- or high-volume content of coarse aggregates not only
fails to give full play to the strength contribution of ag-
gregates but also causes adverse effects such as increased
concrete cost, waste of resources, and increased envi-
ronmental load. (3) In the process of concrete fracture,
the initial crack tip between the aggregate and the ce-
mentitious material fails the cementitious occlusion
leading to crack expansion. Therefore, the content of
coarse aggregates in concrete will directly affect the
mechanical properties of concrete. Hillerborg [18] pro-
posed earlier that the development of the fracture process
zone (FPZ) of concrete is essential in the development of
aggregate bond bite cracking and proposed a virtual
cracking model, which was widely used and became the
basis for the study of quasi-brittle fracture of concrete.
The influence of aggregate content on fracture energy and
fracture process zone was analyzed; Zollinger et al. [19]
showed through tests that the FPZ will increase with the
increase in average aggregate size during concrete
fracture. Currently, many studies have been conducted to
construct high-performance, high-volume stability ag-
gregate interlocking concrete by increasing the amount
of coarse aggregates in order to greatly optimize the
comprehensive performance and application of concrete
materials [20, 21].

Among them, cast-in-place aggregate concrete, a newly
proposed and promising coarse aggregate interlocking
concrete, is considered as a new component to improve the
service life of concrete by maximizing the material perfor-
mance and reducing the incidence of diseases [22, 23].
Compared with conventional concrete, aggregate inter-
locking concrete has some significant advantages in terms of
mechanical, durability, and stability properties [24-27]. In
addition, the establishment of fracture models for aggregate
interlocking concrete is basically based on three-point
loading tests, and equally important mechanical tests such as
compressive strength and modulus of elasticity and their
mechanical mechanisms, especially fracture theory, have not
been systematically studied. Fracture or cracking charac-
teristics are the most required engineering and material
properties of concrete, which are necessary signs to ensure
the stability of concrete. Also, based on the influence of
coarse aggregates, the internal nanostructure and hydration
products of aggregate interlocking concrete are redis-
tributed. Traditional mechanical models are not compre-
hensive in characterizing its fracture mechanism, and a
multiscale model is needed for theoretical analysis.

Based on these backgrounds, the main objective of this
paper is to investigate the fracture mechanism and theo-
retical calculation model of aggregate interlocking concrete.
Based on the integration of fine-scale mechanics and fine-
scale structural changes of concrete, a fine-scale transport
model based on description, theoretical calculation, and
numerical analysis is established and determined and its
reliability is verified by macroscopic mechanical tests to
provide a theoretical supplement and support for the me-
chanical mechanism of aggregate interlocking concrete.
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2. Theoretical Analysis

The theory of fracture and damage of traditional concrete
materials is established based on the energy law, crack de-
velopment law, and other factors. However, it does not
consider the changes in mechanical response caused by the
increase in coarse aggregate and the interlocking shape.
Considering the influence of coarse aggregate on the mi-
crostructure of concrete interface, a new fracture mechanism
of aggregate interlocking concrete based on the theory of

mesomechanics homogenization (RVE model) was
established.
21. The RVE Model of Coarse  Aggregate

Interlocking Concrete. Suppose there is an elastic solid with
avolume of Vin the concrete matrix at the mesoscale and an
inclusion subdomain in the inclusion and disturbance
caused by coarse aggregate in elastic solids. The base domain
and the inclusion domain have different elastic tensors and
flexibility tensors. The inhomogeneity caused by the exis-
tence of pore structure inclusions due to the interaction of
coarse aggregates will produce stress and strain field dis-
turbances in a uniform solid. Therefore, the stress and strain
equations of an elastic solid with pore structure inclusions
can be expressed as

o (X, x) = *(X) + ¢* (x),

0 d (1)
e(X,x)=¢ (X)+ £ (x),

where (X, x) is the stress of a cement-based elastic solid
with pore structure inclusions, €(X,x) is the strain of a
cement-based elastic solid with pore structure inclusions,
0% (X) is the stress of the cement-based elastic solid, £ (X) is
the strain of the cement-based elastic solid, 0% (x) is the
disturbance stress of the pore structure with inhomogeneous
bodies, and &4 (x) is the disturbance strain of the pore
structure with inhomogeneous bodies.

Through the superposition of the characteristic strain
field and the actual strain field, the relationship between the
equivalent uniform solid stress field and the original non-
uniform stress field can be obtained:

0(X,x) =C: [e(X)-¢€" (%)],

C: [eO(X) + & (x)] x, X C M, (2)

C: [80 (X) + e (x) - " (x)] xXCQ,

where C is the elasticity tensor of nonuniform solids, £* (x) is
the characteristic strain for simulating material mismatch,
defect, pore structure, or inhomogeneity mismatch, M is the
characteristic domain at the mesoscale of solids, and Q is the
inclusion subdomains in solids.

Therefore, the characteristic stress field of the pore
structure in the hardened concrete due to the interaction of
the coarse aggregate can be obtained:
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Opore (0) = C': [e5;(0)] | =€ ["(X) + e (0)] - 0 (X, %),
(3)

where C’ is the elastic tensor of the inclusion field.

In an infinite space, the induced displacement field
caused by the characteristic strain field in the hole structure
is determined as

[Mi (x)]pore — _J lemns:nn (y)GZO,l (x - y)dQ)/’
R3

= _g;njacjlmnGZ?l (x - }’)de,

_ Oy
~ 87(1-v) |0x,0x,,0x,,

5.9 o¢
[0 0,2] 20, 2]

(4)
where [u; (x)]P°" is the induced displacement field caused by

characteristic strain, Cj,,,G; ]l(x y) is the Green trans-

formation formula, and R’ is the unlimited space domain.
For the coarse aggregate lock concrete, the elastic strain
field can be expressed as

&;j (x) = {% [ui’j (x) + uj; (x)]}

N CO) B
- 87'[(1 _ V) [w,mnij 2V6mn¢,ij

-(1- V)(ami(/’,nj +8,iPmj + O + 8nj‘/’,mi)]-
(5)

16 1

435-2.06(1+9;)

2.2. The Elastic-Plastic Constitutive Relationship of Aggregate
Interlocking Concrete. According to Hooke’s law, the rela-
tionship between elastic strain and Cauchy stress is

l concrete *concrete
0;j(x) =C ikl &ij (x)

+ Cijkl<€;kjconcrete (X) _ [82 (x)]pore _ [51']‘ (x)]pore>’

concrete concrete
- Cl)kl U; 8 (x)

+ C1]k1< concrete (X) [81*] (x)]Pore _ [Sij (x)]pore)
(6)

The theoretical solution of the elastic-plastic constitutive
relationship of coarse aggregate lock-type concrete is de-
termined as

—— K [~—7 ki
[UFAC]ij = %"(x) = [CFAC],-jk1® [epac] +[CFACI]ijk1® [epac]

elastic

>

plastic
(7)
where [Cpycl;ji is the effective modulus of the concrete in

the elastic stage, [Cp Aé]ijkl is the effective modulus of the

concrete in the plastic stage, [epac]® and [ep A is the
strain of concrete in the elastic-plastic stage, and [op,c];; is
the loading stress.

The effective modulus of concrete in the elastic stage is
deduced based on the theory of generalized self-consistent
method, which is the mechanical behaviour influenced by
the interlocking of coarse aggregate and the mortar between
the interface:

pq
CFAC - |: ? 1— f ( Coarse aggregateinterlocking) +

16 1-9 4.35-2.06(1+9,)
+[1+_1—29 (fpore) + 1-29

where CF e is the effective modulus of concrete,

chi is the modulus of coarse aggregate
f(V(,oarseaggregatenuerlockmg) gg g

under the interlocking action, C?9;, is the modulus of ITZ,
9, is Poisson’s ratio of coarse aggregate under the inter-
locking action, ¥, is Poisson’s ratio of ITZ,
S (V Goarse aggregate interlocking) 18 the density distribution of

1-29

2/5 Pq
f VCoarse aggregate interlockin, C
BBICE 8 f (VCoarse aggregate interlocking )

fZ/S((ppore) ITZ’

(8)

coarse aggregate, and f () is the distribution charac-
terization function of pore structure.

2.3. The Fracture Toughness Equation of Aggregate Inter-
locking Concrete. The fracture process of materials is pre-
dicted by the yield function during the plastic development.



Therefore, the fracture yield equation of concrete is estab-
lished based on the Gurson model as

CF AC

2
a0 b)) =((52) 21 (o2

CF CF AC

0.53 - fc(¢pore)
ffm(‘ppore) - fc(‘ppore

f*(gbpore) = fc(¢pore) +

p 161-9
CFAC =1+ ? 1-29 f(VCOarse aggregateinterlocking) +
161-9
(1 _DI)[I +§ 1-29 f (¢pore)

92
= —_ . . +
[ 9 1-29 f( Coarse aggregate mterlockmg)

s

161-9 4.35

f ((ppore )

where Q(Xij 0o f* (ngore ) is the yield function of concrete,
g;i (x) is the macroscopic stress, ¢, is the equivalent yield
stress, Yeq is the Mises yield stress, },, is the hydrostatic
stress, f* (@por) is the porosity distribution function of the
ITZ during the yielding process, f.(¢,o) is the porosity
distribution function when pore confluence begins,
S fra(@pore) is the critical por051ty distribution function
when the material fractures, D' is the damage factor under
load, AR is the pore size change value of ITZ, and Ry is the
pore size characteristic value of ITZ.

Based on the fracture criterion, the fracture toughness
equation of the coarse aggregate lock concrete is determined
as

271(0 )2

Gpac = > (10)

CF AC

where Gy, is the fracture toughness of coarse aggregate
interlocking concrete.

3. Experimental Details

3.1. Raw Materials and Mixing Proportions. Raw materials
including local ordinary Portland cement of grade P.O
42.5N from Guangzhou Yuebao Cement Co., local river
sand with a fineness modulus of 2.3, and water were used
throughout the study. Local limestone was used as a coarse
aggregate, with a size ranging from 5mm to 25mm.
Tables 1 and 2 show the mechanical and chemical
properties of ordinary Portland cement. The physical
properties of the river sand and coarse aggregates are
presented in Table 3. In this experiment, the water-to-
cement ratio (w/c) was 0.45, and the mixing proportion of

Cral (3Zm> .
20

4.35-2.06(1 +1t9)

4.35-2.06(1 + £9)
1-29

4.35-2.06(1+9)
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f*)Z/S ((ppore) ] C?le

2/5 Pq
f (VCoarse aggregate imerlocking) ] C
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concrete is shown in Table 4 (coarse aggregates increase by
5%, 10%, 15%, 20%, and 25% according to the volume
percentage of the basic aggregate).

3.2. Specimen Casting and Curing Conditions. The concrete
specimens were prepared in accordance with Chinese
standard JTG 3420-2020 [28]. The dimensions of the con-
crete specimens were 150 mm x 150 mm x 150 mm (144
pieces), 100 mm x 100 mm x400 mm (108 pieces), and
150 mm x 150 mm x 300 mm (108 pieces), and the speci-
mens were demolded after 24 h. Each sample was placed in
saturated limewater to cure at room temperature (i.e.,
20+ 2°C/RH>95%) for 28 days in accordance with GB/
T50081-2019 [29].

3.3. Experimental Methods

3.3.1. Test Method for Strength of the Coarse Aggregate
Interlocking Concrete. 150 mm x 150 mm x 150 mm (144
pieces) specimens were used for the compressive strength
test, 100 mm x 100 mm x 400 mm (108 pieces) were used for
the flexural strength test, and 150 mm x 150 mm x 300 mm
(108 pieces) were used for the axial compressive strength test
for 28 days according to GB/T50081-2019 [29].

3.3.2. Test of Elastic Modulus of the Coarse Aggregate
Interlocking Concrete. The secant modulus under 30% axial
compressive strength stress is taken as the elastic modulus
value according to GB/T50081-2019 [29]. The size of the
experimentally produced specimen is 150 mm x 150 mm x
300 mm (108 pieces).
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TaBLE 1: Mechanical properties of Portland cement (MPa).

Compressive strength

Flexural strength (MPa) (MPa) Fineness Setting time (h: m)
3 days 28 days 3 days 28 days 18 Initial setting Final setting
5.2 7.1 22.1 51.8 ’ 0:46 1:33

TaBLE 2: Chemical properties of Portland cement (%).

Chemical component Weight (%) Chemical component

Weight (%)

Si0, 21.50 Tio,
ALO, 450 Na,0
Fezo3 3 Kzo

CaO 65.70 SO;

MgO 1.30 P,05

MnO 0.14 Cl

0.23
0.33
0.39
2
0.27
0.01

TaBLE 3: Physical properties of the aggregates.

Physical properties Fine aggregate

Coarse aggregate

Type Natural stand
Size (mm) 0.16-2.5
Apparent density (kg/m’) 2,540
24-hour water absorption (%) 3.06
Fineness modulus 2.37

Crushed stone
5-20.5
2,590
2.17

TaBLE 4: Mixing proportions of the coarse aggregate interlocking concrete (kg/m?).

N -
?%%%%%%éz
g 11111 meiiiiill

Coarse aggregate fraction (%)

Ficure 1: Compressive strength of coarse aggregate interlocking
concrete subjected to different increasing amounts of coarse

aggregates. aggregates.

Coarse aggregate fraction (%)

FIGURE 2: Flexural strength of coarse aggregate interlocking
concrete subjected to different increasing amounts of coarse
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FIGURE 3: Failure mode of the coarse aggregate interlocking concrete subjected to different increasing amounts of coarse aggregates under
compressive load. (a) PT-0. (b) PT-5. (c) PT-10. (d) PI5. (e) PT-20. (f) PT-25.

3.3.3. Test of Fracture Toughness of the Coarse Aggregate
Interlocking Concrete. A notched three-point bending beam
was used to determine the fracture toughness of coarse
aggregate interlocking concrete. For crack generation, the
specimen is made to produce cracks by cutting on the side of
the specimen. The slit width is controlled at 3 mm + 1 mm,
the slit length is controlled at 80 mm + 2 mm, and the angle
between the joint surface and the specimen is 90°+0.5°
according to GB/T50081-2019 [29]. The size of the experi-
mentally produced specimen is 100 mm x 100 mm x 400 mm
(108 pieces).

3.3.4. Mercury Intrusion Porosimetry (MIP) Analysis.
Mercury intrusion porosimetry (MIP) is the most common
method used to study the pore properties of cement-based
materials. This method is relatively straightforward and
generally yields reproducible pore size distributions. The
significant characteristic parameters, such as the total pore
diameter, total porosity, and theoretical pore diameter, can
be deduced from these pore size distributions. With in-
creasing pressure, mercury is pressed into the pore struc-
tures of concrete samples. After the mercury fills the
samples, the relationship between the intrusion pressure and
the pore radius can be obtained. The fine particles of con-
crete (5 groups and 6 solid samples in each group) were
subjected to mercury intrusion test analysis.

4. Results and Discussion

4.1. Experimental Values of Mechanical Characteristics of
Coarse Aggregate Interlocking Concrete. Figures 1 and 2

40 A

35
‘mm BN
25 A

20

15

Elastic modulus (GPa)

10 A

0 5 10 15 20 25
Coarse aggregate fraction (%)

FiGure 4: Elastic modulus of the coarse aggregate interlocking
concrete subjected to different increasing amounts of coarse
aggregates.

show the experimental results of compressive and flexural
strength of coarse aggregate interlocking concrete. The re-
sults show the following: (1) The macroscopic mechanical
strength increases as the volume rate of the coarse aggregate
increases. (2) When the volume fraction of the external
coarse aggregate is 0%-20%, the strength increases with the
increase in the aggregate replacement rate. When the volume
rate of coarse aggregate is 15%~20%, the compressive and
flexural strengths reach the maximum values, which are
increased by 40% and 36%, respectively. (3) However, when
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FIGURE 5: Initiation load and initial fracture toughness of the coarse aggregate interlocking concrete.
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FiGure 6: Ultimate load of the coarse aggregate interlocking
concrete.

the volume rate of the coarse aggregate is 25%, the mac-
romechanical properties are significantly decreased. This is
because too much coarse aggregate in the concrete makes
compaction difficult, which reduces the mechanical
strength. However, due to the interlocking effect between the
aggregates, the final mechanical strength is still higher than
the reference value.

In addition, the comparative analysis of the interface
morphology subjected to compression fracture is shown in
Figure 3. The results show the following: (1) The increase in
the volume ratio of the coarse aggregate promotes the
formation of the spatial distribution of the mutual em-
bedment and occlusion of aggregates during the concrete
hydration process. (2) The increase in coarse aggregate also
reduces the distribution probability of through cracks under
load. (3) When the volume ratio of coarse aggregate is 20%,

25 - 7

20 - %
15 - |
10 - %
: 7

: 7

T T
0 20 40 60 80 100 120
Fracture energy (N/m)

Coarse aggregate fraction (%)

FIGURE 7: Fracture energy of the coarse aggregate interlocking
concrete.

there is no obvious crack in the core part of the specimen
during crushing failure. Figure 4 shows the elastic modulus
of the coarse aggregate interlocking concrete. 5%, 10%, 15%,
and 20% of the aggregate volume increased by 3.3%, 6.6%,
13%, and 19.8% compared with the elastic modulus of the
benchmark group, respectively. Subsequently, when the
volume of the aggregate is 25%, the elastic modulus began to
decrease. The variation and evolution are similar as the
abovementioned results of strength characteristics.

4.2. Experimental Values of Fracture Characteristics of Coarse
Aggregate Interlocking Concrete. Figures 5 and 6 show the
results of initial fracture load, ultimate fracture load, and
initial fracture toughness during fracture experiment of the
coarse aggregate interlocking concrete. Compared with the
benchmark concrete, with the increase in aggregate volume,



8
0.10
0.09 -
= 0.08 -
S
2 0.07 4
o
§ 0.06 -
£ 0.05 -
o
£ 0.04 4
=
E] _
g 0.03
O 0.02
0.01 |
0.00 : : : : :
0.01 0.1 1 10 100 1000
Pore size (nm)
... PT-0 -..- PT-15
— PT-5 —-.= PT-20
- - PT-10 e PT-25

(a)

Advances in Materials Science and Engineering

0.10

0.09 A
0.08 -
0.07 A
0.06 -
0.05
0.04 -
0.03
0.02
0.01

0.00 : : : il :
0.01 0.1 1 10 100

Pore size (nm)

dV/dlogD (cc/g)

1000

— PT-0 -..= PT-15
- - PT-5 -.= PT-20
- PT-10 PT-25

()
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the cracking load shows an increasing trend. However, when
the aggregate volume increases by 20%, the crack initiation
load begins to show a downward trend. When the increase in
the volume of the coarse aggregate is 0%-20%, the reason for
the phenomenon of crack initiation and ultimate load en-
hancement is that more aggregate makes the material inside
the concrete fill and compact, which improves the overall
compactness of the material. When the increment reaches
20%-25%, the workability of concrete will be affected by the
excessive coarse aggregate, which will reduce the cohesion of
concrete and generate more internal cracks. This leads to a
reduction in the initial and ultimate loads during the
concrete fracture process.

According to the classical calculation equations in
fracture mechanics, the test fracture energy under different
coarse aggregate volume increments of the coarse aggregate
interlocking concrete can be obtained and is shown in
Figure 7. The results show the following: (1) When the
volume increase in the coarse aggregate is 0%-20%, the

fracture energy shows an increasing trend. For every 5%
increase in volume, the fracture energy increases by 12.3%,
17.6%, and 19.4%, respectively. In the fracture process, a
certain friction force is formed between the coarse aggre-
gates, which indirectly increases the bite force between the
coarse aggregate and the cementitious material, and the
fracture energy is improved. (2) However, when the volume
increase fraction of the coarse aggregate reaches 25%, the
fracture energy shows a downward trend (compared to 20%
aggregate volume fraction, it decreased to 25.3%). When the
volume increase of the coarse aggregate reaches 25%, the bite
force between the materials begins to decrease due to the
decrease in the compactness, which causes the evolution of
the fracture energy to show a downward trend.

4.3. Pore Size Distribution of Coarse Aggregate Interlocking
Concrete. Variations in the pore size distribution of the
coarse aggregate interlocking concrete obtained from the
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pore size distribution curves based on MIP testing data are
shown in Figure 8. Characteristic pore parameters such as
porosity and critical pore size are shown in Figure 9. We can
obtain the following: (1) With the increase in coarse ag-
gregate volume, the porosity and critical pore size of con-
crete gradually decrease. (2) The appropriate increase in the
volume of the coarse aggregate not only plays the role of the
original strength skeleton but also improves the internal
compactness of the concrete and reduces the internal pore
density, which improves the ultimate strength and fracture
resistance of the concrete. (3) However, the pore density
increases when the volume increase of coarse aggregate is
20%~25% based on the influence of workability and in-
sufficient wrapping of cementitious materials, in which the
ultimate strength and fracture energy are significantly re-
duced. In summary, the coarse aggregate has an important
relationship with the construction of pore structure of
concrete. The change of porosity and critical pore size

significantly affects the fracture toughness and ultimate
strength, which provides relevant calculation parameters for
the theoretical simulation calculation in this paper.

4.4. Comparison of the Fracture Characteristics Calculated by
the Mesoscopic Model and Experimental Results. This section
reports the results of the fracture characteristics based on the
mesoscopic model (equations (8)-(10)). The comparison
results and errors are shown in Figures 10 and 11. Com-
paring the calculation results with the experimental results,
we can find the following: (1) For the simulation of com-
pressive strength and elastic modulus, the simulation results
are higher than the experimental results. However, as the
volume of coarse aggregate increases, the calculation error
gradually stabilizes (3~4%). The accuracy of the calculation
results of higher volume increase of the coarse aggregate
(>20%) is not ideal. This may be attributed to the fact that
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when the amount of coarse aggregates exceeds 20%, the
distribution of aggregates inside the cement matrix is in-
tricate and complex, which is prone to produce uneven
forces on the aggregates, thus causing the calculation results
to be affected and producing large fluctuations and errors.
(2) For the simulation results of fracture energy, the sim-
ulation results have the same laws as the experimental results
and the calculation error is small (the increase of coarse
aggregate is less than 20%, and the error is 2%). The sim-
ulation results can well reflect the fracture energy devel-
opment characteristics of the concrete fracture process.
However, when the volume increase of coarse aggregate is
large (>20%), the simulation results of fracture energy have
very large errors. How to improve the accuracy of related
calculation results in the future is the research content that
the model still needs to consider in the future. In summary,
the mesoscale multimechanical model established in this
paper has certain theoretical basis and calculation accuracy.

5. Conclusions

A mesoscopic model, based on the micromechanics RVE
model and fracture mechanics mechanism, was validated
and applied to the experimental test for calculating the
influence of coarse aggregate on fracture characteristics of
the concrete. The following conclusions of this study can be
drawn:

(1) Experiments and theoretical studies are conducted
on the ultimate strength and fracture characteristics
of concrete. The increase in coarse aggregate can
significantly improve the macroscopic strength and
fracture resistance of concrete within a certain range.
However, as the volume increases, due to the in-
fluence of too much coarse aggregate on the working
performance, the wrapping performance of the ce-
mentitious material, the pore size, and the
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macromechanical properties decrease (still higher
than the reference value).

(2) Based on the new model, some mesoscopic me-
chanical models were established for describing the
mechanism of coupling relationship between pore
size, mechanical strength, and fracture characteris-
tics. The proposed model was proved to be effective
for evaluating mechanical response of the coarse
aggregate interlocking concrete.
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To clarify the influencing mechanism of superabsorbent polymer (SAP) internal curing agent on the carbonation resistance of
cement concrete, accelerated carbonation experiment was conducted to explore the effect of particle size and dosage of SAP on
carbonation depth. The hydration performance of internally cured concrete at different ages was studied by Fourier transform
infrared spectroscopy (FTIR) test and X-ray diffraction (XRD) test. Combined with the scanning electron microscope (SEM) test,
the hydration filling effect of internal curing on the microstructure of concrete was analyzed; meanwhile, the influence mechanism
of SAP on carbonation resistance was revealed. The results showed that (i) when the particle size and dosage of SAP were 100 mesh
and 0.200%, the carbonation depth of internally cured concrete was only 56.5% of the control group on day 28; (ii) the Ca(OH),
absorption peak area of SAP-concrete in the FTIR spectra could be increased by 3.38 times than that of the control group, and
more C,S and C;S were translated into Ca(OH),, which helped to improve the hydration degree of cement concrete; (iii) the
hydration products of day 56 were increased significantly and the remaining pores formed by SAP gels were gradually filled by

hydration products, which enhanced the compactness and carbonation resistance of cement concrete.

1. Introduction

The corrosion of steel bars caused by carbonation is one of
the main factors causing durability failure of concrete
structures [1]. For bridge members, the carbonation reaction
occurs accompanied by the erosion of acidic substances
during the service period, which probably causes the de-
struction of passivation film, further the corrosion and
expansion of steel bars [2]. Eventually, some cracks and
spalling appear in the protective cover of concrete. In ad-
dition, microcracks caused by drying shrinkage and self-
shrinkage are generated frequently due to the water evap-
oration and hydration reaction of concrete during the
molding process, which probably provide several channels
for CO, or other acidic substances to enter the concrete,
accelerating the carbonation process. Therefore, the

shrinkage microcrack must be suppressed to improve the
carbonation resistance of concrete.

Internal curing is considered to be one of the most
promising shrinkage and crack resistance technologies. The
internal curing material incorporated in concrete can release
some extra curing water in time to maintain high humidity
internal environment and promote further hydration of the
binding material. To date, SAP is one of the best internal
curing materials with excellent water absorption and release
properties [3-5]. Moreover, the effect of SAP on reducing
the shrinkage and crack of concrete was proved, presented in
relevant studies that the shrinkage decreased by approxi-
mately 31-41%, when the SAP dosage was 2.0% [6, 7].

For practical engineering, the investigation of carbon-
ation resistance in concrete has application significance.
Nevertheless, most of the existing research focuses on the
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mechanical and engineering properties and durability, in-
cluding frost resistance and antipermeability of internal
curing cement concrete and mortar, but relatively few
concentrate on carbonation resistance [8-11]. The specific
studies status about this topic is shown as follows. The effect
of SAP curing has been studied, and the experimental results
of Beushausen et al. [12] and Shi et al. [13] showed that SAP
could improve carbonation performance. Zhang et al. [14]
found that the connectivity between pores was blocked by
SAP after hygroscopic expansion by adding the appropriate
amount of prewater absorption and preabsorption of 1%
silver nitrate solution SAP in concrete, which would improve
the carbonation resistance of concrete. Guo et al. [15]
revealed the enhancing mechanism of SAP on carbonation
resistance of concrete on the microscopic level.

The carbonation resistance of concrete mainly depends
on the microcracks, which could be influenced by the hy-
dration degree and products. As for the effect of SAP on
hydration, Jiang et al. [16] found that the early hydration
reaction (0-7d) of concrete was delayed by the addition of
SAP. Zhao et al. [17] investigated the influence of nano-SiO,
and SAP on the hydration process of early-age cement paste
by the low-field nuclear magnetic resonance technology (LF-
NMR). The result showed that the beginning time of each
stage and the hydration duration were prolonged with the
increase of SAP dosage. Qin et al. [18, 19] studied the mi-
crostructure of concrete through mercury intrusion
porosimetry (MIP) and XRD, which concluded that the
amount of ettringite was increased in concrete cured by SAP.
Qin et al. [20] found that the hydration degree of concrete
could be greatly improved by smaller-sized SAP in the long
term by investigating the transformation rule of water form
during the internal curing process.

The above research indicated that SAP had a positive
impact on the carbonation and hydration performance of
concrete. However, the existing research focuses on the
direct index, including pores and microstructure, to study
the influence of internal curing on carbonation resistance,
and lacks the research on the interlock that how the hy-
dration degree influences the compactness of the structure
and reduces the microcracks, which affects the carbonation
performance of concrete. Therefore, the relationship be-
tween hydration and carbonation also needs to be estab-
lished to further explore the influencing mechanism on
carbonation resistance. Otherwise, the engineering envi-
ronment of the component was also important for its service
performance, so it urgently needed to be considered. Nev-
ertheless, former research has been conducted mainly in
ordinary cement concrete, but few have been carried out for
bridge deck concrete in hot and humid areas.

Regarding this situation, the factors including high CO,
content, high temperature, and wet weather might accelerate
the carbonation and the destruction of bridge deck concrete.
In this case, the setting of each parameter in the carbonation
test should be simulated to the actual engineering back-
ground. Meanwhile, it is necessary to illuminate the influ-
encing mechanism of SAP on carbonation, which would
promote its application in engineering to reduce durability
damage caused by carbonation.
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In this work, on the basis of fully considering the inherent
properties of hot and humid regions, the varying rule of
carbonation depth of cement concrete with SAPs of different
particle sizes and dosages was studied by accelerated car-
bonation experiment. The hydration degree and products
were investigated based on the FTIR and XRD tests. In
addition, the Ca(OH), absorption peak area of the control
group and internal curing group at different ages was cal-
culated quantitatively. In particular, an SEM test was con-
ducted to observe the microstructure and remaining pores in
concrete formed by SAP gels. Finally, the influencing
mechanism of SAP on carbonation resistance was revealed by
analyzing the carbonation depth, hydration performance,
and microstructure characteristics of SAP-concrete.

2. Materials and Preparation
2.1. Materials

2.1.1. Superabsorbent Polymer (SAP). Sodium polyacrylate
SAP was used as an internal curing agent in this study, whose
particle sizes included 221-864 ym (SAP-20), 117-140 ym
(SAP-100), and 74-104um (SAP-150). SAP was a white
particle or powder, and the microstructure of SAP dry powder
is shown in Figure 1. The liquid absorption rate of SAP with
different meshes in cement paste was tested using the tea bag
method (W/C = 0.37). Table 1 presents the specific technical
indices and the measured absorption rate of SAP.

2.1.2. Cement. On the basis of GB 175-2020 [21], ordinary
Portland cement (PO.42.5) with Blaine fineness of 3570 cm?/
g was selected in this article. The physical and mechanical
properties are detailed in Table 2.

2.1.3. Aggregate. The coarse aggregate (limestone) from
Jiangmen, Guangdong Province in China, was used in this
study, which included two types of 4.75-9.5mm and
9.5-19 mm, and the applying mass ratio was 2:8. The fine
aggregate was manufactured sand of fineness modulus of
2.80. The gradation curve is shown in Figure 2.

2.1.4. Water Reducer and Water. Polycarboxylate super-
plasticizer (HPWR-Q8011) with a water reduction rate of
26% and a gas content of 2.5% was employed. Experimental
water was Foshan tap water, which met the technical re-
quirements of JGJ 63-2006 [22].

2.2. Mix Proportion of Concrete. The theoretical internal
curing water introduction amount and SAP content (mass
ratio of binding materials) were calculated based on the
SAP’s water absorption in water at 30 min (see Table 1) and
the Powers Formula (as (1)). In order to explore the effect of
the dosage and particle size on carbonation resistance and
hydration degree on cement, SAPs of three different particle
sizes and dosages were applied in this study. The mix
proportions of concrete used in this article are listed in
Table 3. The mixing procedure is illustrated in Figure 3.
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FIGURE 1: Micromorphology of SAPs in the dry state. (a) 50 times; (b) 200 times.
TaBLE 1: Main technical indicators of SAP.
. . . Water absorption/(g/g)
Density/(kg/ pH/(1% moisture Saturated absorption Absorptance/(g/
m?) dispersion) time/s g) 20-60 100-120 150-200
mesh mesh mesh
0.75 5.5-6.8 <28 450-550 17.2 14.2 12.3
TaBLE 2: Physical and mechanical properties of cement.
S . Flexural strength/ Compressive strength/
o Setting time/min MPa MPa
Normative indices . )
Initial set Final set 3d 28d 3d 28d
203 450 59 7.7 27.4 45
PO.42.5 >45 <600 >3.5 >6.5 >17.0 >42.5
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where (W/C),c is the additional water-cement ratio re-
quired for internal curing.

3. Testing Method

3.1. Accelerated Carbonation Test. Carbonation resistance
could be characterized by measuring the carbonation depth
of concrete. The test (the process of the test, see Figure 4) was
conducted by the HTX-12 concrete carbonation box pro-
duced by North-South Instrument and Equipment Co., Ltd.
The carbonation resistance of concrete was tested after
28 days of curing according to JTG3420-2020 [23]. The test
of carbonation depth was recorded on days 3, 7, 14, and 28.
A similar specimen of 100 mm x 100 mm x 400 mm was
prepared as a carrier for internal curing, which contained
three parallel specimens in one group, and the bottom and
surface were sealed with paraffin, leaving four sides. The
specimens were placed in the testing space at 20+ 5°C and
70 + 5% RH and the concentration of CO, was 20 + 3%. After
testing treatment, the specimen was taken out and split on
the press, and the thickness was decreased to 50 mm. The
remaining specimen was put back in the carbonation box
with a paraffin sealing section. The carbonation depth was
calculated according to equation (2). Furthermore, in order
to better investigate the influence of SAP on the carbonation
performance of cement concrete, a coeflicient of “relative
carbonation rate” was defined and shown in equation (3).
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TABLE 3: Mix proportion of internal curing pavement concrete.

Compositions of pavement concrete/(kg/m?)

Concrete type SAP W,o/(kg/m®)  SAP dosage/k _ _

Rl ic/(kg/m’) Ee%E Cement Water Sand 475-9.5mm  9.5-19mm Water reducer
Coarse Coarse

S-Non - 0 -

S-20-0.200% SAP-20 16.75 0.974

S-150-0.200%  SAP-150 11.98 0.974

$-100-0.170% 11.76 0.828 487 180.2 776 790 198 4.87

S-100-0.200%  SAP-100 13.83 0.974

S$-100-0.225% 15.56 1.096

Water reducer

60s
3“’ A half of water
. 60s
o =
A half of water
Step 1 Step 2 Step 3 Step 4

FIGURE 3: Preparing procedure of internal curing concrete with SAP.

Concrete carbonation test chamber

Carbonizing

Spacing greater

than 5 cm

i

Spiitting

Phenolphthalein spraying

F1GURE 4: Process of concrete carbonation test.

(2

where d, is the average carbonation depth (mm) after
carbonation (d); d; is the carbonation depth of each mea-
suring point (mm); # is the total number of measuring
points. (Each specimen included 10 data in this study.)

— (3)

where ay is the relative carbonation rate; d, is the average
carbonation depth (mm) of the SAP curing group at

different ages; dj is the average carbonation depth (mm) of
the control group at different ages.

3.2. Hydration Performance Test

3.2.1. FTIR Test. To investigate the hydration degree of
different experimental groups in Table 3, the FTIR test was
carried out by FTIR-960 Fourier transform infrared spec-
trometer. The samples (approximately 0.02g) were made
with potassium bromide into thin slices using the specimen
at the curing age of day 3, day 14, day 28, and day 56, re-
spectively. The schematic of this test is presented in
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Figure 5(a). The scanning wave number range was
4000-400 cm™" and the resolution was 4.0 cm ™.

It is worth noting that there were few studies on
quantitative analysis of cement composition based on the
FTIR technique [24]. A method for quantitative analysis of
hydration degree was applied in this article. The absorption
peak area of Ca(OH), was quantitatively compared S-Non
with the optimal SAP curing group. The tangent of the
extreme points on both sides of the absorption peak was
selected as the corrected baseline to calculate the absorption
peak area, the baseline positioning, and peak area calculation
(01, O,, and O; are the reference points for peak area
calculation), as shown in Figure 5(b).

3.2.2. XRD Test. In order to further explore the influence of
internal curing material on the internal hydration degree of
cement, XRD was performed to characterize the valuation of
hydration products. The samples chosen in this test con-
tained three different curing ages of day 3, day 14, and day
28. The analysis angle range was 5°-80° with 40 kV voltage
and 40 mA current.

3.3. SEM. The carbonation resistance of internal curing
concrete was closely related to its microstructure, and the
macroscopic properties might be explained. Thus, SEM was
used to characterize the microstructure and hydration
products of concrete by a Japan Hitachi coldfield scanning
electron microscope. The secondary electron resolution of
SEM is 1.4nm, and the magnification was 5000 times and
10000 times.

4. Results and Discussions
4.1. Influence Mechanism of Carbonation Resistance

4.1.1. Carbonation Resistance of Concrete with SAP of Dif-
ferent Particle Sizes. The carbonation depth variation and
relative carbonation rate of concrete with SAP of different
particle sizes are shown in Figures 6 and 7, respectively.

From Figure 6, it can be seen that the incorporation of
SAP had different effects on the carbonation resistance of
concrete and the carbonation depth increased step by step
with the extension of age. Among them, 100 mesh SAP had
the minimum carbonation depth at the given time, followed
by 150 mesh, which indicated that 100-mesh SAP had the
best improvement effect on concrete. From the view of the
relative carbonation rate in Figure 7, it can be discovered
that the carbonation depth of the S-100-0.200% and S-150-
0.200% groups were 56.5% and 88.3% compared to that of
the control group on day 28, respectively. This phenomenon
may be related to the distribution and internal curing range
of SAP particles in concrete. The liquid absorption rate of
100 mesh is higher than 150 mesh, so the curing range of 100
mesh SAP internal curing water is larger, which reflects the
better carbonation resistance.

Based on the above analysis, it can be speculated that for
the given dosage, the larger the particle size is, the larger the
curing range is provided, and the excellent carbonation

resistance may be presented. But it was interesting to find
that the carbonation depth of the curing group was deeper
than that of S-Non when the mesh was 20. Otherwise, the
carbonation depth of concrete with 20-mesh SAP was 50.3%
higher than that of the control group on day 3, but on day 28,
only 9.9%, which demonstrated that the carbonation effect of
20-mesh SAP was gradually improved with the extension of
age. In addition, SAP of 20 mesh may promote the gener-
ation of large remaining pores due to the large particle size of
SAP and high liquid absorption rate, resulting in more
channels for CO, to enter the internal concrete.

4.1.2. Carbonation Resistance of Concrete with SAP of Dif-
ferent Dosages. To search the effect of SAP dosage on car-
bonation resistance, 3 dosages of 100-mesh SAP were chosen
in this section, and the results are presented in Figures 8 and 9.

As shown in Figures 8 and 9, the carbonation resistance
of concrete was enhanced to a certain degree. With the
increase of SAP dosage, the carbonation depth of concrete
decreased first and then increased on day 28. As the results
show, the carbonation depth of internal curing groups of
S-100-0.175%, S-100-0.200%, and S-100-0.225% were 9.0%,
24.7%, and 14.0%, respectively, less than that of the control
group, while on day 28, there were 35.8%, 43.5%, and 18.2%,
respectively, which decreased more significantly. Based on
this phenomenon, it could be concluded that the dosage of
0.225% has the worst carbonation resistance among different
dosages. Moreover, with the increase of age, the improving
effect of internal curing material SAP on the carbonation
resistance of cement concrete became more obvious. The
addition of SAP could enhance the carbonation resistance of
concrete, which could be interpreted as that SAP can absorb
more internal curing water and gradually release the water
absorbed in the mixing process during curing age, im-
proving the relative humidity of concrete under the action of
difference ion concentration and humidity. In this case, the
microcracks in concrete are reduced, which could block the
channels of CO, effectively. Therefore, the carbonation re-
sistance of concrete is enhanced.

There is no doubt that the larger the curing range is, the
more the microcracks may be inhibited, benefitting from the
curing effect with the greater dosage, but it was interesting to
note that the great dosage of 0.225% had the deepest car-
bonation depth. This is because the “microagglomeration”
phenomenon is easy to occur in the process of cement
concrete mixing, and the unsaturated SAP is wrapped with a
layer of SAP saturated with water, which leads to further
absorption of internal curing water being hindered and the
internal curing effect weakened. In consequence, the car-
bonation resistance could be improved with a moderate
dosage of SAP.

4.2. Hydration Degree Analysis Based on FTIR and XRD

4.2.1. Analysis of FTIR Spectra. The influence of SAP on the
hydration degree of cement could be inferred by the vi-
bration peaks of each functional group measured by the
FTIR test. The FTIR spectra of the control group
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(Figure 10(a)) and S-100-0.200% (Figure 10(b)) (optimal
group in carbonation test) were investigated and com-
pared, whose age ranged from day 3 to day 56. At the same
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FiGURE 7: Relative carbonation rate of concrete with SAP of dif-
ferent sizes.

time, the effect of SAP particle size on the hydration of

cement was studied by analyzing the FTIR spectra of day 56
(Figure 11).
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From Figures 10 and 11, it can be observed that the
position and shape of the characteristic peaks of each
functional group were basically the same in FTIR spectra
between the two groups, but the absorption intensity of the
absorption peak was different, which indicated that the
addition of SAP promoted the hydration process of cement
and led to the relative content variation of cement concrete
components. The functional groups of OH™ and COj”
mainly appeared in the high wavenumber region from
40007" to 300cm™" and the stretching vibration peak of
H-O-H (near 3432cm™") was the absorption peak of water
molecules. The characteristic peak of CaCO; (1423 cm™")
was caused by the CO;™ formed from the reaction of the
alkali in the cement and CO, in the air, which induced the
‘carbonation’ phenomenon appearing in the cement.
Therefore, the contact between CO, and H,O should be
avoided during the preparation, storage, and test of samples.

The absorption peak (below 1300 cm™") was caused by
the vibration of the silica or alumina groups and the

asymmetric stretching vibration peaks of Si-O in the silica
tetrahedron around 1081 cm ™" and 1024 cm ™. The bending
vibration peak of Si-O-Si (around 692 cm™") identified the
degree of polymerization of the silicate grid, and the higher
the peak value was, the higher degree of polymerization
would be. The above peaks of Si-O and Si-O-Si combined
with the bending vibration peak in the Si-O plane (463 cm™")
corresponded to the characteristic peaks of the C-S-H gel.
Vibration peaks of Al-O (874 cm™) were related to the
generation of AFt or AFm. Although the variation of the
main peak was not obvious with the advancement of the
hydration process, the peak type of several small peaks in the
range of 1300 cm™'-450 cm™" absorption peak developed
rapidly. It could be explained that the aggregation degree of
silicon (aluminum) oxygen polyhedron network structure
on the surface of cement particles decreases, which leads to
the tendency to be single in the oligomeric structure; thus,
the symmetry of the structure is improved.

Figure 11 presents the FTIR spectra of concrete with SAP
of different particle sizes at day 56. Compared with the
S-Non, the characteristic peaks of hydration products of the
internal curing group with 0.200% dosage were strength-
ened. The characteristic peak of the internal curing group
was significantly enhanced to be about 874 cm™', and the
absorption peak area of Ca(OH), in S-100-0.200% was the
largest, which demonstrated the degree of hydration was
high, followed by 150 mesh. Meanwhile, the water ab-
sorption was improved with the increase in particle size,
which was attributed to the hydration of cement.

As for the effect of SAP dosage on the hydration degree
of cement, it was quantitatively analyzed by calculating the
area ratio of Ca(OH), absorption peak of the internal curing
group with SAP of various dosages and S-Non at different
ages (Figure 12).

It can be seen in Figure 12 that the ratio of Ca(OH),
absorption peak (3642 cm™') shows the trend of decreasing-
increasing in the SAP curing group and control group at
different ages. The Ca(OH), absorption peaks of S-100-
0.175%, S-100-0.200%, and S-100-0.225% were 1.92 times,
1.95 times, and 1.74 times than that of the control group,
respectively. It could be concluded that the early hydration of
cement concrete can be enhanced with the addition of SAP.
Interestingly, it was found that the absorption peak of
Ca(OH), in internal curing groups with three particle sizes
was smaller than that S-Non at day 28. This phenomenon
could be interpreted that the internal humidity of cement
concrete gradually decreases with the continuous hydration.
Then the internal water is gradually released, which promotes
the secondary hydration of unhydrated cement and some part
of Ca(OH), is consumed. Thus, the hydration degree in the
later stage is improved effectively. Compared with the control
group at the age of day 56, SAP curing groups increased by 0.7
times, 3.36 times, and 1.03 times, respectively.

According to the above results, the dosage of 0.200% is
considered the optimal dosage, which has the best enhancing
effects. With the appropriate particle size and dosage, the
hydration degree of cement can be improved and internal
microcracks may be reduced, which would enhance struc-
tural compactness and promote carbonation resistance.
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4.2.2. Analysis of XRD Pattern. For better understanding of
the hydration degree of internal curing concrete, the com-
parison of the XRD spectrum between S-Non and S-100-
0.200% on day 3, day 14, and day 28 is depicted in Figure 13

In Figure 13, it can be clearly obtained that Ca(OH),,
C-S-H gel, and AFt were the main hydration products
corresponding to the diffraction peaks of concrete. Besides,
SiO, from binding material and fine aggregate minerals and
the carbonation product of CaCOj3 existed. There was no
obvious new diffraction peak in the XRD spectrum of S-100-
0.200% on day 3, day 14, and day 28, which indicated that the
type of hydration product was not changed with the in-
corporation of SAP.

Compared with the two groups, the content of hydration
products was raised with the increase of age. The Ca(OH),
and AFt diffraction peaks in S-100-0.200% were significantly
higher than S-Non. The strongest diffraction peaks of
Ca(OH), between the group without SAP and internal
curing group were 486 A and 902 A, and those of C,S and
C5S were 428 A and 284 A, respectively. It could be explained
that SAP can promote the consumption of C,S and CsS,
leading to the generation of more Ca(OH),.

The above analysis proves once again that the hydration
degree of cement concrete is improved through SAP’s water
release effect; thereby, the microcracks are decreased and the
density of the structure is increased, which would prevent
the harmful substances such as carbon dioxide from entering
the concrete.

4.3. Microstructure and Influence Mechanism of Carbonation.
The factors affecting the carbonation resistance of internal
curing concrete mainly include the following two aspects: (1)
the compactness of concrete filled by the hydration products
generated in the hydration process; (2) the balance between
remaining pores formed by SAP gels and hydration product
filling effect. Therefore, microstructure analysis of cement
concrete and the remaining pores formed by SAP gels should

be implemented in the research on carbonation resistance of
concrete.

SEM micrographs of S-Non and $-100-0.200% at the
magnification of 5000 times at different ages are illustrated in
Figures 14 and 15. It can be observed that the number of
hydration products of the two groups increased gradually
with the increment of age within day 56. The hydration
degree of cement concrete structure in the control group is
low. Figures 14(a) to 14(d) show that the pores between
particles were large with microholes, which led to the dis-
tribution of relatively loose microstructure. Compared with
the two groups, it can be found that the hydration products
in S-Non were less than those in the internal curing group
and only a few Ca(OH), and a small amount of C-S-H were
identified, which was improved at day 56. Obviously, cotton
flocculent fibrous C-S-H appeared at day 14 in the S-100-
0.200%, and the internal structure became dense. At day 56,
a large amount of C-S-H gel was produced, which indicated
a higher degree of hydration.

Combined with the micromorphology of internal pores
(Figure 16) and the remaining pores formed by SAP gels
panorama of S-100-0.200% (Figure 17), the connection
between microstructure and performance results of SAP-
concrete was clarified, and the influence mechanism of
carbonation on internal curing could be mainly
interpreted.

As seen in Figure 16, the abundance of hydration
products inside the internal pores included the layered
Ca(OH),, flocculent and fibrous C-S-H gel, and a small
amount of AFt, which were closely intertwined and over-
lapped, showing the discontinuous three-dimensional net-
work structure distribution. A large number of C-S-H gel
and the accumulation of hydration products on day 56 are
presented in Figure 16(b), which indicates the quantity of
hydration products was increased and the dense structure
was formed; thus, S-100-0.200% showed a better perfor-
mance than the control group in hydration degree and
carbonation test.
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FIGURE 15: Micromorphology of cement concrete at different ages of S-100-0.200%: (a) 3d (b) 14d, (c) 28d, and (d) 56 d.
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As observed in Figure 17(a), the remaining pores formed
by SAP gels on day 28 were filled with flocculent SAP and
surrounded by a C-S-H gel layer with different thicknesses,
which was formed by the diffusion of the slurry around the
SAP hole to SAP. It could be analyzed that the large pores
would be formed after water release; however, the pore filling
of the gel layer is limited and the hydration products are
mainly used to fill the opening pores capillary. Failure to
achieve effective filling would accelerate the carbonation
reaction with the increase of concrete pores, which is a good
explanation for the above interesting phenomenon that the
particle size of 20 mesh has the worst carbonation resistance
among the internal curing group. Moreover, it can be ob-
served from Figure 17(b) that the remaining pores formed by
SAP gels could be well filled by hydration products during
the internal curing process, which was closely integrated
with the boundary; thus, the invasion of CO, was blocked.

The improving mechanism of hydration performance
and carbonation resistance of SAP-concrete could be con-
cluded based on the above analysis. On the one hand, SAP
can compensate for the internal humidity of concrete and
make the humidity distribution more uniform during the
curing process, which could promote the hydration degree
of cement and inhibit the microcracks; otherwise, more
hydration products are produced to fill the inside structure.
On the other hand, the filling relationship between

hydration products and remaining pores formed by SAP gels
could be better balanced with the moderate dosage and
particle size. Thus, the compactness and integrity of concrete
structures are enhanced. The denser the concrete is, the
slower the diffusion rate of CO, and the smaller the residual
pores are. At the same time, the content of alkaline sub-
stances is increased; therefore, the more corrosive substances
(mainly CO, and some H", SOi_) are needed to consume
when entering the internal concrete, which mitigates the
diffusion rate of CO,. Thereby, the carbonation resistance of
concrete was reinforced.

5. Conclusions

The carbonation test and hydration degree test included
FTIR and XRD of internal curing cement with SAPs of
different particle sizes and dosages studied in this article. The
micromorphology and remaining pores formed by SAP gels
panorama were also investigated to further understand the
influence mechanism of internal curing with SAP. The
conclusions were summarized as follows:

(1) The carbonation depth of cement concrete at dif-
ferent ages was measured in this research. The
carbonation resistance first increased and then de-
creased with the increase of SAP particle size and
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dosage. S-100-0.200% had the best performance,
with the carbonation depth of only 56.5% of the
control group on day 28. Furthermore, those of
S-100-0.175% and S-100-0.225% were 35.8% and
18.2% lower than that of S-Non, respectively. The
results showed that the carbonation resistance could
be improved effectively by selecting the appropriate
SAP particle size and dosage.

(2) The conclusion that the addition of SAP could
promote the hydration degree was proved by qual-
itatively and quantitatively analyzing FTIR spectra
and XRD. The area of Ca(OH), absorption peak in
S-100-0.200% was 3.36 times larger than that of
S-Non at day 56. The strongest diffraction peaks of
Ca(OH), between the control group and S-100-
0.200% were 486 A and 902 A, and those of C,S and
C5S were 428 A and 284 A, which demonstrated that
more C,S and CsS translated into Ca(OH),.

(3) The abundant hydration products in the cement
concrete of $-100-0.200% had evenly filled up the
remaining pores formed by SAP gels and a dense
microstructure was formed, which improved the
compactness of concrete and prevented carbon di-
oxide from entering; thus, the carbonation resistance
was enhanced.

(4) The appropriate particle size and dosage obtained by
optimization are 100 mesh and 0.200% when W/C is
0.37.

Further work can be performed to simulate the multiple
environmental coupled effects like carbonation, salt freeze-
thaw cycle, sulfate dry-wet cycle, acid rain, and fatigue load.
The resistance performance of SAP-concrete under the
multiple environmental coupled effect should be explored
and the influencing mechanical properties need to be further
clarified.
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In this paper, aromatic petroleum resin (APR) was used as raw material. The fluorescence microscopic photography of styrene-
butadiene-styrene block copolymer (SBS) modified asphalt with different contents of APR was carried out, and the effect of APR
on the dispersion of SBS modified asphalt was quantitatively studied. The nano-surface morphology of SBS modified asphalt with
different APR contents was tested by atomic force microscope (AFM), and the effects of APR content on AFM nanoscale
parameters such as roughness and maximum amplitude were analyzed. In addition, this paper also tested the basic technical
indexes of SBS modified asphalt with different APR contents and revealed its improvement law on the pavement performance of
SBS modified asphalt. The results show that the use of APR is beneficial to the shearing of SBS into smaller particles. The larger the
amount of APR, the smaller the maximum particle size and average particle size of SBS in asphalt and the smaller the roughness
and maximum amplitude of SBS modified asphalt. APR can improve the viscosity and low-temperature ductility of SBS asphalt to
a certain extent. High-temperature storage stability is improved obviously; SBS modified asphalt mixed with APR has a more
dense spatial cross-linking structure after thorough development. The research results are helpful to reveal the mechanism of APR

improving the performance of SBS polymer asphalt.

1. Introduction

SBS modified asphalt is the most widely used polymer
asphalt in China, accounting for more than 95% of
China’s polymer asphalt market. Taking SBS as the main
polymer, it has derived the largest polymer asphalt market
in the world. SBS is dispersed in asphalt in a swelling state,
and the particle size can reach micron level [1]. However,
due to the large density gap between SBS and asphalt, the
segregation of SBS has been perplexing asphalt production
and transportation enterprises. Researchers have tried to
use a variety of methods to improve the technical prop-
erties of SBS modified asphalt and achieved certain results.
Among them, new modifiers are an important way. A
variety of materials have been used to improve many
technical properties of SBS modified asphalt, such as
TiO,/PS-rGO [2], nano-Al,O; [3], polyphosphoric acid
[4], polysulfide regenerant [5], nano-montmorillonite [6],

methylene diphenyl diisocyanate [7], multi-dimensional
nanomaterials [8], polystyrene grafted activated waste
rubber powder [9, 10], oil [11], multi-layered CNTs
[12-14], nano-organic palygorskite [15], silica fume [16],
and nano-CuO and MWCNT [17].

It can be seen that the use of new modifiers is the
mainstream method to improve the technical perfor-
mance of SBS modified asphalt. In recent years, APR has
been used as additives in many fields, and it has good
compatibility with asphalt [18-20]. APR refers to a resin
material formed by polymerization of olefins or cyclo-
olefins containing nine carbon atoms or copolymerization
with aldehydes, aromatics, and terpenes [21-24]. APR
appears as light yellow to light brown flake or blocks solid,
the average molecular weight is 500-1000, the relative
density is 0.97-1.04, the softening point is 40-140°C, the
glass transition temperature is 81°C, the refractive index is
1.512, the base value is less than 4, the acid value is less
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than 0.1, the bromine value is 7-50, and the iodine value is
30-140 [25, 26]. APR has a ring structure with high co-
hesion, good acid resistance, chemical resistance, water
resistance and weather resistance, but its adhesion is poor.
APR has good compatibility with phenolic resin, cou-
marone resin, polymerized styrene butadiene rubber
(SBR), and SBS. It is soluble in acetone, methyl ethyl
ketone, cyclohexane, dichloromethane, ethyl acetate,
benzene, toluene, and solvent gasoline, but it has poor
compatibility with natural rubber and is insoluble in
ethanol and water [27-30]. APR is often used as tackifying
resins for preparing pressure-sensitive adhesives, hot-
melt pressure-sensitive adhesives, and rubber adhesives.
Some scholars have also done some related research work
on the influence of substances with similar properties
to APR on the properties of SBS modified asphalt Zhang
W. et al. [31] reported that C9 petroleum resin can im-
prove the storage stability of SBS modified asphalt. Tang
et al. [21] revealed that aromatic oil and petroleum resin
have good compatibility with SBS, which is conducive to
the shear and dispersion of SBS in asphalt. Nie et al. [32]
used bio-oil to increase the compatibility between SBS
polymer particles and light oil.

In the research methods of SBS modified asphalt,
fluorescence microscopy has become an important
technology to study SBS modified asphalt. SBS modifier
can emit light with a longer wavelength when excited by a
short light wave. At present, the acquisition of fluorescent
micro-red-green-blue picture (RGB) is relatively mature
but still limited to the limitation of interdisciplinary
disciplines. When acquiring micro-quantitative parame-
ters, the fixed equal threshold method is generally used to
binarize the RGB diagram of SBS modified asphalt. The
thickness of each picture is different, which leads to a lot of
information being enlarged or reduced, which greatly
limits the accuracy of quantitative analysis of the
microparameters of SBS modified asphalt by fluorescence
microscopy. In addition, AFM technology has become an
important means to study asphalt and modified asphalt.
Some progress has been made in the measurement
method of nano-morphology of asphalt, the relationship
between morphology characteristics and macro-me-
chanical parameters, and the influencing factors of
morphology characteristics. However, it is still in its in-
fancy in terms of morphology characteristics and corre-
lation energy. The quantitative analysis of different phases
in the asphalt AFM phase diagram will become a
breakthrough in this field.

In conclusion, there are not many studies on the
action mechanism and effect of APR on SBS modified
asphalt. Based on the existing research, this article used
APR as the raw material and used a fluorescence mi-
croscope to explore its influence on the dispersion of SBS
polymer in asphalt. With the help of AFM, the influence
law of APR on the nano-surface morphology of SBS
modified asphalt was explored, and the technical indexes
of APR/SBS modified asphalt were tested. The research
results are helpful to reveal the mechanism of APR im-
proving the performance of SBS polymer asphalt.

Advances in Materials Science and Engineering

2. Test Design

2.1. Materials. The KLMY (90#) asphalt used in this article
was produced by PetroChina Company Limited (Karamay,
China). The technical indexes are shown in Table 1. SBS
modifier was produced by Baling Petrochemical Co. Ltd.
(Yueyang, China). The technical indexes are shown in Ta-
ble 2. SBS polymer is used in a 1:1 ratio of linear-SBS and
star-SBS, and the mixing amount is 4.5% (asphalt mass
percentage). The sulfur-based stabilizer was produced by
Sichuan Kelutai Transportation Technology Co. Ltd.
(Chengdu, China). The technical indexes are shown in
Table 3, and the content is 0.2% (percentage of asphalt mass).
The APR was produced by Jinan Dahui Chemical Tech-
nology Co. Ltd. (Jinan, China), and its technical indexes are
shown in Table 4.

The preparation method of SBS modified asphalt used in
this paper is as follows. The 90# asphalt is heated to
175°C~185°C, then SBS polymer is added into the asphalt,
and the shearing instrument is used to operate at a high
speed of 4500 r/min for 50 min. During this period, sulfur-
based stabilizers and APR are slowly mixed. After shearing
and dispersion, SBS polymer asphalt can be obtained by
stirring at 170°C~180°C for 2h.

2.2. Test Design. In this paper, the quality of SBS in SBS
modified asphalt is used as a benchmark, and the content of
APR is 0%, 5%, 10%, 15%, and 20%, respectively. The
fluorescence microscopic images of SBS polymer asphalt
were obtained by fluorescence microscope, and the dis-
persion effect of APR on SBS in asphalt was analyzed. The
nano-surface morphology of SBS polymer asphalt was
photographed with the help of the atomic force microscope
to study the influence of APR on the nano-morphology of
SBS modified asphalt. Finally, the conventional technical
properties of APR/SBS modified asphalt were tested.

2.3. Test Specimen Preparation and Test Method

2.3.1. Preparation and Test Method of Fluorescent Micro-
Asphalt Specimen. The preparation method of fluorescent
micro-asphalt specimen is as follows. Take an appropriate
amount of asphalt (2 drops of asphalt in this paper) and
drop it on the slide. Put the cover glass on the asphalt. No
external force can be applied artificially to prevent the
distribution form of polymer in the asphalt from changing
due to the intervention of external force. Then, place the
slide in the oven at 180°C for 1~2min to prevent the
influence of bubbles in asphalt and uneven cover glass on
image quality. The glass slide can be taken out after the
asphalt is covered with the cover glass and cooled natu-
rally at 20°C~30°C. If there are many bubbles in the
sample, it shall be discarded. Figure 1 is an example of the
specimens prepared in this paper and a photo of the
fluorescence microscopic test point.

The fluorescence microscope used in this paper is 27C-
LQ type produced by Shanghai Putuo Photoelectric In-
strument Co. Ltd. When excited by a short wave of light
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TaBLE 1: Technical indexes of KLMY 90# asphalt.

Technical indexes Measured value

Penetration at 25°C, 0.1 mm 88.4
Ductility at 10°C, cm 54.3
Softening point, °C 46.9
Mass change, % 0.42

RTFOT! Penetration ratio, % 62.7
Residual ductility at 10°C, cm 14.6

'RTFOT: rolling thin film oven test.

TaBLE 2: Technical indexes of SBS.

Technical indexes Linear-SBS Star-SBS
S/B 30/70 40/60
Volatile, % 0.6 0.6
Ash, % 0.13 0.15
300% constant tensile stress, MPa 2.1 2.3
Tensile strength, MPa 16.34 8.2
Elongation at break, % 813 573
Permanent set, % 28.5 38.4
Shore hardness, A 76 71
Melt index, g/10 min 1.97 0.86

TaBLE 3: Technical indexes of stabilizer.

Physical form Proportion

1.4 (25°C)

Combustion temperature
269°C

Gray black powder

TaBLE 4: Technical indexes of APR.

Technical indexes Measured value

Flash point, °C 260
Kinematic viscosity at 100°C, mm?/s 14
Ash content, % 0.03
Density, g/cm’ 1.05
Characteristic Green liquid

wave after the SBS modifier is swelled in asphalt, it can emit
light with a longer wavelength, while asphalt and APR do not
excite any light. Therefore, the polymer phase and asphalt
phase can be clearly distinguished under the fluorescence
microscope. Because the fluorescence microscope uses the
reflected light field imaging, the real distribution and
morphological structure of polymer in asphalt can be clearly
observed. In this paper, asphalt specimens are photographed
with a fluorescence microscope at 400 times magnification.
Asphalt and APR are red, while SBS is yellow. After
proofreading, the side length of each fluorescence micro-
graph is 156 ym.

2.3.2. Preparation and Test Method of AFM Specimen

Preparation Method of AFM Sample. Heat the asphalt to the
flowing state, take an appropriate amount of asphalt and
drop it on the glass slide (10 drops of asphalt are used in this
paper), and then place the glass slide in a horizontal oven at
180°C for 1min. The asphalt can be basically kept flat
without overflow. Then, put the glass slide into the

environmental chamber (the carrier remains horizontal) and
reduce the asphalt temperature from 180°C to 25°C at a
cooling rate of 8°C/min, and the asphalt AFM sample can be
successfully prepared. AFM specimens were scanned by
atomic force microscope in tap mode at 25°C. The param-
eters during the AFM test are as follows. The number of
samples is 255, the scan size is 10 ym x 10 ym, and the drive
amplitude is 300.00 MV. Figure 2 shows the AFM specimen
preparation and test process.

3. Results and Discussion

3.1. Effect of APR on the Dispersion of SBS Modifier.
Fluorescence microscopic images of undeveloped SBS as-
phalt were taken. At this time, SBS has become micron fine
particles through high-speed shear. However, since the
adsorption swelling process of SBS polymer particles on light
components in asphalt has not been completed, SBS particles
are granular, as shown in Figures 3-7. Figures 3-7 show the
fluorescence micrographs of SBS asphalt with different
contents of APR.

Figures 3-7 show that the addition of APR has a certain
effect on the particle size of SBS particles dispersed in as-
phalt. The larger the content of APR, the smaller the particle
size of SBS. It can be considered that APR is beneficial for
SBS to be sheared into finer particles under the condition of
the constant shear process.

3.2. Quantitative Analysis of Influence Law of Dispersion
Performance. Process the SBS asphalt fluorescence micro-
graph and unify the pixel size (255 x 200 in this paper); the
“imread” command in the MATLAB tool is used to obtain
the RGB image of the fluorescence micrograph, and the
“im2bw” command is used to obtain the binary image under
an appropriate threshold. With the help of the Image-Pro
Plus tool, the number of SBS particles and the number of
pixels occupied by each SBS particle in the binary image can
be counted, and then the area proportion of SBS can be
calculated. The particle size, average particle size, maximum
particle size, etc. of each SBS particle can also be calculated
according to the relationship between the number of pixels
and the actual size of the picture. Figure 8 shows an example
of a picture processing process.

During the test, the method of increasing the test
samples is adopted in order to avoid the influence of the
discreteness of a single micro-image on the results. The
number of each sample is 5~10, and the representative
pictures are shown in Figures 9-13.

The binarization process adopts the processing method
of dynamic threshold, and the binarization thresholds of
Figures 9-13 are 0.680, 0.751, 0.525, 0.512, and 0.589, re-
spectively. This processing method reduces the problem of
the large error caused by using a single threshold in the
binarization process of different images and lays a foun-
dation for particle size statistics and image assignment
analysis. The particle size distribution of SBS polymer
particles with different contents of APR can be observed
intuitively in Table 5.
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FIGURE 1: An example of the specimens prepared in this paper and a photo of the fluorescence microscopic test point.
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FIGURE 2: The AFM specimen preparation and test process in this paper.
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F1GURE 3: Fluorescence micrographs of undeveloped SBS modified FIGURE 4: Fluorescence micrographs of undeveloped SBS modified

asphalt with 0% content of APR. asphalt with 5% content of APR.
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60 um

FIGURE 5: Fluorescence micrographs of undeveloped SBS modified asphalt with 10% content of APR.

I

60 um

F1GURE 6: Fluorescence micrographs of undeveloped SBS modified
asphalt with 15% content of APR.

Table 5 shows the maximum particle size, average
particle size, and area proportion of SBS counted/measured
with the help of the Image-Pro Plus tool. From the mea-
surement results, the larger the content of APR, the smaller
the maximum particle size and average particle size of SBS
modifier particles. Although there is a positive correlation
between the area proportion of SBS and the content of APR,
the increasing trend is not obvious. The fundamental reason
is that the decisive factor of the area proportion of SBS is the
content of SBS. Figure 14 shows the test results of the average
particle size of SBS polymer with different contents of APR.

Equations (1) and (2) are the calculation equations of the
content of APR and the maximum particle size and average
particle size of the SBS modifier based on the test results.

P,.. =0.157C*-5.867C + 72.84R* = 0.934, (1)

P, = —0.40C + 13.08R’ = 0.965, (2)

60 um

F1GURE 7: Fluorescence micrographs of undeveloped SBS modified
asphalt with 20% content of APR.

where P,y is the maximum particle size of SBS modifier,
pm; Py, is the average particle size of SBS modifier, um; Cis
the content of APR, %; and R is the related coefficient.

Since the APR is a resin substance formed by polymer-
ization of olefins or cycloolefins or copolymerization with
aldehydes, aromatics, terpenes, and so on, combined with the
research results in Sections 3.1 and 3.2, it can be boldly
guessed that the addition of APR makes some substances have
a related effect with SBS, which makes the swelling of SBS in
asphalt easier and allows it to swell into particles with smaller
particle size. As a result, the swelling degree of SBS modified
asphalt mixed with APR is much higher.

3.3. Effect of APR on Nano-Morphology of SBS Modified
Asphalt

3.3.1. Nanoscale Parameters of Asphalt. The height infor-
mation of the asphalt surface is collected by AFM, and the
scanning results are read by NanoScope Analysis software,
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modified asphalt with 0% content of APR. modified asphalt with 10% content of APR.
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Figure 10: Fluorescence microscopic binarization image of SBS FiGure 12: Fluorescence microscopic binarization image of SBS
modified asphalt with 5% content of APR. modified asphalt with 15% content of APR.
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FIGURE 13: Fluorescence microscopic binarization image of SBS modified asphalt with 20% content of APR.

TaBLE 5: Maximum particle size and average particle size of SBS.

Content of APR, % Maximum particle size, ym

Average particle size, ym Proportion of SBS area, %

0 76.8
5 37.92
10 34.8
15 234
20 16.2

13.8 9.59
10.2 9.64

9 9.72
7.2 9.79
54 9.77

17

15

1312
11
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Average particle size of SBS, (um)
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FIGURE 14: Relationship between average particle size of SBS
modifier and content of APR.

and then the roughness value can be automatically
calculated.

The roughness selected in this paper is the root mean
square roughness (R,), and the calculation method is shown
in the following equation [33, 34]:

- (H[h(X,y)_hO]ZdA) 172
Rq_< (Jfaa) ) ’ (3)

where A is the scanning area, 10 ym x 10 ym; h(x, y) is the
height function, nm; and A, is the reference height, nm, and its
calculation method is shown in the following equation [35]:

= [ »)ds)
’ (f[ds)

(4)

Figure 12 shows the method to obtain the root mean
square roughness. The roughness of the selected area can be
quickly read by using the roughness module of NanoScope
Analysis software.

During the test, it is found that for the same kind of
asphalt, under the same test conditions (the cooling rate
during forming shall be strictly controlled), the roughness of
different test areas (in units of 10 ym x 10 ym) is relatively
stable, and the test error is about 3%. It also provides a
guarantee that the roughness can be used as an AFM
nanoscale parameter. Figure 15 shows an example of the
roughness test method.

This paper defines that the nanoscale parameter (max-
imum amplitude) based on AFM is the difference between
the maximum height (h,,,,) and the minimum height (h,;,)
in the three-dimensional space of height (h). As shown in
Figure 16, hp.x and hy;, can be read or calculated by
NanoScope Analysis software. During the test, it is found
that for the same kind of asphalt, under the same test
conditions (the cooling rate during forming shall be strictly
controlled), the maximum amplitude of different test areas
(in units of 10 ym x 10 um) is relatively stable, and the test
error is about 5%. It provides a guarantee that the maximum
amplitude can be used as an AFM nanoscale parameter.

3.3.2. Effect of APR Content on Nano-Morphology of SBS
Modified Asphalt. In this paper, the AFM specimens of SBS
modified asphalt with APR content (SBS mass percentage) of
0%, 5%, 10%, 15%, and 20% were prepared. All tested
modified asphalt had been sheared and developed for 2 h.
During the preparation of the AFM specimens, the cooling
rate of the modified asphalt was controlled at 8°C/min, from
180°C to 25°C, and the scanning of the nano-topography was
completed at a temperature of 25°C. There are five groups of
data for each content of APR. The nanoscale parameters of
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F1GURE 16: Test method

SBS modified asphalt with different APR contents are cal-
culated according to the AFM image. The calculation results
are shown in Figures 17 and 18.

Figure 17 shows that with the gradual increase in the
content of APR, the roughness of SBS modified asphalt
shows a gradual decrease trend. When there is no APR, the
roughness of SBS modified asphalt is basically maintained at
about 9nm, while when the content of APR reaches 20%,
this value is reduced to about 6nm. These phenomena
suggest that APR has a certain interference effect on the
formation of the bee-like structure of SBS modified asphalt.
Although there is no unified view on the formation reason of
bee-like structure, scholars generally believe that roughness,
as an index reflecting bee-like structure, has a certain re-
lationship with the technical performance of asphalt. It is
generally believed that for the same modified asphalt, the
greater the roughness, the stronger the viscosity and the
stronger the anti-segregation and anti-ageing performance.

Figure 18 shows the maximum amplitude of SBS
modified asphalt with different APR contents. With the
continuous increase of the content of APR, the maximum
amplitude of SBS modified asphalt shows a gradually de-
creasing trend, which just reflects the relationship between
roughness and the content of APR. When there is no APR,

— Ra
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— Z Range 63.9 nm
I— Surface Area 4.81 102
— Projected Surface Area 4.78 102
— Surface Area Difference 0.469 %
q » 10.7 nm
7.91 nm
— Roughness Rmax 61.5 nm
— Skewness 0.602
— Kurtosis 3.69
0.00 nm

— Rz

of the maximum amplitude.

the maximum amplitude of SBS modified asphalt is main-
tained at about 90nm, while when the content of APR
reaches 20%, this value decreases to about 40 nm, which is
very obvious. According to the relevant research, for the
same modified asphalt, the maximum amplitude often exists
on the bee-like structure, and its numerical value seriously
affects the roughness value. Therefore, when the maximum
amplitude of asphalt is smaller, the stronger the viscosity is,
the stronger the anti-segregation and anti-ageing perfor-
mance will be.

3.4. Influence of APR on Technical Indexes of SBS Modified
Asphalt. After the SBS modified asphalt with different
contents of APR was adequately developed, the technical
indexes of SBS asphalt with different contents of APR were
tested, such as penetration (25°C), 48h softening point
difference, rotational viscosity (135°C), softening point, and
ductility (5°C). The test results are summarized in Table 6.

Table 6 shows that softening point, an index of high-
temperature viscosity of SBS asphalt, is not sensitive to the
use of APR. However, when the amount of APR continues to
increase, the penetration, as one of the conditional viscosity
indexes of SBS modified asphalt, gradually decreases. At the
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FIGURE 17: The roughness of SBS modified asphalt with different APR contents.
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F1gure 18: The maximum amplitude of SBS modified asphalt with different APR contents.
TaBLE 6: Technical performance of SBS modified asphalt with different contents of APR.
Penetration at 25°C, 48 h softening point difference, ~ Viscosity at 135°C, Ductility at

APR content, %

Softening point, °C

0.1 mm C Pa-S 5°C, cm
0 65.4 34 1.688 80.6 34.6
5 63.5 2.9 1.721 79.5 36.5
10 62.4 2.2 1.796 79.1 37.7
15 61.9 1.6 1.875 80.3 38.4
20 61.2 1.0 1.901 79.5 40.3

same time, the viscosity at 135°C increased significantly, and
the ductility at 5°C, an index characterizing the low-tem-
perature ductility of asphalt, also increased. These phe-
nomena indicate that the addition of APR can improve the
viscosity and low-temperature performance of SBS modified
asphalt.

It is particularly worth mentioning that the 48h soft-
ening point difference of SBS asphalt has changed signifi-
cantly with the use of APR. When the content of APR is 20%,
the value is only 29% when the amount is 0%. This

phenomenon shows that the high-temperature storage
stability of SBS modified asphalt has been greatly improved
by the addition of APR.

This phenomenon can be explained by the micro-image
of SBS asphalt after development. Figures 19 and 20 show the
fluorescence micrographs when the content of APR is 0%
and 20%, respectively.

Figures 19 and 20 show that APR can make SBS polymer
easier to be sheared during shearing. SBS particles with small
particle sizes have a more thorough swelling state after
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FiIGUrRe 19: Fluorescence microscopic binarization image of
complete development of SBS modified asphalt with 0% content of

APR.

=)

FIGURe 20: Fluorescence microscopic binarization image of
complete development of SBS modified asphalt with 20% content of
APR.

thorough development, and the network structure formed
by the product of vulcanization reaction with sulfur-based
stabilizer is denser. This also explains the differences in
technical performance in Table 6.

4. Conclusions

In this paper, based on the existing research, the influence of
APR on the dispersion of SBS polymer in asphalt was studied
with the help of a fluorescence microscope. With the help of
the atomic force microscope, the effect of SBS on the nano-
surface morphology of SBS modified asphalt was studied.
The technical performance of APR/SBS modified asphalt was
tested.

Comparing SBS modified asphalt with different contents
of APR, it is found that the larger the content, the smaller the
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maximum particle size and average particle size of SBS
particles. The addition of APR is conducive to the dispersion
of SBS into smaller particles in the process of shearing and
swelling. AFM test results show that with the increase of the
content of APR, the roughness and maximum amplitude of
SBS modified asphalt are smaller, indicating that APR also
has a significant impact on the nano-morphology of SBS
modified asphalt. From the macro-performance test results,
APR can improve the viscosity and low-temperature duc-
tility of SBS polymer asphalt to a certain extent and sig-
nificantly improve the high-temperature storage stability of
SBS polymer asphalt.
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