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Aiming at the cracking phenomenon of an aeolian sand-modified soil roadbed in an actual project near Tongliao city in eastern Inner
Mongolia, Northeast China, an in situ test was conducted. Temperature-compensated fiber Bragg grating (FBG) strain sensors and
moisture sensors were embedded into the test roadbed to monitor and observe the relationships between the temperature, moisture, and
deformation of the roadbed with respect to variations in climate conditions in such a cold region. For the core issues of roadbed soil
deformation and impact on the project, two climate conditions, namely, temperature and rainfall, were taken as external factors, while the
temperature and moisture of the roadbed soil were taken as internal factors controlling the deformation and failure of the roadbed soil. A
correlation analysis of the test roadbed monitoring data showed that the roadbed soil moisture was weakly affected by environmental
conditions. The roadbed soil temperature was independent of the rainfall but was significantly related to air temperature variation (the
correlation coefficient ranged from 0.6301 to 0.8926). Limited by the boundary conditions of the roadbed, the response of the variation in
the roadbed soil temperature to the air temperature variation gradually weakened from the shallow surface to the deeper parts and the lag
in the roadbed soil temperature variation relative to the air temperature variation became more evident. A correlation analysis of the
monitoring data of the roadbed soil deformation, soil temperature, and soil moisture showed that the roadbed soil moisture had a weak
correlation with the roadbed soil temperature. The roadbed soil deformation was independent of the soil moisture but was strongly related
to the roadbed soil temperature. Therefore, the strain of the test roadbed could reflect the roadbed deformation as temperature de-
formation. The temperature deformation of the roadbed superficial soil was significantly greater than that of the deep soil.

1. Introduction

Aeolian sand, also known as desert sand, wind-blown sand,
and dune sand, is sand that is formed, carried, and deposited
by wind. The total area of desert, Gobi desert, and desertified
land in China is 1.533 million km? including the arid regions
of Xinjiang, Gansu, Qinghai, Ningxia, and western Inner

Mongolia, as well as the semiarid regions of eastern Inner
Mongolia, northern Shaanxi, Liaoning, Jilin, and western
Heilongjiang. Summers are scorching, winters are cold, and
there is minimal rainfall in these locations. The yearly and
daily temperature differences are both significant, with the
average annual temperature difference ranging from 30 to
40°C [1]. With the gradual implementation of China’s Belt
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and Road Initiative and improvement in China’s domestic
transportation infrastructure, more roads and railroads are
expected to eventually pass through desertification zones
with large temperature differences.

In cold and arid desert areas, gravel supplies for highway
and railway construction are limited. The use of aeolian sand,
which is abundant, cheap, and easy to collect, is being ex-
plored as a road construction material. However, natural
aeolian sand has low bearing capacity, low shear strength,
poor uniform particle gradation, lack of cohesion, high po-
rosity, high permeability coeflicient, noncollapsibility, low
plasticity, and low water content, among other properties.
Natural aeolian sand must be modified to generate aeolian
sand-modified soil before being used in actual high-grade line
engineering. Aeolian sand-modified soil, which is also called
aeolian sand-ameliorated/sand-treated/sand-improved soil
or aeolian sand-stabilized soil, is a type of mixed material with
stable properties realized by adding a modifier into natural
aeolian sand. Cement was the very first modification used to
improve the compressive and shear strengths of aeolian sand
soil [2]. Currently, extensive studies have been conducted on
the preparation of materials for cement-modified (stabili-
zation) aeolian sand (including fillered sand grading) [3] in
terms of the cement content (8%-25%) [4], water-to-cement
ratio, and curing time [2, 4, 5]; and comprehensive modifi-
cation schemes [6], mechanical properties (including the
compressive strength [2-5, 7-10], California bearing ratio
(CBR) characteristics [7], shear strength [8, 11-13]; tensile
strength [3, 10], maximum dry density, and optimal moisture
content [5, 7, 8]); performance testing methods (such as a
comparison between compaction methods [14]); and road
construction technology [15]. These studies have shown that
after full curing, the compressive and shear strengths of
aeolian sand-modified soil mixed with an appropriate pro-
portion of cement may be considerably enhanced, meeting
roadbed engineering criteria. The findings provide scientific
support for the engineering applications of aeolian sand-
modified soils.

The surface of a high railway roadbed with aeolian sand-
modified soil under construction in Ke’erqin District, Inner
Mongolia, was found to exhibit transverse cracks at sig-
nificantly low temperatures. This case has demonstrated the
severity of temperature deformation disease in projects
where aeolian sand-modified soil roadbed were constructed
[16]. A series of physical and mechanical parameters should
be considered in the modification of aeolian sand soil
roadbeds in cold and arid regions: thermally induced soil
deformation, heat convection between air and soil, internal
heat conduction in soil, soil internal temperature field and
stress field coupling interaction, degree of soil saturation,
soil medium, and soil microstructure. Extensive research has
been conducted on thermally induced soil deformation.
According to the theoretical framework of thermodynamics
and based on soil structure, the interaction of medium in soil
caused by temperature variation has been considered [17],
and a thermo-hydro-mechanical coupling model of soil
has been established [18]. Studies on the cooling and
shrinkage deformation law of cement-stabilized aeolian
sand-modified soil have found significant soil shrinkage in a
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negative-temperature environment [19, 20]. Laboratory
investigations revealed that the lower the temperature, the
lower the specific heat capacity, and the higher the thermal
conductivity of cement-modified (stabilized) soil samples.
Under appropriate conditions, a mixture of aeolian sand,
cement, and clay can help minimize the temperature sen-
sitivity of modified soils [16, 21, 22].

Existing research on the temperature deformation of
aeolian sand-modified soil has mostly focused on theoretical
analyses and laboratory soil sample testing; however, there
has been no in situ testing of aeolian sand-modified roadbed
deformation in a natural environment. The physical and
mechanical parameters of aeolian sand-modified soil differ
from those of real soil due to sample size limitations; a small-
sample test cannot reflect the difference in the internal
temperature deformation due to the spatial difference in the
soil temperature during the internal heat conduction pro-
cess. To address these issues, a large-scale in situ test roadbed
filled with aeolian sand-modification soil was built beside the
Tongliao-Xinmin northern railway project in the cold zone
for this study. The monitoring sensor arrangement inside the
roadbed was innovatively developed, with several types of
sensors paired in nearby areas. This study, for the first time,
has achieved multiparameter remote and autonomous
monitoring of the soil moisture, temperature, and defor-
mation of a large aeolian sand-modified soil road roadbed
constructed in a cold climate setting. This article discusses
the temporal and spatial variations in the temperature and
deformation of the aeolian sand-modified soil roadbed in
cold regions based on the measured data. Moreover, it
provides a scientific basis for temperature disease control of
aeolian sand-modified soil roadbeds in such regions based
on field tests.

2. Materials and Methods

2.1. Geographical Location of the Test Site. The test site was
located in Ke’erqin, Inner Mongolia, China (Figure 1). The
deformation characteristics of the aeolian sand-modified soil
roadbed in a cold region with significant temperature var-
iation were studied relying on the Tongliao-Xinmin high-
speed railway project under construction.

The test site is located in the Ke’erqin Sandy Land, which
is near the Tongliao city in the middle and lower reaches of
the Xiliao River in eastern Inner Mongolia. Bounded by the
Daxing'an Mountains in the northwest and the northern
Hebei-Liaoxi mountains and hills in the south, high in the
west, north, and south, low in the east and in the middle, the
Ke’erqin Sandy Land forms a topography with a triangular
zone that opens to the east, with an elevation range of
120-1500m [23]. The Ke’erqin Sandy Land used to be the
Ke’erqin Prairie with luxuriant aquatic plants given that the
Xiliao River and the Xila Mulun River run through the area
from west to east. Due to the open reclamation of wasteland
in the late Qing Dynasty and a period of land reclamation in
the early days of the founding of the People’s Republic of
China, the sandy soil layer under the Ke’erqin grassland
gradually became desertified. Particularly in recent years, an
increase in overloaded grazing and human activities,
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FIGURE 1: Geographical location of the test site.

coupled with the dry climate, have made parts of this once
beautiful grassland to evolve into the largest sandy land in
China [24]. The aeolian sand-modified soil made of local
natural aeolian sand as the filling material for the Ton-
gliao-Xinmin high-speed railway roadbed is the most
economical and reasonable choice for the construction of the
Ke’erqin Sandy Railway.

The Tongliao-Xinmin high-speed railway has a total length
of 197 km and a design speed of 250 km/h. The railway departs
from Tongliao Station and passes through Kezuohou Banner
and Zhangwu County, Liaoning Province, and connects to
Xinmin North Station of Beijing—Shenyang high-speed railway
(Figure 1). Crossing the two provinces of Inner Mongolia and
Liaoning, it is the first high-speed railway in Inner Mongolia
that is connected to the nationally planned “eight horizontal
and eight vertical” high-speed rail network. This is of great
significance for Tongliao city to further integrate into the Bohai
Sea Rim, Central South Liaoning, and the Northeast Economic
Circle, as well as for the integration of Beijing-Tianjin—-Hebei
and fostering economic development [25].

2.2. Climatic Conditions of the Test Site. The Ke’erqin Sandy
Land, where the test site is located, has a temperate semiarid
continental monsoon climate, and temperature variation
has resulted in a natural temperature load on the Ton-
gliao-Xinminhigh-speed railway roadbed. Ke’erqin Sandy
Land is cold and long in winter, windy and dry in spring, hot

and rainy in summer, and cool and short in autumn [24]. The
annual precipitation in this area is in the range of 200-650 mm,
of which 70% of the precipitation is concentrated during June to
August. The annual evaporation is in the range of 1600
-2400 mm, mainly concentrated during April to September,
which is higher than 78% of the annual evaporation; the
multiyear average relative moisture is 55% [26, 27]. Under the
influence of the warm low pressure in the Pacific and the cold
high pressure in Mongolia, the northwest wind and northerly
wind prevail in winter and spring, and the southeast wind
prevails in summer. The average annual wind speed is 3.5 m/s,
the maximum wind speed is 21.7 m/s, and the number of windy
days often reaches approximately 30 days [26, 28]. The annual
sunshine hours are above 2800 h, and the annual average frost-
free period is 140-150 days [27, 28]. The annual average air
temperature is 6.6°C, the extreme maximum air temperature is
36.48°C, and the extreme minimum air temperature is
—27.64°C. The temperature difference of the soil at a depth of
1 cm below the ground can reach 30°C or more between day and
night. The maximum freezing depth of the sand is 205cm
[29, 30].

2.3. Materials and Parameters. The aeolian sand utilized in
the test roadbed was obtained from the same area of the
Tongliao-Xinmin northern railway project. It primarily
contained quartz with small quantities of plagioclase and
potash feldspar. The maximum dry density was 1.863 g/cm”,
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FIGURE 2: Spatial relationship diagram of the test roadbed and the railway under construction.

the specific gravity of the soil particles was 2.685, the
nonuniformity coefficient C, was 2.1 <5, and the curvature
coefficient C, was 0.92 < 1, suggesting that the particles were
reasonably uniform and had a poor gradation [21]. The
aeolian sand modifier was prepared with regular Portland
cement and clay. Portland cement has a strength grade of
P.O. 42.5 and an initial setting time of 117 min. Clay has an
average moisture content of 8.8%, a plastic index of 10.19,
and a liquid index of —0.59. The maximum dry density of the
aeolian sand-modified soil mixed with 5% cement and 10%
clay was 1.87 g/cm®, and the best water content was 11.5%,
based on laboratory experiments. The unconfined com-
pressive strength and splitting tensile strength of the stan-
dard specimen were 0.7479 and 0.0398 MPa, respectively,
after seven days of curing [16]. The linear expansion coef-
ficient was 12.15 107%/°C [22].

2.4. Scheme of the Test Roadbed. The test roadbed was built
between and parallel to the Tongliao-Xinmin high-speed
railway and the existing railway (Figure 2), with a total length
of 150 m. It was divided into five equal roadbed sections
constructed with five different modified materials. The bot-
tom width of the roadbed is 15 m, the top width is 7 m, and the
height is 4 m. This article discusses the influence of climate on
the temperature and deformation of the roadbed of aeolian
sand-modified soil based on only the test data of test roadbed
Section 1. The mass ratio of the aeolian sand-modified soil
material used in the roadbed of test roadbed Section 1 is as
follows: cement mixing ratio—5%, clay soil mixing
ratio—10%, and aeolian sand mixing ratio—85%.

The test roadbed was located approximately 10 km from
the packing mixing station, and the material transit time was

less than 20 min. Pumping wells provided water for material
mixing and roadbed maintenance near the mixing station
and the test section. The mixing station could adjust the
moisture content based on the temperature throughout the
material mixing operation. The mixing moisture contents
were 11.5%, 12.5%, and 13.5% in the temperature ranges of
20-25, 25-30, and 30-35°C, respectively. Eight dump-type
transport vehicles (26.5 m*/vehicle) were employed to fill the
roadbed. To maximize the management of water, the top of
the transport vehicle was covered with light-colored geo-
textiles while transporting the supplies. After the packing
was brought to the dumping location, the paving and rolling
of the packing were completed promptly, and a bulldozer
and a roller were used for continuous paving and rolling.
Light-colored geotextiles were covered after rolling to avoid
moisture (Figure 2). The duration between the start of
material transportation and the completion of roadbed
compaction should not exceed 117 min; that is, compaction
must be finished prior to the initial setting of cement. Be-
cause the transverse cracks were presented before the surface
roadbed material and auxiliary facilities setting, the roadbed
surface materials of the experimental section and the actual
operation roadbed are therefore not the same.

Roadbed filling: the filling and compaction tests were
conducted in accordance with the Construction Code for
Railway Roadbed (TB 10202-2002) [31]. The paving method
combining layered filling, vibration compaction, and static
compression is based on the assumption that the compac-
tion degree is not less than 92% and that the seven-day
unconfined compressive strength is not less than 0.25 MPa.
By layering each layer with a thickness of 35 cm (compaction
thickness of 30 cm and a loosening coefficient of 1.16), the
optimal moisture content was 11.5%, and there were six
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Figure 3: Continued.
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F1GUre 3: Temperature, humidity, and deformation sensors embedded in the test roadbed soil and data collection terminal. (a) Buried
groove excavation, (b) fiber optic cable layout, (c) humidity sensor, (d) burying of humidity sensor, (e) humidity sensor data collection
terminal, (f) fiber grating (temperature) strain sensor, (g) embedded fiber grating (temperature) strain sensor, and (h) strain sensor data

acquisition terminal.

compaction cycles (static pressure 1 time — weak vibration
1 time — strong vibration 2 times — weak vibration 1
time — static pressure 1 time). A combination of 22t and
18t rollers was used; the first static compaction and vi-
bration compaction were performed by the 22t roller, and
the last static compaction and vibration compaction was
performed by the 18t roller. The longitudinal roller track
overlap between the rows was greater than 40cm, the
longitudinal lap length was greater than 2m, and the
staggered joints of the upper and lower layers were greater
than 3 m. Huge rollers cannot be employed within a 1 m
range of the roadbed slope; therefore, small vibration
rammer compaction was used instead. When a layer of
filling qualified in the initial setting before the next filling
layer is built, no additional care is required. If the next layer
of paving is not completed before the initial setting due to
sensor embedment or other reasons, the geotextile sprinkler
maintenance must be completed within seven days.

2.5. Sensors and Layout. An appropriate number of tem-
perature-compensated FBG strain sensors (mark graphic A,
code TS, used for both temperature and deformation
monitoring), FBG ordinary strain sensors (mark graphic A,
code S, used for soil deformation monitoring) [32], and
plug-in probe soil moisture sensors (mark graphic O, code
W, used for soil moisture monitoring) were embedded into
the test roadbed. This was done to monitor the spatial
distributions of the temperature, deformation, and moisture
of the test roadbed soil in the cold climate environment,
considering the sensor spatial distribution and cost
(Figure 3). The sensors were embedded at the same time as
roadbed filling. The sensors and wire were embedded in the
positioning layer by digging a 0.2m deep trench after the

filler was filled 0.2 m above each positioning layer (F1-F5).
Before the paving of next layer , the trench was backfilled
with aeolian sand-modified soil before initial setting and
compacted.

All the sensors were embedded at the space monitoring
node of the test roadbed formed by the intersection of three
vertical planes perpendicular to the long axis of the roadbed
(abbreviated as cross sections H1, H2,and H3 from NW to SE),
five horizontal planes (abbreviated as horizontal planes F1-F5
from bottom to top), and seven vertical longitudinal planes
parallel to the long axis of the roadbed (abbreviated as lon-
gitudinal sections L1-L7 from NE to SW) (Figure 4). The long
axis of all the deformation sensors embedded into the roadbed
soil was consistent with the long axis of the test roadbed, and
the deformation of the roadbed soil measured by the sensors
was the deformation along the long axis of the roadbed.

Using a combination of letters and Arabic numerals to
mark the sensors in the monitoring node in the roadbed, the
first letter H corresponds to the cross section, and the
numbers 1 to 3 represent cross sections H1-H3, respectively.
The second letter F corresponds to the horizontal plane, and
the numbers 1-5 represent the horizontal planes F1-F5,
respectively. The third letter L corresponds to the longitu-
dinal section, and the numbers 1 to 7 correspond to the
longitudinal sections L1 to L7, respectively. For example,
node numbers H2-F3-L4 represent nodes where cross sec-
tion H2, the horizontal plane F3, and the longitudinal
section L4 intersect. Furthermore, each sensor in the
roadbed is assigned a unique number: node number + sensor
type code, for example, the number H1-F2-L3-TS represents
the temperature-compensated FBG strain sensor embedded
at the monitoring node “H1-F2-L3” (the intersection be-
tween cross section H1, horizontal plane F2, and longitu-
dinal section L3).
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FIGURE 5: Curves of soil moisture of each layer in the roadbed under climatic conditions.

The sensors in the test roadbed were connected
to the modem and data acquisition equipment via signal
cables, and the moisture, temperature, and strain
data were automatically collected and uploaded to
the cloud platform through a wireless network. Thus,
the monitoring data were collected remotely and
uninterruptedly.

3. Monitoring Results

The sensors embedded into the roadbed produced monitoring
data for a winter spanning from December 2017 to April 2018.
The air temperature and rainfall data of the study area during
the same monitoring period were obtained from the website of
China National Meteorological Administration.
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3.1. Temporal and Spatial Variations in the Soil Moisture
under Climatic Conditions. Figure 5 shows that during the
monitoring period, the soil moisture in the F5 layer of the
roadbed is relatively high, the soil moisture variation at H2-
F5-L6-W is in the range of 12.1%-12.7% under the influence
of the air temperature and rainfall, and the soil moisture
variation curve is relatively straight. However, the curve of
the soil moisture at H1-F5-L2-W drops significantly around
February 5, 2018. It is speculated that the cause of this
phenomenon is the cracking and expansion of the soil,
which makes the low-temperature air to enter and the water
to freeze, thus resulting the decline in soil moisture. The
moisture in the soil layers F1, F2, and F3 is mainly in the
range of 4%-6% during the period of negative average air
temperature. When the average air temperature rises to
positive (—2°C on March 12, 2018, 3°C on March 13, 2018),
the soil moisture in the F1, F2, and F3 layers increased, of
which F1 and F2 increased significantly, with an increase of
approximately 5%, while the increase in the soil moisture of
layer F3 is relatively small, with an increase of approximately
2%. The daily precipitation on February 26, 2018 was
5.4 mm; however, the moisture in each layer of the roadbed
did not vary significantly due to the rainfall, indicating that
the moisture of the roadbed soil is slightly affected by the
small rainfall in cold and arid areas.

3.2. Temporal and Spatial Variations in the Soil Temperature
under Climatic Conditions. The distances from the top
surface of the test roadbed to the F5 and F4 layers are 20 and

50 cm, respectively. Figure 6 shows that the soil temperature
curves of the three sensors in the F5 layer are more con-
sistent and have better synchronization with the air tem-
perature variation, while the soil temperature curve of the F4
layer slightly lags behind the air temperature variation,
particularly when the air temperature changes from negative
to positive. The temperature of the soil near the top of the
roadbed responds more instantly and sensitively to varia-
tions in the air temperature in general.

The distance from the top surface of the test roadbed to
the F2 layer is 200 cm. Figure 7 shows that the soil tem-
perature of the F2 layer in the roadbed remains at negative
temperature when the air temperature rises to positive.
There is an evident lag effect between the time of the lowest
temperature of the roadbed soil and the time of the lowest air
temperature.

Figure 8 shows that the closer to the surface of the
roadbed, the greater the effect of the air temperature on the
soil temperature and the greater the range of soil temper-
ature variation. When the air temperature varies in the range
of —22.5-18°C, the sensors H1-F5-L1-TS, H1-F4-L7-TS, and
H1-F2-L3-TS record the soil temperature varying in the
ranges of —11.2-9.7°C, —10-9.8°C, and —9.3 to —1.3°C, re-
spectively, and the time of the lowest soil temperature lags
behind the lowest air temperature by 2, 15, and 38 days,
respectively. This shows that the shallower the monitoring
node, the more sensitive the soil temperature to the air
temperature variation. The specific performance is as fol-
lows: in the cooling process, the soil temperature at the
shallow node cools faster, and the lowest temperature is
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depth of the monitoring sensor.

TaBLE 1: Lag days of the minimum soil temperature relative to the minimum air temperature, the embedded depth of the monitoring sensor,
and the variation range of the soil temperature.

Sensor number Lag days (d) Depth (m) Minimum soil temperature (°C) Variation range of the soil temperature ("C)
H1-F5-L1-TS 2 0.2 -11.2 -11.2 to 9.7
H1-F4-L7-TS 15 0.5 -10 —10 to 9.8
H1-F2-L3-TS 38 2.0 -9.3 —-9.3to-1.3

lower than that at the deep node. In the heating process, the  strain sensor is under tension, thatis, the soil where the sensor
soil temperature at the shallow node rises faster, and the  is embedded has expanded or stretched. Conversely, a neg-
highest temperature at that node is relatively higher. Based  ative strain reading indicates that the strain sensor is com-
on Figures 6-8, it can be seen that from the surface to the  pressed, thatis, the soil where the sensor islocated has shrunk.

inside, from shallow to deep, the internal soil temperature of The soil strain variation curves in Figure 10 show that the
the test roadbed is unevenly distributed and varies with time  strain of the soil in the F5 layer is much greater than that in
differently under the cold climatic condition. the F2 layer. The soil strain variation in the F2 layer is —73.8

A relationship is established (Figure 9) on the basis of the ~ to 214.8 pe during the monitoring period; however, the soil
lag days of the minimum soil temperature relative to the  strain variation in the F5 layer is —889.5 to 694.9 pe. The
minimum air temperature and the embedded depth (the  trendin the soil strain variation at the same layer is the same,
distance between the monitoring node and the top surface of ~ and the difference in the soil strain at different positions in

the roadbed) of the monitoring sensors (Table 1). the same layer is small, but significant in different layers.
Figure 9 shows that the farther away from the top surface Figure 11 shows that the variation trend and magnitude

of the roadbed, the more evident the hysteresis effect of the = of the soil strain at each layer in the roadbed are different

lowest soil temperature relative to the lowest air tempera-  under the same climatic condition. The positive and negative

ture. The relationship between the lag days (Y) and the  soil strains in the F3, F4, and F5 layers of the roadbed are
embedded depth of the sensor (X) is logarithmic curve fitted, =~ greater than those in the F1 and F2 layers in general. The
and the equation of the logarithmic curve 1is  absolute value of the soil maximum strain in the F1 and F2
Y =15.711n(X) +26.76, R*=0.99. layers does not exceed 300 ye, but those in the F3, F4, and F5

layers are greater than 600 pe. During the period of negative

air temperature, the soil strains in the F3, F4, and F5 layers
3.3. Temporal and Spatial Variations in the Soil Deformation are all negative, and the soil strain amount relationship is
under Climatic Conditions. Theunit ofthe small deformation ~ F5> F4 > F3. During the period of positive air temperature,
of the modified soil recorded by the strain sensors is the soil strains in the F3, F4, and F5 layers are positive, and
microstrain (ue). A positive strain reading indicates that the  the soil strain amount relationship is the same, F5 > F4 > F3.
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TABLE 2: Relationship between correlation coefficient |r,,| and strength of correlation.

| rxyl

0.2-0.4

0.4-0.6 0.6-0.8 0.8-1.0

Strength of correlation

Weak correlation

Moderate correlation  Strong correlation ~ Very strong correlation

TaBLE 3: Correlation between the variations in the soil temperature and air temperature and rainfall.

Sensor number of soil Correlation between the variations in soil temperature Correlation between the variations in soil
temperature and air temperature |r,,| temperature and rainfall |r,,|
H1-F5-L1-TS 0.8059 0.0855

H2-F5-L5-TS 0.8926 0.1232

H3-F5-L3-TS 0.8171 0.1190

H1-F4-L7-TS 0.6301 0.0778

The soil deformation monitoring results show that during
negative air temperature, the soil in the F3, F4, and F5 layers
exhibited shrunk deformation, and all have tensile defor-
mation during positive air temperature. However, the strain
amounts of these three layers are different even when they
are under the same air temperature. The closer to the top
surface of the roadbed, the greater the negative strain of the
soil at the low temperature and the positive strain at high
temperature, the greater the amplitude of the strain varia-
tion, and the more evident and sensitive the response of the
soil strain to the air temperature.

The response of the soil strain at different locations of the
test roadbed to the same air temperature has significant
temporal and spatial differences, resulting in an uneven
distribution of the soil deformation in the roadbed, which is
the fundamental reason for cracking in the roadbed soil.
According to a previous study, the critical tensile strain for
cracking and deformation of the top surface of the roadbed is
600 pe [33]. Therefore, based on the results of the roadbed
strain monitoring data, the following part of the article will
focus on the analysis of the factors affecting soil deformation
and cracking in roadbed layers F3, F4, and F5.

4. Correlation Analysis of Factors Influencing
Roadbed Soil Deformation

The change process of the soil moisture, temperature, and
deformation over time in the static roadbed can be attributed
to the variation in the external environment conditions,
which are the air temperature and rainfall. The variations in
the air temperature and rainfall directly cause changes in the
temperature and humidity of the roadbed soil. The changes
in the temperature of the roadbed soil further lead to
changes in the soil deformation and soil moisture, and the
impact of the soil moisture change on the soil deformation
should be evaluated.

The variations in the soil moisture, temperature, de-
formation, and air temperature constitute four types of data
series. The correlation analysis method is used to explore the
effects of the air temperature on the soil temperature, hu-
midity, and strain to determine the main external influ-
encing factors leading to soil deformation and crack
formation. The value of the correlation coefficient between
the variation in the air temperature and the change in the soil

temperature, and soil humidity is determined, as well as the
correlation coefficient between the change in the soil tem-
perature, soil humidity, and soil strain, to judge the strength
of the correlation. If the correlation is strong, the impact will
be significant, and vice versa, the impact will be small. The
correlation analysis method is as follows:

Suppose there are two data series: X ={x;} and Y={y;},

i=1,2,3, ..., n,and their average values can be expressed as
1 n
X =- Z X;
=
(1)
1 n
y=- )

Il
—

The correlation coefficient r,, of the two data series is

calculated using the following formula:
— i (xi-%)- (-7 -
xy n = n — :
\/(Zi:l (x; = x)z) : (Zi:l (yi— )’)2)

The value range of the correlation coefficient is
—-1<ry,<+1, where r,,<0 indicates that X is negatively
correlated with Y; ry, > 0 indicates that X and Y are related;
and r,, =0 implies that X and Y are irrelevant [34, 35]. The
greater the |r,| value, the stronger the relationship between
X and Y. The correlation coefficient |ry,| and the related
degree of the recommended classification comparison re-
lationship was referred from Xiao Yong and Shao Fan
[36, 37], as listed in Table 2. The following qualitative de-
scription of the correlation strength follows the recom-
mended interpretation of ry,: 0.0-0.2: irrelevant; 0.2-0.4:
weak correlation; 0.4-0.6: moderate correlation; 0.6-0.8:
strong correlation; and 0.8-1.0: very strong correlation,
although other interpretations have been made [38-40].

4.1. Correlation Analysis between Internal Factors of Roadbed
Soil Deformation and External Factors. In the crack for-
mation and deformation processes of the soil, the internal
factors are direct influencing factors, whereas the external
factors indirectly affect the soil deformation by affecting the
internal factors. A correlation analysis between the external
factors (air temperature and rainfall) and the internal factors
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TaBLE 4: Correlation between the variation in the soil moisture and the rainfall.

Sensor number of soil moisture

Correlation between the variation in the soil moisture and the rainfall |r,,|

H1-F5-L2-W
H2-F5-L6-W
H3-F3-L4-W

0.1595
0.0117
0.0886

TaBLE 5: Correlation coeflicient of roadbed soil temperature and soil moisture.

Correlation coefficient of soil temperature and soil moisture |r,,|  HI1-F5-L1-TS = H2-F5-L5-TS  H3-F5-L3-TS  HI1-F4-L7-TS
H1-F5-L2-W 0.3230 0.5724 0.3367 0.1754
H2-F5-L6-W 0.2219 0.0390 0.2126 0.3263
H3-F3-L4-W 0.1127 0.1550 0.0829 0.2758

TaBLE 6: Correlation coeflicient of roadbed soil deformation and soil moisture.

Sensor number of soil moisture

Sensor number of soil deformation

Correlation coefficient between soil deformation and soil
moisture |7,,|

HI-F5-13-S 0.5064
HI-F5-12-W H1-F5-L1-TS 0.1458
H2-F5-17-S 0.0875
H2-F5-L6-W H2-F5-L5-TS 0.0650

TaBLE 7: Correlation coefficient of roadbed soil deformation and soil temperature.

Sensor number of soil temperature

Sensor number of soil deformation

Correlation coefficient between soil deformation and soil
temperature |r,,|

H3-F5-L3-TS 0.9332
H2-F5-L7-§ 0.9652
H3-F5-L3-TS H2-F5-L5-TS 0.9508
HI1-F5-L3-§ 0.9593
H2-F5-L5-TS 0.9744
H2-F5-L7-S 0.9651
H2-F5-L5-TS H2-F5-L5-TS 0.9533
H1-F5-L3-S 0.9665
H1-F5-L1-TS 0.8227
H2-F5-L7-S 0.9708
H1-F5-L3-S 0.9571
H1-F4-L7-TS 0.9598
H1-F4-L7-TS H2-F4-L3-S 0.9845
H3-F4-L7-S 0.9758

(soil temperature and soil moisture) that produce defor-
mation and cracks in the roadbed soil should be conducted.

Table 3 shows that the correlation coefficient between the
soil temperature in the F5 layer and the air temperature is
greater than 0.8, which represents a very strong correlation;
the value of the correlation coefficient between the soil
temperature in the F4 layer and the air temperature is be-
tween 0.6 and 0.8, representing a strong correlation, while
the correlation coeflicients between the soil temperature in
the F5 and F4 layers and rainfall are less than 0.2, repre-
senting an irrelevant result. The correlation analysis results
show that the change in the roadbed soil temperature is
significantly affected by the variation in the air temperature,
irrespective of the rainfall. The variation in the air tem-
perature is the main reason for the change in the soil
temperature of the roadbed.

Table 4 shows the correlation analysis results of the change
in the soil moisture monitored by the moisture sensors in the
F3 and F5 layers and the rainfall recorded in Figure 5. The
results show that the correlation coefficients between the
roadbed soil moisture and rainfall are less than 0.2, repre-
senting an irrelevant result. This shows that the very little
rainfall in the cold and arid areas cannot significantly affect the
change in the soil moisture in the roadbed, particularly when
the moisture content of the roadbed soil is very low.

4.2. Correlation Analysis between Deformation of Roadbed Soil
and the Internal Directly Influencing Factors. The above
correlation analysis shows that the air temperature variation
significantly affects the change in the roadbed soil tem-
perature and that the influence of rainfall on the roadbed soil
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moisture is negligible. The correlation analysis between the
roadbed soil deformation and the internal directly influ-
encing factors (soil temperature and soil moisture) is pre-
sented below.
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(1) Correlation Analysis between Soil Temperature and Soil
Moisture of Roadbed. Table 5 shows the correlation analysis
results of the soil moisture in the F5 and F3 layers of the
roadbed in Figure 5 and the soil temperature in the F5 and
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F4 layers of the roadbed in Figure 6. From the F3 to F5 layers
of the roadbed, the correlation coefficient between the
change in the soil moisture and the change in the soil
temperature is mostly less than 0.4, indicating that the
change in the soil moisture is weakly correlated to the change
in the soil temperature. When the soil moisture content in
the upper part of the roadbed in the cold and arid areas is
low, the change in the soil temperature of the roadbed has a
weak effect on the moisture content.

(2) Correlation Analysis between Soil Deformation and Soil
Moisture of Roadbed. Table 6 shows the correlation analysis
results of the soil moisture recorded by the two moisture
sensors placed in the F5 layer of roadbed cross sections 1 and
2 and the soil strain variation recorded by the two strain
sensors placed beside the moisture sensor. From Table 6, it
can be found that the correlation coefficients between the
strain variation at different positions of the soil in the F5
layer and the moisture variation of the soil at the close
position are mostly lower than 0.2, which is irrelevant.
Therefore, it can be considered that the strain variation of the
roadbed soil is independent of the change in the soil
moisture.

(3) Correlation Analysis between Soil Deformation and Soil
Temperature of Roadbed. Table 7 shows the correlation
analysis results between the soil temperature variation in the
roadbed recorded by the temperature sensors in the F5 and
F4 layers and the soil strain variation recorded by the strain
sensors at different locations in the same layer. Table 7 shows
that the correlation coefficients between the soil temperature
variation in the F5 and F4 layers of the roadbed and the soil
strain variation at different positions in the same layer are
greater than 0.8, representing a very strong correlation.
Therefore, it is determined that the temperature change in

the roadbed soil is the key factor leading to deformation and
cracking of the roadbed soil.

Combining the results listed in Tables 4 and 5, the soil
strain change of the roadbed is found to be independent of
the change in the soil moisture and is strongly correlated
with the soil temperature variation, proving that the roadbed
soil temperature and the soil moisture are weakly correlated
indirectly. The results listed in Table 5 show that the two
factors, soil temperature variation and soil moisture varia-
tion, that affect the deformation of the roadbed soil are
independent of each other and that the soil strain is mainly
affected by the soil temperature. The air temperature vari-
ation (external factor) is converted into soil temperature
changes via soil heat conduction, and soil temperature
changes (inner factor) are the direct factors leading to soil
strain changes.

The above research reflects that the soil deformation of
the test roadbed during the monitoring period is the tem-
perature deformation.

4.3. Temporal and Spatial Variation Laws of Temperature
Deformation of Roadbed Soil. The average strains in the F5
and F4 layers of the roadbed can be calculated from the
strain monitoring data of the five sensors located in the F5
layer and the three sensors located in the F4 layer
(Figure 12).

From the relationship between the average strain of the
F5 and F4 layers and the air temperature in Figure 12, two
statistical graphs of the average strain in the F4 and F5 layers
as a function of the air temperature are drawn, and the data
trend is linearly fitted, as shown in Figures 13 and 14.

Figures 13 and 14 show that the strain of the soil at
different positions at the same level (same depth) inside the
roadbed is different under the same air temperature, but the
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average strain of the soil is linearly correlated with the air
temperature overall. When the air temperature drops from
0°C to —24°C, the strain of the soil shows a negative value and
a linear downward trend, indicating that the roadbed soil
continues to shrink and deform as the air temperature drops.
When the air temperature rises from 0°C to 18 or 24°C, the
negative strain of the soil decreases, and the positive strain
gradually increases, indicating that the shrinkage and de-
formation of the roadbed soil continue to decrease and turn
into expansion and deformation during the rise in the air
temperature. The fitting equations for the relationship be-
tween the average strain in the F4 and F5 layers of the
roadbed and the air temperature variation are e, =32.60-T-
54.83 (R*=0.72) and &5=26.11-T-195.82 (R*=0.84), re-
spectively. The air temperatures corresponding to the critical
tensile strain of 600 pe of the soil in the F4 and F5 layers of
the roadbed are —16.72°C and —15.47°C, respectively. The
slope of the fitted straight-line equation is the rate of change
in the soil strain with the soil temperature, that is, the
thermal expansion coefficient of the modified soil obtained
from the field test. The thermal expansion coefficients of the
F4 and F5 roadbed layers are 32.6 x 10"® and 26.11 x 10~°/°C,
respectively, which differ from the linear expansion coeffi-
cients of the aeolian sand-modified soil measured in the
laboratory [22], perhaps due to different sizes and bound-
aries. The tested expansion coeflicient is the linear expansion
coefficient of the sample strip along the long axis, and the
size of the sample strip used for measuring the indoor
thermal expansion coefficient was only
10 mm x 10 mm x 50 mm. However, the boundary of the
surrounding soil affects the deformation of the modified soil
in a large-scale field roadbed test, which can better reflect the
actual scenario.

The embedded depth of the sensor is the distance below
the datum level of the roadbed’s upper surface. For example,
the buried depth of the sensor in the F5 layer is 0.2 m from
the roadbed’s upper surface; hence, its hidden depth is 0.2 m,
as are the buried depths of the four other layer sensors
(Figure 4(b)). The relationship between the embedded depth
of the sensors and the average strain of the soil can be
obtained by calculating the absolute value of the average
strain of the soil at different layers, as shown in Figure 15.

Figure 15 shows that the soil deformation of the roadbed
does not decrease monotonously with the increase in the
embedded depth of the sensor, but first decreases and then
increases sensor. The polynomial fitting equation for the
relationship between the average strain of the roadbed soil
(¢) and the embedded depth of the sensor (X) is
£=427.66 — 245.47-X + 40.02-X> (R*=0.94), which indicates
that the strain of the roadbed soil at different depths is
different. The closer it is to the top surface of the roadbed, the
greater the temperature deformation of the roadbed soil.
Based on field monitoring data, aeolian sand-modified soil
roadbed was found to shrink at low temperatures, and the
shrinkage strain of the soil at different depths varied sig-
nificantly at low temperatures. The strain on the surface of
the roadbed exceeded the critical value of roadbed cracking
strain; however, the strain near the bottom of the roadbed
was lower than the critical value. The surface of the aeolian
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FiGURE 16: Top view and crack detail of the roadbed and site.

sand-modified soil road roadbed fractured in cold areas due
to the process of low-temperature shrinkage and uneven
surface and inner shrinking Notably, the average strain at
the bottom of the roadbed is greater than that of the soil
above it, which may be attributed to the thermal expansion
and contraction of the site at the bottom of the roadbed.
Because the test section of the roadbed was built on a
nonrigid site, although it was cleaned and rolled before
paving the test section, the nonrigid site would still deform
in cold climates, affecting the deformation of the test sec-
tion’s bottom. Field investigations in winter (December 27,
2017) revealed that the ground around the site where the test
roadbed was located had ground cracks that were nearly
perpendicular to the roadbed direction, and the ground
cracks penetrated the roadbed Figure 16; the freeze-
shrinkage deformation of the site where the test roadbed was
located had a nonnegligible effect on the soil strain at the
bottom of the roadbed.

5. Conclusions

Based on cracks induced in an aeolian sand-modified soil
roadbed, this study considered a high-speed railway roadbed
project under construction in a cold area to establish a large-
scale in situ aeolian sand-modified soil roadbed to study the
temporal and spatial variations in the temperature and
deformation inside the roadbed of the aeolian sand-modified
soil. The variations in the soil temperature, moisture, and
strain of the roadbed under the influence of the climatic
condition in this cold region were monitored using fiber
Bragg grating (FBG) strain sensors embedded into the
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roadbed. The correlation analysis method was used to an-
alyze the correlation between the monitoring data (soil
temperature, moisture, and strain) and the climatic condi-
tions (air temperature and rainfall), to explore the corre-
lation between the internal and external factors that cause
the roadbed soil to deform, and to determine the main
influencing factors that cause the roadbed soil to deform and
crack. The following conclusions can be drawn from the
study:

(1) The change in the soil moisture in the aeolian sand-
modified soil roadbed had little effect on the de-
formation of the modified soil roadbed, and the
strain variation in the roadbed soil was independent
of the change in the soil moisture. The soil moisture
content in the aeolian sand-modified soil roadbed
was relatively low, and the very little rainfall in the
cold and arid areas had a weak effect on the change in
the soil moisture content in the roadbed.

(2) The direct cause of roadbed soil deformation in a
low-air-temperature environment was found to be
the variation in the roadbed soil temperature, and
the variation in the roadbed soil temperature was due
to the change in the air temperature. The roadbed
boundary controlled the uneven spatial distribution
of the soil temperature inside the roadbed, leading to
significant differences in the thermally induced soil
temperature. The surface of the aeolian sand-mod-
ified soil roadbed fractured in cold areas due to the
process of low-temperature shrinkage and uneven
surface and inner shrinking. The variation in the
internal deformation of the modified soil roadbed
had a strong correlation with the temperature change
of the roadbed soil. The response of the roadbed soil
temperature to the air temperature exhibited a
hysteresis effect. The farther away from the roadbed
surface, the more evident the hysteresis effect.

(3) The deformation of the aeolian sand-modified soil
roadbed was linearly related to the air temperature
change. A negative air temperature caused the
roadbed soil to shrink and deform. The amount of
soil shrinkage and deformation increased with the
decrease in the negative air temperature. The air
temperature changed from negative to positive, and
the negative strain of the soil gradually decreased and
turned positive. The deformation amount of the
roadbed soil first decreased and then increased with
increasing embedded depth of the sensor. The
temperature deformation of the site foundation had
a significant effect on the soil at the bottom of the
roadbed.

In a field test with the aeolian sand-modified soil
roadbed, the soil temperature field and soil strain field of the
roadbed under the influence of the air temperature were
intuitively monitored using a temperature-compensated
optical fiber sensor. Some valuable data were obtained, and
some laws based on the field test data were determined.
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However, there remain shortcomings in the test; for ex-
ample, the number of sensors was insufficient, and the soil
deformation was measured only in one direction. In the
future, increasing the number of monitoring points and
performing the deformation monitoring of the roadbed soil
in three orthogonal directions can help obtain a more in-
depth and comprehensive understanding of the temperature
deformation of the roadbed soil.
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Understanding the evolution of mechanical properties and pore structure of semirigid base under large temperature difference is
of great significance for evaluating the durability and safety of semirigid base structure and studying the damage cracking
mechanism and prevention technology of semirigid base induced by large temperature difference climate. This paper studies the
variation law of peak stress and dynamic modulus, the evolution characteristics of pore structure, and the pore size distribution of
semirigid base after different cycles at different temperature intervals. Based on the analysis of peak stress and dynamic modulus
test results, the degradation effect of freeze-thaw environment (-20°C~20°C) on semirigid base is far greater than that of high-
temperature environment (20°C~60°C) and low-temperature environment (-=5°C~—30°C). There are significant decreases in peak
stress and dynamic modulus of semirigid base in the late cycle (12 to 15 cycles). Under low-temperature and freeze-thaw
environments, the axial load resistance of semirigid base is significantly correlated with the deformation resistance, and the
correlation between the two is not significant under high-temperature environment. The variability of the thermal expansion and
contraction characteristics of the internal microscopic phases of the semirigid base and the force characteristics of the pore
interface phases are the root causes of the damage and cracking of the pavement base in a large temperature difference climate.

1. Introduction

Northwest China, influenced by topography, latitude, and
altitude factors, formed a more unique and typical temperate
continental cold and arid climate; in many areas, the
maximum temperature difference between day and night is
up to 25~30°C, the maximum annual temperature difference
is up to 70~80°C, and the characteristics of the large tem-
perature difference are obvious, so the durability of high-
grade highway infrastructure by the large temperature dif-
ference appeared to be a significant impact. Semirigid
materials, especially cement-stabilized materials, have a
strong sensitivity to temperature and humidity due to their
structural properties. Under the effect of continuous and
periodic high temperature in the summer in the northwest,

semirigid base materials inevitably produce drying shrink-
age cracking due to changes in humidity and moisture [1,2].
Continuous and cyclic low temperature in winter can easily
lead to brittle cracking of semirigid base material [3]. In early
spring, the alternating cycle effect of positive and negative
temperature is obvious, and the semirigid base material is
subject to temperature change and humidity change and
produces obvious temperature shrinkage cracking and
drying shrinkage cracking [4, 5]. It can be seen that the
violent fluctuation of temperature in the area of large
temperature difference has a very serious effect on the in-
ternal pore cracks of the semirigid base material.
Currently, in the field of road material and pavement
design, the main means of monitoring microscopic pore
cracks in inorganic solid material are CT techniques [6],
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electron microscopy scanning (SEM) techniques [7], digital
image correlation (DIC) techniques [8], acoustic emission
(AE) techniques [9], and so on. Hu et al. [10] used an X-ray
CT device to observe the internal pore space morphology of
porous asphalt concrete during their study of the clogging
resistance of porous asphalt concrete, thus establishing a link
between the pore characteristics and the clogging resistance.
Zhao et al. [11] further quantitatively described the pro-
portional pore size and spatial distribution of effective and
ineffective pores within porous asphalt concrete. Liang et al.
[12] studied the indoor preparation method and field
compaction process of cement-stabilized gravel (CSM)
material, and the three-dimensional internal structure, pore
number, and pore gradation of CSM were studied by in-
dustrial CT analysis. SEM techniques have been widely used
in recent years for the microstructure characterization of
road material and are often combined with X-ray diffraction
(XRD) and energy spectrometry (EDS) techniques to
characterize the mineral phase changes and elemental dis-
tribution of road concrete material [13, 14]. Liu et al. [15]
used a combination of SEM and EDS to characterize the pore
structure and elemental content of pavement base material
mixed with different contents of steel slag (30%, 50%, and
70%), and the results showed that the addition of steel slag
significantly improved the frost resistance and dry shrinkage
of the pavement base. DIC technology and AE technology
have a wide range of applications for the dynamic tracking
and quantitative monitoring of the cracking expansion of
microcracks throughout the road material [16-18]. How-
ever, the application of this technology often requires the use
of relevant mechanical tests (three-point bending test and
semicircular bending test) to study the mechanism of
cracking and expansion of microcracks in the fracture af-
fected area of asphalt concrete [19-21]. However, all of these
methods have many limitations, CT technique is costly, SEM
is cumbersome and can only be observed locally, DIC
technique is based on a macroscopic view of fractures, and
AE technique is an indirect study of microporosity through
acoustic parameters. Nuclear magnetic resonance (NMR)
techniques are fast, accurate, nondestructive, and inex-
pensive, and most importantly, NMR can quantitatively
characterize pore size changes and the number of pores [22].
The cracking of road pavements has been a long-standing
problem and has become one of the most serious types of
pavement engineering diseases. In recent years, the appli-
cation of NMR technology in rock, concrete, and even as-
phalt mixtures has certain significance [22-24]. Menapace
et al. [25, 26] used the NMR technique to develop a model
between RHI and T, values and viscosity as quantitative
characterization of asphalt mixture aging. Zhang et al.
[27, 28] used 29Si and 27Al MAS-NMR techniques to
characterize the amorphous phase Si and the low crystalline
phase Al in road-based material, thereby obtaining the
degree of polymerization and coordination of silicoalumi-
nate chains. Nicula et al. [29] investigated the freeze-thaw
damage condition and porosity magnitude of three blast
furnace slag road concrete under a freeze-thaw environment
using the NMR technique.
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However, in fact, the deterioration mechanism of
microcrack pores inside the semirigid base material is often
promoted by the mechanical behavior, so the macroscopic
mechanical behavior performance must have some inevi-
table connection with the microfine pore development
characteristics; an in-depth study of their relationship can
help to reveal the intrinsic cracking mechanism of the
material [22-24]. Most focus mainly on the study of ther-
modynamic parameters and properties of semirigid base
material [5,30-35]. Lv et al. [36] found that the strength and
frost resistance of cement-stabilized gravel material increase
with increasing curing time and cement content through
unconfined compressive test, flexural test, and freeze-thaw
test studies. Bai et al. [32] investigated the suitability of open-
graded cement-stabilized aggregates (OGCSM) produced
from recycled aggregates at different replacement rates based
on unconfined compressive strength test, indirect tensile
strength test, compressive rebound modulus test, dry
shrinkage test, frost resistance test, and infiltration test, and
the results showed that, with the addition of a certain
percentage of recycled aggregates, OGCSM has some po-
tential applications as a base material. However, few studies
have dealt with the effects of large temperature differences
on the mechanical properties and pore structure deterio-
ration of semirigid base.

This paper combined the local climatic conditions to
conduct high-temperature cycle, low-temperature cycle, and
freeze-thaw cycle tests on the original samples, respectively.
Then, the damage deterioration of the strength and modulus
of the semirigid base under the above environmental test
conditions was investigated and analyzed by means of the
unconfined lateral compressive strength test and dynamic
modulus test. Finally, the NMR technique and SEM tech-
nique were used to deeply analyze the pore size distribution,
pore content, pore structure evolution law with temperature
change, and temperature cycle number of semirigid base and
finally establish the relationship between strength damage
and pore change. The research results of this paper can
provide relevant data support and reference to reveal the
cracking mechanism of pavement cracks in large temper-
ature difference areas.

2. Materials and Methods

2.1. Materials and Sample Preparation. The samples required
for this experiment were obtained by drilling and core
sampling of the pavement along the Wumu section of the
Jing-Xin Expressway from the Qianshan Interchange
(K2 +690) to the Kusu Interchange (K22 +027). The spec-
imens were cement-stabilized gravel base material, con-
sisting of 0-5mm particle size fine aggregate, 5-10 mm
particle size coarse aggregate, 10-20 mm particle size coarse
aggregate, 20-30 mm particle size coarse aggregate, and
P.042.5 (five) of Portland cement prepared in accordance
with 27:18:34:12 (four). The cement comes from Hami
Tianshan Cement Co., Ltd. Details of the mineral grade are
shown in Table 1, and the physical parameters of raw ma-
terial are shown in Table 2.
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TaBLE 1: Semirigid base mineral grading table.
Sieve hole size 31.5mm 26.5 19 9.5 4.75 2.36 0.6 0.075
Quality pass percentage (%) 100 — 76.8 46.4 29.3 19.9 9.4 2.7
Tareet eradine range Upper limit 100 — 86 85 32 28 15 3
get graciiig rafig Lower limit 100 — 68 35 22 16 8 0
TaBLE 2: Table of physical parameters of semirigid base. Shanghai Jiezhun Instruments Equipment Co., Ltd. The test
Binding material dosage (%) =0 was carried out in different temperature ranges (20°C~60°C,
08 Sage , —-20°C~20°C, and —5°C~-30°C) and different cycles on UTM
Maximum dry density (g/cm”) 2.283 . « . oo .
Optimal water content (%) 50 according to “Test Regulations for Stabilizing Material of
Required compaction (%) 98 Inorganic Binders for Highway Engineering” (JTGE51-

The original sample in the field needs to be processed for
this test as follows: (A) According to the “Highway Engi-
neering Inorganic Binder Stabilized Material Test Specifica-
tion” (JTGE51-2009), the original sample is cut and polished
to the cylindrical sample. (B) Cut part of the cylindrical
sample in step 1 into cylindrical sample. (C) Polish and level
the cut cylindrical sample to make the upper and lower
surfaces smooth and flat. The process is shown in Figure 1.

2.2. Test Methods. The main test steps taken were as follows:
(a) The samples were dried and processed by an electric blast
dryer, and then the dried samples were soaked in a water tank
in combination with the on-site humidity monitoring data
until the samples reached the optimum moisture content
[32,37,38]. (b) Based on the local climatic and hydrological
conditions, this experiment set the temperature intervals as
60~20°C, 20~-20°C, and —5~-30°C, which simulated sum-
mer, early spring, and winter environments, respectively,
which often constituted a large temperature difference. The
temperature environment simulation in summer is 16 hours
at a constant temperature of 60°C, and then 8 hours at a
constant temperature of 20°C, a total of 24 hours as a cycle.
The temperature environment simulation in early spring was
-20°C constant temperature for 16 hours and then 20°C
constant temperature for 8 hours, a total of 24 hours as a cycle.
The temperature environment simulation in winter is —30°C
constant temperature for 16 hours, and then —5°C constant
temperature for 8 hours, a total of 24 hours as a cycle [4]. Put
the soaked sample into the constant temperature and hu-
midity test chamber after wrapping it with cling film. (c) T2
spectral scanning and pore structure analysis of specimens
using NMR microstructure analysis system. (d) Measure the
longitudinal wave velocity of the specimen using a nonme-
tallic ultrasonic monitoring analyzer. (e) The uniaxial com-
pression test adopts MTS2000kN universal testing machine,
and the loading rate is 1 mm/min. (f) Use a field emission
scanning electron microscope to observe the microstructure
and pore distribution of the sample after uniaxial compres-
sion failure. The detailed test procedure is shown in Figure 1.

3. Results and Discussion

3.1. The Peak Strength and Modulus of Semirigid Base
Material. 'The uniaxial compression test was conducted by
an MTS2000kN universal testing machine produced by

2009) uniaxial compression test with multiple times (0 times,
3 times, 6 times, 9 times, 12 times, and 15 times), the test
loading rate was 1 mm/min, and 3 sets of parallel tests were
carried out at each cycle number. The test results are shown
in Tables 3-5. The values in the table can be obtained from
equation (1):
4P

i~ (1)
where 0. is the peak stress in the semirigid base material,
MPa; P is the maximum pressure when the semirigid base
material fails, N; D is the diameter of semirigid base material,
mm.

3.2. The Effect of Temperature Interval. The variation pattern
of peak stress and difference (the difference of peak stress
before and after cycling) of semirigid base material under
different temperature intervals is shown in Figure 2(a). As
can be seen from the figure, when the number of cycles is
small, the peak stress of the semirigid base material is
significantly higher in the high-temperature environment
(20°C~60°C) than it is in the freeze-thaw environment
(-20°C~20°C) and the low-temperature environment
(=5°C~—-30°C). And when the number of cycles is higher,
the peak stress of the semirigid base material is signifi-
cantly higher in the low-temperature environment than it
is in the freeze-thaw environment and the high-temper-
ature environment. It can be seen that the low-temper-
ature environment is more significant for the peak stress
deterioration of the semirigid base material in the low
cycle region, and the high-temperature environment has a
certain improvement effect on the mechanical properties
of the semirigid base material. The damage effect of the
freeze-thaw environment on the peak stress of semirigid
base materials is gradually highlighted in the high-cycle
region, and the low-temperature environment has a
certain improvement effect on the mechanical properties
of semirigid base materials. The magnitude of the peak
stress variation in Figure 2(b) is given by equation (2);
from Figure 2(b), it can be seen that the mechanical
strength of the semirigid base material under freeze-thaw
environment shows an overall trend of accelerated de-
terioration with a deterioration rate of 3.89%/time. The
mechanical strength of the semirigid base material under
high-temperature environment showed an overall trend
of improvement followed by deterioration, the
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FIGURE 1: Specimen preparation and test procedure flow.

TaBLE 3: Uniaxial compression experimental results of semirigid base material under the temperature range of 20°C~60°C.

Parallel strength test

Number of cycles Intensity representative value (MPa) Standard deviation Coefficient of variation (%)

value (MPa)
0 10.61 12.82 14.06 12.50 1.75 13.95
3 1743 16.06 15.42 16.3 1.03 6.3
6 12.84 13.15 15.31 13.77 1.35 9.77
9 11.72  13.21 15.63 13.52 1.97 14.6
12 10.88 11.67 1391 12.15 1.57 12.93
15 11.94  9.55 10.22 10.57 1.23 11.66

TaBLE 4: Uniaxial compression experimental results of semirigid base material under the temperature range of —20°C~20°C.

Parallel strength test

Number of cycles value (Mpa)

Intensity representative value (MPa) Standard deviation = Coeflicient of variation (%)

0 10.61 12.82 14.06 12.50 1.75 13.95
3 11.00 11.50 13.49 12.00 1.32 10.98
6 9.61 12.61  9.79 10.67 1.68 15.77
9 8.61 8.72 8.89 8.74 0.14 1.61
12 7.47 8.21 6.78 7.49 0.72 9.55
15 6.59 5.38 6.53 6.16 0.67 10.93

TaBLE 5: Uniaxial compression experimental results of semirigid base material under the temperature range of —5°C~—-30°C.

Parallel strength test

Number of cycles Intensity representative value (MPa)  Standard deviation — Coefficient of variation (%)

value (MPa)
0 10.61 12.82 14.06 12.50 1.75 13.95
3 11.21 9.72 10.13 10.35 1.32 10.98
6 12.37 941 12.71 11.50 1.68 15.77
9 12.73  16.00 15.12 14.62 0.14 1.61
12 11.70  14.26 15.61 13.86 0.72 9.55
15 11.69 1456 14.12 13.46 0.67 10.93
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FIGURE 2: Peak strength of semirigid base at different temperature intervals. (a)Variation of peak stress at different temperature intervals.

(b) Variation of peak stress at different temperature intervals.

improvement effect gradually weakened, the deterioration
effect gradually increased, and the deterioration rate was
4.22%/time. The mechanical strength of semirigid base
material under low-temperature environment showed the
characteristics of first damage and then improvement, the
deterioration effect and improvement effect both gradu-
ally weakened, and the deterioration rate was —3.06%/
time. It can be seen that the damage effect of freeze-thaw
environment on the mechanical properties of semirigid
base materials is continuous.

. [Q} )

e % 100

where 7 is the change in peak stress of semirigid base
material before and after cycling, %; o, is the peak stress in
semirigid base material before cycling, MPa; 0, is the peak
stress of semirigid base material after cycling, MPa.

The longitudinal wave velocity detection of semirigid
base materials using MM-A4 nonmetallic ultrasonic mon-
itoring analyzer produced by Beijing Kekangrui Co., Ltd.
The link between the dynamic modulus Ep, of the semirigid
base material and the longitudinal wave velocity V), is
established by (3) [39]. The test results are shown in
Tables 6-8.

_[pvrt e ma -2
(1-p)

where Ep is the dynamic modulus, MPa; p is the density of
semirigid base material, g/cm’, and this paper takes
p=2.283; V, is the longitudinal wave speed of semirigid base
material, m/s;  is Poisson’s ratio of semirigid base material,
and this paper takes y=0.3.

Ep , (3)

The variation of dynamic modulus with the number of
cycles measured at different temperature intervals is shown
in Figure 3. As can be seen from the figure, the overall
dynamic modulus value of the semirigid base material in
low-temperature environment is low, and the average value
can reach 5500 MPa, which is much higher than the modulus
value in high-temperature environment (4800 MPa) and
freeze-thaw environment (4800 MPa). It can be seen that the
semirigid base material has better resistance to deformation
in low-temperature environment than in freeze-thaw en-
vironment and high-temperature environment. Based on the
expectation and standard deviation equation to evaluate the
damage factor of dynamic modulus of semirigid base ma-
terial under different environments (Figure 4(b)), it can be
seen that the damage degree of dynamic modulus of
semirigid base material under freeze-thaw environment is
generally more serious, and the damage impact area is
concentrated in 0.67~0.77. The high-temperature environ-
ment and low-temperature environment on the dynamic
modulus of semirigid base material have a wider range of
influence, and the damage impact area is 0.33~0.65 and
0.48~0.66, respectively; thus, it can be seen that the semirigid
base material deformation resistance under the action of the
periodic freeze-thaw environment is significantly reduced.

3.3. The Influence of the Number of Cycles. 'The influence of the
number of cycles on the peak stress of the semirigid base is
shown in Figure 4(a). Under the high-temperature environ-
ment, the peak stress of the semirigid base material increased
and then decreased with the increase of the number of cycles;
the peak stress reached the maximum value of 16.30 MPa after
3 cycles and decreased to the minimum value of 10.57 MPa
after 15 cycles, which reduced the stress intensity by 1.5 times.
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TaBLE 6: Experimental results of dynamic modulus of semirigid base material under the temperature range of 20°C~60°C.

Parallel modulus test

Number of cycles value (MPa)

Modulus representative value (MPa)  Standard deviation  Coefficient of variation (%)

0 8601 9361 10375 9445 889.91 9.42
3 8693 6440 7520 7551 1126.77 14.92
6 3585 4405 3468 3820 510.55 13.37
9 3165 2841 3468 3158 313.46 9.93
12 4774 4785 6300 5286 877.93 16.61
15 3548 4911 4758 4406 746.86 16.65

TaBLE 7: Experimental results of dynamic modulus of semirigid base material under the temperature range of —5°C~-30"C.

Parallel modulus test

Number of cycles value (MPa)

Modulus representative value (MPa) Standard deviation Coeflicient of variation (%)

0 11940 13290 12726 12652 678.12 5.36
3 5394 4928 4547 4956 424.18 8.56
6 4312 4367 5167 4616 478.48 10.37
9 8341 7009 8166 7839 723.48 9.23
12 5180 4722 6175 5359 742.88 13.86
15 4819 4132 5267 4739 571.98 12.07

TaBLE 8: Experimental results of dynamic modulus of semirigid base material under the temperature range of —20°C~20°C.

Parallel modulus test

Number of cycles value (MPa)

Modulus representative value (MPa) Standard deviation Coeflicient of variation (%)

0 17129 16249 18480 17286 1123.68 6.50
3 5483 6142 7250 6292 892.98 14.19
6 4453 4622 5678 4918 663.91 13.50
9 4034 4790 5029 4618 519.85 11.26
12 4834 3928 4333 4365 453.82 10.40
15 3783 3566 4717 4022 611.69 15.21
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FIGURE 3: Variation of dynamic modulus of semirigid base material under different temperature intervals. (a) Dynamic modulus stacking
diagram at different temperature intervals. (b) Temperature damage impact area.
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FIGURE 4: Variation of peak stress and dynamic modulus of semirigid base material with the number of cycles. (a) Variation of peak stress
with the number of cycles. (b) Variation of dynamic modulus with the number of cycles.

Under the low-temperature environment, the peak stress of
semirigid base material decreases and then increases with the
increase of the number of cycles, and the peak stress reaches the
minimum value of 10.35 MPa after 3 cycles and the maximum
value of 14.62 MPa after 9 cycles, which expands the stress
intensity by 1.4 times. Under the freeze-thaw environment, the
peak stress of the semirigid base material gradually decreased
with the increase of the number of cycles, from 12.50 MPa after
0 cycles to 6.16 MPa after 15 cycles, and the stress intensity was
reduced by a factor of 2. Accordingly, it can be seen that the
number of freeze-thaw cycles has the most significant dete-
rioration effect on the mechanical properties of the semirigid
base material.

The influence of the number of cycles on the dynamic
modulus of the semirigid base is shown in Figure 4(b). Under
the action of high-temperature cycling, the deformation re-
sistance of semirigid base material is very unstable, and the
deformation resistance first weakens, then strengthens, and
finally weakens with the increase of cycling times. Compared
with the dynamic modulus after 0 cycles, the decreases in
dynamic modulus after 3 to 15 cycles were 20.05%, 56.56%,
66.56%, 44.03%, and 53.36%, respectively. Under the action of
low-temperature cycling, the dynamic modulus of the semi-
rigid base material is basically maintained at about
5500~6000 MPa. Compared with the dynamic modulus after 0
cycles, the decrease of dynamic modulus after 3 to 15 cycles was
60.83%, 63.52%, 38.04%, 57.64%, and 62.54%, respectively.
Under the action of freeze-thaw cycling, the damage of the
dynamic modulus of the semirigid substrate is very serious;
compared with the dynamic modulus after 0 cycles, the de-
crease of dynamic modulus after 3~15 cycles is 63.60%, 71.55%,
73.29%, 74.75%, and 76.73% respectively.

3.4. Correlation Analysis of Peak Stress and Dynamic Modulus.
Based on the above analysis, this paper tries to establish the
relationship between peak stress o, and dynamic modulus
Ep of the semirigid base material by the number of cycles
under the effect of large temperature difference so as to
analyze the complex characteristics of semirigid base ma-
terial under large temperature difference [30,35]; its purpose
is as follows. First, the later study can predict the elastic-
plastic properties or mechanical behavior of the semirigid
base material under a large temperature difference envi-
ronment only by measuring the relevant test parameters
[40]. Secondly, it is convenient to analyze and reveal the pore
evolution characteristics and damage cracking mechanism
of semirigid base material later on [41]. Figures 5(a) to 5(c)
show the fitted curves of the peak stress and dynamic
modulus of the semirigid base material with the number of
cycles at different temperature intervals. The specific fitting
equations are shown in Table 9.

Analysis of Figures 5(a) to 5(c) shows that, under high-
temperature environment, the resistance to deformation of
semirigid base material first decreases and then increases as
the mechanical strength decreases. Under freeze-thaw
conditions, the resistance to deformation of semirigid base
material continues to weaken as the mechanical strength
decreases. Under low-temperature environment, the resis-
tance to deformation of the semirigid base material increases
with increasing mechanical strength and decreases thereafter
with decreasing mechanical strength, but the peaks of both
are not at the same number of cycles. Further analysis shows
that the peak stress of the semirigid base material shows a
certain positive correlation with the dynamic modulus, but
this correlation gradually becomes less obvious with the
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FIGURre 5: Fitting curves of peak stress and dynamic modulus of semirigid base material versus the number of cycles. (a) Fitting curve at
20°C~60°C. (b) Fitting curve at —20°C~20°C. (c) Fitting curve at —5°C~-30°C.

TaBLE 9: Fitting equations for semirigid base material under different temperature intervals.

Temperature interval Relationship Fitting equations
, , 0N 0.=18.445-1.007 N"*7*°

20°C ~60°C 2 3
Ep-N Ep=18788.943 — 5243.348 N + 558.736N* — 18.192 N

e . 0-N 0.=14.053 - 0.771 N*56¢!

20°C ~20°C Ep-N Ep = 8313.630 N0274

_5C ~e30°C 0N 0.=8.956+0.226 N + 0.097N” — 0.005 N°

Ep-N Ep=2277.745 + 981.578N — 55.255 N*

increase of the number of cycles, indicating that the semi-
rigid base material is not significantly correlated with the
axial deformation resistance and load resistance under high-
temperature environment, which may be caused by the

inhomogeneity of the semirigid base material. Under the
freeze-thaw environment, the peak stresses of the semirigid
base material showed a linear positive correlation with the
dynamic modulus, indicating a significant correlation
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between the axial deformation resistance and load resistance
of the semirigid base material under the freeze-thaw envi-
ronment. Under the low-temperature environment, the peak
stress of the semirigid base material and the dynamic
modulus show a linear positive correlation, which shows
that the semirigid base material has a certain significant
correlation in the axial antideformation ability and the
antiload ability under the low-temperature environment.

3.5. Analysis of Breakage Patterns and Microscopic Damage
Characteristics. Figure 6 shows the compression damage
patterns of the semirigid base specimens after different
number of cycles at different temperature intervals.
According to this figure, it can be seen that, under the high-
temperature environment, the semirigid base material is
damaged with cracks all around, and the cracks produced are
mainly vertical cracks, indicating that the semirigid base
material is damaged by tension along the interface phase
between the aggregate particles and the cement matrix.
There is a peeling phenomenon on the surface, and it be-
comes more and more obvious as the number of cycles
increases. Under low-temperature environment, the damage
of the semirigid base material is covered with vertical strip
cracks around the circumference, which indicates that the
semirigid base material produces tension failure along the
interfacial phase around the aggregate particles. There is a
peeling phenomenon on the surface, and the peeling phe-
nomenon is most serious when it is cycled 6 times to 9 times.
Under the freeze-thaw environment, the semirigid base
material is covered with cracks around the circumference of
the damage, the cracks produced are mainly vertical cracks,
and other secondary crack angles are between 0° and 15°,
indicating that the semirigid base material produces mixed
tensile-shear failure. The scale of surface material shedding
increases with the number of cycles. It is easy to see that the
damage characteristics of semirigid subgrade materials
under different environmental conditions are significantly
different, but the damage mode is mainly the tensile damage
of the weak interface phase.

The spatial variation and damage evolution of the in-
ternal pore structure of the material seriously restrict the
macroscopic mechanical properties of the material. In order
to better recognize the internal spatial damage condition of
the semirigid base material after uniaxial compression under
the condition of large temperature difference, SEM tests
were conducted on the semirigid material damaged by
compression after 12 cycles under different environments, as
shown in Figure 7. When the SEM is magnified 5000 times, it
can be seen that the drying shrinkage caused by the evap-
oration of water at high temperature leads to a few through
cracks on the surface of the cement matrix, and the through
cracks lead to the reduction of the material strength, as can
be well demonstrated in Figure 4(a). And a large amount of
flocculated C-S-H (calcium silicate hydrate) is produced on
the material surface under low-temperature environment,
which effectively fills the material microporous cracks and
increases the material denseness to some extent, which is
consistent with the analysis in Figure 4(a). Under the freeze-

thaw environment, the material is affected by the freezing
and swelling force generated by the action of the water-ice
phase and the contraction force induced by the temperature
change together to produce a large number of cracked pores,
and the increase of the pore content will inevitably lead to
the loss of its bearing capacity, which well explains the
deterioration of the peak stress under the freeze-thaw en-
vironment in Figure 4(a).

Based on the above analysis, it can be seen that, under the
condition of large temperature difference, the semirigid base
material is subject to different degrees of rupture damage
caused by the drying shrinkage stress induced by water
evaporation, the low-temperature shrinkage force induced
by temperature reduction, and the freeze-swelling force
caused by repeated freezing and thawing, and the degree of
damage is affected by the number of cycles and shows
significant variability. This damage variability is visualized in
the ups and downs of macroscopic mechanical properties
(strength and modulus) and fluctuations. Quantitative
analysis of the correlation between peak stress and micro-
scopic pore structure and pore size is of great importance to
reveal the damage evolution mechanism of semirigid base
material under large temperature difference environment.
The NMR technique was used to measure the NMR signal
intensity of semirigid base material under different envi-
ronments and after different number of cycles; according to
(4) [24,42], the relationship between material pore radius
and T, transverse relaxation time is established, as shown in
Figures 8 and 9. According to the research results of Zhang
etal. [23,43], the internal pores of the semirigid base material
can be classified into the following four classes, as shown in
Table 10.

Y = poF T, (4)

where y is the pore radius of semirigid base material, nm; p,
is the transverse relaxation strength of semirigid base ma-
terial, um/ms, and this paper takes p, = 0.003; F; is the shape
geometry factor, and this paper takes F;=3; T, is the
transverse relaxation time of semirigid base material, ms.

According to the analysis of Figures 8 and 9, it can be
seen that the lateral relaxation time T, distribution curve
contains 3~4 peaks, which correspond to less harmful pores,
harmful pores, and more harmful pores from left to right.
The specific analysis is as follows.

Under the high-temperature environment, the area
enclosed by the left peak is the largest, indicating that the
number of harmful pores accounted for a large proportion of
the material. At the beginning of the cycle (0 to 3 times), the
right peak and the middle peak area appeared to decrease,
and then the right peak area and the middle peak area
gradually increased with the increase of the cycle times,
indicating that the number of harmful pores and multiple
harmful pores of the semirigid base material first decreased
and then gradually increased. The reason is that, under the
action of high-temperature cycle in the early stage, semirigid
base material aggregate particles by thermal expansion make
the material primary cracks gradually closed, and at this
time, the material internal water evaporation effect is not
significant, so as to enhance the bond between the aggregate
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FiGure 7: SEM images of specimens damaged by compression after 12 cycles at different temperature intervals. (a) 20°C~60°C (x5000
times). (b) —5°C~-30°C (x5000 times). (c) 20°C~-20°C (x5000 times).

and cement matrix and improve the mechanical strength of
the material semirigid base material; with the increase of the
number of cycles and cycle time, the excessive expansion
thermal stress and the temperature stress generated by the
evaporation of a large amount of water make the concrete
aggregate particles between the extrusion breakage and
cement matrix shrinkage cracking, thus producing a large
number of harmful pores and multiharmful pores, which
eventually lead to the reduction of mechanical strength of
semirigid base materials [44].

Under the low-temperature environment, the sum of the
area occupied by each peak gradually decreases with the in-
crease of the number of cycles, indicating that the number of
pores of the material as a whole becomes a decreasing trend. At
the beginning of the cycle (3~6 times), the area occupied by the
right and middle peaks was the largest and then decreased with
the increase of the cycle number, indicating that the mechanical
strength of the semirigid base material was seriously damaged
at the beginning of the cycle and then slowly rebounded with
the cycle number. The precooling shrinkage of the aggregate



Advances in Civil Engineering

11

y (nm) y (nm)
0.1 1 10 100 1000 10000 100000 0.1 1 10 100 1000 10000 100000
100 - T T T T I 70 T | T ]
90 harmless pores I‘ss harmfulI harmful I multi-harmful pores harmless pores s harmful| harmful multi-harmful pores I
.. pores pores 60 pores pores
80 |- [
*e s \
70 - .} \. i %
S 60t [ o ERRT)e ey
& ® | = X
o 50+ ® o s
= | ! S 30+ ¢
5 40+ 1 Jo) & = &
(<9 . ay . )
£ 30r o A g wp
" o |
20 F le 3 0k L]
op BEOA . | Lo
0 o et mn o A2 0 . A 5
-10 r | | 1 1 | | -10 1 | |
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 100 1000 10000
T, (ms)
—e— 0cycles 9 cycles —eo— 0 cycles 9 cycles
3 cycles 12 cycles 3 cycles 12 cycles
—e— 6 cycles —eo— 6 cycles
(a) (®)
y (nm)
0.1 1 10 100 1000 10000 100000
80 T T ]
70 L harmless pores less harmful| harmful multi-harmful pores
pores pores
60
< T
40 + v
§ [’
= r o
“g 30 L Y |
) * &
& 20F | o
2R
q
10 _' 2 &
FD C | @3
Oﬁ L &
-10 1 | J
0.01 0.1 1 10 100 1000 10000
T, (ms)
—e— 0cycles 9 cycles
3 cycles 12 cycles
—e— 6 cycles

(c)

F1GURE 8: Pore distribution characteristics of semirigid base material after different cycles at different temperature intervals. (a) 20°C~60°C.

(b) =5°C~=30°C. (c) 20°C~—20°C.

inside the semirigid base material at the early stage of the low-
temperature cycle makes the cracks near the interface phase
gradually expand; while the pore water is affected by the low
temperature to produce water-ice phase change, volume ex-
pansion leads to the pore wall extrusion breakage, resulting in a
significant reduction in strength compared to room temper-
ature; as the low-temperature cycle continues, the pore water-

ice phase change completely fills the internal pores of the
material, so that it forms an “organic whole” with the semirigid
base; in addition, the continuous low-temperature cycle leads
to a reduction in the difference between the contraction
characteristics of each microphase inside the semirigid base,
which eventually leads to an increase in the strength of the
semirigid base material [45].
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Under the freeze-thaw environment, the area occupied
by each peak shows an increasing trend with the increase of
the number of cycles, among which the number of harmful
pores and the number of multiharmful pores increase more
obviously, which shows that the freeze-thaw cycle has a more
significant effect on the change of pore results of the
semirigid base material. As a temperature-sensitive material,
the semirigid base is particularly sensitive to the freeze-thaw
environment, which can be seen from the above analysis.
The pore water in the material produces frost heaving stress

superposition on the pores under the repeated action of
“freeze-thaw,” the thermal expansion and cold contraction
characteristics of each microscopic phase are significantly
different under the repeated action of “freezing-thawing,”
which easily produces shrinkage stress superposition on the
interface phase, and the large increase of harmful pores leads
to significant deterioration of mechanical strength of the
base material [46].

The area distribution of T, spectrum is proportional to
the decay of free water inside the pores of different pore
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TaBLE 11: NMR spectral area of semirigid base after different number of cycles at different temperature intervals.

Total area of T2

Temperature intervals (°C) Number of cycles (times)

Less harmful Harmful hole More harmful

spectrum (cm?) hole area (cm?) area (cm?) hole area (cm?)
0 905.89 823.738 40.939 41.213
3 360.64 339.023 19.824 1.793
20~60 6 1403.905 1257.177 121.987 24.742
9 858.835 764.234 66.805 27.796
12 390.767 332.972 37.589 20.207
0 1029.081 974.708 48.98 5.393
3 895.551 747175 65.314 83.062
—5~-30 6 890.148 765.157 80.847 44.144
9 872.389 781.408 66.951 24.03
12 501.842 476.357 25.485 0
0 894.658 806.581 88.077 0
3 1027.467 875.112 152.354 0
-20~20 6 869.981 726.762 103.12 40.099
9 1292.425 1010.037 162.551 119.837
12 1305.531 949.593 208.309 11.308
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FIGURE 11: Peak stress and effective porosity after different number of cycles.

sizes; thus, it can visually reflect the changes of the internal
structure of the pores [47], and the NMR spectral areas of the
semirigid base after different number of cycles at different
temperature intervals are detailed in Table 11. The per-
centage of T, spectral area of different pore classes (less
harmful pores, harmful pores, and more harmful pores) to
the total T, spectral area is approximated as the pore volume
fraction, as shown in Figure 10. Combined with the analysis
in Table 11 and Figure 10, it can be seen that, regardless of
the environment, the percentage of the number of less
harmful pores far exceeds the percentage of the number of
harmful pores and the percentage of the number of more

harmful pores. The freeze-thaw environment damages the
material more deeply, resulting in a significantly higher
percentage of harmful pore counts and more harmful pore
counts than those in high- and low-temperature environ-
ments. Specifically, the percentage of harmful pores and
multiple harmful pores under freeze-thaw environment
varied with the number of cycles as 9.85%, 14.83%, 11.85%,
12.58%, 15.96%, 0.00%, 0.00%, 4.61%, 9.27%, and 11.31%,
respectively. The percentage of harmful pores and multi-
harmful pores under high-temperature environment varied
with the number of cycles as 4.52%, 5.50%, 8.69%, 7.78%,
9.62%, 4.55%, 0.50%, 1.76%, 3.24%, and 5.17%, respectively.
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The percentage of harmful pores and multiharmful pores
varied with the number of cycles in low-temperature en-
vironment as 4.76%, 7.29%, 9.08%, 7.67%, 5.08%, 0.52%,
9.36%, 4.96%, 2.75%, and 0.00%, respectively.

Based on the above analysis, this paper defines the sum of
the percentage of harmful pores and the percentage of
multiple harmful pores as the effective porosity of the
semirigid base material &. This paper describes the evolution
of mechanical properties of semirigid base material after
different cycles under different environments based on the
change of pore content (Figure 11) so as to analyze the
macrofine scale linkage of damage characteristics of semi-
rigid base material under large temperature difference
conditions and provide relevant data support and reference
value for the subsequent study of this kind of pavement
engineering problems. According to the test results, the
relationship curve between the effective porosity of NMR
and peak stress was established, as shown in Figure 12.
Combining Figures 11 and 12, it can be seen that the peak
stress is negatively correlated with the change of effective
porosity as the number of cycles increases, and the effective
porosity shows a decreasing trend with the number of cycles
at low temperatures, and vice versa at high-temperature and
freeze-thaw environments. It is shown that the mechanical
properties of semirigid base material under freeze-thaw and
high-temperature environments decrease exponentially as a
function of the increase in effective porosity, while the
mechanical properties of semirigid base material under low-
temperature environments increase exponentially as a
function of the decrease in effective porosity. This is more
consistent with the results of Zhang et al. [23,48].

4. Conclusions

The variation patterns of peak stress and dynamic mod-
ulus of semirigid base materials under different temper-
ature intervals show significant variability. The freeze-
thaw environment shows an overall deterioration of the
peak stress of the material, and the dynamic modulus
damage temperature damage influence factor is as high as
0.67~0.77. The effect of freeze-thaw environment is the
most significant.

In a high-temperature environment, peak stress and
dynamic modulus show a power function and polynomial
functions, respectively, with respect to the number of cycles.
In a low-temperature environment, the peak stress, dynamic
modulus, and the number of cycles show polynomial
functions. In the freeze-thaw environment, both peak stress
and dynamic modulus show a power function with respect
to the number of cycles. There is a significant correlation
between the axial load resistance and deformation resistance
of semirigid base material under freeze-thaw and low-
temperature environments.

The differences in damage characteristics of the semi-
rigid base under different environments are mainly reflected
in the dynamic evolution of pore structure and pore size,
which are rooted in the differences in the expansion and
contraction characteristics of each microscopic phase of the
material and the differences in the mechanical interface
effects on the internal pores, but the macroscopic damage
mode is mainly based on tensile damage. The peak stress and
effective porosity of the semirigid base under different en-
vironments are exponentially related.
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In nearly a hundred years of construction, underground gas storage has become the main natural gas storage and peak regulation
means in the world. For the gas storage, the large production and high flow rate of the gas well in the actual production process will
cause the backflow of proppant filled in the supporting fracture, which will bring great harm to the gas field production. In this
article, when the proppant fracture reaches a stable state in the process of gas injection and production, the stress of proppant
particles is analyzed, the critical velocity of proppant reflux is calculated, and then the critical production model is established;
calculate the permeability change during proppant migration, then calculate the fluid velocity and production, and determine the
fluid velocity range of injection and production wells in gas storage. The parameter sensitivity of velocity and flow model is
analyzed. The results show that with the increase of closure stress, the critical gas flow and critical gas velocity of proppant
backflow gradually increase, and the proppant filling layer is more stable. The smaller the thickness and width of the filling layer,
the greater the critical gas flow and critical gas velocity of proppant backflow, the more stable the proppant filling layer, and the
lesser the chance of backflow. The higher the saturation, the lower the critical gas velocity, and the more prone the proppant to
reflux. It has important guiding significance for realizing the optimization of gas well production and maintaining efficient

production efficiency.

1. Introduction

During the gas injection and production process of the gas
storage, the reservoir pressure changes rapidly and sharply,
and the proppant in a stable state rolls and is brought into
the wellbore, which causes the migration of particles in the
reservoir and leads to sand production. The production
experience of injection-production wells in gas storage
shows that sand production will not only cause permanent
damage to the reservoir but also cause erosion damage to the
tubing. Due to the lack of data on proppant migration and
backflow in gas storage, quite a number of scholars at home
and abroad have studied sand production in gas well pro-
duction and proppant backflow during fracturing, which can
provide some ideas and inspiration for our research.

As early as 1970, Hall proposed the concept of “sand
arch” for the problem of loose sand production [1]. Based on

this theory, Bratli, Milton Taylor, Gidley, Bybee, Karen,
Romero, and Feraud [2-6] believed that proppant particles
would also form a hemispherical “support arch,” and
proppant settlement would form in the packing zone. The
early stages of stabilizing the structure lead to the formation
of small irregular channels on the top and interior of the
crack. As the fluid velocity in the fracture increases, the free
grains outside the pack continue to erode the sand body until
backflow occurs. The instability of sand arch and the erosion
of proppant particles were observed through experimental
study, and the critical flow rate was determined. Javier,
Tooseh [7, 8] established a theoretical model. When the flow
rate is steadily increased until a certain point is reached, the
proppant particles no longer remain stationary, but “flu-
idize” under the action of the fluid flow or moisture stream.
Taking gas storages in low permeability aquifers as objects,
experiments on gas-water-rock interaction and factors
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affecting gas storage capacity were carried out. When the
original conditions of the reservoir (pH value, temperature,
pressure, etc.) remain unchanged, the reservoir is in a stable
state. However, when the pH value of the reservoir fluid
changes or the flow rate is too fast, its stable state is
destroyed, and it is easy to cause acid sensitivity and particle
migration in the reservoir [9-13].

Domestic Aspects. Li et al. [14-17] conducted a mechanical
analysis of the proppant in gas well production and derived
the latest wellbore critical sand-carrying formula that con-
forms to the actual situation of gas wells. A new formula for
the critical production rate of fracture sand production is
deduced by proppant stress analysis. Assuming that the
proppant accumulates in the fracturing fracture, the rela-
tionship between the critical sand production and the bottom
hole flow pressure when the gas well fracture is damaged is
obtained. Based on the stability similarity and force balance
principle between proppant arch and sand arch, Fu and Liu
[18, 19] systematically studied the mechanism of proppant
backflow during the production process of fracturing gas
wells, established a mathematical model of proppant backflow
mechanics, and wrote a software for predicting proppant
backflow during gas well production. Jin et al. [20, 21] used
proppant combinations of different particle sizes to fill
fractures to maintain high fracture conductivity. A mathe-
matical model of the movement characteristics of proppant in
fractures during fracturing fluid flowback after fracturing is
established to simulate the flowback process of fracturing
fluid and proppant in fractures when proppant sizes of dif-
ferent particle sizes are combined. Kang [22] conducted an
experimental simulation of particle migration caused by rapid
changes in gas injection pressure in gas storage wells and
revealed the mechanism of particle migration caused by
dynamic changes in gas injection pressure in gas storage wells.

As the flow rate increases, the resistance increases.
When the flow rate reaches a certain value, the proppant no
longer maintains a mechanical equilibrium state and is
carried and moved by the fluid, resulting in the backflow of
the proppant in the gas well. In this article, the force
analysis of proppant in artificial fractures under injection
and production conditions is carried out, the prediction
model of proppant backflow under high-strength injection
and production conditions is established, the critical flow
rate is determined, the critical production model is
established, and the stability of proppant in fractures is
optimized and improved.

2. Critical Condition for No Rolling of
Proppant under Injection

Most scholars at home and abroad focus on the research and
analysis on proppant backflow during fracturing but there
are few studies on proppant backflow caused by gas flowing
down at high speed in gas storage. On the one hand, when
the gas is injected and produced in the gas storage, the high-
speed flow of the gas in the gas storage causes the proppant,
which was in a stable state, to be rolled and carried to the
wellbore. Alternate changes in pore pressure lead to changes
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in effective stress, resulting in particle migration in the
reservoir, resulting in sand production. This article analyzes
the migration of proppant particles caused by gas flow
during gas storage injection and production, which can
provide reference value for gas storage to improve gas
production efficiency.

Model assumptions are as follows:

(1) The supporting seam is a vertical seam, and the
height and width of the seam are constant.

(2) Fracture flow is gas-liquid two-phase linear flow.

(3) The size of proppant particles is uniform, and the
particles are in point contact, regardless of the de-
formation of the proppant.

(4) Compared with other parameters, proppant gravity
has little effect on backflow, and gravity parameters
are not considered in this article.

The proppant primarily supports the pressure-opened
fracture, preventing it from closing and providing access for
gas injection and recovery. In the construction of gas storage
using depleted gas wells, when proppant fractures reach a
stable state before gas injection, the force analysis of
proppant is shown in Figure 1.

On the one hand, as the gas flows down the fracture
from the formation, a pressure gradient is formed in the
fracture, and this pressure gradient creates a drag force on
the proppant propping up the fracture in the direction of
the gas flow. On the other hand, in the process of fracturing,
the residual fracturing fluid, the formation water, and the
formation itself are attached to the surface of the proppant
particles by liquid film droplets to produce capillary re-
sistance to the flow of natural gas in the fracture, and the
capillary force reacts on the solid particles and becomes the
proppant reflux power.

Therefore, the critical condition for proppant backflow is

Pdrag+0'£<fn’ (1)

where Py, is the drag force of gas, o is the equivalent
capillary force strength, and f, is the strength of static
friction force.

2.1. Force Analysis of Proppant Particles
(1) Drag force of gas is

%p 4P 2)

where d,, is the proppant diameter, m.

(2) Strength of static friction force £, is
fn= 6P (3)

where f, is the static friction force, y is the static
friction coefficient, and P_ is the closing stress.

(3) Equivalent capillary force o, strength is
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Airflow direction f

FIGURE 1: Schematic diagram of proppant stress.

,=2(1—go)7wsinocf< 11 > 4
N R VA CA R CA ) S

During the production process of fracturing gas wells,
the change of stress state and the deduced effective stress
principle [23, 24] provide a reference for this article. When
the fluid breaks through the capillary force, proppant par-
ticles are initiated by forces and drag forces that are con-
sistent with the direction of flow, as seen from the action and
reaction forces. This force is called the equivalent capillary
force.

2.2. Critical Velocity at Which Proppant Cannot Be
Transported. From the previous analysis, the mechanical
conditions expressed in (1) must be satisfied for the prop-
pant to backflow. The critical condition for proppant
backflow is

Pdrag+(7£=fn- (5)

Substitute Equations (2), (3), and (4) in (5) to obtain

3
f
_ﬁ'dinLZ(l—go) mrsinocf( 11 ) _ P,

3 0dx ¢ dpy  \fila) fle)

(6)
According to the non-Darcy flow model of gas,

Ry, ZT; RZT By p.

AP RZTe, RETBvgis
dx  29P,k,(1-S,,) 29P,

Among them, f8 = 5.5 x 10°/k?°¢%7> where K is the
permeability, ¢ is the porosity, Z is the natural gas deviation
factor, dimensionless, R is the dimensionless Pratt constant
of gas, T; is the formation temperature, K; yiy; is the viscosity
of natural gas in the formation, MPa - s; p, is the air density,
kg/m’, y, is the relative density of natural gas, dimen-
sionless, P, is the bottomhole flow pressure, MPa, k, is the
absolute fracture permeability, um?, B is the inertial resis-
tance coefficient, 1/m, and v is the gas velocity, m/s.The
negative sign indicates that the direction of the fluid velocity
is opposite to the direction of the pressure gradient.

Substituting (7) in Equation (6), a quadratic equation
with one variable about gas velocity v is obtained:

2 .
R[’lgiZTipadp v+ RZTiﬁngadpvz + 2 (1 B (P) 710 SIn (X? 1 _ 1 _ ,“PC =0 (8)
87owkg(1 _Swi) 87ow dp fl (“c) f(‘xc)

Make A = RZT By, pad ,/87P,, pushed, the sand particles throughout the fracture will not be
Ru ZT.p.d pushed. For this reason, when considering the flow rate, take
B= M, the velocity of the fracture in the wellbore wall as the
87Py ks (1= S,) standard and assume that all gas flows into the wellbore
o, (9)  through the fracture. So, the production of the gas well is

c-2U-¢ nosine ( S ) — uP.,. 20 ;hv86400
o 4, \i(@) F(@) S (12)

g
F la (8 be simplified int

ormula (8) can be simplified into where w, is the width of the fracture; h is the height of the
AV +Bv+C=0. (10)  propped fracture, m; B, is the volume coefficient of natural

The critical flow rate of proppant that does not start is

-B+ VB + 4AC (11)
Vs
24

If the flow velocity is less than the proppant critical flow
rate, the proppant in the pressure fracture will remain static.
The width of the fracture is assumed to be w and the height
of the fracture h. According to the flow characteristics in the
fracture, as long as the sand particles along the wall are not

gas, m’; and Q is the natural gas production, m*/d.
Substitute the critical velocity in (11) to obtain the critical
flow.

3. Critical Conditions under Which Proppant Is
Not Discharged under Recovery Conditions

The critical condition of proppant rolling start was obtained
by force analysis of proppant particles in the gas production
channel, and then the law of proppant migration was
analyzed.



3.1. Force Analysis of a Single Stationary Proppant Particle.
It is assumed that the proppant particles in the gas pro-
duction channel are spherical, and the packing mode is
shown in Figure 2. The proppant particle radius is set as r,
and the static proppant particles in the fluid are mainly
subjected to pressure gradient force, gas impact force, and
the gravity of the proppant particles themselves.

(1) Pressure gradient force Fp is

4 Ru,ZTp, RZT By, p:
Fp :—7‘[1’3< /“‘]g{ P v+ /Sngav2>.
3 29P, k, (1-S,) 29P, ¢
(13)
(2) Gravity F is
4 4 28.97y,P
FG—§7T7’ <ps—W g. (14)

3.2. Rolling Starting Conditions of Proppant Particles. In the
case of contact point A, the pressure gradient force and the
impact force of the gas cause the proppant to roll around A,
while the gravity hinders the proppant particle rolling.
The moment generated by the interaction force between
proppant particles 2 (see the right picture) through point A
is zero, and the force generated by proppant particles 1 plays
a main role in its rolling. When the proppant particles and
proppant particles 1 just get out of contact, the force is zero,
and the proppant particles start rolling. According to the
principle of torque balance, when the active torque is greater
than the retarded torque, the proppant particles will roll.
That is,

FpL,>F¢L,, (15)

where L, and L, are the hindrance moment arm and the
main force moment arm, respectively. Its moment arm can
be obtained from geometric relations.

When the gas flow rate meets (15), proppant particles
will roll. Substitute the above force expressions (13) and (14)
in Equation (15) to obtain the following:

F 7'[1’3< Rugi ZTip, )v N RZTiﬁ”ngzvz:| ﬁ
37 \29P, K, (1-8,,) 29P,,,

2
4 28.97K P r
>|-ar’( p, - ——2 g | =
3 : RTZ 2

Similarly, a quadratic equation with one variable about
gas velocity v is obtained:

(16)

RugsiZTip, v RZTiﬁYgPCZIVZ
29P,, ¢k, (1-S,;) 29P,

V3 (28.97y,P
9 >0.
*3\ TRz )30

(17)

Make A, = RZT;By,p2I29P,,,
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FIGURE 2: Analysis of proppant stress during gas recovery.

_ RtugiZTipa
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V3 (28.97y,P
1= 3\ RrrZz P

(18)

Formula (18) can be simplified into
AV +Bv+C; 20. (19)

Therefore, the proppant velocity of the produced gas
should meet the following requirements:

2
>—B1 + \Bj +4A,C, (20)

|
24,

Therefore, the critical velocity of proppant particle

rolling is
. _B, + B’ +4A,C, (21)

g 24,

3.3. Rolling Start-Up Conditions under Different Proppant
Arrangements. In the actual gas production channel, proppant
particles are not necessarily arranged in the gas production
channel as shown in Figure 2, some proppant grains may be
submerged, and some may be embedded in other grains. The
grain arrangement after the gas production channel has the
following three forms as shown in Figure 4, and the distance
from the contact point of proppant grains to the lower
boundary of proppant grains is defined as the coverage depth A,.

The proppant particles are spherical particles with equal
particle size, and the coverage depth can be calculated based
on the geometric relationship. In the proppant arrangement,
the particle size of the proppant particles is assumed to be ds,
and the distance between the center of the next two particles
is ds + 8, where 0< 8 <ds:

2
d, -2 - (d, +8/2
- ( ) . (22)

r 2

When ¢ = 0, the proppant is arranged in the form shown
in Figure 4(a), and the minimum coverage depth of prop-
pant particles is h, = 0.067 ds.When ¢ = ds, the proppant is
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FIGURE 4: Schematic diagram of proppant arrangement during gas recovery.

arranged in the form shown in Figure 4(c), and the maxi-
mum coverage depth of proppant particles is h, = 0.5 ds.

Different proppant particle coverage will affect the
moment arms of each force when the particle rolling starts.
After considering the proppant particle coverage, the mo-
ment arms of each force are

d> - ((d, + 6)/12)
lx=d5+6= a1 1, = % ( )/2)
d
==_h,
2

By substituting the force arm formula (23) into formula
(21), the critical rolling velocity of proppant particles con-
sidering the arrangement of proppant can be obtained. In
addition, the critical rolling velocity considering the ar-
rangement of proppant particles and the shape of proppant
particles can be obtained by combining the equivalent
particle size formula of different proppant shapes.

Substitute the critical velocity in (12) to obtain the critical
flow formula as follows:

_ wahv586400.

B,

M (24)

Thus, as long as the production rate of the gas well is less
than Q,, the gas well will not destroy the supporting sand in
the fracture, so that the fracture can maintain long-term
effectiveness.

4. Calculation Model of Proppant Migration
Fluid Velocity

When the proppant is sheared or stretched by the fluid, the
proppant particles fall off from the surface of the rock
skeleton. After the particles fall off, the force of the proppant
in the pore fluid is different under different fluid conditions,
which determines whether the proppant particles can be
taken away by the fluid or remain in place after falling off
from the surface of the rock skeleton. The research of
scholars in other fields can provide us with some references.
[26-28] When proppant particles migrate, deposit, and plug
in pores, they will cause changes in reservoir physical pa-
rameters, especially porosity and permeability, and then
affect reservoir productivity.

Before the reservoir rock is deformed, its original po-
rosity is

vV, V,-V
9o ==~ (25)
f f
where V ; is the total volume of rock, m?, V, is the pore

volume, m?, and V, is the volume of rock skeleton, m?>.
In the stable production stage of the gas storage, the
bottom hole pressure remains unchanged and the
resulting pressure drop remains constant. The pressure at
any point of the gas storage can be regarded as un-
changed, and the influence of pressure on it can be ig-
nored. When most mobile proppant particles stop
migration, the permeability will gradually stabilize.



Then, the porosity of proppant after being carried out of
gas storage by liquid is

R
9= 9o +(1-9o) = (26)
Ps
Seepage velocity is
14.4W .
Vs = AGD . ( )

Substitute equation (26) in
~ 14.4W
© o Afgy + (1 - 9o)Rclp]

where W is the liquid volume flow. The above formula is the
velocity of proppant migration.

The determination of proppant carrying fluid velocity
aims at improving the single well production of gas storage
wells, and the single well production formula is

_ khAp
14%up(p; +s)

where Q is the gas production, k is the reservoir perme-
ability, h is the reservoir thickness, f is the fluid volume
coeflicient, s is the skin coefficient of wellbore, and p; is the
desorption pressure at point j.

When the liquid flows slowly in the gas production
channel, proppant particles may deposit and block in the
channel. When the fluid velocity is too high, it may scour the
gas production channel wall, which may cause a large
number of proppant particles to discharge and close the
crack. In order to prevent deposition, wall scouring, and
proppant discharge in the gas production channel, the fluid
velocity should not be too large or too small. Under the
condition of ensuring the maximum permeability, selecting
an appropriate flow rate can improve the production of gas
storage and gas production efficiency. Accordingly, the flow
rate should be the following:

v

(28)

(29)

Under injection conditions: v; € vp; < v,

Under recovery conditions: v, < vp, < v,

By comparing with the production data of 20 wells in the
gas storage in the Yulin gas field, critical velocity, critical
flow, and fluid flow range all verify the rationality of the
calculation results in this article.

5. Sensitivity Analysis of Influencing Factors

5.1. Basic Parameters. The southwest reservoir of Yulin gas
field gas storage has a buried depth of 2850 ~ 3100 m, a
formation temperature of 90°C, and a storage capacity of
177.62 x 108 m”, an average thickness of 10.1 m, and a po-
rosity of 4.1 ~ 8.3%, and the average porosity is 6.4%. The
permeability is 0.1 ~ 20.3 mD, belonging to low porosity and
low permeability gas reservoir. The basic parameters cal-
culated by the model are as follows: formation pressure of
27.7 MPa, reservoir temperature of 364°C, air density of
1.3kg/m>, natural gas volume coefficient of 0.0041, natural

Advances in Civil Engineering

gas relative density of 0.625kg/m®, natural gas viscosity of
0.02 MPa:s, proppant of 20/40 mesh, deviation factor of 0.78,
gas proctor constant of 8.314, relative density of 3.34 kg/m”,
and proppant apparent density of 2.2 g-m™>. The bulk density
of proppant is 1.59gm™>, the strength of proppant is
20.7-34.5MPa, the internal friction angle is 30°, and the
uniaxial compressive strength is 12 MPa.

5.2. Crack Width. It can be seen from Figure 5 that with the
increase in the width of the supporting crack, the critical air
velocity gradually decreases, the filling layer is more un-
stable, and the proppant is prone to backflow. On the
contrary, the smaller the fracture width, the higher the
critical air velocity, the more stable the filling layer, and the
more difficult it is to reflow.

The wider the supporting fracture is, the easier the
backflow is, but the higher the critical production of the gas
well is. On the contrary, the narrower the supporting
fracture is, the less likely the backflow is, but the lower the
critical production of the gas well is. In other words, there is
a certain contradiction between proppant backflow pre-
vention and gas well production. We must find an optimal
fracture width to reconcile the contradiction between the
two and achieve optimization.

5.3. Closure Stress. As shown in Figure 6, the greater the
closure stress, the more stable the proppant filling layer, and
the greater the critical flow rate of reflux. The closure stress is
equal to the formation pressure minus the pore pressure.
With the continuous production of natural gas, the pore
pressure decreases and the closure stress increases gradually.

As the closure stress increases, the critical flow rate and
critical velocity of proppant reflux gradually increase, and
the proppant filling layer becomes more stable. There is an
obvious linear relationship between the critical flow rate and
the closure stress.

5.4. Saturation. As shown in Figure 3, the influence of water
irreducible saturation on the stability of the filling layer is
very obvious. The smaller the S, is, the greater the critical air
velocity is, and the more stable the filling layer is. On the
contrary, the larger the S, is, the lower the critical gas ve-
locity is, and the more likely the proppant is to reflux.

At the initial stage of gas storage well production, S,, is
large, the fracture flow is gas-liquid two-phase flow, and the
pressure gradient is large. At this time, the supporting
fracture is the most unstable, so the gas well production
should not be too high. With the flow of natural gas, the
working fluid flows out together, and the stability of sup-
porting fractures is enhanced, which can appropriately in-
crease the production of gas wells.

5.5. Production Differential Pressure. The greater the pro-
duction pressure difference, the lower the critical velocity of
proppant backflow, the more unstable the support crack, and
the proppant backflow is easy to occur.
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As shown in Figure 7, with the increase in production
differential pressure, the production of gas wells increases.
However, the greater the differential pressure, the lower the
critical flow rate and production of proppant backflow in gas
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wells. In other words, if the production pressure difference is
too large, it is easy to cause proppant backflow, resulting in
the reduction of fracture conductivity.

6. Conclusion

(1) When the supporting fracture reaches a stable state
in the process of gas injection and production, the
range between the critical velocity of backflow and
the velocity of proppant migration is determined
through the force analysis of proppant, and the
maximum permeability of the reservoir is deter-
mined, which can improve the gas production effi-
ciency to the greatest extent.

(2) When the proppant is no longer in a stable state, the
proppant migrates, which will have a certain impact
on the porosity and permeability of the gas pro-
duction channel. Moderately discharging a certain
amount of separated proppant particles can increase
the gas production efficiency and improve the gas
production.

(3) With the increase of closure stress, the critical gas
flow and critical gas velocity of proppant backflow
gradually increase, and the proppant filling layer is
more stable. The critical flow rate and critical flow
measured at the closure stress point have an obvious
linear relationship with the closure stress, which has
a strong regularity.

(4) The smaller the thickness of the filling layer is, the
greater the critical gas flow and critical gas velocity of
proppant backflow, the more stable the proppant
filling layer is, and the chance of backflow is reduced.
There is a consistent relationship between the critical
velocity and critical flow and the fracture width.

(5) The influence of irreducible water saturation on the
stability of the filling layer is very obvious; the greater
the production differential pressure, the lower the
critical velocity of proppant backflow, and the more
unstable the support fracture, which is prone to
proppant backflow. The production differential
pressure should be controlled within a reasonable
range during gas well production.

Appendix

A. Critical Condition for No Rolling of
Proppant under Injection Part
Formula Derivation

Force analysis of proppant particles

(1) Drag Force of Gas. In the actual production process of
a gas well, the high-speed flow of gas in the proppant fracture
is linear non-Darcy two-phase flow, and the pressure
changes along the fracture length with a parabola. For
uniform pressure gradient, the flow pressure changes line-
arly with distance, and then
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P(x) =Po+d—Px, (A1)

dx
where the P(x) is the fluid pressure, P, is the uniform
pressure gradient , and x is the strength.

When calculating the drag force acting on a single
proppant, the gas-liquid two-phase flow in the propped
fracture is considered. For both gas-phase flow and liquid-
phase flow, the total pressure drop of the entire joint length
is assumed to be dP/dx, and the fluid pressure drop produces
drag force. The wet phase surface is projected on the plane
normal of the flow direction, as shown in Figure 8.

A segment of microelement distance dx on a single
proppant particle is taken, and the drag force acting on this
segment is

dFdrag(x) = P(x)dAwp) (AZ)

where Fyp, () is the drag force at the distance between the
proppant particles; A,,, is the P (x) applied to the area at the
distance between proppant particles, m?; and P(x) is the
pressure, MPa

The unit stressed area on the proppant particle at x is

dAwp = 2nr (x)dr. (A.3)

Substituting Equations (A.l1) and (A.3) in Equation
(A.2), we can get

P
dFdrag(x) :(P0 +Z—xx)2ﬂr(x)dr. (A.4)

Equation (A.4) describes the drag force acting on a
segment of the proppant particle. The total drag force acting
on the entire proppant particle can be viewed as a proppant
particle composed of an infinite number of such segments:

2R dpP 2R
Fdra = 2ﬂPO J (R—x)dx+271— J- x(R—x)dx.
¢ 0 dx Jo

(A.5)

Integrate Equation (A.5) to obtain
4 dp_,
drag = _gﬂaR .

As the fluid flows through the propped fracture, the flow
pressure drop generates a drag force, the action of which is
shown in Figure 9.

The drag force Fgy,, is applied to the shaded area shown
in the figure. It can be seen from the figure that the stressed
area A is half of the spherical area of proppant particles,

P
A, = 27R? . The intensity of drag force acting on A, is

(A.6)

F drag

P (4.7)
TT.

P drag =
where Pgy,, is the strength of drag force, MPa.
Substituting Equation (A.6) in Equation (A.7), we can
get [18]

2R dP

_ 2R 4P A8
drag 3 dx ( )

If the diameter of proppant particle is d,,, then R = d,/2
is substituted into Equation (A.8) to obtain

_ 4y ap
drg = T3 g

where d,, is the proppant diameter, m.

(2) Strength of Static Friction Force f,,. The value of static
friction force is proportional to the product of closing
pressure, particle contact area, and static friction coefficient.
The larger the closing pressure, the larger the particle contact
area, the rougher the particle surface, and the greater the
static friction force. The less likely the proppant is to start
(Figure 10).

The maximum static friction force can be expressed as

fn=WuP, (A.10)

where f is the static friction force, y is the static friction
coeflicient, and P, is the closing stress.

(3) Equivalent Capillary Force o, Strength. During the
production process of fractured gas wells, there are multi-
phase fluids in fractures, including working fluid residual in
fractures and formation fluid. The flow in fractures is gas-
liquid two-phase. With the flow of natural gas, capillary
resistance occurs, and the direction is opposite to the flow
direction of the fluid, hindering the flow of the fluid. When
the fluid breaks through the capillary force, it can be seen
from the acting and reaction forces that the proppant
particles are started by a force consistent with the flow
direction and a drag force. This force is called the equivalent
capillary force, which is equal to the capillary force and
opposite to the capillary force, as shown in Figure 11.

Assuming that the proppant particle size is uniform,
tangential contact capillary force of particles with uniform
size can be expressed as

i oty st L)

(A.9)

(A.11)

Among them,

i6a) -]

[sina.cosa, + (1 — cosa,) (sin (6, +a.) —1)] },

cos a,

_ 1-cosa,

'f(ac)

cosa,
(A.12)

where 0, is the contact angle, «, is the angle between the
radius of the solid-liquid boundary on the proppant particle
and the vertical axis, ¢ is the interfacial tension between
fluids, N/m, and d,, is the diameter of the proppant. Since
there is no difference in particle size, the capillary force
strength in tangential contact of particles can be expressed as

0,_1—¢7msinocf( 11 )
< ¢ R fl(‘xc) f(“c) ,

where d,, is the diameter of proppant, so R = d,,/2. Putin the
above equation to obtain the following:

(A.13)
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(A.14)

0,_2(1—g0)7msinoc§< 1 1 )

¢ d file) f(a)

p

B. Critical Conditions under Which Proppant Is
NotDischarged under Recovery Conditions Part
Formula Derivation

(1) Pressure Gradient Force F b The fluid flows under the
action of pressure gradient, within which the force on the
surface of proppant particles is different, and the resultant
force on the surface is the pressure gradient force of
proppant particles, which can be expressed as

p
ox’
(B.1)

m P 4
F,= 21’ J()(PO +7r(1+cos G)g—x> cos O sin 0 d6 =§7TT

where 7 is the radius of the proppant particle, 0P/0x is the
pressure gradient, and its direction is consistent with the
movement direction of the proppant particle.

Under a certain pressure gradient, the liquid will flow.
According to the non-Darcy seepage formula, it can be seen
that

dpP R#giZTipa

dp_ . RZTrops
dx ~ 29P,k,(1-S,,)

(B.2)
29P,,

Substitute the above equation in Equation (B.2), and the
force generated by the pressure gradient can be expressed by
fluid velocity as follows:

4 3 R.ugiZTiPa
Fp=—nr v
3 29P,, ck, (1-S,,;)

RZT By o
JRETPYoPa ) (g3
29P,,

(2) Gravity F. The gravity of proppant particles in the
gas is the gravity after considering the buoyancy force, and
its relationship is

4

Fg =27 (ps = py) 9>

3 (B.4)

where p; is the density of proppant and p, is the density of
gas. The gas density p, = 28.97y ,P/RTZ is substituted in
equation (B.4):

4 28.97y,P
Fg = —7'[1’3(/)5 - 7)%)9. (B.5)

3 RTZ

C. Calculation Model of Proppant Migration
Fluid Velocity Part Formula Derivation

Before the reservoir rock is deformed, its original porosity is
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v

p
P = —
Vy

(C.1)

where V¢ is the total volume of rock, m>,and V , is the pore
volume,m>, and V, is the volume of rock skeleton, m°.

(1) Effect of Pressure Change. In the process of gas storage
injection and production, when the formation conditions
change from initial state (P, o) to state (P, t,), the volu-
metric strain coefficient of rock in this process is ¢,. Then,
the total volume change of rock is

AVf = Vfé'v. (CZ)
(2) Influence of Proppant Separation, Deposition, and
Blockage. The separation of proppant, deposition on pore
surface, and blockage in throat are attributed to the change
of rock skeleton volume, which makes the skeleton volume
decrease to negative and increase to positive. Therefore, the
change of rock skeleton volume can be expressed as

R, R; R
AVS=V,<——r+—d+ P),

i J (C.3)
ps Ps Ps

where R, is the mass separation amount of skeleton prop-
pant on unit volume rock, kg/m? ; Ry is the mass deposition
of proppant on the pore surface per unit volume of rock,
kg/m? ; R, is the mass retention of proppant in pore throat
blockage on unit volume rock, kg/m®.

R, is determined by the skeleton stripping constitutive
equation as follows:

R, =pA(1-9,)Ciq"’,

where A is the liquefaction coefficient of rock, which is
determined by experimental test; g is the volume of fluid and
proppant mixture flowing through unit area in unit time;
and C, is the volume concentration of proppant.

R, is determined by the pore surface deposition equation
as follows:

(C4)

Kdlvcsps’
d = { (C5)

KgvCps — Kdsz(V - Vglj)>
where Ky, and Ky, are surface deposition rate constants.

R, = K,VC,p,, (C.6)

where K, is the pore throat plugging rate constant. When
t=0,R, = 0, so the porosity of rock under pressure and after
proppant separation, deposition, and plugging at pore throat
is

(Vy+AV,) = (V, +AV,)

(P = . (C.7)
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Substitute equation (C.1) and equation (C.2) into
equation (C.7):

- R, -R,-R
p=1- %(1— d P).
L+e, Ps

(C.8)

R, =R, =Ry — R, where R, is the discharge amount of
particles per unit volume of rock with liquid, kg/m?. Then,
the porosity after proppant is carried out of the reservoir by

liquid is
1- R
¢:1__%(1__c).
L+e, Ps

In the stable production stage of the gas storage, the
bottom hole pressure remains unchanged and the resulting
pressure drop remains constant. The pressure at any point of
the gas storage can be regarded as unchanged, and the in-
fluence of pressure on it can be ignored. When most mobile
proppant particles stop migration, the permeability will
gradually stabilize. Then, the porosity of proppant after
being carried out of gas storage by liquid is

RC
ps

(C9)

¢ =9, +(1-9p) (C.10)
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Aiming at the difficulties during the support of high-stress fractured soft rock roadway in deep mine, a comprehensive sur-
rounding rock management method of bolt-net-cable-grout coupling support is proposed and the mechanism of interaction
between coupling support and surrounding rock is analyzed by numerical simulation. The effectiveness of the coupling support is
proved by an application in the east wing return-air roadway in the Qingdong Coal Mine of Huaibei Mining Group. The results
show that the surrounding rock plastic zone near the sidewall and floor of high-stress fractured soft rock roadway is larger than
that near the roadway roof, and its distribution range can be reduced by using the coupling support. And, the coupling support can
improve the reliability of roadway support and the stability of surrounding rock by reducing the axial stress of anchor bolts, the
stress concentration of surrounding rock caused by anchor bolt, the roadway surface displacement, and deep displacement of

surrounding rock.

1. Introduction

There are about 73.2% of China’s coal reserves are buried
below 600 m. With the increase of energy demand and the
decrease of shallow coal resources, the mining industry has
gradually entered into the stage of deep energy exploitation
[1]. However, the increasing depth of coal mining brings
frequent engineering disasters, such as rock burst, gas ex-
plosion, large deformation, high ground temperature, and
others, which seriously threaten the safe and efficient ex-
ploitation of deep coal resources. Therefore, the rock me-
chanics and support in deep resource mining have always
been one of the research hotspots in the industry [2-4].
Under the influence of high in situ stress, the deep rock mass
is in a state of high compressive deformation or failure limit
and its mechanical properties are obviously different from
shallow rock mass. In deep strata, the disturbance and failure
of surrounding rock caused by excavation lead to large
deformation and support difficulties of roadway and seri-
ously threaten the safe production of coal mines [5-10].
Fault fracture zone is a common adverse geological
phenomenon during roadway excavation, and its

distribution area is one of the unstable sections of sur-
rounding rock. The problems ubiquitous in the fault fracture
zone, including high stress concentration, poor self-stability
of fissured surrounding rock, and easy collapse of sur-
rounding rock, often lead to geological disasters such as roof
collapse and water inrush during excavation of roadway.
The high-stress fractured soft rock roadway is threatened
by both the high in situ stress and the fault fracture zone
mentioned above, and its support technology needs to be
proposed and improved. In fact, in order to effectively
control the large deformation of high-stress fractured soft
rock roadway in a deep mine, researchers and technicians
have carried out some studies and put forward some control
techniques. By analyzing the deformation reasons of deep
high-stress soft rock roadway, Yang et al. [11] proposed a
combined supporting technology to coordinate nonuniform
deformation of surrounding rock, control squeeze flow of
floor heave, and strengthen the bearing structure of the
surrounding rock. Chen et al. [12] put forward an innovative
“relief-retaining” control technology of floor heave, which is
a comprehensive measure that is composed of cutting
groove in the floor, drilling for pressure relief at the roadway
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side, and setting retaining piles at the junction of roadway
side and floor. Based on numerical simulation, Zheng et al.
[13] improved the bearing structure of support and pro-
posed a high-strength combined support system with higher
integrity and bearing capacity, which is consisted of cable
bolt, fiber-reinforced shotcrete, steel mesh, split sets, resin
bolt, and cement grouting. Wang et al. [14] proposed a
double-shell grouting technology with low-pressure grout-
ing and high-pressure split grouting to improve the overall
mechanical properties of the surrounding coal and rock
mass and prevent the large deformation and failure of the
roadway. Meng et al. [15] adopted the finite difference
program FLAC3D to analyze the distribution characteristics
of supporting stress induced by bolt and anchor cable under
different conditions of pretightening force and inter-row
distance. Jiang et al. [16] analyzed the characteristics of rock
large deformation and bolting component failure under
different methods of support and put forward a support
technology of the bolting, U-shaped yielding steel arches and
back filling in synergy, which provided an effective measure
for the soft rock roadway control in 1000 m or more deep
coal mines. He et al. [17] proposed the bolt-mesh-anchor
coupling support technology for the floor heave of deep coal
roadway, which effectively controlled the large deformation
and floor heave of deep coal roadway. By analyzing the stress
environment and failure mechanism of the surrounding
rock, Xu and Wei [18] put forward the combined control
technology of “prestressed grouting anchor cable + grouting
anchor bolt + grouting behind the wall + floor reconstruc-
tion” to control the occurrence of roadway floor heave.

By combining numerical simulation with the field test,
this paper studies the deformation mechanism of high-stress
fractured soft rock roadway then puts forward the joint
reinforcement plan of bolt-net-cable-grout coupling
support.

2. Project Overview

East wing return-air roadway is located in the seventh
mining area near the BF2 fault in the Qingdong Coal Mine of
Huaibei Mining Group, to its east is the east wing transport
roadway and to its west is the 854 working face. The roadway
has an altitude between —630m to —629m, and it passes
through No.8 coal seam, No.7 coal seam, and No.5 coal
seam, siltstone, aluminous mudstone, and mudstone. The
inclination direction of coal and rock seam ranges from 30°
to 48°, and the dip angle is about 12°. The east wing return-air
roadway is in the influence area of the BF2 fault. The BF2
fault is a normal boundary fault between the 5™ mining area
and 7™ mining area, with an NE strike, a dip angle of 55° to
70°, and a height from 70 m to 170 m. The BF2 fault has a
long extension and suffers obvious tectonic stress. According
to the in situ stress test results, the in situ stress field of the
roadway is mainly tectonic stress and the principal stress is
distributed horizontally. The horizontal stress component in
the north-south direction is large, which is 15.9 MPa. The
above-given information indicates that the roadway is a
typical high-stress fractured soft rock roadway.
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3. Parameters of Bolt-Net-Cable-Grout
Coupling Support

The traditional roadway support generally composed of bolt-
mesh, and steel belts cannot meet the support needs of the
high-stress fractured soft rock roadway. The excavation of
the east wing return-air roadway proved the above-men-
tioned viewpoint because the BF2 fault and high in situ stress
caused a series of problems in the roadway with traditional
support, such as the roof fracture and separation, the sinking
of mesh bag and top roof, the large deformation of roadway,
and the floor heave. Obviously, a new type of support is
needed to be proposed to solve the problem of high-stress
fractured soft rock roadway.

In order to effectively control the deformation and
damage of high-stress fractured soft rock roadway, a new
two-step coupling support technology is proposed, which is
composed with “bolt + net + steel belt + shotcrete + cable +
grout.” The two-step can be described as the primary support
and secondary support. The new coupling support is first
used in the east wing return-air roadway, as shown in
Figure 1, to try to solve the problems existing.

3.1. Primary Support. The primary support adopts a cou-
pling support of “blot+ net + shotcrete + cable + roof and
side grout” with the following parameters.

3.1.1. Anchor Bolt. High-strength screw-thread steel bolt
(®22 x 2600 mm) is adopted with a spacing of 800 x 800 mm
and 13 bolts in each row. An anchor bolt is used along with
the JSMZ20-22 new bolting device. The new bolting device
has a spacing of 1600 x 1600 mm with 5 devices in each row.
Each bolt is anchored with 2 rolls of Z2550 resin anchor
agent. The size of the bolt tray is 200 x 200 x 10 mm.

3.1.2. Anchor Cable. A hollow grouting anchor cable
(9©21.6x7000mm) is wused with a spacing of
1600 x 3200 mm and 3 cables in each row. All of the cables
are used along with the JSMZ20-22 new bolting device. The
anchor cable tray is a special tray with a size of
300 x 300 x 16 mm. Each anchor cable is anchored with 3
rolls of Z2550 type resin anchor agent.

3.1.3. Net. Reinforcing steel mesh (P6 x 2500 x 900 mm) is
used with a grid of 100 x 100 mm and lap length of 100 mm.
Reinforcing steel mesh is laid in full section and hooked or
tied with double strands of no less than 14# iron wire in a
spacing of 200 mm.

3.1.4. Shotcrete. P.O 42.5 cement, sand with a particle size
greater than 0.35mm, stone with a particle size between
5mm and 10 mm, and J85 accelerating agent are chosen as
mixing materials. The mass ratio of cement, sand, stone, and
the accelerating agent is 1:2:2:0.04. The prepared shotcrete
has a strength of C20 and a thickness of 50 mm.
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Primary support high-strength

Primary support hollow grouting anchor cable $21.6x7000 mm

Inter-row spacing 1600x3200 mm, 3 anchors each row at the top

rebar bolt ®22x2600 mm

Inter-row spacing 800x800 mm
13 anchors each row at the top

Primary support anchor with
JSMZ20-22 new bolting device

Inter-row spacing 160x1600 mm
5 anchors each row at the top

Secondary support high-strength rebar bolt $22x2800 mm

Inter-row spacing 800x800 mm, 14 anchors each row at the top
Secondary support M-strip
Length*width equals 4200x150 mm

(=4
=1
—

Roadway
centerline

2250

3800
3900

Secondary support high-strength rebar grouting bolt ®22x2600 m:

Inter-row spacing 1600x2400 mm, 4 bolts row at bottom plate

b=
=
—

Secondary support hollow grouting anchor cable bolt ©21.6x4000 mm

Inter-row spacing 1600x2400 mm, 3 bolts each row at bottom plate

FiGure 1: Full-section of bolt-net-cable-grout coupling support.

3.2. Secondary Support. Secondary support adopts a cou-
pling support of “bolt+ net+ shotcrete + steel belt + floor
grout.”

3.2.1. Anchor Bolt. High-strength screw-thread steel bolt
(P22x2800mm) is adopted, with a spacing of
800 x 800 mm and 14 bolts in each row. Each bolt is an-
chored with 2 rolls of Z2550 resin anchor agent. A special
tray for the M-mode steel belt is used.

3.2.2. Steel Belt. M-mode steel belt with a length of 4200 mm
and width of 150mm is arranged along the roadway
direction.

3.2.3. Net. Reinforcing steel mesh for the secondary support
is the same as that for the primary support.

3.2.4. Shotcrete. The secondary support has the same mix
proportion of shotcrete as the primary shotcrete. But the
thickness of shotcrete is 70 mm for the secondary support.

3.2.5. Floor Anchor Bolt. High-strength screw-thread steel
bolt (®22x2600mm) is adopted with a spacing of
1600 x 2400 mm and 4 bolts in each row. An anchor bolt is
used along with the JSMZ20-22 new bolting device. Each
bolt is anchored with 2 rolls of Z2550 resin anchor agent. The
size of the bolt tray is 200 x 200 x 10 mm.
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FIGURE 2: Grid diagram of a numerical model.

3.2.6. Floor Anchor Cable. A hollow grouting anchor cable
(P21.6 x4000mm) is used with a spacing of
1600 x 2400 mm and 3 cables in each row. Each anchor cable
is anchored with 3 rolls of Z2550 type resin anchor agent.
The anchor cable tray is a special tray with a size of
300 x 300 X 16 mm.
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TaBLE 1: Mechanical parameters of rock strata.

Rock stratum  Elastic modulus E (GPa) Internal friction angle ¢ (°) Cohesive force ¢ (MPa) Poisson’s ratio ¢4 Density p (kg/m3)

Mudstone 14 32
Siltstone 22.7 38
Fine sandstone 43.2 35

2 0.245 2668
4 0.203 2658
5 0.148 2666

i

v

FIGURE 3: Illustration of Mohr-Coulomb yield criterion.

4. Numerical Simulation of the
Coupling Support

4.1. Numerical Modeling. According to the rock stratum and
support parameters of the return-air roadway, a fine 2D
numerical model with a size of 30 x30m has been estab-
lished by the finite element software ABAQUS. From top to
bottom, the rock strata with a dip angle of 10° in the model
are composed by siltstone (7.5 m), mudstone (15 m), and fine
sandstone (7.5 m). Both the horizontal displacement and the
vertical displacement constraints are applied on the side
boundaries and bottom boundaries of the numerical model.
A vertical stress of 16.33 MPa calculated according to the
buried depth of the model is set at the top boundary of the
model. The horizontal lateral pressure coefficient is 0.8. The
grid diagram of the numerical model under the initial stress
state is shown in Figure 2. The mechanical parameters of
rock strata are shown in Table 1.

The classic Mohr-Coulomb constitutive model [19] as
shown in Figure 3 is adopted as the failure criteria of
mudstone, siltstone, and fine sandstone.

The Mohr-Coulomb constitutive model can be
expressed as follows:
0,+0,,sn ¢—ccos =0, (1)

where o, and o, are the deviating stress and the average
principal stress, and they can be expressed as follows:

1
05 = E (01 - 03)’
(2)
1
Oy = E ( 1t 03)’

where 07 and 03 are the maximum principal stress and the
minimum principal stress, respectively.

4.2. Numerical Implementation of Anchor Bolt. Shotcrete
anchor support is often involved in underground projects

@® Main component node

O Embedded component node
--- Main component boundary
—— Embedded component boundary

FiGure 4: Distribution diagram of embedded elements.

such as tunnels, including anchoring support and lining
support [20, 21]. The anchor bolt in the support system is
constrained by surrounding rock and is in a tension state, so
it can be simulated by rod element or beam element in finite
element analysis. The “EMBEDDED” command provided by
the finite element software ABAQUS can be used to simulate
the interaction between the nonprestressed anchor bolt and
surrounding rock, whether the anchor bolt element node
coincides with the surrounding rock node or not. By using
this command, the anchor bolt element can be embedded
into rock elements to participate in finite element iterative
calculation. The embedded instruction is to embed a spec-
ified component or a group of components into the main
component, which can be used to simulate reinforcement.

The distribution of embedded elements in the main
components is shown in the shaded part of Figure 4.

Generally, there are several types of embedded elements:
2D model, axisymmetric model, and 3D model. In this
paper, the beam element model in the 2D model is used to
realize the embedding of the anchor element, in which the
interaction between bolt and surrounding rock stratum can
be simulated without considering whether the embedded
position structure is empty or not.

The embedded constraint has been used to define the
interactions among anchor bolt and surrounding rock
masses. The embedded element technique has been adopted
to simulate the anchor bolt, which includes the embedded
constraint. The embedded element technique can be used to
model rebar reinforcement. Abaqus searches for the geo-
metric relationships between nodes of the embedded ele-
ments (rock bolts) and the host elements (surrounding rock
masses). If a node of an embedded element lies within a host
element, the translational degrees of freedom at the node are
eliminated and the node becomes an “embedded node.” The
translational degrees of freedom of the embedded node are
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FIGURE 5: Plastic zone distribution of surrounding rock under different conditions: (a) case 1, (b) case 2, and (c) case3.

constrained to the interpolated values of the corresponding
degrees of freedom of the host element. Embedded elements
are allowed to have rotational degrees of freedom, but these
rotations are not constrained by the embedding. Therefore,
the deformation and stress of surrounding rock masses can
transfer to rock bolts by the embedded element technique,
which is similar to the interactions among anchor bolts and
surrounding rock masses.

4.3. Analysis of Numerical Simulation Results. According to
the composition of the coupling support, three cases are set
as follows to analyze support response and surrounding rock
response under different working conditions:

Case I: full-section excavation without support
Case 2: full-section excavation with primary support

Case 3: full-section excavation with primary support
and secondary support

The main excavation response factors, including the
surface displacement of roadway, anchorage force, deep
displacement of surrounding rock, and plastic zone of
surrounding rock, have been analyzed under the three
different cases.

4.3.1. Plastic Zone Distribution of Surrounding Rock. The
plastic zone of surrounding rock can reflect the stability and
safety of the roadway. Figure 5 shows the equivalent plastic
strain cloud diagram of surrounding rock under three dif-
ferent cases, in which, PEEQ represents the value of
equivalent plastic strain to reflect the cumulative result of
plastic strain in the whole deformation process.

Figure 5 shows that the surrounding rock plastic zone is
mainly distributed near the roadway surface, and the sur-
rounding rock of case 1 has a larger plastic zone range
compared to that of case 2 and case 3. That is to say, the
application of support can effectively reduce the distribution
range of the surrounding rock plastic zone. In any case, the
surrounding rock plastic zone near the roadway sidewall and
floor are larger than that near the roadway roof.

As shown in Figure 5(a), when the roadway is not
supported, the size of the surrounding rock plastic zone near
the roadway sidewall is about 30% of the roadway span, and
those near the roadway floor and roof are about 56% and
27% of the roadway height. Figure 5(b), the figure of the
surrounding rock plastic zone near the roadway with pri-
mary support, shows that the sizes of the surrounding rock
plastic zone near the roadway sidewall and roof are sig-
nificantly reduced compared with case 1, which are about
25% of the roadway span and 17% of the roadway height,
respectively. However, the size of the surrounding rock
plastic zone near the roadway floor is the same as in case 1.
As shown in Figure 5(c), the range of the surrounding rock
plastic zone further decreases after secondary support is
applied, the sizes of the surrounding rock plastic zone near
the roadway sidewall, floor, and roof are reduced by about
19% of the roadway span, 44%, and 10% of the roadway
height. Obviously, the secondary support plays a key role in
reducing the surrounding rock plastic zone.

To sum up, the application of support is helpful to reduce
the surrounding rock plastic zone range and improve the
stability of the surrounding rock, and the coupling support is
better than the primary support alone.

Of course, Figure 5 also reflects that the maximum value
of PEEQ of surrounding rock increases from 0.02633 in case
1 to 0.02902 in case 2, due to the stress concentration of
surrounding rock caused by the action of the anchor bolt.
Obviously, the stress concentration of surrounding rock is
improved when the coupling support with a relatively dense
bolt is adopted, and the maximum value of PEEQ of sur-
rounding rock is reduced to 0.02442 in case 3.

4.3.2. Stress of Anchor Bolt and Cable. The axial stress of
anchor bolts and cables under different conditions is shown
in Figure 6.

Figure 6 shows that in all working conditions, the axial
stress of anchor bolts and cables always decreases with the
increase of the buried depth and the axial stress reaches the
maximum value near the roadway surface. Obviously, this
phenomenon accords with the mechanical characteristics of
bonded bolts. Under the influence of the rock strata dip
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FIGURE 6: Axial stress clouds of anchor bolts and cables under different conditions (unit: Pa): (a) case 2 and (b) case 3.

angle, the axial stress of anchor bolts and cables arranged in
different directions is different in the same buried depth.

In case 2, the maximum axial stress of anchor bolts and
cables is about 2.252 GPa, which appears near the roadway
sidewall. However, in case 3, the maximum axial stress of
anchor bolts and cables decreases to 1.612 GPa, which ap-
pears near the roadway floor, while the maximum axial stress
of bolt near the roadway sidewall is only 1.28 GPa. Obvi-
ously, the application of secondary support significantly
reduces the maximum axial stress of the bolt system and
changes the action mode of the bolt system. The large axial
stress of the anchor bolts and cables near the roadway floor
indicates that the anchor bolts and cables effectively limit the
trend of floor heave and the occurrence of floor failure.

Therefore, the secondary support can change the me-
chanical state of surrounding rock and reduce the axial stress
of anchor bolts and cables by increasing the distribution
density of bolt and further improve the reliability of roadway
support and the stability of surrounding rock. The coupling
support can solve the problem of insufficient strength of
supporting members of high-stress fractured soft rock
roadway.

4.3.3. Roadway Surface Displacement. Roadway surface
displacement can reflect the stability of surrounding rock
and support. Therefore, as shown in Figure 7, four typical
measurement points are set on roadway sidewalls, floor, and
roof to carry out the comparison of roadway surface dis-
placement under different support forms.

The roadway surface displacement under the three cases
is shown in Table 2.

Table 2 shows that when the roadway is not supported,
the displacement values of the four measurement points are
relatively close and the maximum value appears at the
roadway floor. After the application of primary support, the
displacement of measurement points A, C, and D at the
roadway roof and sidewall decreases rapidly by 47.3%,
28.9%, and 45.6%, respectively, while the displacement of

B

FIGURE 7: Surface measurement points arrangement of the
roadway.

TaBLE 2: Surface displacement of monitoring points of the roadway
under different conditions.

Surface displacement of

. " measurement points of roadwa
Calculation conditions P Y

(mm)
A B C D
Case 1 18.99 19.67 17.17 18.74
Case 2 10.00 18.79 12.21 10.20
Case 3 6.63 17.24 7.82 7.83

measurement point B at the roadway floor decreases by only
4.5%. The application of secondary support further reduces
the roadway surface displacement, but the measurement
points with significant displacement reduction are still lo-
cated at the roadway roof and sidewall. The displacement of
measurement points A, C, and D decreased by 65.1%, 54.5%,
and 58.2%, respectively, compared with case 1, but the
measurement point D still has a small displacement change.

Therefore, the application of support can reduce the
roadway surface displacement, especially the displacement
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FIGURE 8: Measurement point for the deep displacement of sur-
rounding rock.

at the roadway roof and sidewall. However, the effect of
roadway support on inhibiting the displacement at the
roadway floor is not obvious, which is basically consistent
with the analysis result of inhibiting effect of roadway
support on the surrounding rock plastic zone. On the whole,
the coupling support has a stronger inhibition displacement
ability and better supporting effect than single primary
support for a high-stress fractured soft rock roadway.

4.3.4. Deep Displacement of Surrounding Rock. The deep
displacement of surrounding rock is an important parameter
to reflect the relaxation response and deformation law of
surrounding rock induced by excavation. For the deep
displacement of surrounding rock, three measurement
points above the roadway roof are selected on the vertical
axis of the model, numbered as 1, 2, and 3 in sequence and
the distances between the measurement points and the
roadway roof are 2.0m, 5.0m, and 8.0m, as shown in
Figure 8.

Table 3 shows the displacements of three measurement
points in the surrounding rock above the roadway roof
under different cases.

It can be seen from Table 3 that no matter what support
method is adopted, the deep displacement of surrounding
rock decreases in accordance with nonlinear law as the
distance between measurement points and roadway surface
increases. In case 3, the displacement of all measurement
points is smaller than that in case 2, and the displacements of

three measurement points are reduced by 33.2%, 17.2%, and
15.1%, respectively. That is to say, the increase of support
strength caused by the application of secondary support
effectively controls the deep displacement of surrounding
rock and reduces the loosening range of surrounding rock.

Combined with the displacement of the roadway roof
described in Table 2, the maximum relative displacement of
measurement points appears between measurement point 1
and measurement point 2, so it can be considered that the
main range of surrounding rock loosening does not exceed
measuring point 2.

Therefore, the application of support can reduce not only
the roadway surface displacement but also the deep dis-
placement of surrounding rock. For high-stress fractured
soft rock roadway, coupling support has a stronger ability to
suppress deep displacement of surrounding rock than single
primary support. Under the roadway support, the loosening
of surrounding rock mainly occurs within 5m from the
roadway surface.

5. Support Effect Monitoring Analysis

Based on the analysis of support bearing characteristics by
numerical simulation, the coupling support technology
proposed in this paper is applied in the east wing return-air
roadway in the Qingdong Coal Mine of Huaibei Mining
Group. The applicability and reliability of the coupling
support in high-stress fractured soft rock roadway are
verified by field monitoring.

The measurement points of roadway surface displace-
ment are arranged by using the cross-point method, and the
location is shown in Figure 7. The spacing of measuring
points along the axis of the roadway is about 30 m~40 m. 12
measurement points on 3 sections are set up during the
monitoring process. The surface displacements of the
roadway on the two observed sections are shown in Figure 9.

According to Figure 9, when the coupling support is
done, all the displacements of measurement points are
greater than the numerical simulation results. This phe-
nomenon is mainly due to the well-known time effect
[22, 23] of surrounding rock deformation, and the large time
difference between support application and roadway exca-
vation causes large initial deformation. Obviously, the in-
fluence of the time effect is difficult to predict in numerical
simulation. In addition, the measured displacement of
roadway floor is less than that of roadway sidewall and roof,
which is opposite to the numerical simulation results. It
shows that the deformation of surrounding rock near the
roadway floor is less affected by time effect than that of the
surrounding rock near the roadway sidewall and roof. It is
beneficial and necessary to control the large deformation of
surrounding rock by timely supporting following the
roadway excavation.

It can be seen from Figure 9 that the deformation of all
the measurement points gradually increases with time and
eventually tends to a stable state, and the displacement of the
roadway floor is always smaller than that of the roadway
sidewall and roof. After 5 months of measurement, the
maximum value of roof sinking, floor heave, and sidewall
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TaBLE 3: Deep displacement of surrounding rock under different conditions.

Calculation conditions .
Measurement point 1

Displacement of roof measurement point (mm)

Measurement point 2 Measurement point 3

Case 2
Case 3

9.52
6.36

5.46
4.52

4.82
4.09
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F1GUre 9: Convergence curve of measurement points at the return-air roadway: (a) measurement point 1 and (b) measurement point 2.
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FIGURE 10: Support effect of the return-air roadway: (a) support effect of the roof and (b) support effect of the sidewall.

convergence of the roadway finally reached about 160 mm,
100mm, and 150mm, respectively. These deformation
values seem to be large, but in fact, they are all within the
controllable range. At the end of monitoring, the dis-
placement of roadway support no longer increases signifi-
cantly, which indicates that the deformation of surrounding
rock has reached a stable state, and the deformation of
surrounding rock caused by roadway excavation has been
effectively controlled by the coupling support. The roadway
with coupling support is shown in Figure 10.

6. Conclusions

A bolt-net-cable-grout coupling support is proposed to solve
the problem in the supporting of high-stress fractured soft
rock roadway. The mechanism of interaction between
coupling support and surrounding rock is analyzed by
numerical simulation, and the excavation responses of
coupling support and surrounding rock, such as stress and
displacement, are studied. Under the guidance of numerical
simulation results, the coupling support is applied to an
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actual roadway, and the measurement results show that the
coupling support is effective. The key conclusions of the
study are as follows:

(1) The surrounding rock plastic zone near the roadway
sidewall and floor is larger than that near the
roadway roof, and the coupling support is more
effective to reduce the distribution range of the
surrounding rock plastic zone than the primary
support alone. In addition, the coupling support can
reduce the stress concentration of surrounding rock
caused by the anchor bolt.

(2) The coupling support can change the mechanical
state of surrounding rock and reduce the axial stress
of anchor bolts and cables by increasing the distri-
bution density of bolt and further improve the re-
liability of roadway support and the stability of
surrounding rock.

(3) The coupling support has a stronger inhibition
displacement ability than single primary support for
a high-stress fractured soft rock roadway, especially
for the displacement at the roadway roof and
sidewall.

(4) Coupling support can reduce not only roadway
surface displacement but also deep displacement and
plastic zone size of surrounding rock. For high-stress
fractured soft rock roadway, the coupling support
has a stronger ability to suppress the deep dis-
placement of surrounding rock than the single
support.

(5) Field monitoring data indicate that bolt-net-cable-
grout coupling support changes the structure of
high-stress fractured soft rock roadway and restrains
the occurrence of floor heave, which proves that the
comprehensive treatment of surrounding rock is
effective.
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To study the general law of the influence of embedded carbon fiber heating wires on the melting of snow and ice on bridge decks
and to solve the problem of icing on large bridges in winter, relevant model tests were carried out. In this experiment, a carbon
fiber heating wire was used as the heat source to make a large-scale asphalt concrete bridge deck model with a built-in carbon fiber
heating wire. The effect of different heating powers, ambient temperatures, snow and ice thicknesses, and wind levels on the
melting of snow and ice on bridge decks was studied. The snow-melting and ice-melting tests performed at different heating
powers show that as the heating power increases within a certain range, the time required for the snow and ice layers to melt and
the power consumption decrease. Under certain conditions, to ensure the rapid melting of snow and ice layers on the surface of
road bridges, a heating power of 400 W/m? is selected. At this time, the heating effect is the best, and this method is economical
and practical. The snow-melting and ice-melting tests performed at different ambient temperatures and with different thicknesses
of the snow and ice layers show that as the ambient temperature decreases or the thickness of the ice layer increases within a
certain range while keeping the other factors constant, the time required for the snow to melt and the power consumption
increase, and the power consumption is relatively large. The snow-melting test performed at different wind levels shows that with
the increase in the wind level within a certain range while keeping the other factors constant, the uniformity of the overall
temperature distribution on the surface of the specimen worsens, the snow-melting time increases, and the temperature rises. The
rate of temperature increase decreases. Therefore, in actual engineering applications, when the wind speed is too high, the methods
of manually or mechanically removing snow can increase the snow removal rate on bridge decks. Under different conditions,
choosing the right heating power can effectively improve the efficiency of melting snow and ice on bridge decks. The research
results of this paper provide a theoretical reference for the actual construction of bridge decks in the future.

1. Introduction

As the elevated part of a bridge is suspended in the air, cold
wind blows on the bridge from all directions, which causes
the heat of the bridge body to be lost in all directions [1],
making bridge decks prone to icing in winter and causing
accidents. According to statistics, approximately 40,000
people die in traffic accidents caused by bridge icing every
year in China [2]. It is particularly important to solve the
problem of icing on bridge pavement.

At present, the methods of melting snow and ice on
bridge decks are mainly divided into two categories: passive
deicing methods and active deicing methods. Passive deicing

methods mainly include artificial methods, mechanical
methods, and deicing agent methods. The manual method
[3] cannot be applied in a large area due to the high labor
cost and low removal efficiency. The mechanical method will
cause a certain degree of damage to the bridge deck due to its
high gravity, and due to the subsequent maintenance cost
being high, it cannot be widely used [4]. In addition, the use
of snow-melting agents causes irreversible damage to the
environment, buildings, and vegetation, so it is not vigor-
ously promoted for use [5]. On the other hand, the active
deicing method mainly includes the thermal melting
method, and the electric heating method in the thermal
melting method uses a heating cable as a heating element.
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The method involves heat exchange between the surface and
ice and snow [6-8]. Compared with the passive deicing
method, the heating cable heating system has the advantages
of no pollution, convenient construction, and remote
control, so it has been widely studied. Yanfeng Li [9] et al.
studied the selection of carbon fiber heating wires, the depth
of burial, and the spacing of heating wires. They studied road
surface changes through carbon fiber melting of snow and
ice combined with finite element analysis. The results
showed that the external climatic conditions (especially
temperature) are the main factors of the snow-melting effect
of heating cables. Hongming Zhao [10] et al. studied the
influence of different spacings of heating wires on the surface
temperature characteristics of concrete slabs through finite
element modeling and studied the relationship between the
input power and temperature rise of concrete slabs through
indoor temperature rise experiments on concrete slabs. The
results showed that under certain conditions that used a
carbon fiber heating plate surface, the average temperature
was above 0°C, and the temperature distribution met the
requirements of uniform snow and ice melting. Bu Yin [11]
et al. analyzed the heat dissipation of a carbon fiber heating
bridge deck and studied the utilization and loss mechanism
of the heat generated by carbon fiber heating wire. The
results showed that convective heat transfer and latent heat
affect the heat dissipation of carbon fiber heating bridge
decks. In this method, temperature has the greatest effect on
melting snow and ice on carbon fiber-heated bridge decks,
followed by wind speed, and ice thickness has the least effect.
Bai Bing [12] et al. developed a theoretical model describing
their cotransport. The results showed that temperature and
Darcy velocity have a negligible effect on the transport of
individual HMs and that the recovery ratio of Cd2+ is higher
than that of Pb2+. And it established a coupled thermo-
hydro-mechanical mechanism in view of the soil particle
rearrangement for saturated/unsaturated soils under the
framework of granular thermodynamics. The deduced
generalized phase stresses differ from the classical effective
principle based on linear elastic porous media and can
automatically consider the impact of the stress path, tem-
perature path, and soil structure [13].

Iftekar Gull [14] et al. investigated the effect of me-
chanical depolymerization of carbon fibers in a mixture of
methylcellulose and sodium dodecylbenzene sulfonate water
on the dispersion of carbon fibers in self-compacting con-
crete (SCC) as a way to improve the properties of concrete.
Sherif A. Yehia [15] et al. performed a thermoelectric-
coupled finite element analysis to study the Joule heating of a
conductive concrete overlay [16-18]. Quantao Liu [19] et al.
concluded that induction heating can improve the self-
healing rate of asphalt mastic and porous asphalt concrete.
This method has the advantages of a wide range of material
sources and simple preparation [20,21]. The current dis-
advantage is that the mechanical and electrical properties of
the researched conductive concrete cannot be well balanced,
and its high price makes its use difficult in a wide range of
applications. Abubakar Gambo Mohammed [22] et al. in-
vestigated a novel resistance heating method for deicing and
snow melting. Three different forms of carbon fiber were
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embedded in concrete samples, and their heating properties
were tested. To simulate the condition of concrete exposed to
low temperature, an environmental chamber was used to
study the effect of various parameters such as thermal power
density, ambient temperature, heating plate installation
depth, concrete humidity, and carbon fiber form on tem-
perature variation. The test results show that the carbon fiber
electric heating method can effectively remove the icing and
snow problems of the road. Yong Lai [23,24] et al. proposed
a method for snow melting with carbon fiber grilles buried in
airport sidewalks. At —3°C to —1°C, power is supplied to the
airport sidewalk by using carbon fiber grille. The results
show that when the input power is 350 W/m?, the maximum
road surface temperature can reach 4.63 °C, and the 2.7 cm-
thick snow can be melted within 2 h.

Lietal. [25] takes the airpot pavement as the background
to explore the law of temperature rise. Li et al. [26] con-
ducted an experimental study on the efect of melting snow
and ice on the bridge deck with carbon fiber heating wires.
Analysis shows that carbon fiber is a new high-performance
fiber-reinforced material, and its performance is excellent,
with high strength, high modulus, high-temperature resis-
tance, friction resistance, fatigue and creep resistance, and
many other excellent properties, so it can provide a viable
solution for melting snow and ice on bridge decks. There-
fore, in this paper, we choose a 24 K carbon fiber heating line
as the heat source and make a large asphalt concrete bridge
deck model with a built-in carbon fiber heating line to study
the effects of different heating powers, ambient tempera-
tures, snow and ice thicknesses, and wind levels on the
melting of snow and ice on the bridge deck to provide a
reference for future applications in melting snow and ice on
actual bridges.

2. Materials and Methods

2.1. Model. This test mainly explores the rate of temperature
increase of a bridge deck and the melting of snow and ice, so
the stress and load-bearing capacity of the specimens are not
considered. The asphalt concrete specimens are shown in
Tables 1-3 for each surface layer type.

The test specimens are 50 cm long, 50 cm wide, and
30 cm high. From top to bottom, they are a 4 cm thick AC-13
upper layer, 6 cm thick AC-20 lower layer, and 20 cm thick
cement concrete pavement. The carbon fiber heating wire is
pre-embedded inside the specimen and is distributed in a
“U” shape 11 cm from the surface of the model. And the
Keysight temperature recorder is used to read the surface
temperature of the sample. To reduce heat loss, a 3 cm thick
XPS board is pasted on the bottom and four sides of the
mold for thermal insulation. The three-dimensional model
of the asphalt concrete specimen is shown in Figure 1, and
the cross-sectional view is shown in Figure 2. The Keysight
temperature recorder is shown in Figure 3.

2.2. Experiment Material. As a new type of high-perfor-
mance fiber material for reinforcement, carbon fiber has
excellent performance and properties, such as high strength,
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TaBLE 1: C30 concrete mix ratio (kg).

Cement Gravel Pebble Admixture
23.05 25.6 62.6 0

Material ~ Water
Quality 8.75

TaBLE 2: AC-20 asphalt concrete mix ratio (kg).

Particle size (mm) 15~20 10~15 5~10 3~5 0~3
Quality 24 22 21 4 26

TaBLE 3: AC-13 asphalt concrete mix ratio (kg).

Particle size (mm) 10~15 5~10 0~3
Quality 60 8 13

50

Asphalt Concrete
AC-13

Carbon fiber heating F
wire !

Concrete layer

Asphalt Concrete AC-20

FiGure 1: Three-dimensional model of an asphalt concrete spec-
imen (cm).

50

30

o
Q

FIGURE 2: Cross-sectional view of an asphalt concrete specimen
(cm).

high modulus, high-temperature resistance, friction resis-
tance, fatigue and creep resistance, and many other excellent
properties. The experiment uses 24K carbon fiber heating
wire products, each of which has a total length of 12 m and is
evenly arranged in the model in a “U” shape, and the ad-
jacent spacing is 10 cm. The total length embedded in the
specimen is 5m, and the length exposed to the air is 7 m. The
resistance of the heating wire is 17 3/m, the maximum
voltage in the laboratory is 220 V, and the maximum heating
power applied to the model is 400 W/m”. Similarly, when the
voltages are 180V and 200V, the corresponding heating
powers are 260 W/m® and 320 W/m®. The layout of the
carbon fiber heating wire is shown in Figure 4.

2.3. Test Conditions. The test is mainly divided into two
parts: the snow-melting test and the ice-melting test. In the
snow-melting test and deicing test, snow and ice are spread

Carbon fiber 10 i 10 i 10 ; 10 i 10
heating wire
=
S
R e
(=}
=
\\ iiiiiiiiiiiiiiiiiiiii
\\
=
o //
o
=

FIGURE 4: Layout of the heating wire (unit: cm).

on the surface of the test specimen in advance, and then, the
power is turned on to heat the model when the thickness of
the ice and snow required by the working condition is
reached to carry out the test. The general rules of the in-
fluence of different heating powers, ambient temperatures,
snow and ice thicknesses, and wind powers on the melting of
snow and ice on bridge decks are studied. The four working
conditions of the snow-melting test are shown in Table 4,
and the two working conditions of the deicing test are shown
in Table 5.

3. Results and Discussion

3.1. Research on the Influencing Factors of the Snow-Melting
Test

3.1.1. Heating Power. The set working conditions are an
initial ambient temperature of —3°C, Class 0 wind, and a
snow thickness of 2cm, and the effects of three different
heating powers of 260 W/m?, 320 W/m?, and 400 W/m? on
the time required for snow melting and power consumption
influence are explored. The surface temperature change
curve of the specimen at different powers is shown in
Figure 5.

Figure 5 shows that when the heating power is 400 W/m*
and the heating time is 0.49 h, the surface temperature of the
test specimen can reach 0°C; at this time, the snow starts to
melt. When it is heated for 1.83h, the surface snow melts
completely. At this time, the temperature is 4.43°C, and the
total power consumption is 0.73 kW h/m?* When the heating
powers are 320 W/m?* and 260 W/m?, the surface temper-
ature can reach 0°C after the heating time exceeds 1.01 h and
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TABLE 4: Snow-melting test conditions.

Group class Heating power (W/m?)

Environmental temperature ("C)

Wind rating Snow thickness (cm)

260 -3 0
A 320 2
400
-3
B 400 -6 0 4
-9
2
C 400 -3 0 4
6
0
D 400 -3 1 4
2

TaBLE 5: Deicing test conditions.

Group class Heating power (W/m?)

Environmental temperature ("C)

Wind rating Ice thickness (mm)

260
A 320 -3 0 5
400
5
B 400 -3 0 10
15
8 -
6
°
bt
EE
<
2
g
L)
E_4

—s— 400 W/m?
—e— 320 W/m?

25 30 35 40 45 50
Time (h)
—a— 260 W/m?

—»— Temperature of air

FIGURE 5: Curve of the surface temperature change of the test specimen under different powers.

2.03h, respectively. The snow began to melt at this time.
When heating for 3.67h and 5.0h, the surface snow can be
melted. At this time, the temperatures are 3.68 °C and
2.79 °C, and the total power consumptions are 1.17 kW h/m?
and 1.3 kW h/m?, respectively.

In the snow-melting tests at the three powers, when the
heating power is changed from 260 W/m?> to 320 W/m?, the
time for complete snow melting is shortened by 1.33 h, and the
power consumption is approximately 10% less than that in the
case of 260 W/m®. When the heating power is changed from
260 W/m” to 400 W/m?, the time to completely melt the snow

is reduced by 3.17 h, and the power consumption is reduced by
43.8% compared with that of the case of 260 W/m”.

The rates of the surface temperature increase of the
specimen at different powers are shown in Table 6. Com-
paring the rates of temperature increase under the three
working conditions within 0~1.83 h shows that at 260 W/ m?,
when the surface temperature of the test specimen increases
from —2.972°C to —0.100°C, the rate of temperature increase
is 1.760 °C/h. At 320 W/m?, when the surface temperature of
the specimen increases from —2.913°C to 0.872°C, the rate of
temperature increase is 2.143 °C/h. At 400 W/m?, the surface
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TABLE 6: Rates of the surface temperature increase of the test specimen at different powers.

Heating power (W/  Initial ambient temperature

Average temperature when heating for

Rate of temperature increase ("C/

m?) (C) 1.83h (°C) h)

260 -2.972 0.100 1.679
320 -2.913 0.872 2.068
400 —-2.931 4.432 4.023

temperature of the specimen increases from —2.931°C to
4.432°C, and the rate of temperature increase is 4.023 “C/h.

In summary, at heating powers of 260 W/m” and 320 W/
m?, the rate of temperature increase is close and far less than
the rate of temperature increase at 400 W/m?, Combining
the snow-melting time and power consumption analyses at
different powers shows that under the conditions of an initial
ambient temperature of —3°C, a wind level of 0, and a snow
thickness of 2 cm, to ensure that the snow on the road bridge
surface melts quickly without inconveniencing travel, a
heating power of 400 W/m? is selected to heat the road
surface. At this time, the heating effect is the best, and it is
economical and practical.

3.1.2. Environmental Temperature. The set working condi-
tions are a heating power of 400 W/m?, Class 0 wind, and a
snow thickness of 4 cm, and the influence of three different
ambient temperatures of —3°C, —6°C, and —9°C on the time
required for snow melting and power consumption are
explored. The surface temperature change curve of the test
specimens is shown in Figure 6.

Figure 6 shows that when the ambient temperature is
-3°C and the heating time is 1.27 h, the surface temperature of
the test specimen can reach 0°C; at this time, the snow starts to
melt. When heated for 2.93 h, the surface snow melts com-
pletely. At this time, the temperature is 4.89°C, and the total
power consumption is 1.17kW h/m® When the ambient
temperatures are —6°C and —9°C and the heating times exceed
2.13h and 3.15h, respectively, the surface temperature rea-
ches above 0°C, and the snow begins to melt at this time.
When heating for 4.27h and 5.33 h, the surface snow melts
completely. At this time, the temperatures are 4.68 °C and
4.93 °C, respectively, and the total power consumptions are
1.71 kW h/m? and 2.13 kW h/m?, respectively.

In the snow-melting tests at three different initial ambient
temperatures, when the initial ambient temperature changes
from —3°C to —6°C, the time to completely melt the snow will
increase by 1.34h, and the power consumption will increase
by approximately 46.1% compared with that of the case of
—3°C. When the initial ambient temperature changes from
-3°C to —9°C, the time to completely melt the snow will
increase by 2.40h, and the power consumption will increase
by 82.1% compared with that of the case of —3°C.

The rate of temperature increase of the specimen surface
at different initial ambient temperatures is shown in Table 7.
Comparing the rates of temperature increase under the three
working conditions within 0~2.93 h shows that at an initial
ambient temperature of —3°C, when the surface temperature
of the test specimen increases from —3.130°C to 4.891°C, the
rate of temperature increase is 2.738 °C/h. At an initial

Temperature (°C)

-—a— -3°C

—e— -6°C
—4— -9°C

FIGURE 6: Temperature change curve of the surface of the test
specimen at different ambient temperatures.

ambient temperature of —6°C, when the surface temperature
of the specimen increases from —6.121°C to 1.352°C, the rate
of temperature increase is 2.551 “C/h. At an initial ambient
temperature of —9°C, the surface temperature of the spec-
imen increases from —9.023°C to —0.136°C, and the rate of
temperature increase is 3.126 °C/h.

In summary, at initial ambient temperatures of —3°C and
—6°C, the rates of temperature increase are close to and less
than the rate of temperature increase under the —9°C op-
erating condition. Combining the snow-melting time and
power consumption analyses at different initial ambient
temperatures shows that as the initial ambient temperature
decreases within a certain range while keeping the other
factors constant, the time required for snow melting and the
power consumption increase and the loss increases.

3.1.3. Snow Thickness. The working conditions are a heating
power of 400 W/m?®, Class 0 wind, and an ambient tem-
perature of —3°C, and the effects of three different snow
thicknesses of 2 cm, 4 cm, and 6 cm on the time required for
snow melting and power consumption are explored. The
curve of the surface temperature of the test specimens with
different snow thicknesses is shown in Figure 7.

Figure 7 shows that when the thickness of the snow cover
is 2 cm, the surface temperature of the test specimen reaches
0°C when heated for 0.49h, and the snow starts to melt.
When heated for 1.87 h, the surface snow melts completely.
The hourly temperature is 4.432°C, and the total power
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TaBLE 7: Rates of the temperature increase of the specimen surface at different initial ambient temperatures.

Heating power (W/  Initial ambient temperature

Average temperature when heating for

Rate of temperature increase

m?) (°C) 2.93h (°C) (°C/h)
-3.130 4.891 2.738
400 —-6.121 1.352 2.551
-9.023 -0.136 3.126
8- from -3.031°C to —0.015°C, and the rate of temperature
increase is 1.629 °C/h.
6 L

Temperature (°C)

00 05 10 15 20 25 30 35 40 45 50
Time (h)

—=— 2 cm Snow cover
—e— 4 cm snow cover
—A— 6 cm snow cover

FIGURE 7: Curves of surface temperature changes of specimens with
different snow thicknesses.

consumption is 0.73 kW h/m?. When the snow thicknesses
are 4cm and 6cm, the heating time exceeds 1.27h. After
2.01 h, the surface temperature reaches above 0°C. Now, the
snow begins to melt. When heating for 2.93 h and 4.27 h, the
surface snow melts. At this time, the temperatures are
4.891 °C and 4.531 °C, and the total power consumptions are
0.17kW h/m? and 1.71 kW h/m?, respectively.

In the snow-melting tests with three different snow
thicknesses, when the snow thickness is increased from 2 cm
to 4cm, the time for complete snow-melting increases by
1.06 h, and the power consumption increases by approxi-
mately 60.3% compared with that of the case where the snow
thickness is 2cm. When the snow thickness is increased
from 2cm to 6cm, the time to completely melt the snow
increases by 2.40 h, and the power consumption increases by
1342% compared with that of the case where the snow
thickness is 2 cm.

The rates of surface temperature increase of the test
specimen with different snow thicknesses are shown in
Table 8. Comparing the rates of temperature increase under
the three working conditions within 0~1.87h shows that
when the snow thickness is 2 cm, the surface temperature of
the test specimen changes from —2.931°C to 4.432°C, and the
rate of temperature increase is 3.937 “C/h. When the snow
thickness is 4 cm and the surface temperature of the spec-
imen increases from —3.131°C to 1.821°C, the rate of tem-
perature increase is 2.648 °C/h. When the snow thickness is
6cm, the surface temperature of the specimen increases

In summary, under certain conditions, as the thickness
of the snow increases, the rate of temperature increase
decreases. The analyses of snow-melting time and power
consumption with different snow thicknesses show that
other factors remain unchanged in specific actual projects.
With the increase in snow thickness within a certain range,
the time required to melt snow and the power consumption
increase, and the power consumption is relatively large.

3.1.4. Wind Rating. 'The set working conditions are a heating
power of 400 W/m?, an ambient temperature of —3°C, and a
snow thickness of 4 cm to explore three wind levels: class 0
(0 m/s), class 1 (1.35m/s), and class 2 (2.74 m/s). The impact
of different wind levels on the time required for snow
melting and power consumption is investigated. The surface
temperature change curve of the specimen is shown in
Figure 8.

Figure 8 shows that when the wind power level is class 0
and the surface temperature of the specimen reaches 0°C
when heated for 1.27h, the snow begins to melt. When
heated for 2.93 h, the surface snow is completely melted. The
hourly temperature is 4.891°C, and the total power con-
sumption is 1.17 kW h/m?. When the wind power levels are
level 1 and level 2, the surface temperature reaches above 0°C
after the heating times exceed 1.49 h and 1.93 h, respectively,
and the snow begins to melt. When heating for 3.47h and
5.20 h, the surface snow melts. At this time, the temperatures
are 4.502 °C and 4.835 °C and the total power consumptions
are 1.39kW h/m? and 2.08 kW h/m?, respectively.

In the snow-melting test with three different wind levels,
when the wind level changes from level 0 to level 1, the time
to completely melt the snow increases by 0.54h, and the
power consumption increases by approximately 18.8%
compared with that of the case where the wind level is level 0.
When the level is changed from level 0 to level 2, the time to
completely melt the snow will increase by 0.91h, and the
power consumption will increase by 77.8% compared with
that of the case where the wind level is level 0.

The rate of temperature increase of the specimen surface
at different wind levels is shown in Table 9. Comparing the
rate of temperature increase under the three working
conditions within 0~2.93h shows that in the working
condition with a wind power rating of 0, when the surface
temperature of the specimen increases from -3.131°C to
4.891°C, the rate of temperature increase is 2.738 °C/h. In the
working condition with a wind power level of 1, when the
surface temperature of the test specimen increases from
-3.021°C to 3.684°C, the rate of temperature increase is 2.288
°C/h. In the working condition with a wind power level of 2,
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TABLE 8: Rates of the temperature increase of the specimen surface with different snow thicknesses.

Snow thickness Initial ambient temperature

Average temperature when heating for

Rates of temperature increase

(cm) (°C) 1.87h (°C) (°C/h)

2 -2.931 4.432 3.937

4 -3.131 1.821 2.648

6 -3.031 -0.015 1.629
8- power consumption is 0.93kWh/m® When the heating
. powers are 320 W/m?* and 260 W/m?, the surface temper-

Temperature (°C)

-6 1 1 1 1 1 1 1 1 1 1 1 I

0.0 05 1.0 1.5 2.0 25 30 35 40 45 50 55 6.0
Time (h)

—=— Class 0 wind
—e— Class 1 wind
—a— Class 2 wind

FIGURE 8: Curve of the surface temperature of the specimen with
different wind levels.

when the surface temperature of the specimen increases
from —3.094°C to 1.798°C, the rate of temperature increase is
1.670 ‘C/h.

In summary, when keeping the other factors constant, as
the wind level increases within a certain range, the uni-
formity of the overall temperature distribution on the
surface of the specimen worsens, and the snow-melting time
increases. In addition, the rate of temperature increase
decreases. Therefore, when the wind speed is too high in
actual engineering applications, the methods of manually or
mechanically removing snow increase the rate of snow re-
moval from bridge decks.

3.2. Research on Influencing Factors of the Deicing Test

3.2.1. Heating Power. The research method in this section is
the same as the snow-melting process. Working conditions
are set as an initial ambient temperature of —3°C, a wind
power level of 0, and an ice thickness of 5cm to explore the
melting time and power consumption with three different
heating powers of 260 W/ m?, 320 W/m?, and 400 W/m? and
deicing impact. The surface temperature change curve of the
specimen at different powers is shown in Figure 9.

Figure 9 shows that when the heating power is 400 W/m*
and the heating time is 0.67 h, the surface temperature of the
test specimen can reach 0°C; at this time, the ice layer begins
to melt. When it is heated for 2.33 h, the surface ice layer is
melted. At this time, the temperature is 3.32°C and the total

ature can reach 0°C after the heating times exceed 1.17 h and
2.01 h, respectively, and the ice begins to melt at this time.
When heating for 3.83 h and 5.5 h, the surface ice layer melts.
At this time, the temperatures are 3.14 °C and 2.58 °C and the
total power consumptions are 1.23 kW h/m” and 1.43 kW h/
m’, respectively.

In the ice-melting tests at the three powers, when the
heating power is increased from 260 W/m” to 320 W/m?, the
time for the complete melting of the ice layer is shortened by
1.67 h, and the power consumption is approximately 14.0%
less than that in the case of 260 W/m> When the heating
power is increased from 260 W/m?” to 400 W/m?, the time to
completely melt the ice layer is shortened by 3.17h, and the
power consumption is reduced by 35.0% compared with that
of the case of 260 W/m”.

The rate of temperature increase of the specimen surface
at different powers is shown in Table 10. Comparing the
rates of temperature increase under the three working
conditions within 0~2.33h shows that at 260 W/m?, when
the surface temperature of the specimen increases from
-2.931 °C to 0.199 °C, the rate of temperature increase is
1.357 °C/h. At 320 W/m®, when the surface temperature of
the specimen increases from —2.973 °C to 1.134 °C, the rate of
temperature increase is 1.763 °C/h. At 400 W/m?, the surface
temperature of the specimen increases from —2.962°C to
3.321°C, and the rate of temperature increase is 2.683 °C/h.

In summary, at heating powers of 260 W/m” and 320 W/
m?, the rates of temperature increase are close to and less
than the rate of temperature increase at 400 W/m”. Com-
bining the ice-melting time and power consumption ana-
lyses at different powers shows that as the heating power
increases within a certain range while keeping the other
factors constant, the time required for ice melting and the
power consumption are reduced. In addition, the heating
effect is best at a heating power of 400 W/m?; this condition
is economical and practical, and deicing is more efficient.

3.2.2. Ice Thickness. The set working conditions are a heating
power of 400 W/m?, Class 0 wind, and an ambient tem-
perature of —3°C, and the effects of three different ice
thicknesses of 5mm, 10 mm, and 15mm on the time re-
quired for ice melting and power consumption are explored.
The surface temperature curve of the specimen with different
ice layer thicknesses is shown in Figure 10.

Figure 10 shows that when the thickness of the ice layer is
5 mm and heating for 0.533 h, the surface temperature of the
test specimen can reach 0°C; at this time, the ice layer begins
to melt. When it is heated for 2.27 h, the surface ice layer is
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TaBLE 9: Rate of the temperature increase of the specimen surface at different wind levels.

Wind rating

Initial ambient temperature ("C) Average temperature after heating for 2.93h (°C) Rate of temperature increase (°C/h)

0 -3.131 4.891
1 -3.021 3.684
2 -3.094 1.798

2.738
2.288
1.670

Temperature (°C)

-6 1
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FIGURE 9: Curve of the surface temperature change of the test specimen at different powers.

TaBLE 10: Rate of the surface temperature increase of the test specimen at different powers.

Heating power (W/
m?)

Initial ambient temperature
()

Average temperature when heating for
2.33h(°C)

Rate of temperature increase
(°C/h)

260
320
400

-2.931
-2.973
—-2.962

0.199
1.134
3.321

1.357
1.763
2.683

Temperature (°C)
[ 8]

00 05 10 15 20 25 30 35 40 45 5.0
Time (h)

—=— 400 W/m2
—e— 320 W/m2
—A— 260 W/m2

F1GURre 10: Temperature change curve of the specimen surface with
different ice thicknesses.

completely melted. When the temperature is 3.32 °C, the
total power consumption is 0.93kWh/m® When the
thicknesses of the ice layer are 10 mm and 15mm and the
heating times exceed 1.467 h and 2.267 h, respectively, the
surface temperature can exceed 0 °C. Now, the ice begins to
melt. When heating is continued for 3.21h and 4.67 h, the
surface ice layer melts. At this time, the temperatures are
3.322°C and 3.482 °C, and the total power consumptions are
1.28 kW h/m* and 1.87 kW h/m?, respectively.

In the three ice-melting tests with different ice thick-
nesses, when the thickness of the ice layer is increased from
5mm to 10 mm, the complete melting time of the ice layer
increases by 0.94 h, and the power consumption increases by
approximately 37.6% compared with that of the case where
the thickness of the ice layer is 5 mm. When the thickness of
the ice layer is increased from 5 mm to 15 mm, the time for
the ice layer to completely melt increases by 2.4 h, and the
power consumption increases by 101.1% compared with that
of the case where the ice layer thickness is 5 mm.

The rates of temperature increase of the specimen sur-
face with different ice layer thicknesses are shown in Ta-
ble 11. Comparing the rates of temperature increase under
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TaBLE 11: Rate of temperature increase of the specimen surface with different ice thicknesses.

. Initial i
Tce thickness (mm) nitial ambient temperature

Average temperature when heating for

Rate of temperature increase

(C) 227h(°C) (°C/h)
5 -2.931 3.321 2.754
10 -3.031 2.133 2.275
15 —-2.983 0.001 1.315
the three working conditions within 0~2.27h shows that ~ Data Availability

when the ice layer thickness is 5mm and the surface tem-
perature of the specimen increases from —2.931°C to 3.321°C,
the rate of temperature increase is 2.754 °C/h. When the ice
layer thickness is 10 mm and the surface temperature of the
specimen increases from -3.031°C to 2.133°C, the rate of
temperature increase is 2.275 °C/h. When the ice layer
thickness is 15mm and the surface temperature of the
specimen increases from —2.983°C to 0.001°C, the rate of
temperature increase is 1.315 “C/h.

In summary, under certain conditions, as the thickness
of the ice layer increases, the rate of temperature increase
decreases. The analyses of the snow-melting time and power
consumption at different snow thicknesses show that as the
thickness of the ice layer increases within a certain range
while keeping the other factors constant, the time required
for the ice layer to melt and the power consumption increase.
The power loss is large.

4. Conclusion

In this paper, an experimental study on snow melting and ice
melting has been carried out, and the main conclusions are
as follows:

(1) As the heating power increases within a certain
range, the time required for the snow and ice layers
to melt and the power consumption decrease. Under
certain conditions, to ensure the rapid melting of
snow and ice layers on the surface of road bridges, a
heating power of 400 W/m” is selected. At this time,
the heating effect is the best, and this method is
economical and practical.

(2) As the ambient temperature decreases or the
thickness of the ice layer increases within a certain
range while keeping the other factors constant, the
time required for the snow to melt and the power
consumption increase, and the power consumption
is relatively large.

(3) With the increase in the wind level within a certain
range while keeping the other factors constant, the
uniformity of the overall temperature distribution on
the surface of the specimen worsens, the snow-
melting time increases, and the temperature rises.
The rate of temperature increase decreases. There-
fore, in actual engineering applications, when the
wind speed is too high, the methods of manually or
mechanically removing snow can increase the snow
removal rate on bridge decks. And it provides a
theoretical reference for the actual construction of
bridge decks in the future.

The data used to support the findings of this study are in-
cluded in the article. Some or all data, models, or codes that
support the findings of this study are available from the
corresponding authors on request.
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In order to improve the understanding of such floodplain sediments and determining the validity of the tests, an extensive series of
multifunctional seismic piezocone tests with pore pressure dissipation phase have been performed and supplemented with
conventional borings, standard penetration, laboratory testing, and so forth. Sounding results from SCPTU were used to de-
termine the stratigraphic profiles and the soil characteristics of two anchorage sites. A comparison of the boring and laboratory
results with the CPTU profiles showed that the CPTU provided excellent information on soil stratigraphy and good guidance for
determination of behavior and engineering implications of recent Yangtze River floodplain. At an area where local correlations
based on modern SCPTU do not exist, methods for estimating coeflicient of earth pressure at rest (Kj), hydraulic permeability
(kn), and equivalent stiffness (Go) associated with bridge foundation design are presented, compared, and verified. Results also
illustrate the complexity and variability of the floodplain stratigraphy and soil properties, which means that the suggestions in this
study should be updated when more local experience is obtained. This case study suggests that such enhanced seismic piezocone
test should be considered as a potential tool and the instrument of first choice in site characterization programs for design of

bridges founded on complicated soils in China.

1. Introduction

As representative of the most dynamic region economically
in China, Nanjing city is located on the alluvial and diluvial
floodplain of the Yangtze River Delta. In the past and at the
expected time of the following five to ten years, 16 cross-river
passageways including bridges and tunnels were (or are
being) constructed in the top shallow recent floodplain
sediments, as illustrated in Figure 1. Undoubtedly, site
characterization of recent floodplain soils is the first and the
most significant. However, the variation of the palaeoclimate
influenced the evolution of the lower riches of the Yangtze
River Delta and resulted in a very complicated sedimentary
environment. The Quaternary deposit is composed of an
alternated multi-sandy-clayey soil; in particular, interme-
diate soil (silt mixtures and sand mixtures) is widespread. In

such situations, it is often difficult to accurately define a
complete soil profile and determine soil characteristics in-
cluding strength, deformation, stress history, flow, and
consolidation by using conventional boring methods sup-
plemented by a few laboratory tests.

Construction experience in this area in the last two
decades, such as the deep excavation of previously built
bridges foundations, subway lines and tunnels under rivers,
and retaining walls, shows that the following geohazards
occurred or possibly occur during the construction and
maintenance of infrastructures: (i) accidents associated with
deep excavation, including slope sliding and collapse,
quicksand and piping hazards, as well as water seepage
through bracing of foundation pit; (ii) pumping induced
hazards to surrounding environment, including land sub-
sidence, settlement and cracking of pipeline, and differential
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F1GURE 1: Layout of existing bridges and new alignments crossing the Yangtze River and location of the study area.

consolidation settlement of soft soil; (iii) long-term settle-
ment due to the seasonal fluctuation of groundwater level;
and (iv) liquefaction potential of sandy clay and silts during
earthquake. The planned Nanjing Fourth Bridge will also
face the abovementioned threats during construction, and a
limited subsurface exploration was performed in 2007 and
2008 to study bridge alignment for the preliminary design.
The exploration programs have included a mix of soil test
boring, “undisturbed” sampling, standard penetration test
(SPT), predrilled pressuremeter tests (PMT), downhole
shear wave testing, and laboratory testing. In reality, it is
quite unrealistic and inappropriate to rely solely on soil test
boring, a single N-value, and a few laboratory tests due to a
number of difficulties recognized with routine drilling
practices in obtaining field test values, drive samples, and
undisturbed samples [1].

As a complement or alternative measure to soil boring
with SPT N-values and laboratory tests, seismic piezocone
penetration tests with dissipation phases are particularly
useful for geotechnical site investigation as they can provide
approximately continuous simultaneous measurements of
tip resistance (gy), sleeve friction (f;), and pore pressure, as
well as shear wave velocity [2]. The piezocone method is
gaining popularity in the Euro-American countries. It has
not been, however, much used in China during the past few
decades due to the lack of equipment and corresponding
application study [3-6].

First, this paper reviews the state of the art of piezocone
tests in China and their further development briefly. Then,
we study the behavior and engineering implications of the
floodplain soil in the Nanjing Fourth Bridge site, concerned
by the geoengineers and designers in the case of deep ex-
cavation, by using seismic piezocone tests. The primary
objective of the research was to compare the results of soil
parameters from laboratory tests and in situ tests, with
emphasis on SCPTU. Specific comparisons presented here
are for results from permeability tests, CPTU profiles, and
other in situ or laboratory tests. Geotechnical design

parameters obtained from CPTU and dissipation tests are
also evaluated in this area through the existing methods. At
last, the paper presents an assessment of the applicability of
SCPTU tests to interpret the engineering properties of the
Yangtze River floodplain sediments and concludes with
recommendations for use of the SCPTU for foundation
design of bridge in this floodplain.

2. The State of the Art of Piezocone Tests in
China and Their Common Problems

As described by literature [3, 4], the cone penetration test
without pore pressure measurement is widely used for site
investigations in China, which can provide two measure-
ments, g, and f;, or just one measurement, p,. Comparatively,
the piezocone tests with dissipation phases can provide four
independent readings with depth from a single sounding, as
well as time-rate information [7]. Of particular note is the
seismic piezocone penetrometer test (SCPTU), which is a
hybrid field method, combining the virtues of the CPT with
downhole geophysics [8]. With the measurements of ¢, f;,
u,, shear wave (V,), and dissipation processes taken together,
an entire stress-strain-strength-flow representation can be
derived for all depths in the soil profile [9]. The main ad-
vantages of the piezocone tests over the conventional
Chinese CPT include the following: (i) calibrating measured
data to describe soil characteristics accurately; (ii) evaluating
soil flow and consolidation characteristics; (iii) dis-
tinguishing between drained, undrained, and partially
drained strength; and (iv) improving the reliability of soil
profiling and classification.

Due to these advantages, the Holland CPTU was in-
troduced into China in the early 1980s. Several research
projects on CPTU were performed at Shanghai-Nanjing
highway and Zhujiang Delta area [10, 11]. Similar probe
cones were produced by Nanjing Hydraulic Research In-
stitute and other research institutes. However, compared
with western countries, the reliability and repeatability of the
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Chinese piezocone have always been questionable. In par-
ticular, the methodologies, digital and multifunctional
sensor technology, and application range in China are
considerably lagging. For instance, SeisCPT, ResisCPT, and
other derivatives were quickly becoming popular in western
countries, while their application is very limited in China.
During the recent five years, several research institutes in
China, including Southeast University, Hohai University,
and Tongji University, have introduced the latest equipment
from Europe and the United States, for example, the Vertek-
Hogentogler CPTU system, which is also used in this study,
and the Geotech AB cordless CPT system. The relevant
research is now conducted step by step in China, which will
be very useful for optimizing the engineering design and
enhancing international communication. Furthermore, the
CPTU data require a good estimate of correlation coeffi-
cients to determine soil parameters, which depend on the
geologic formation and can be site-specific. The database of
piezocone tests in China is very important for the validation
of existing CPTU-based methods.

3. Database

3.1. Project Details and Description of Site. The Nanjing
Fourth Bridge will be constructed in the following three to
five years, which will be a three-span suspension bridge. The
project site is approximately 20.5 km north to the Nanjing
Great Bridge between the towns of Longpao and Qixia,
where the north and south cable anchorages will be con-
structed, respectively, as shown in Figure 1. Several un-
derwater tunnels are also considered for connecting the two
sides of the Yangtze River. The south anchorage (referred to
as Site A) lies in the south bank of the Yangtze River, 150 m
to the Yangtze River embankment. The diaphragm wall has
been designed as the bracing structure in the case of deep
excavation, with the shape of co (82x59m), the height
range from 40 to 50 meters, and the thickness of 1.5m.
Oppositely, the north anchorage (referred to as Site B) is
located on the north bank of the river, 90 m to the north
embankment, with the shape of rectangle (60 x 59 m). The
open caisson foundation is selected, with the height of
approximately 55 m.

3.2. Regional Geology Outline and General Surface Conditions.
The project area belongs to the floodplain of lower riches of
the Yangtze River. The ground surface is flat, with a mean
elevation of 3 to 5m and a general inclination from west to
east. The ground water level is found at 0.85 to 1.35m,
fluctuated with tidal motion and seasonal variation. The
geological sketch is marked by alluvial, diluvial, silted, and
lacustrine deposits of the Yangtze River Delta. The Qua-
ternary deposits, which range from Late Pleistocene to
Holocene, primarily consist of alternating clay to silty clay,
slits and sands, and gravel. Due to the varying depositional
mechanisms and environments, the stratigraphy is always
complex with silt mixtures and sand mixtures widespread.
The thickness of Quaternary deposits varies greatly from less
than 10 meters to more than tens of meters. The underlying

bedrock is primarily formed by Cretaceous sandstone and
conglomerate. Occasionally, the soft mudstone and muddy
siltstone are interbedded. The deepest depth to bedrock
surface underlies the Quaternary deposits at a depth of 34 to
65m below ground surface.

In a typical vertical profile of the Quaternary sediments
in this project region, a dual structure can be identified, the
top of which is hydrostatic deposition and the lower part is
alluvial, deluvial, and lacustrine deposition, except the top
soil formed by arable land or backfilling of only 0.5~1.5m in
thickness. From the top layer down, the grain size in sed-
imentation becomes coarser, and the deposit changes in
sequence of silty clay, mucky silty clay, silt mixtures, sand
mixtures, and gravel. Due to the fact that the recent
floodplain deposits are characterized by high water content,
high void ratio, high compressibility, and low shear strength,
as well as low hydraulic permeability clayey soil or com-
plicated intermediate soil (silty mixtures and sandy mix-
tures), construction experiences from the existing projects
show that the shallow recent floodplain soft soil will in-
fluence the construction of subgrade and piles, especially in
the deep excavation.

3.3. In Situ Testing and Subsurface Investigation Program.
As part of the major projects in Nanjing, a detailed site
characterization study was carried out at the two anchorage
sites in the Yangtze River Delta. One of the sites is near
Longpao town and the other is near Qixia town. The total
geotechnical investigation program completed in 2007 and
2008 consisted of a combination of laboratory and in situ
tests, including 21 borings, various conventional laboratory
testings, 8 downhole shear wave testings, 4 predrilled
pressuremeter tests, and 14 seismic CPTU. Of particular
interests are the piezocone tests designed to deliver more
detailed information about the stratigraphy and properties
of the soils found on site, taking advantage of the investi-
gations conducted previously and adjacently. It is hoped that
a by-product of this tentative research will be development
of greater confidence in the CPTU as a site investigation tool
in China. The CPTU can be used economically in part-
nership with other in situ testing methods or laboratory
tests, as well as in the establishment of a database of in situ
soil parameters for the optimization of bridge foundation
design. Furthermore, a comparison is made between the
interpreted soil parameters from CPTU and those obtained
from laboratory tests and other in situ tests, primarily fo-
cusing on the K0 and the coefficient of the permeability. The
data obtained will be also used further for calibration and
comparison.

Laboratory testing mainly included moisture content,
particle size distribution, Atterberg limits, unit weight, one-
dimensional consolidation, direct simple shear, consolida-
tion quick direct shear, undrained triaxial tests, and falling
head permeability test. All the laboratory tests were per-
formed in general accordance with the Chinese Code for
Investigation of Geotechnical Engineering [12] and the
Chinese Standard for Soil Test Method [13], which are
compatible with ASTM standards.



As mentioned above, a classical type-2 CPTU device (15t
cone), with a penetration speed of 2 cm/s and readings every
5cm, was employed in this study, which is produced by
Vertek-Hogentogler Co. of USA. The equipment is a ver-
satile piezocone system equipped with advanced digital cone
penetrometers fitted with 60° tapered and 10 cm” tip area
cones, which can provide measurements of five independent
readings: tip resistance (q,), sleeve friction (f;), penetration
pore-water pressures (shoulder u,), vertical inclination with
depth, and downhole shear wave velocity (V;), which is
recorded at 1 m deep intervals during the pause of con-
necting the rod. Particularly important in piezocone tests,
pore pressure dissipation tests can be performed in steady-
state in situ conditions at specific depths during a pause
following one sounding, yield information about the coef-
ficient of consolidation and permeability of a soil deposit.
Note that, to have a good pore pressure response during
piezocone penetration, a rigid procedure to assemble and
saturate the piezocone system presented by Lunne et al. [14]
is employed.

A series of six seismic CPTU were carried out around
Site B adjacent to the borings. The investigated depth was
generally ranging from 35 to 40m. Eight other seismic
CPTU tests were performed at Site A with depths up to 40 m
below ground surface. The test locations were also planned
around the designed diaphragm walls.

4. Interpretation and Evaluation of
Piezocone Results

4.1. Soil Delineating and Profiling. Based on the boring logs
and indoor experiment, summary plots of index parameters
are shown in Figure 2, including natural water content,
plastic limit, liquid limit, percent fines, as well as the N,
value. The profiles of Overconsolidation Ratio (OCR) results
obtained from laboratory odometer tests indicate that such
floodplain sediments are under normally consolidated to
slightly overconsolidated condition throughout the profiles.
The overconsolidated state at shallow depths in Site A, where
the OCR ranges from 3 to 7, was believed to be caused by
man-made construction activities. At great depths, it is likely
that the slightly overconsolidated state is caused by a
combination effect of aging and removal of overburden.
At Site A, four obvious geotechnical-stratigraphic units
are identified based on changes in Ng, and other laboratory
indexes, named @, @, @, and @ from top to bottom, and
subdivided using Arabic numbers. The uppermost Holocene
sediments of unit O mainly consist of 5.3 to 11.7 m of silty
clay and mucky silty clay, followed by interbedded silty sand
and silty clay with depth of 19.9~56.6 m; note that lenses of
fine sand can be detected somewhere. The sediments of
following unit @, which is also of Holocene age, are silty
sand and silty clay with varying thickness (9.9~30.4m),
which occur interbedded or with a diffuse horizontal lam-
ination of silt or coarse sand and gravel. The next unit @ of
Late Pleistocene age mainly consists of silty sand, gravel, and
silty clay with thickness from 6 to 14.8 m; lenses of fine sand
may also occur somewhere. Of particular concern is the fact
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that unit @ is discontinuous; in particular, the gravel and
silty clay are always missing. The underlying stratum is
bedrock unit @ of Cretaceous age formed by sandstone,
glutenite, and conglomerate which is partially penetrating.

At Site B, the general architecture of the floodplain
consists of four lithological units, which from top to bottom
are as follows: (i) an uppermost unit of silty clay and muddy
silty clay underlain by silty sand with thickness of
14.8~29.5 m, with a silt interlayer also detected in the mucky
silty clay layer; (ii) fine sand with lenses of medium sand
forming a lower aquifer, usually massive with thickness of
23.9~34 m, with little obvious stratification; (iii) late Pleis-
tocene alluvial deposits made of fine sand angle gravel; and
(iv) a lower unit made of Cretaceous siltite.

From the boring logs, the most prominent feature of the
profiles is the significant stratigraphic variations due to
depositional environment fluctuation, whereas the deposit
of Site B is seemingly more simple and consistent than that
of Site A. The general architecture frame has been charac-
terized as inhomogeneous bodies with highly interbedded
layers of clays, sands, silt mixtures, and sand mixtures.
Proper characterization of layered soils, such as layer clay, is
important for assessment of anisotropic soil behavior as well
as for studying paleoclimatic history.

However, the above-mentioned deposit sequences were
mainly identified by visual description of boring logs simply
supplemented by limited laboratory tests. For sands/silts or
transitional soils (sand mixtures and silt mixtures), limited
boring numbers, low sampling rate, unclear soil interface,
and thin layering may result in erroneous judgment or loss
of important information about the stratigraphy, for ex-
ample, location of critical layers or soft zones and subtle
changes within a deposit. Of particular note is the fact that
highly stratified deposits may include small seams, lami-
nations, lenses, and intrusions, each having significant
implications on engineering behavior and design, which also
result in the complexity. At the same time, subject to the
limited budgets of the exploration program, the increase of
boring number and continuous core sampling are always
unrealistic. So, as a quick, expedient, and economical way,
the versatile seismic piezocone tests with dissipation phases
offer an optimal complement or alternate for improved site
stratigraphy and layer characterization, which are contin-
uous or at least near-continuous soil profiling techniques to
delineate subsurface stratigraphy and soil properties.

Representative sets of readings from seismic piezocone
tests taken at the two sites are presented in Figure 3. The
superpositions of g, f;, and u, diagrams for Site A show very
poor repeatability in the record data. The results for gq,, f;, and
u, display significant variation at most depths. Definitely,
highly variations of g, and f; are attributed to the highly
interbedded deposits, which agree well with the testing
boring logs. The frequent spikes in the tip resistance and
drops in the pore water pressure show that silty sand or silt
seams occur within the silty clay layers. Meanwhile, the
highly excess pore water pressure response, strongly influ-
enced by the thin layers, indicates that thin clay layers or silty
layers are encountered within silty sand or silt clays. These
permeable or impermeable intralayers or small interface
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FIGURE 2: Summary of soil indexes. (a) Average index properties: natural water content, void ratio, Atterberg limits, and percent fines
content; (b) average SPT observed; (c) overconsolidation ratio.

changes are always not represented by the discrete SPT test
Ngo values as illustrated in Figure 2 or overlooked on the
portion of boring logs. However, detection of stratigraphic

interfaces and thin layers can be critical to the construction
for these interfaces or weak layers, if sufficiently numerous,
continuous, and permeable (or impermeable), may promote
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FIGURE 3: Series of piezocone penetration tests at the two sites.

anisotropic soil properties or alter groundwater flow re-
gimes, then resulting in accidents, for example, increasing
the likelihood of slope failure in the case of deep excavation,
hinder or accelerate rates of consolidation, and so forth.
We also notice that the responses of g, f;, and u, appear to
be consistent except at the depth from 16 to 22 m. Close ex-
amination of the distribution of CPTU holes highlights that the
recordings of four CPT holes, s02, s03, s07, and s08 (referred to
as Series-1), are similar, which is different from another series of
CPT holes, s01, s04, s05, and s06 (referred to as Series-2). The

explanation is evident when compared with the cross section
obtained from boring logs. The encounter of silty clay at the
corresponding depth of Series-1 results in the decrease of tip
resistance and large pore water pressure response, while Series-2
reflects the existence of silty sand at the same depth. Of par-
ticular note is the abnormal pore water pressure response of s04
caused by malfunction of pore water element when conducting
a special resistivity piezocone testing, not discussed in this
paper. As representative of Series-1, s03 is selected to conduct
soil classification illustratively using the soil classification chat



proposed by Robertson et al. [15]. The soil types in Figure 4
predict that, below the depth of about 6m, many thinly
intralayers are identified, supporting the sediment logical
variations.

It can be seen that the deposit at Site B is a relatively simple
deposit. The repeatability and consistency of recording data are
acceptably good, which is also in accordance with boring logs.
The prominent feature of Site B is silty sand and fine sand
constituted the main soil layer below the depth of about 12 m,
overlain (mucky) silty clay interbedded with silt. However,
within the silty sand layer or fine sand layer, the low perme-
ability silty clay layers are often encountered as shown in
Figure 5, especially at elevations between 12 and 25m ap-
proximately. Even at the top of the site (0~12 m), the thickness
of clayey soil (mainly silty clay) at Site B is far less than that at
Site A. By contrast, the silty clay layers become weak, thin layers
which may be more compressible than nearby materials, often
resulting in more differential settlement or uncertain slope
failure, of particular interest to geoengineering agencies and
companies. The overall pore water pressure response of Site B is
very different from that of Site A, the overall trend of which is
nearly close to hydrostatic pore water pressure except en-
countering thin clayey layers. Comparatively, the potential
problems associated with the sediments at Site B mainly consist
of quick sand, piping, collapse, and water inrushing.

It is shown that using the piezocone with multiple
soundings as a supplement to borings significantly improved
the precision and accuracy of the anchorage sites delineation
for the Nanjing Fourth Bridge project, especially detection of
small interface changes and thin permeable or impermeable
layers. Moreover, for the Yangtze River floodplain, with
seasonally depositional environment, the pore water pressure
measurements show particular advantages compared to the
conventional boring and the Chinese CPT (generally without
pore pressure measurement) in detecting local variations at
the small scale of a few centimeters, for example, thin sandy
seams within silty clays or thin clayey layers within sandy
layers, which is also demonstrated by other literatures
[16-18]. The obvious benefit of more reliable knowledge on
soil stratigraphy and layer characterization, including the
existence, thickness, and composition of floodplain deposits,
obtained from boring tests supplemented by piezocone tests,
is that such detailedly improved investigations will enable
more cost-efficient management of construction processes.

4.2. Coefficient of Earth Pressure at Rest (K,). In situ hori-
zontal stress, o), and the coefficient of lateral stress at rest,
Ko, are important parameters, both for use in design and as
an intermediate parameter in interpretation of CPT results
[14]. However, there are presently no reliable methods of
determining Kj from either lab or field tests in fine-grained
soils or sandy soils [14].

Many methods have been proposed for estimation of K,
from CPTU data [14, 19, 20]. Most methods are based either
on the OCR or directly on the piezocone measurements.
According to different soil types, silty clay, or silty sands, the
following methods were selected in this study to predict K,
from CPTU data. These methods are summarized as below.
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Schmertmann [21] suggested estimating K, based on the
OCR as follows: firstly, from CPTU data either estimate S,
and then S,; ¢/, or estimate OCR; then use the plasticity index
and S,, @, or OCR estimate K, from a correlation chart [22]
in fine-grained soils or using the following equation:

K, =(1-sin ¢/)OCR™ . (1)

Kulhawy and Mayne [23] related K, with the normalized
net cone resistance (g, — 0,9) o, and suggested the fol-

lowing equation:
K, - k(qT - "v°>. 2)
o

With k= 0.1, which is used for uncemented, unaged, and
mechanically overconsolidated fine grained soils, the value
of k may be soil type and site dependent.

If it is possible to assess OCR from geological evidence or
from neighboring clay layers, then K, may be derived from
the following empirical correlation [24]:

KO(oc) _ OCRm
K = , (3)
0(nc)

where Kj (nc) corresponds to the NC horizontal stress
coefficient. For clays, K, =1-sin¢'’; for sands,
K (ney = 0.95 —sin ¢'; ¢’ is the effective stress friction angle.
Lunne and Christophersen [24] recommended m =0.45.
However, Mayne and Kulhawy [25] recommended m = 0.65.
Moreover, Mayne [26] tentatively suggested the following
formula for practical use in coarse-grained soils:

K, = 0.35 OCR*®. (4)

Using a large database (n=590) compiled from 26
separate series of calibration chamber tests, Mayne [9]
suggested the following simplified regression equation for
NC and OC sands (**=0.871):

Ky = 133 (qr)

where ¢, is in MPa and 0, is in kPa. It should be noted that
the formulation applies only to unaged and uncemented
quartzitic sands and has been verified by a limited number of
field test sites [27].

For mixed soils (sands, silts, and clays), when
0.1<B,<1.0 and with a range of 20" < ¢’ <45°, an approx-
imate form for effective stress friction angle from NTNU
method is given [28] by

OCR*”, (5

0.22 (0_‘/}0

-0.31
)

¢' (deg) = 29.503‘;-121 [0.256 +0.336B, + log Q|, (6)
where B is pore pressure parameter (=(u, - to)/(g;— 0,))
and Q is normalized cone resistance= (g, — 0,9)” 0’ -

Additionally, for B,;<0.1 corresponding to granular
soils, the following expression for clean sands would apply
[23]:

(p'(deg)=17.6+11.0~10g[ qr ] 7)

V UVO/ Oatm

Then equation (1) is used to estimate Kj.
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FiGure 5: Typical results showing soil types of NOI at Site B.

In this study, the aforementioned methods were evaluated
for their capability to reasonably predict K utilizing the pie-
zocone data. These methods are referred to as the Andersen
and Kolstad [22] method, the Kulhawy and Mayne [23]
method, the Mayne and Kulhawy [25] method, the Mayne [9]
method, and the NTNU method [28] method. It should be
noted that these methods are applied to different soil types,
respectively. The first two are both used for fine-grained soils,
the next two are used for coarse-grained soils, and the last one
is used for mixed soil types. The predicted Kys were then
compared with the measured Ky, obtained from the predrilled
pressuremeter tests at the same sites. Figures 5(a)-(c) present
this comparison for different methods. The soil profiling was
accepted as given in the case records.

Based on the results of this analysis, the overall per-
formance of these CPTU-based methods was then exam-
ined. Taking the PMT measured Kj as the actual reference

values, it is indicated clearly that the overall reasonable
trends are observed although considerable scatter exists
between all the selected prediction methods. Again, Figure 6
shows that at Site A all the prediction methods tend to
overestimate the measured K, while at site B all the pre-
diction methods tend to slightly underestimate the measured
Ko. In general, at Site A, the selected methods exhibit a
higher dispersion than that at Site B due to the more highly
stratified and layered nature of the deposit. Moreover, for
intermediate soils (silty clay, silty sands, and silts), the
variable estimated K, values show more uncertainty than
those for relatively homogeneous sands, except for some of
data points in Figure 6(c). For fine-grained soils (silty clay or
mucky silty clay), the estimated K values from the Andersen
and Kolstad [22] method and the NTNU method [28]
method are more close to the reference values from PMT
tests compared to those from the Kulhawy and Mayne [23]
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FIGURE 6: Estimated versus measured K, using different methods.

method. For coarse-grained soils (silty sand or sands), the
estimated K, values from the Mayne and Kulhawy [25]
method, the Mayne [9] method, and the NTNU method [28]
are similar, especially the Mayne [9] method, which shows
relatively good agreement to the reference values. Mean-
while, due to the disturbance when conducting predrilled
pressuremeter tests, the reference K, values may be un-
certain more or less, and the floodplain sediments have
highly stratified characteristics; it is difficult to conclude that
one method is definitely superior to another method.
Based on the above discussion, it is recommended to
evaluate K, in such floodplain sediments from CPTU as
follows: For projects where little experience is available, the
Andersen and Kolstad [22] method and the NTNU method
[28] method are recommended to estimate K, for fine-grained
soils, while the Mayne [9] method and the NTNU method
[28] are applied to coarse-grained soils. It is specially noted
that the above values muse be considered as a guide. If
previous experience is available in the same deposit, the es-
timated values should be adjusted to reflect this experience.

4.3. Permeability Evaluations. Knowledge of hydraulic
properties of soil deposits is one of the most critical aspects
of geotechnical engineering, because it determines the rate of

flow of groundwater through the subsurface, which controls
seepage in rock and soil. Additionally, it is of great im-
portance for geoenvironmental risk assessment involving
groundwater inflow into excavations and basements, as well
as for water resources management, consolidation, and
dewatering [29-33], which are also the concerned geo-
technical aspects for the deep excavation engineering in the
Fourth Yangtze River Bridge sites.

The coefficient of permeability in the horizontal or radial
direction (k;) can be obtained with field tests, such as the
pumping tests or the Matsuo Akai permeability test, and
laboratory tests, such as constant head permeability test or
falling-head permeability test. These conventional methods,
however, may be time-consuming and expensive and even of
low reliability. So, some researchers give another way to
augment hydraulic conductivity data using seismic piezo-
cone penetration tests with dissipation phases. Several
methods for CPTU dissipation tests interpretation have been
proposed [34-38].

Typical pressure dissipation tests performed at Site A
indicate that u, pore pressure decreases almost monotoni-
cally. Due to the approximately monotonic pore pressure
response exhibited in the dissipation tests, the following
empirical methods are used to infer the horizontal soil
permeability (k;). Common methods mainly include (i) the
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(note: *samples with silty sand seam).

Baligh and Levadoux method [39], (ii) the Parez and Faureil
method [40], (iii) the Burns and Mayne method [36], and the
Kulhawy and Mayne method [23].

In order to assess the aforementioned methods, com-
parisons were made with laboratory-determined perme-
ability values from falling-head permeability tests. The
results of the comparison for the soft clays at Site A are
presented in Figure 7, demonstrating significant scatter
between different methods. With the exception of some
measurements in the homogeneous clays, most of the lab k;,
values are significantly lower than the CPTU-determined k;,
values. This is especially the case for the great depth at the
ranges of 10-14 and 28-36 m. The reasons are mainly related
to the layer clay containing embedded and more or less
continuous permeable layers or discontinuous lenses and the
unavoidable disturbance of laboratory tests. The grain
content curve also reflects the nonhomogeneity of the
floodplain sediments (see Figure 8), which raises the un-
certainty of the prediction.

Overall, it is observed that the lab measured k;, values are
generally lower than those estimated from SCPTU within 1-2
orders of magnitude or even 3 orders. The CPTU-determined k;,
and the laboratory-determined kj, values from samples with thin
silty sand layers, however, are approximately within the same
range (see Table 1). An important aspect is the relationship that

exists between the lab-measured horizontal permeability and
vertical permeability at Site A with an average of k,/k, = 2,
indicating anisotropic characteristic of the floodplain sediments.
At some depths, this value reaches 10 or more, even 60, which is
also in line with the description by Robertson [37].

If taking the predicted kj values from the Parez and
Faureil method as a check, the horizontal coefficient of
permeability k; obtained from the Baligh and Levadoux
method shows similar trend but generally smaller. Mean-
while, kj, values determined using the other two methods were
significantly larger than the reference values. Of additional
note is the fact that the reported field pump tests gave more
large values of k,, (averaged 4.97E-3 cm/s), mainly because of
the existence of highly permeable silty sand interbedded with
silty clay. According to the approximate estimate of soil
hydraulic conductivity using the nonnormalized (or nor-
malized) CPT/SBT chart by Robertson et al. [8, 41], the results
from Kulhawy and Mayne method and Burns and Mayne
method seem more reasonable. Additionally, while the two
latter methods are based on very different approaches to
evaluating the permeability, strikingly similar results are
produced. For the most part, the velocity-based method tends
to significantly overpredict the laboratory-measured values of
hydraulic permeability. The reason may be involved in speed
effect. It must be pointed out that the estimation of soil
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TaBLE 1: Summary of results from laboratory and CPTU evaluations of hydraulic conductivity (k;, andk,).

SCPTU predicted kj, (107 cm/s)

lab k 1077 cm/s)

Soil type . Baligh & Kulhawy and Burns and
Parez and Faureil Levadoux Mayne Mayne k, ky,
. 35.1~168 1.91~1.93
® silty clay 53~39.4 (16.3)  8.4~353 (18)  26.4~180.3 (73) (363) 192) 3.98~17 (10.5)
. 58.2~207 230.7~671.1 279~1110 2.29~5.28 N
®; mucky silty clay 33.3~162.6 (74.5) (103.3) (351.5) (532.4) (3.67) 3.38~165*(53)
®," mucky silty clay 142.6~448.2 99.4~202.5 270.1~295 5.53~24.1 N
interbedded silty sand (295.4) (151) (282.5) 526~994 (760) (16.3) 239~12097(656)
@3 silty clay interbedded with ~ 15.2 ~1065.9 6.3~889 2.3~19.7 .
silty sand (192.2) 7.3~226.2 (53.8) 9.2~908.8 (147.2) (288.5) (8.64) 2.7~253%(58.6)

Notes: min~max (average); *values from samples with thin silty sand layers.

permeability from CPTU dissipation data is relatively un-
certain and should be used as reference only.

The results of this study show the remarkable variability
in kj, value when using different test methods and different
predicted methods. Some of this variability is due to factors
such as variable soil properties, stratified and layered na-
ture of the deposit, specimen size and orientation, sample
homogeneity, different boundary constraints, and the
particle size produced by the method of placement. An-
other important source of variability is the different
measuring locations of g,, u,, and shear wave velocity along
the shaft which may result in serious influence on the
predicted values at such highly stratified deposits. It may
also be argued that no one method was found to be superior
to the others based on this limited set of tests performed on
such silt mixtures and sand mixtures. Of future interest, the
grain composition and depositional environment may be

subtly investigated and considered when using the afore-
mentioned predicted methods. Although these estimates
are approximate at best, they can provide a guide to var-
iations of possible permeability [39].

4.4. Prediction of Equivalent Stiffness. The deformation
characteristics of soils include the consolidation indices (Cc,
Cs, and Cr) and elastic moduli (E and G), as well as rate and
creep parameters. The stiffness of soils is needed in evalu-
ating deflections of shallow and deep foundations, retaining
walls, excavations, and embankments, in addition to site-
specific seismicity and amplification analyses [9, 42]. In fact,
most of the activity of interest in earthwork deformations
takes place close to the in situ K, state and corresponding
small-strain region characterized by Gy, or expressed by
the initial soil stiffness Gy, given as the following formula:
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FIGURE 9: Comparison of SCPTU and DHT data from Site A (a) and Site B (b).

GO or Gmax = PTVg, (8)

where pris total mass density =y¢/g, yris soil unit weight,
and gravitational constant g=9.8m/s’. V, is shear wave
velocity determined by various field and laboratory methods
[43]. Seismic piezocone tests (SCPTU) provide an eco-
nomical and expedient means of assessing small-strain
properties (Gp) and large-strain behavior (7,,,x) of soil
deposits from a single sounding and measurements are taken
at complete opposite ends of the stress-strain response for
soils. In this paper, a series of SCPTU soundings are per-
formed for site-specific mapping of V in conjunction with a
conventional downhole series (DHT) for the Nanjing Fourth
Bridge project. Figure 9 presents the results derived from
downhole testing using the SCPTU and DHT. The two
methods appear in general agreement and confirm that the
SCPTU is advisable. The general trends of V; profiles are
evident and show the increase with depth, followed by a
suddenly big change at greater depths of 40 m. The fairly low
shear wave velocity also can be seen at the depths where
there are mucky silty clay deposits at Site A. As expected, it is
obvious from these figures that SCPTU-measured V; show
more scatter than those obtained from DHT tests. Moreover,
the variability of Site B is also relatively less than that of Site
A. This is corresponding to the complexity of such floodplain
sediments.

It is also interesting to observe that the DHT-measured
V, values seem to be equal to the average of SCPTU-mea-
sured V values. This is especially obvious from Figure 9(a).

In other words, considering the high cost of DHT tests and
their time consumption, SCPTU can be taken as a main
means for V,; measurement, while the DHT test can be used
as a check.

In order to derive the profile of initial stiffness which is
particularly valuable for both static and dynamic geotech-
nical analyses, the following equation proposed by Mayne
[9] is used:

pr = 0.85 log V5 —0.16 log z, 9

where z is depth below the soil surface in meters and V is in
m/s. The obtained profiles of saturated mass density at Site A
and Site B are illustrated in Figure 10. It can be seen that the
predicted values using equation (9) are generally lower than
the laboratory measured values. In this case, by using data
from silty clay, silts, and silty sand, the following correlation
between V,, pr, and depth was developed (1 =263, r* =0.99,
shown in Figure 11):

pr =0.89 log V, - 0.13 log z. (10)

At some cases without V, measurements, V,— g, relations
also can be possibly established because the cone tip re-
sistance and shear wave velocity depend on the effective
geostatic state of stress [42]. Burns and Mayne [44] related V
with ¢, and void ratio (ey) and suggested the following
equation to estimate V; from the piezocone data:

)0.435 (e )—04532
0 .

Vg =9.44(q, (11)
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Figure 12 shows the comparison between measured V;
and predicted V, using equation (11) at Sites A and
B. Somewhat scatter can be seen, especially for sandy soils,
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maybe due to the database in which the aforementioned
equation used mainly consists of only clay sites. So, the more
reasonable correlations for Sites A and B can be obtained by
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multiple regression. By using data from intact clays and
sands, the following correlations between V, g;, and aﬁ oreg

were developed:

Vs =229(q,)"" (6,/)*",n = 263,7* = 0.62, whereV,(m/s), g, (MPa) and o, (MPa),

Vi=388(a)"" (e) "

,n=263,r* =0.75,

Figure 13 indicates the trend and resulting statistics from
multiple regression with data superimposed for comparison.

where V (m/s) and g, (KPa).

(12)

A strong correlation was observed between the cone resis-
tance and the measured shear wave velocity. Rough
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estimates of V, solely as a function of g, and ¢/, can be made;
however, the correlation will be definitely improved when
the void ratio is also included as a correlative parameter. This
is also verified by Burns and Mayne [44]. Because e, is
recognized to change slightly within the range of 0.6~1.45
(averaged value = 0.97), the influence of ¢, is not noticeable
in this study. Of particular importance is the fact that,
through inversion of the equations, ey and pg, can be
evaluated approximately and immediately.

5. Conclusions

The piezocone (CPTU) is a widely accepted tool in western
countries. However, CPTU has limited use in China due to
some complicated reasons. In this study, several series of
SCPTU data were collected at two bridge anchorage sites in
Nanjing, China. Although the number of sites involved in
the study was limited, some valuable findings resulted from
this study, including the detailed subsurface stratigraphic
profiling and evaluation of soil properties in the Yangtze
River floodplain. Such information is useful in the planning
phase of any civil engineering works. It also allows better
design of field surveys, including the selection of the most
appropriate techniques to use. Comparisons made between
the original soil boring logs, conventional field and labo-
ratory tests, and piezocone tests showed that the evaluation
of soil behavior based on SCPTU was reasonably accurate at
these sites. The following conclusions can be drawn:

(1) A comprehensive program has been directed at the
improved understanding of Yangtze River floodplain
soils which are comprised of intermediate soils (silty
clay, silts to silty sands, etc.). It is evident that the use
of multifunctional SCPTU system in conjunction
with drilling, sampling, and lab testing has improved
the ability to resolve small changes in soil stratig-
raphy and associated soil properties, such as strati-
graphic interfaces, thin soil layers, lenses and
inclusions, and intralayer properties. The feasibility
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of using piezocones with pore pressure measure-
ments to improve site stratigraphy and layer char-
acterization for the Yangtze River Bridge project was
demonstrated. The Yangtze River floodplain sedi-
ments are unusual in that they exhibit behavioral
features of both clays and sands, thus creating a
complicated situation in practice.

(2) Five existing CPTU-based methods to predict K, for
the Yangtze River floodplain soils are evaluated and
compared to the PMT-based method. The outcome
of the study showed clearly that the Andersen and
Kolstad [22] method and NTNU method [28] can be
utilized to estimate K, for fine-grained soils, while
the Mayne [9] method and the NTNU method [28]
can be applied for coarse-grained soils.

(3) The applicabilities of four piezocone-based methods
to predict the hydraulic permeability are compared
and evaluated for intermediate soils (silty clay to
silts). Although no one method seems to be superior
to the others for determining kj, in this study, the
variability of results reflects both the stratified and
layered nature of the floodplain deposit and the
variability in particle composition. Compared to the
laboratory falling head tests, the CPTU-determined
kj, values are generally larger than the lab-measured
values within 1-2 orders of magnitude. If taking both
the laboratory and field pumping testing and ex-
periences into consideration, the results from Kul-
hawy and Mayne method and Burns and Mayne
method based on CE-CSSM model seem more
reasonable.

(4) The seismic piezocone provides information about
soil behavior at very small and high strain within the
same sounding. Empirical V, ~g; and V~prrelations
in layer soils at the Fourth Bridge site are developed
for estimating the low-strain shear modulus
(Gpax = prV?2), which is important in the design of
statically and cyclically loaded foundations. More-
over, the proposed relationships can be used to
obtain preliminary G,.x profiles of similar flood-
plain sediments in the absence of direct measure-
ments of shear wave velocity.
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The weak interlayer has become a weak link in slope engineering due to its rheological effect. It is of great significance to study the
nonlinear creep model of weak interlayer for long-term stability of the slope. In this paper, based on the creep curve characteristics
of weak interlayer and considering the influence of aging damage, the nonlinear improvement of a classical viscoplastic body
under stress and time-double threshold conditions is carried out, so that it can more accurately reflect the accelerated creep
characteristics of the weak interlayer. By analyzing the relationship between failure load and time, the accelerated creep time
threshold of the weak interlayer is obtained. On this basis, a nonlinear damage creep constitutive model of the weak interlayer is
constructed and its creep equation is derived. By using the self-defined function fitting tool of Origin software and the Lev-
enberg-Marquardt optimization algorithm, the creep test data of weak interlayer are fitted and compared. The fitting curve is in
good agreement with the test data, which shows the rationality and applicability of the nonlinear creep model. The results show
that the nonlinear damage creep model constructed in this paper can well describe the creep characteristics of the weak interlayer
and the model has important theoretical reference significance for the study of long-term stability of slope with the

weak interlayer.

1. Introduction

Rock rheological effect is a common phenomenon in geo-
technical engineering. A large amount of slope engineering and
tunnel engineering damage is caused by rock rheological effect
[1-5]. As a special structural plane, the weak interlayer has low
mechanical strength and obvious rheological effect, which
often constitutes the weak link in the slope, so it poses a serious
threat to the slope stability [6-10]. Therefore, it is necessary to
study the rheological mechanical properties of the weak in-
terlayer, and the study of the creep constitutive model of the
weak interlayer is the core content [11-15]. Therefore, the study
of the creep constitutive model of the weak interlayer has
important theoretical significance and practical value for en-
suring the long-term stability of slope engineering [16-18].

Generally speaking, there are two methods to establish
the rheological constitutive model: the first one is directly
fitting the rock rheological test curve with the empirical
equation through the rheological test of rock. This method
has a good fitting effect, but the physical meaning of the
model is not clear. The second is based on the rheological test
results, which is composed of series and parallel combina-
tions of traditional model components, and then, the un-
known rheological model component parameters are
determined by identifying the component model and pa-
rameter inversion method [6]. Xia et al. [19] established a
unified rheological mechanical model including 15 rheo-
logical mechanical properties. Nevertheless, since the tra-
ditional rheological model is composed of linear
components, no matter how many components are in the
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model, the model is more complex. The final model can only
reflect the characteristics of linear viscoelastoplasticity and
cannot describe the accelerated rheological stage [20].
Therefore, more and more nonlinear rheological models are
proposed. Yang et al. [21] proposed a new nonlinear rhe-
ological element NRC model by assuming that the nonlinear
shear rheological model of rock is a Weibull distribution
function of time and combined it with the time function to
describe the accelerated rheological stage. Zhao et al. [22]
established a new viscoelastic-plastic creep damage model by
combining the Burgers model and nonlinear
Mohr-Coulomb plastic element in series. Xu et al. [23]
defined the piecewise function of the greenschist creep
damage variable changing with time by analyzing the whole
creep curve of greenschist, proposed the conjecture that
creep damage only appeared in the accelerated rheological
stage, and established the generalized Bingham model
considering the damage variable. Zhang et al. [24] improved
the NRC model proposed by Xu et al. combined with the
traditional Kelvin model to form a four-element nonlinear
viscoelastic-plastic rheological model. Zhu et al. [25] and
Huang et al. [26] assumed the creep damage variable of rock
as a negative exponential function and used the damage
Burgers model to describe the creep characteristics of the
rock.

A large number of research results have been achieved in
the nonlinear creep model of the rock. However, the re-
search on the creep model of the weak interlayer is relatively
rare, and there are few reports on the construction of a
nonlinear creep model based on the double thresholds of
stress and time. In view of this, based on the series-parallel
connection of classical components, this paper introduces
the damage variable in the accelerated rheological stage and
considers the influence of the time threshold to establish the
damage constitutive model that describes the nonlinear
rheological properties of the weak interlayer. On this basis,
the creep test results of the weak interlayer are nonlinearly
fitted to verify the rationality and applicability of the con-
structed model.

2. Establishment of the Nonlinear Creep
Model of the Weak Interlayer

2.1. Creep Curve Characteristics of the Weak Interlayer.
The creep of the weak interlayer is a complex process in
which multiple deformations such as elasticity, viscosity,
plasticity, viscoelasticity, and viscoplasticity coexist. When
the stress of the weak interlayer is less than its long-term
strength, the creep curve of the weak interlayer is as shown in
Figure 1. The weak interlayer generates elastic strain ¢, at the
moment of loading and then enters the attenuation creep
stage. The creep deformation increases continuously, while
the creep rate decreases continuously. At time ¢,, the creep
rate attenuates to zero, and the strain is stable at ¢,. In this
case, the classical element combination model can be used to
describe the creep characteristics of the rock. When the
stress of the weak interlayer exceeds its long-term strength,
the creep curve of the weak interlayer is as shown in Figure 2.
At the initial stage of loading, the creep characteristics of the
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weak interlayer are the same as those mentioned above. They
all go through the instantaneous elasticity first and then
enter the attenuation creep stage. However, starting from the
t, moment, the weak interlayer enters the constant creep
stage, the strain of the weak interlayer is still increasing at
this stage and the creep rate is a constant value. When the
time reaches t;, the weak interlayer enters the accelerated
creep stage and ¢ is the critical strain value of accelerated
creep initiation. Since the traditional creep components are
linear components, the classical component combination
model cannot describe the nonlinear characteristics of
accelerated creep. In this paper, the classical components are
improved to construct a creep model that can reflect the
nonlinear characteristics of the weak interlayer.

2.2. Nonlinear Viscoplastic Body Based on Double Threshold
Conditions. The viscoplastic body composed of classical
elements is shown in Figure 3, which is composed of a plastic
switch element and a viscous element in parallel. In the
figure, 7 is the shear stress, # is the viscosity coefficient of the
viscous element, and 7s is the long-term shear strength of the
rock. When the stress of the plastic element is not more than
7s, the plastic element is not opened and the viscoplastic
body does not produce strain. When the stress of the plastic
element is more than s, the plastic element is opened and
the viscoplastic body produces strain. Since the viscous
element of the viscoplastic body is a linear element, it cannot
describe the nonlinear accelerated creep stage of rock, so it
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FiGgure 3: Classical viscoplastic body.

needs to be improved. The idea of improvement is to
conduct nonlinear treatment of viscous components. A large
number of tests show that when the stress of rock is less than
its long-term strength, the rock is in the first two stages of
creep and no accelerated creep failure occurs. When the
stress of the rock exceeds its long-term strength, it is not
immediately leading to accelerated creep failure, but at a
certain time f,, the rock enters the accelerated creep stage.
According to the current relevant research [6], the aging
damage of rock will occur when it enters accelerated creep.
Therefore, based on the double threshold conditions of stress
and time and considering the influence of aging damage, this
paper improves the classical viscoplastic body, and the
improved nonlinear viscoplastic body is shown in Figure 4.
In the figure, D is the damage variable, t, is the start time of
accelerated creep, and the meaning of other parameters is
the same as that of the corresponding parameters in Figure 3.
The damage variable D can be expressed as follows:

0 t<t,

D= (1)
1
1- ;exp[—a(t —t)] t>t,

Here, a is the material parameter, which can be deter-
mined by fitting test data; ¢ is the creep time, and t; is the start
time of accelerated creep. The damage variable D value is
0~1. If t<t, then D=0; that is, the weak interlayer is not
damaged, When t approaches infinity, D = 1, indicating that
the weak interlayer has been destroyed.

Based on the above analysis, we can construct the creep
equation of a nonlinear viscoplastic body.

When 7 < 75, the plastic switch of the nonlinear visco-
plastic body is closed and there is no strain in the viscoplastic
body; that is, e=0. When 7 > 7s and t<'ts, the plastic switch
of the nonlinear viscoplastic body will be opened, but it has
not entered the acceleration stage and the aging damage has
not occurred. We regard it as a classical viscoplastic body, so
its creep equation can be expressed as follows:

T -1,
n

£ t. (2)

When 7>7s and t>t, the plastic switch has been
opened and the aging damage has also occurred. The
nonlinear viscoplastic body enters the accelerated creep
stage. The constitutive equation of the nonlinear viscoplastic
body can be expressed as follows:

T:Ts+11(1—D)é=Ts+qéexp[—a(t—ts)]é. (3)

From formula (3),

3
TS
_\_
T ] >
1, D, Iy
FIGURE 4: Nonlinear viscoplastic body.
. T—T7T
E= T expla(e-1)) )

The creep equation of the nonlinear viscoplastic body is
obtained by integrating both sides of (4):

e=— Fexpla(t 1)) (5)

2.3. Determination of Accelerated Creep Time Threshold.
From the previous section, we can see that the
accelerated creep time threshold ¢, reflects the opening
time of the accelerated creep of the weak interlayer. It is
an important parameter of the creep characteristics of
the weak interlayer, which can be determined by the
following method.

According to the research of some scholars [27],
the failure load of the weak interlayer decreases with the
increase in failure time, as shown in Figure 5. 70 is the
instantaneous strength of the weak interlayer, 7oo is
the long-term strength of the weak interlayer, and the
stress corresponding to the accelerated creep start time
ts is 7. When the stress of the weak interlayer is higher
than its long-term strength, the relationship between
accelerated creep time threshold and stress can be
established from Figure 5, as shown in the following
equation:

7 = exp (-at, + f). (6)
From formula (6),
g poInt 7
o

Here, o and f are undetermined parameters, which can
be determined by fitting test data. The accelerated creep time
threshold of the weak interlayer can be determined by
formula (7).

2.4. Establishment of the Nonlinear Creep Model.
According to the creep characteristics of the weak interlayer,
when the stress is less than the stress threshold of accelerated
creep, the weak interlayer generates instantaneous elastic
strain, decay creep, and steady creep. At this time, the Bergs
model can be used to describe the creep characteristics of the
weak interlayer. When the stress exceeds the stress threshold
of accelerated creep, the rock will eventually enter the
nonlinear accelerated creep stage at a certain time point after
experiencing the creep deformation of the first two stages. A
nonlinear viscoelastic-plastic damage creep model which
can describe the whole creep process of the weak interlayer
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can be constructed by using the improved nonlinear vis-
coplastic body and Bergs body in series. The model is shown
in Figure 6. In the figure, I describes the instantaneous elastic
strain of the weak interlayer, II reflects the viscoelasticity of
the weak interlayer, III reflects the viscosity of the weak
interlayer, IT and IIT describe the attenuation creep stage and
steady creep stage of the weak interlayer, and IV reflects the
nonlinear viscoplasticity of the weak interlayer, which de-
scribes the nonlinear accelerated creep stage of the weak
interlayer.

It can be seen from Figure 6 that when 7 < 7, I, II, and I1I
are all involved in creep deformation. The state equations of
the creep model are as follows:

11, =Gg (8)
Ty =Ty + Ty = Gy + 116,
T3 = 1,83

g_i;[l_exp(_%t)] + T ©)
G G m M

When 7> 7, and t <, I, II, III, and IV all participate in
creep deformation; however, the viscoplastic body has not
entered the accelerated creep stage, and it has not been
damaged. At this time, the state equation of the creep model
is as follows:

M2

b3

re——+—V1—exp(—%t>-+lt
G Gy M /1 M

T T G, \| . 71-7,
{e=—+—|l-exp| —2t )| +—t+—"t

[ G, \|]
e=—+—|l-exp| —t )| +—1t+
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T=T,=T,=T3=1T,

E=¢g te ety

7= Gig

1 . (10)
T, =Ty + Ty = Gy&y + 116,
T3 = )&

| Ty = T5 T 1384

From formula (10),

T+T[1 <G2t)]+1t+T_T3t
e=—+—|1—-exp| — — .
G G, M 2 13
When 7> 7, and 7> 7, [, I, III, and IV all participate in
creep deformation, the viscoplastic body has been damaged,

and it has entered the accelerated creep stage. At this time,
the state equation of the creep model is as follows:

(11)

(1=1,=1,=1,=1,
e=g +te e t+ey

7, = Gig

T, =Ty + Ty = Gr&y + 116,

T3 = 1,83

. 1 )
Ty =T,+1;(1 - D)gy =1, + ;135 exp[-a(t—t,)]é,.
(12)

From formula (12),

e= 4 b [1 —exp(—%t)] +lt+T_Tsexp[a(t—ts)].

G G m b 3

(13)

Therefore, the nonlinear damage creep equation of the
weak interlayer is as follows:

(r<71),

(r<71,t<ty), (14)

3

T-T,

expla(t—t,)] (r<1,t<ty).

3
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3. Verification of the Creep Model

By fitting the creep equation derived in the above section to
the creep test data of the weak interlayer, the rationality and
applicability of the model constructed in this paper can be
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F1GURE 9: Fitting of the accelerated creep stage.
14

1.2
1.1 |-
1.0

09

Displacement (mm)

0.8 |-
0.7 |

0.6 |-

0 5 10 15 20 25 30 35
Time (h)

B Creep test data
—— Fitting curve

FIGURE 10: Fitting of the improved integral method.

verified. In this paper, data of Zhu et al. [28] were used to
conduct shear creep test of the weak interlayer. In the first
group of tests, creep tests were carried out on the rock
samples with weak interlayers under the normal stress of
0.5 MPa by applying the shear stress step by step. The shear
stresses applied at all levels were 0.10 MPa, 0.19 MPa,
0.29 MPa, 0.39 MPa, and 0.59 MPa, respectively. According
to the test results, the long-term shear strength of the weak
interlayer under this state was 0.423 MPa. In the second
group, the creep test was carried out on the rock samples of
weak interlayers under a normal stress of 0.7 MPa by ap-
plying shear stress in different grades. The applied shear
stresses at different levels were 0.216 MPa, 0.432 MPa,
0.648 MPa, 0.864 MPa, 1.080 MPa, and 1.296 MPa, respec-
tively. According to the test results, the long-term shear
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FIGURE 12: Experimental data and the fitting curves (6 =0.7 MPa; 7=0.216~1.296 MPa).

strength of the weak interlayer under this condition was It should be pointed out that for the three stages of
1.080 MPa. Based on the test results, using the custom  complete creep, because the creep equation is more complex,
function fitting tool of Origin software and Lev-  the creep parameters are more and the initial value of the

enberg-Marquardt optimization algorithm, the creep test  parameters to be optimized is difficult to determine; if the
data of weak interlayers under different shear stresses are ~ whole method is used for fitting, the results will be as shown
fitted and analyzed. in Figure 7, indicating that the fitting has failed. Therefore,
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TaBLE 1: Creep parameter identification results (0 =0.5 MPa; 7=0.10~0.59 MPa).

7/MPa G1/MPa G2/MPa #1/MPa-mm-1h #2/MPa-mm-1h #3/MPa-mm-1h a R2
0.1 3.01 2.98 1.53 127.34 0.9937
0.19 1.99 2.49 4.77 239.54 0.9851
0.29 1.55 3.38 1.64 446.51 0.9893
0.39 1.24 4.21 1.66 505.75 0.9758
0.59 1.34 1.64 1.65 79.41 5.61 0.51 0.9963

TaBLE 2: Creep parameter identification results (0 =0.7 MPa; 7=0.216~1.296 MPa).

7/MPa G1/MPa G2/MPa #1/MPa-mm-1h #2/MPa-mm-1h #3/MPa-mm-1h a R2
0.216 49.11 10.34 53.49 402.27 0.9942
0.432 10.01 13.91 61.04 3256.51 0.9954
0.648 8.15 11.61 28.67 9076.81 0.9968
0.864 5.79 11.34 34.44 21063.37 0.9989
1.080 4.69 21.21 45.61 14321.18 0.9983
1.296 4.47 25.05 58.41 3.93 8.78 0.38 0.9931

the fitting method needs to be improved. Firstly, the
complete creep curve is divided into two parts, which are the
first two stages of the creep curve and the accelerated creep
curve. They are fitted, respectively, and the initial values of
each creep parameter are obtained, as shown in Figure 8 and
Figure 9. Secondly, by using these initial creep parameters
and using the integral method to fit the complete creep
curve, the ideal fitting effect can be obtained, as shown in
Figure 10.

This method is used to fit the creep test data of these two
groups of weak interlayers. The fitting curves are shown in
Figures 11 and 12. The creep model parameters are obtained
by fitting, as shown in Tables 1 and 2.

From Figures 11 and 12, it can be seen that the creep test
data of weak interlayers under various loads are in good
agreement with their fitting curves and the correlation co-
efficients in Tables 1 and 2 are basically above 0.95, which
indicates that the nonlinear damage creep model con-
structed in this paper can well describe the instantaneous
deformation, attenuation creep stage, steady creep stage, and
accelerated creep stage of the weak interlayer, which further
illustrates the rationality and applicability of the model.

4. Conclusions

(1) Based on the double threshold conditions of stress
and time and considering the influence of aging
damage, the classical viscoplastic body is improved
in this paper. The improved nonlinear viscoplastic
body can more accurately reflect the characteristics
of the accelerated creep stage.

(2) In the fitting analysis of creep curves containing
complete three stages, the effect of the complete
method is usually poor. In this paper, a piecewise
fitting method with a good fitting effect is innova-
tively proposed.

(3) The creep test data of weak interlayers are fitted and
analyzed by the creep model constructed in this
paper. The results show that the fitting curve is in
good agreement with the experimental data,

indicating that the nonlinear damage creep model
constructed in this paper can well describe the creep
characteristics of the weak interlayer. This model can
provide important theoretical support for the study
of long-term stability of slopes with weak interlayers.
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In view of the difficult utilization of a large amount of coal-based solid waste produced by coal electrification in the Ningdong
mining area, especially the large storage and low utilization rate of gasified slag, combined with the advantages of high paste filling
concentration, fast efficiency, and low construction cost, it is of great significance to study the appropriate proportion of fly ash-
based multicontent gasified slag paste filling material for green mining and large-amount utilization of gasified slag. Based on the
microstructure, composition, and particle size distribution of gasification slag, fly ash, broken coal gangue, furnace bottom slag,
and desulfurization gypsum tested by XRD, SEM, and particle size sorting screen, the mass fraction (X;), gasification slag content
(X3), m (c): m (FA) (X3). 29 groups of schemes are designed by four factors : mass fraction X; refers to the proportion of solid in the
filling paste, the amount of gasification slag in the solid X, refers to the proportion of gasification slag in the solid, and m (¢):
m (FA) X; refers to the proportion of fly ash and cement in the solid excluding gasification slag, coal gangue, desulfurization
gypsum, and furnace bottom slag. The amount of desulfurization gypsum in the solid X, refers to the proportion of desulfurization
gypsum in the solid. The flow and strength characteristics of each group are analyzed. It is found that before proportioning, coal
gangue of 2.5~5mm accounts for 80.8%, furnace bottom slag of less than 2.5 mm accounts for 56.5%, fly ash of 20~80% ym
accounts for 80%, and fly ash of 10~20% pm accounts for 90%. XRD patterns reveal that the main components of four solid wastes
and cement are SiO, and Ca;SiOs, and the chemical composition of desulfurization gypsum is Ca(SO,)(H,0),. The regularity of
size change tends to be consistent, and the uniaxial compressive strength of 3 days later in group thirteenth exceeds 0.991 MPa.
Combined with the flow characteristics, it is determined that there are 6 optimization groups in the inclined ladder area with the
expansion of 200~250 mm and the uniaxial compressive strength of 0.6~1.4 MPa. The compressive strength increases with the
increase of the mass fraction of single-factor analysis. The response surface method of C shows that the significance of X;, X, X5,
and X, decreases in turn. The central combination design is used to predict that the mix proportion of X; is 84%, X, is 15%, X5 is 1:
5, and X, is 7%, the content of coal gangue is 10%, and the content of furnace bottom slag is 5% which is the best. The
supplementary experimental results show that 034 is 1.35 MPa and the expansion is 200 mm. Combined with SEM, it is found that
the microstructure before and after optimization is rich in hydration products and the internal structure is well cemented, which
further explains o¢. The above research provides important basic parameters for large-scale disposal and green filling mining
which is difficult to deal with a large amount of stockpiled gasification slag.

1. Introduction

At present, the main body of energy utilization in China is coal.
Coal gangue, fly ash, desulfurization gypsum, and coal gasifi-
cation slag produced in the process of coal mining and utili-
zation are common coal-based solid wastes. According to
incomplete statistics, the annual output of coal-based solid

waste is about 1.5 billion tons, accounting for more than half of
the output of industrial solid waste. At present, the compre-
hensive utilization of coal-based solid waste is still limited. In
this way, the utilization status in the form of temporary storage
will not only cause serious environmental pollution problems,
such as the occupation and waste of land resources caused by
open-air storage and the impact of floating dust on the quality of
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the atmospheric environment, but also cause the harmful
substances in coal-based solid waste enter the surface water
body and penetrate into the ground with rainwater, polluting
the water environment. It causes certain potential safety hazards
to a human living environment. [1] Taking Ningdong mining
area as an example, the output of solid waste increased from 4.4
million T to 24 million T from 2010 to 2020, of which the output
of coal gasification slag has exceeded 7 million T, mostly buried
and stacked in the open air (Figure 1, coal electrification base).
Due to the high cost of treatment and utilization of solid wastes
such as gasification slag and great technical difficulty, the
comprehensive utilization rate of solid wastes in Ningdong base
was only 28.9% in 2018 and the utilization rate of gasification
slag was low [2]. The total amount of ash and slag in the
Ningdong area is very large, with an annual emission of nearly
20 million tons, mainly including fly ash, coal chemical gasi-
fication ash, desulfurization gypsum, coal gangue, of which coal
chemical gasification ash and fly ash account for the largest
proportion [3]. The research on the utilization of gasification
slag mainly focuses on the preparation of building materials, soil
improvement, and water restoration, separation and utilization
of residual carbon, preparation of catalyst carriers and ceramic
materials, preparation of silicon-based materials, etc. [4]. At
present, the application is relatively single and the degree of
effective treatment is not high. Its treatment will not only in-
crease the transportation cost but also cause environmental
problems such as land occupation and dust pollution [5]. Many
scholars have made many research achievements on the utili-
zation of gasified slag. Shen Wang, Cheng Zhenyun, and Chen
Haixia tested the fresh mixing performance of alkali-activated
gasified slag fly ash cement mortar with the substitution rate of
gasified slag of 0%, 10%, 20%, and 30%, respectively, and the
physical and mechanical properties of alkali-activated gasified
slag fly ash mortar under two different curing conditions of
20°C and 60°C, respectively. However, the improvement of
mechanical properties is strongly dependent on conditions,
which has an impact on the disposal of a large amount of
gasification slag; Ma Chao et al. studied the ammonia nitrogen
adsorption performance of the bulk coal gasification slag
produced in the coal gasification process after separation by
a water-based cyclone, but the process is complex and the
utilization rate is limited. Zhao Aijing et al. use coal-based solid
wastes such as gasification slag as a silicon source and aluminum
source to prepare nanoporous materials with high added value.
There are few studies on the influence of many factors such as
high cost and performance stability. In order to prepare
nanoporous materials with high added value, there are few
studies on the influence of many factors such as high cost and
performance stability. At the same time, the mining of coal
resources by the full caving method also has a serious impact on
surface subsidence and water and soil loss. In conclusion, it is
urgent to study the green filling materials with high content of
gasified slag, high strength, and good fluidity, so as to meet the
low construction cost and large-scale disposal of a large amount
of gasified slag stored in the Ningdong mining area. This paper
intends to use a variety of research methods to analyze the
microstructure and physicochemical properties of filling raw
materials, obtain the particle size of fly ash and cement with
a laser particle size analyzer, analyze the composition of

Advances in Civil Engineering

multisource coal-based solid waste by X-ray diffraction tech-
nology, and design by the response surface method. The filling
matching scheme is designed by response surface method,
which is mainly composed of multi-content gasified slag and
supplemented by fly ash content, m (¢): m (FA) and de-
sulfurization gypsum content. The regularity of single factor on
the early strength of filling materials is analyzed by considering
the influence of four factors: solid mass fraction, multi content
gasified slag, m (¢): m (FA), and desulfurization gypsum content
on the early strength of filling materials; the regularity of single
factor on the early strength of the filling material is analyzed and
the suitable filling mix proportion scheme is limited in com-
bination with the flow characteristics. The influence ranking of
X1, X5, X5, and X, is obtained by the response surface method of
0c and the optimal ratio is predicted by using the central
combination design, which provides a new path for the mul-
ticontent gasification slag solid waste filling material with low
utilization rate and difficult disposal.

2. Main Components and Particle Size
Distribution of Coal-Based Solid Waste in the
Ningdong Area

In this paper, fly ash-based gasification slag with high content is
taken as the main research object, supplemented by coal gangue,
desulfurization gypsum, and furnace bottom slag, and then
mixed with ordinary 42.5 Portland cement to prepare green
filling material [6]. The microcomponents of the five solid
wastes were analyzed using a SmartLab X-ray diffractometer
(XRD) to analyze the mineral phase of the raw materials
(equipment parameters: angle of 5°~65°, scanning speed of 10°/
min). Under these conditions, the XRD main components of
the five coal-based solid wastes shown in Figure 2 were ob-
tained. The micromorphology of coal-based solid waste was
observed by daily FLEXSEM 1000 SEM. Under the condition of
accelerating voltage of 10.0kV, the microstructure of coal-based
solid waste raw material and filling material cement was ob-
tained. The experimental instruments used are shown in
Figure 3.

The main mineral phase of gasification slag is quartz
SiO,, which contains trace heavy metal element arsenic. The
main mineral phase of fly ash is SiO,. The main mineral
phase of desulfurized gypsum is Ca(SO,)(H,0O),. The main
mineral phase of furnace bottom slag is SiO, [7]. The main
mineral phases of cement are calcium silicate and tricalcium
silicate Ca3SiOs, which determine its early strength [8].

2.1. Gasification Slag. The gasification slag is taken from the
coal to oil branch of Ningxia coal industry group, Ningdong
coal power base. The gasification slag is the waste slag
generated in the production process of the gasifier.

2.2. Fly Ash. The fly ash used in this experiment comes from
the coal to oil branch affiliated to the Ningxia coal industry
group. The fly ash used belongs to fine external ash with
a small particle size. The particle size measured with the laser
particle size analyzer is mainly less than 200um
(Figure 4(c)), of which 20~80 ym particles of M account for
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FIGURE 3: Microstructure and composition analysis instrument. (a) X-ray diffractometer. (b) SEM. (c) Laser particle size analyzer.
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FIGURE 4: Statistical analysis of particle size distribution of furnace bottom slag, broken coal gangue, and fine particle raw materials before
proportioning experiment. (a) Furnace bottom slag. (b) Coal gangue. (c) Fly ash. (d) Cement.

the majority and they are fine particles. When combined
with the aggregate, it is conducive to improving the early
strength of the consolidated body.

2.3. Desulfurized Gypsum. The desulfurized gypsum is taken
from the coal to oil branch of Ningxia coal industry group,
Ningdong coal power base, and is an earthy yellow viscous
block.

2.4. Coal Gangue. The coal gangue is taken from Renjiazhuang
coal mine affiliated to Ningxia coal industry group, Ningdong

coal power base, and is a gray-black block. At the same time,
according to the method [9] specified in the standard for
geotechnical test methods 1, the two-stage jaw crusher is used
to crush the coal gangue to about 2.5 mm. After grading and
screening 6 kg of crushed coal gangue by the sieve analysis
method, its particle size distribution is as shown in Figure 4(b).

2.5. Furnace Bottom Slag. The furnace bottom slag is taken
from the coal to oil branch affiliated to Ningxia coal industry
group in the Ningdong coal power base. The furnace bottom
slag is the waste slag generated in the production process of
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2kg of gasifier. Original furnace bottom slag is graded and
screened by the screening method. The particle size distri-
bution is shown in Figure 4(a). It is used randomly in the
experiment.

3. Analysis of Proportioning Results of Coal-
Based Solid Waste Filling Materials

3.1. Experimental Scheme. Based on the understanding of
the main components and particle size distribution of five
kinds of solid wastes, the research on the mix proportion
optimization of fly ash-based filling materials with multi-
content gasification slag is carried out. We prepare multi-
source solid waste paste filling materials with a large amount
of gasified slag, with good fluidity and high strength, so as to
realize the combination of a large amount of coal-based solid
waste [10], especially the solid waste consumption of a large
amount of stacked gasified slag (7.1 million tons of gasified
slag in the Ningdong area in 2020) [11] and green filling
mining [12]. The experiment used 70.7x70.7 x70.7 mm
triple standard mold. Due to the low utilization value and
difficult treatment of gasification slag in the Ningdong base
mining area, it is mainly mixed with more gasification slag.
In addition, considering the compressive strength of the
filling body, different levels of cement and a small amount of
desulfurization gypsum are used to study their influence on
the compressive strength. In this experiment, coal gangue
with a particle size of 2.5-5 mm after secondary jaw crushing
is used. Considering that the crushing cost of bulk coal
gangue is too high, there is no too much research on coal
gangue, furnace bottom slag, and other relatively easy-to-
dispose solid wastes, supplemented by desulfurization
gypsum, coal gangue, furnace bottom slag, and fly ash. The
experimental factors and levels are shown in Table 1 [13].
The content of fixed bottom slag is 5%, and the content of
coal gangue is 10%. Here, C: FA = cement: fly ash.

According to the requirements of strength test
standards, the gasification slag is used as a multicontent
raw material through the flow chart (Figure 5), mixed
with fly ash, desulfurization gypsum, furnace bottom slag,
and coal gangue and evenly stirred for 180s to make
a70.7 x70.7 x 70.7 mm specimen which shall be taken out
after reaching the testing age of 3d, 7d, and 14 d, and the
uniaxial compressive strength test of the specimen shall
be completed on the RMT testing machine [14].

3.2. Experimental Results and Single-Factor and Two-Factor
Analysis. The response surface experimental design scheme
and results are shown in Table 2. Using Box-Behnken design
expert software, 29 groups of filling material proportioning
experimental schemes with four factors and three levels are
designed, and the response surface function relationship of
early compressive strength of paste at 3 d age is established.

R, ; = 0.99 — 0.089X, +0.24X, — 0.076X, + 0.057X,. (1)

Through the compressive strength test of multiple
groups of proportioned test blocks at different ages on the

TaBLE 1: Factors and levels in the design scheme of the central
composite experiment.

Level
Factor
-1 0 1
X1 (mass fraction/%) 75 80 85
X2 (content of gasification slag in solid/% ) 15 20 25
1: 1: 1:
X3 (m(c):m(FA)) 5 6 7

X4 (content of desulfurized gypsum in solid/% ) 6 9 12

RMT testing machine, the change trend of compressive
strength of the same group of proportioned test blocks at
different ages can be obtained. At the age of 3d, 7d, and
14 d, the change law of uniaxial compressive strength of the
same proportion number tends to be consistent, and the
compressive strength of filling materials increases with the
increase in age, as shown in Figure 6(a). The mean value of
uniaxial compressive strength of 29 groups of proportioned
test blocks at the age of 3d, 7 d, and 14 d is calculated, and
the calculation result is R;,;=0.991MPa,R, ;=
1.411 MPa,and R, ; = 2.107 MPa.The stress-strain curves
of high- and low-strength test blocks are obtained, as
shown in Figure 6(b). It can be concluded that there are 13
groups of high-strength proportion at 3d age, and the
specific proportion number is as follows: 3, 4, 5,7, 9, 11, 14,
16, 17, 18, 22, 23, and 24. The results show that the mass
fraction has the highest influence on the early compressive
strength of paste filling materials, and it has a positive
correlation with the early compressive strength. The higher
the mass fraction concentration, the higher the 3 d uniaxial
compressive strength and the higher the influence on the
later compressive strength. When the mass fraction is 80%,
the strength is distributed as follows: X, has the least effect
on compressive strength. X; has a negative correlation with
the compressive strength, X, and X; have a positive cor-
relation with the compressive strength, and X, has the
characteristic of slow increase in the early compressive
strength of the filling material. The increase in the gasifi-
cation slag contentcan inhibit the increase in compressive
strength. With the increase in mass concentration and
cement content, the compressive strength increases
gradually.

Combined with the high concentration paste filling
technology [15], in order to better adapt to the current
situation of bulk coal-based solid waste disposal in the
Ningdong mining area, considering that the filling material
has relatively good fluidity and provides large flow
transportation for underground filling, in this paper, the
suitable expansion of paste filling material is 200-250 mm
[16] and the compressive strength of filling material is
0.6-1.4 MPa. The inclined step area obtained is circled
according to the relevant parameters of uniaxial com-
pressive strength and fluidity, so as to obtain the best ratio
in this range, as shown in Figure 7. It can be seen from the
figure that the six groups of filling materials with ratios 4,
11, 16, 18, 20, and 22 are the best under the interaction of
uniaxial compressive strength and fluidity, as shown in
Table 3.
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TaBLE 2: Response surface design and results.
Early compressive Early compressive
No. Level strength (MPa) No. Level strength (MPa)
Xl X2 X3 X4 3d 7d 14d Xl XZ X3 X4 3d 7d 14d
1 -1 -1 0 0 0544 0868 24 16 0 1 1 0 1404 2173 33
2 1 -1 0 0 058 0704 12 17 -1 0 -1 0 138 1673 26
3 -1 1 0 0 1252 1877 2.3 18 1 0 -1 0 1016 1200 1.8
4 1 1 0 0 1468 2153 35 19 -1 0 1 0 093 1032 12
5 0 0 -1 -1 1080 2141 31 20 1 0 1 0 0740 0844 09
6 0 0 1 -1 0908 1548 35 21 0 -1 0 -1 073 0848 09
7 0 0o -1 1 1032 1929 31 22 0 1 0 -1 0992 1092 21
8 0 0 1 1 0748 1232 26 23 0o -1 0 1 1588 2561 2.6
9 -1 0 0 -1 125 2197 41 24 0 1 0 1 1460 2157 22
10 1 0 0 -1 0920  1.204 1.8 25 0 0 0 0 0876 1236 1.9
11 -1 0 0 1 1088 1348 15 26 0 0 0 0 0932 1312 1.5
12 1 0 0 1 0.656 0.812 1.1 27 0 0 0 0 0.764 1.180 1.7
13 0 -1 -1 0 0.712 0.760 1.2 28 0 0 0 0 0.984 1.164 1.6
14 0 1 -1 0 1.072 1.753 3.0 29 0 0 0 0 0.976 1.304 1.6
15 0 -1 ] 0 0.640 0.608 0.8 Response surface design m;til&((l)gentral combination design

4. Analysis and Discussion of the Response
Surface Method Model

4.1. Model Analysis and Significance Evaluation under Re-
sponse Surface Methodology. Based on the significance of
the influence between the factors of the response surface
regression model and the response value, the error source
of the model equation is analyzed [17]. The importance of
the model is determined by F and P values. The larger the
F value is, the smaller the P value is and the more sig-
nificant the influence is [18]. The F value of the

established regression model is 3.86, which shows that the
regression effect of the model is remarkable, and the
model fits the experimental values well. The significance
of single factor is X; > X, > X3 > X,. The model is used to
determine the correlation coefficient to evaluate the ac-
curacy and reliability of the regression model. The larger
the F value of each factor, the more significant it is, as
shown in Table 4. The model judgment correlation co-
efficient interprets the difference between the response
surface and the real value [19] and analyzes the fitting
degree of each model of the response surface method. The
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TaBLE 3: Optimization of and expansion under different compressive strengths.

Matching number Ratio number factor parameter 3 d uniaxial compressive strength (MPa) Degree of expansion (mm)
4 X1=25%; X2=85%; X3=1:6; X4=9% 1.468 218
11 X1=15%; X2=80%; X3=1:6; X4=12% 1.088 210
16 X1=20%; X2=85%; X3=1:7; X4=9% 1.404 217.5
18 X1=25%; X2=80%; X3=1:5; X4=9% 1.016 246.5
20 X1=25%; X2=80%; X3=1:7; X4=9% 0.740 235

22 X1=20%; X2=85%; X3=1:6; X4=6% 0.992 229.5
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TABLE 4: Analysis of variance of experimental results of the linear model.

Source Sum of squares Mean square F value P value
Model 0.88 0.22 3.86 0.0147
X 0.095 0.095 1.68 0.2077
Xz 0.67 0.67 11.85 0.0021
X3 0.07 0.07 1.23 0.2778
X4 0.039 0.039 0.68 0.4178
Residual 1.36 0.057
Lack of fit 1.33 0.066
Pure error 0.033

TaBLE 5: Analysis of the fitting degree of each model by the response surface method.
Model source R? correction value R? estimate Remarks
Linear model 0.3915 0.0618 Recommended
2FI model 0.4352 Negative
Cubic model 0.9344 Negative
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FIGURE 8: SEM of the typical filling material test block. (a) SEM hydration products of No. 18 filling material. (b) SEM hydration products of
No. 4 filling material. (¢) SEM hydration products of No. 20 filling material.
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FIGURE 9: SEM structure before multisource coal-based solid waste proportioning experiment. (a) Desulfurized gypsum. (b) Fly ash.

(c) Gasification slag. (d) Furnace bottom slag.

evaluation results are shown in Table 5. The closer the
correlation coefficient is to 1, the higher the reliability of
the model is. The complex correlation coefficient is
0.3915, and the prediction correlation coefficient is
0.0618, which proves that the model has high accuracy.
The contour line and 3 d response surface of the multiple
regression equation of the linear model represent the
interaction results of each factor. It can not only predict
and optimize the response value but also analyze any
single factor to obtain the significance law [20].

4.2. Discussion. From the uniaxial compressive strength
and fluidity-related parameters, three typical represen-
tative test blocks with ratios 4, 18, and 20 are circled in the
inclined ladder area. After cementation, the hydration
reaction is severe. The SEM microstructure shows the
abundance of rod and flocculent hydration products,
which have different promoting effects on the com-
pressive strength of filling materials (Figures 8(a)-8(c)).
The microstructure of raw materials used for filling is
shown in Figures 9(a)-9(d). Through the comparison of
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the structure between the filling body and the filling body
raw materials, we can clearly see that there are different
quantities of hydration products in the filling body, which
bond the interior of different raw materials together and
have a certain compressive strength.

A variety of coal-based solid wastes are mixed and
cemented. Compared with the original microstructure of

various solid wastes, the hydration products produced by
hydration reaction under the action of cement are different.
The early strength of the filling body is mainly due to the
hydrolysis reaction and hydration reaction of cement, and
the free water becomes bound water. Cement forms ce-
mentitious material through a series of chemical reactions to
increase its strength. The chemical reaction of the active



10

components of gasification slag is slow, the hydration
products formed in the early stage are less, and the strength
is low. Abundant multiform hydration products can pro-
mote the compressive strength of filling materials, and the
law of compressive strength is demonstrated.

In addition, in order to intuitively study the correlation
law of fly ash, coal gasification slag, coal gangue, and cement
content on the early compressive strength of the filled
consolidated body, the contour map and response surface
cloud map of compressive strength varying with factor levels
are drawn according to the regression model, as shown in
Figures 10 and 11, respectively. According to the results of
variance analysis of single-factor and multifactor interaction
in Table 5, the 3 d compressive strength of the filling body is
very sensitive to the response of a single factor. Among them,
the order of significance of single factor: solid mass fraction
(F=11.85, P =0.0021) > gasification slag content (F=1.68,
P =0.2077)>m(c): m(FA) (F=1.23, P=0.2778)
> desulfurization gypsum content (F=0.68, P = 0.4178).

5. Conclusion

(1) SEM and XRD show that the gasification slag has
mainly a honeycomb structure. The main component is
SiO,. Most of the fly ash is of spherical structure, with
finer particles. The particle size is mostly distributed
below 200 ym, and its composition is SiO,. Desulfur-
ized gypsum is distributed in a thin-walled and co-
lumnar structure, and a small amount of desulfurized
gypsum can promote the improvement of early com-
pressive strength. The main component of furnace
bottom slag is SiO,, which is distributed in the com-
bined structure of pores and blocks, and the maximum
particle size can reach 25 mm, of which the proportion
of furnace bottom slag below 2.5mm is 56.5%. The
main components of coal gangue and cement are SiO,
and Ca;SiOs, respectively. In addition, the particle size
of 2.5~5mm coal gangue and cement accounting for
80.8% is mostly distributed below 100 ym, the overall
particle size is small, the pore matching effect is better
after mixing, and the microstructure of cement is sig-
nificantly different from that of a variety of solid wastes.

(2) In view of the combination of bulk coal-based solid
waste disposal and green filling mining in the
Ningdong mining area, according to experience, 29
groups of proportioning schemes with four factors
and three levels of mass fraction (X,), gasification
slag content (X,), m(c): m(FA) (X;), and de-
sulfurization gypsum content (X,) are designed by
using the interface response method. The flow
characteristics and intensity characteristics of each
group are analyzed. The mix proportion of 29
groups of filling materials is divided into high and
low uniaxial compressive strength, and 13 groups of
high-strength mix proportion are obtained, with
the expansion of 200-250 mm. The compressive
strength grade is 0.6-1.4 MPa, the flow character-
istics and compressive strength characteristics of
filling materials are analyzed together, the inclined
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ladder area obtained by uniaxial compressive
strength and expansion is acquired, and six groups
of optimal proportion schemes are obtained. At the
same time, it is concluded that the compressive
strength of filled test blocks at different ages in-
creases with the increase in age, and the higher the
mass fraction, the higher the compressive strength.
The microscopic test of typical filling test blocks is
carried out by SEM. Under the action of cement, the
hydration products produced by hydration reaction
are different. Meanwhile, a small increase in the
content of desulfurized gypsum can significantly
improve the cementation performance of the ce-
ment. The abundance of rod and flocculent hy-
dration products promotes the compressive
strength of filling materials. The law of compressive
strength is demonstrated, which shows that it is
more reliable and stable when used in coal mine
paste filling.

(3) Comprehensive analysis results show that combined
with the response surface method, a single factor has
a significant effect on the early compressive strength
of the consolidated body at the age of 3 d. The order
of significance of each factor is solid mass frac-
tion > gasification slag content>m(c): m(FA)
> desulfurization gypsum content. The optimal
proportioning scheme is obtained through the de-
sign, analysis, and prediction of the central group.
The mass fraction is 84%, C: FA is 1 : 5, the content of
gasification slag is 15%, the content of de-
sulfurization gypsum is 7%, the content of coal
gangue is 10%, and the content of furnace bottom
slag is 5%. The supplementary experimental results
show that 034 is 1.35MPa and the expansion is
200 mm. It provides basic parameters for large-scale
utilization of coal-based solid waste, especially gas-
ification slag.
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Due to the combined effect of temperature and cyclic loading and unloading, the gas permeability of polypropylene fiber
reinforced concrete structures changes during service. However, the current gas permeability test of polypropylene fiber
reinforced concrete is based on a single influencing factor or a single test condition (monotonic loading), and the test conditions
are quite different from the actual working conditions of the structure. To explore the permeability of polypropylene fiber
reinforced concrete under cyclic loading and unloading under the influence of temperature, based on the stress principle that the
specimen does not have structural damage and according to the steady-state equation of Darcy’s law, the Cembureau method is
adopted. The gas permeability of polypropylene fiber reinforced concrete under single loading and unloading and multistage
cyclic loading and unloading at eight target temperatures is tested by the triaxial permeability test system. The results showed that
(1) when the target temperature was 120°C < T<200°C and 200°C < T<280°C, the fiber experienced two stages of “softening,
melting-cooling recovery” and “melting and absorption,” which caused damage to the matrix pore structure. The gas permeability
at 200°C and 280°C was 246 times and 350 times that at 22°C, respectively. (2) The damage degree of the matrix strength structure
increases during cyclic loading and unloading, and the permeability loss rate during cyclic loading and unloading is 1.24~1.57
times that of single loading and unloading. (3) The high target temperature leads to pore structure damage of the matrix, which not
only affects the permeability of the matrix but also affects the strength structure of the matrix. When the stress ratio R > 0.37, the
pore structure damage and the strength structure damage of the specimen are superimposed, resulting in the antipermeability
effect of the specimen developing in the unfavorable direction. The test simulated the actual working conditions of polypropylene
fiber reinforced concrete, providing a reference for building fire protection, seismic design or postdisaster evaluation.

and increase in permeability after high-temperature damage
have adverse effects on durability, which has attracted

Concrete and naturally formed rock and soil are macro-
scopic combinations of discrete particles, which are all
porous media. In actual working conditions, they are in-
evitably affected by the coupling of many factors, such as
heat, water and stress. The evolution of influencing factors is
closely related to the particle rearrangement [1], which has
an important influence on the structural strength and
stiffness. In recent years, polypropylene fiber reinforced
concrete (PPFRC) has been widely used because of its low
permeability at room temperature [2-4] and good fire and
explosion resistance [5, 6]. However, the decrease in strength

widespread attention. At present, research on the perme-
ability of PPFRC mainly focuses on the load effect and high-
temperature effect.

Relevant studies on the permeability of PPFRC under
load show that the antipermeability effect of PPFRC comes
from the crack resistance of fibers, which is mainly man-
ifested in the inhibition of the generation and development
of cracks in concrete by the bridging effect of fibers and the
improvement of permeability resistance [7-9]. In 1963,
Romualdi and Batson of the United States proposed the fiber
crack arrest theory, also known as the fiber spacing theory. It
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is believed that the existence of fibers reduces the propa-
gation force at the crack tip and hinders the development of
cracks, and this hindering effect is related to the fiber
spacing; the smaller the fiber spacing is, the more obvious
the hindering effect is [10-12]. The theory emphasizes the
limiting effect of fiber spacing (content) on crack propa-
gation in the matrix but ignores the composite reinforce-
ment effect of the fiber itself, the bond strength between the
fiber and matrix and the influence of fiber length on the
reinforcement effect of the matrix, so it can only qualitatively
explain the reinforcement principle of the fiber. On the basis
of fiber crack arrest theory, the introduction of the linear
elastic fracture mechanics principle and comprehensive
consideration of fiber length, the self-composite effect and
bond strength within the matrix are the main theoretical
bases for the current study of fiber crack arrest enhancement.
In recent years, it has been found that crack propagation is
limited and impermeability is improved due to the
presence of fiber strength and bonding force after
concrete damage [13]. At the same time, in the recovery
stage after the load damage of the concrete matrix, the
fiber can also improve the crack recovery rate and reduce
the permeability coefficient of concrete after cracking
[14]. However, the greater the fiber content is, the better
the crack resistance and impermeability. There is a
threshold for different water cement ratio fiber contents,
and the threshold range is generally 0.5 kg/m>~1.5 kg/m’
[7, 15-18]. In addition, the impermeability of concrete is
greatly related to the load stress. In general, when the
stress ratio is less than 0.5, the permeability of the matrix
decreases with increasing stress. When the stress ratio
exceeds its value, the matrix structure is easily damaged,
and the permeability is greatly increased [19-22].
Relevant studies on the permeability of PPFRC after
temperature action show that the voids and holes generated
in the matrix after the “softening-cooling recovered” and
“melting-absorption” of polypropylene fibers at high tem-
perature are important reasons for the increase in perme-
ability [23-30]. However, there are different views on the
mechanism of pore formation after polypropylene fiber
melting. Kalifa et al. [31] showed that polypropylene fibers
were absorbed by the concrete matrix after melting through
the “water drop” test, but the test results were greatly affected
by the surface treatment degree of the specimen. Khoury
[32] pointed out that the viscosity of polypropylene fiber
after melting is very high and the molecular diameter (more
than 14nm) is much larger than the pore size of concrete
silicate gel or solid-solid distance (1.8nm) [33], and the
possibility of absorption by the concrete matrix is very small.
Bosnjak et al. [28] found through a heating test of PPFRC
specimens that the PP fiber had no obvious change after the
specimen was cooled by continuous heating for 20 min, and
the PP fiber was absorbed after continuous heating for 6h
and 2 d. The longer the heating time was, the more obvious
the absorption effect was. In addition, the free water and the
bound water in the matrix have complex transformation
effects at different temperatures [34]. The water loss of
concrete materials under the influence of high temperature
[35, 36] will lead to changes in pore structure and size as well
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as the generation of microcracks [37] and adversely affect the
permeability resistance of concrete [38].

The above research explains the action mechanism of
polypropylene fiber on concrete permeability under load
and temperature. The research results provide an important
reference for the engineering application of PPFRC and the
fire prevention and seismic design of buildings. However,
the above studies are based on a single influencing factor or a
single test condition (monotonic loading), and concrete
structures are often subjected to complex stress and multiple
factors during service. For example, airport runways are
subjected to the impact of aircraft landing, coastal buildings
are subjected to the impact of waves, and concrete structures
in earthquake-prone areas are subjected to cyclic loading
and unloading and structural damage after fire. It is more
realistic to study the permeability and damage mechanism of
PPFRC under cyclic loading and unloading under the in-
fluence of temperature.

In view of this, the authors, on the basis of previous
research, combined with the actual working conditions,
made the PPFRC test block and imposed multilevel target
temperatures on the test block. The three-axis permeability
test system was used to measure the permeability of PPFRC
during single loading and unloading and multistage cyclic
loading and unloading. The evolution characteristics of the
gas permeability of PPFRC under multistage target tem-
peratures and cyclic loading and unloading conditions are
studied.

2. Design of Experiments

The test was carried out by eight target temperatures and two
loading and unloading methods. The test process is shown in
Figure 1.

2.1. Test Raw Materials and Ratio. The ordinary Portland
cement used in the test was produced by Henan Mengdian
Group Cement Co., Ltd. and is labeled as P-O 42.5R. The fine
aggregate is natural river sand, the fineness modulus is 2.70,
and the apparent density is 2562 kg/m”. The coarse aggregate
is continuous graded gravel with a particle size of 5~20 mm
and an apparent density of 2,622 kg/m’. The test water was
ordinary tap water. Polypropylene fiber used for test pro-
duction was procured from Langfang Shuangyuan Energy
Saving Technology Co., Ltd. The length was 15mm, the
diameter was 0.5 mm, the tensile strength was greater than
450 MPa, the melting point was 189°C, and the dosage was
0.9kg/m’>. The PPFRC test block volume is
200 mm x 200 mm x 200 mm, and the strength grade is C30.
The proportion is shown in Table 1.

2.2. Test System. 'The triaxial permeability test system for the
test was produced by Jiangsu Tuochuang Scientific Research
Instrument Co., Ltd., as shown in Figures 2 and 3, which
mainly includes three system modules: a three-axis loading
servo control system, gas (liquid) flow measurement system,
and square block placement cavity.
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TaBLE 1: PPFRC ratio table.

Strength grade Cement (kg/m?®)

Water (kg/m?)
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(1) Three-axis loading servo control system: piston
loading, self-balancing reaction structure; three-axis
independent servo system plus central digital system
control, control accuracy: > +0.1% f.s. @ Three-axis
loading unit: each axis contains two main loading
hydraulic cylinders, with a maximum load of
1000 kN, a maximum stroke of 50 mm, and with a
measurement control accuracy reaching 0.1% of the
maximum force value. It can be steadily loaded for a
long period. A Swiss trafag pressure sensor was used.
The rated output voltage of the sensor was 2.0 mV/V
+2.5%, creep +0.1%, nonlinearity +0.3%, hysteresis
+0.3%, and the temperature compensation range was
—-10°C +40°C. @ Servo control system: the Japanese
Fuji servo control system is adopted to meet constant
pressure and constant rate loading. The loading rate
is 0.01~1kN/s, maximum loading pressure is
40 MPa, control precision is 0.01 MPa, resolution
<0.1%, and hysteresis <0.2%.

(2) Gas flow measurement system: the steady-state
method was used to control the flow, with a pressure
0~10MPa, and permeability coeflicient measure-
ment range 107'* m*~107>* m®. During the test, it is
necessary to cooperate with the triaxial loading
cylinder, encapsulate the specimen with the upper
and lower pressure heads with seepage channels in the
triaxial loading cylinder, and apply a certain amount
of hydrostatic pressure (greater than the maximum
osmotic pressure of at least 0.5 MPa) before the be-
ginning of the permeability test to ensure that the
packaging material was close to the specimen wall.

(3) Square block placement cavity: three cube specifi-
cations are 300 mm, 200 mm, and 100 mm. There are
three sets of clamps, and the clamp contains the
corresponding rigid cushion block, which is con-
venient for changing the size of the test sample; an
encapsulation pressure of 0~20 MPa is used to en-
sure that the three axial seals are reliable.

2.3. Heating and Sealing of Specimens. The test block was
made according to Table 1; the standard curing time was 28
days. At the end of the curing period, the specimens were
subjected to indoor natural air drying for one month. The
specimen was heated by a box-type resistance furnace, and
the target temperatures were 22°C (room temperature),
40°C, 80°C, 120°C, 160°C, 200°C, 240°C and 280°C. After
thermal stability for 6h, the specimen was removed and
cooled naturally to room temperature and then packaged for
loading and unloading gas permeability tests. To prevent
angular damage to the specimen during the loading process,
the gas seepage channel is changed. The Sealing Test
Specimen with Angle Copper Strip Fixed Edge Glass Ad-
hesive is shown in Figure 4.

2.4. Test Scheme

(1) Principle of the seepage test: the steady-state equa-
tion based on Darcy’s law adopts the Cembureau
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FIGURE 4: Edge angle seal of PPFRC.

method. Under a certain pressure difference on both
sides of the sample, the gas permeability is related to
the viscosity coeflicient, flow distance and flow rate,
and the permeability is calculated according to
formula (1) [39].

2LuQ, P,

K, = ) (1)

In the formula, K is the gas permeability of the
PPERC test block, m?;  is the viscosity of the test gas,
S-N/m?; Qo is the gas flow through the specimen, m?/
s; Py is atmospheric pressure under test conditions,
MPa; Py is inlet gas pressure, MPa; P, is the outlet gas
pressure, MPa; A is the square sample area, m2 and L
is the length of specimen, m.

(2) Test scheme: the uniaxial compression test scheme

was adopted, with a confining pressure of 0, the
compression axial is z-axis, and the loading and
unloading rate is 0.1 kN/s. Nitrogen was selected as
the permeable gas, the inlet was on one side of the x-
and y-axes, the inlet pressure was 1.0 MPa, the outlet
was on the other side of the x- and y-axes, and the
outlet pressure was 0.5 The specimens were encap-
sulated by hydrostatic water with a pressure of
1.5MPa. To ensure the permeability test effect and
prevent damage to the specimen structure [40, 41], the
maximum effective stress of the specimen is 0.5f, (f; is
the measured peak stress of the PPFRC specimen).
The test was divided into two groups, and eight
specimens in each group were subjected to different
target temperatures. In the first group, the specimen
was subjected to 8-stage single loading, and the
permeability of the specimen at each loading level was
tested. After loading to 0.5f, the specimen was
unloaded to 0.03f, and then the permeability was
tested again. The second group of specimens was
subjected to 8-stage cyclic loading and unloading (the
permeability under load state was tested after loading
the nth stage, then the permeability was unloaded to
0.03f., then the permeability was tested again, and the
cyclic loading and unloading was carried out suc-
cessively until the 8-stage loading and unloading was
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TaBLE 2: Test results of PPFRC loading permeability under different temperatures.

Permeability (kg/x10™""m?)

State of stress Stress ratio (R)

22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C
0.03 1.85 2.31 8.02 29.65 127.43 397.21 513.52 532.75
0.10 1.71 2.13 7.46 27.79 119.11 373.92 491.66 512.42
0.17 1.56 1.96 6.90 25.71 109.45 350.32 462.12 487.28
Graded cyclic loading 0.23 1.41 1.78 6.35 23.68 101.04 330.75 436.64 463.87
0.30 1.27 1.60 5.78 21.76 93.11 313.45 414.04 441.54
0.37 1.16 1.44 5.27 19.78 86.32 298.34 403.91 433.56
0.43 1.07 1.32 4.92 18.31 83.11 290.25 398.36 428.74
0.50 1.01 1.26 4.77 17.65 81.71 287.27 395.82 425.74
0.03 1.85 2.31 8.02 29.65 127.43 397.21 513.51 532.70
0.10 1.69 2.10 7.41 27.38 118.11 367.92 483.66 506.42
0.17 1.53 1.91 6.77 25.22 107.95 343.32 456.12 479.28
Graded single loading 0.23 1.37 1.72 6.14 23.01 99.04 319.75 428.64 453.07
0.30 1.22 1.54 5.51 20.89 91.11 301.45 404.04 429.54
0.37 1.08 1.37 5.00 18.87 84.32 286.34 390.01 414.56
0.43 0.97 1.23 4.59 17.31 80.11 278.25 380.36 404.74
0.50 0.90 1.16 4.35 16.43 76.71 271.27 371.82 397.74
TaBLE 3: Test results of unloading permeability of PPFRC under different temperatures.
) ) ) ) Permeability (kg/x10™"" m?)

State of stress Difference of loading-unloading stress ratio 3 N N ) > o N N
22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C
0.07 1.82 227 786 28.77 117.27 360.32 482.18 499.47
0.13 1.80 2.23 7.71 28.21 114.82 350.32 470.65 486.40
0.20 1.76 219 755 27.62 109.76 337.75 450.97 466.54
Graded cyclic unloading 0.27 1.73 214 735 26.72 105.07 322.20 430.51 445.58
0.34 1.69 2.08 7.6 2597 101.81 311.33 419.32 432.05
0.40 1.65 2.04 699 2513 99.87 302.57 402.02 416.76
0.47 1.63 2.01 690 2472 9874 291.30 391.50 401.42
Single unloading 0.47 1.71 212 725 2654 111.92 330.70 417.15 426.99

completed). Relevant data were automatically col- The calculation of the data in Tables 2 and 3 shows

lected, calculated and saved in the experiment, with a
data acquisition frequency of 3 seconds. Each loading
and unloading stress and measurement residence time
was not less than 5min, and airflow stability was
ensured for more than 3 min.

that the permeability (average) of the specimens at
200°C and 280°C is 246 and 350 times that at 22°C,
respectively, indicating that the increase in temper-
ature has a negative impact on the permeability re-
sistance of the specimens. Under the loading

conditions, the permeability of the specimen in the
cyclic loading and unloading process is 1.00~1.12
times that in the single loading and unloading process,
indicating that the cyclic loading and unloading
conditions have a negative impact on the permeability
resistance of the specimen. When the stress ratio
difference is 0.47, the permeability of the specimen in
_ 0, the single unloading process is 1.05~1.14 times that in
A G) the cyclic loading and unloading process, indicating

that the recovery degree of the specimen under single
In the formula, o, denotes the effective stress, MPa; 0, is the loading and unloading is higher than that under cyclic
z axial stress, MPa; R is the specimen stress ratio; and f. is the loading and unloading.
peak stress of the specimen under uniaxial compression, MPa.

The effective stress of the specimen is calculated
according to formula (2) [42], and the stress ratio is cal-
culated according to formula (3).

1
aezaz_E(Pl_PZ)’ (2)

R

(2) R-kg curve: after fitting the stress ratio and per-
meability data in Table 2, the R-kg relationship curve
is obtained, as shown in Figure 5.

3. Experiment Results and Analysis

Figure 5 shows that @ the R-kg relation curve is
similar under the two stress conditions. The R-kg
(1) Test results: the test results are shown in Tables 2 and relation curve is steep in the early stage of loading

3. and gentle in the later stage of loading. This indicates

3.1. Test Results
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(3) T-kg curve: after fitting the temperature (1) and
permeability (average) in the loading process of the
specimen in Table 2, the T-kg relationship curve is
obtained, as shown in Figure 6.

Figure 6 shows that, under the two stress conditions, the
change in kg with increasing T experienced three stages. In
the first stage, T < 120°C, the T-kg linear slope is low, and the
increment is small. In the second stage, 120°C < T<200°C,
the T-kg myopia exponential function relationship, kg
significantly increases. In the third stage, 200°C < T <280°C,

Temperature 7/°C

—a— Cyclic loading process
—e— Single loading process

FIGURE 6: Evolution characteristics of permeability under tem-
perature influence.

the increment of kg decreased, and the T-kg curve finally
tended to be gentle. This shows that the temperature between
120°C~200°C has a significant impact on the seepage rate of
the specimen. When the temperature is higher than 240°C,
the fiber has completely melted, the total amount of cavity
formed by the fiber in the matrix does not increase, and its
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permeability tends to be stable, so the third stage of the T-kg
curve is flat.

The above results show that the increase in target
temperature and cyclic loading and unloading conditions
have adverse effects on the impermeability of the specimen.

3.2. Analysis of Permeability Characteristics

3.2.1. Permeability Decline Rate. The permeability change
rate is closely related to the stress conditions and temper-
ature factors. The calculation of the permeability change rate
of the specimen can intuitively reflect the influence of the
two factors. The permeability parameters in Table 2 are
calculated according to formula (4) to obtain the perme-
ability decline rate of the specimen. The detailed data are
shown in Table 4.

ki - ki+1)

kp = ( x 100%. (4)

1

In the formula, kp, is the permeability decline rate of the
specimen, %; k; is the permeability of the specimen under
stage i loading, m% and k;,, is the permeability of the
specimen under stage “i+1” loading, m”.

Table 4 shows that under two stress states, kp undergoes
three stages of “Sudden Change” with temperature. The
temperature ranges of the three mutations were
40°C< T<120°C, 120°C< T<200°C and 200°C < T<280°C,
and the stress ratios were 0.5, 0.43 and 0.37, respectively. It
can be seen that the kp “Sudden Change” stress ratio of the
specimen moved forward with increasing temperature.

According to the literature research [7-9, 23-30]
conclusions combined with the analysis of experimental
results, the permeability of polypropylene fiber concrete
under the influence of stress and temperature is mainly
related to three factors. First are the physical bonding
properties of fiber materials and concrete. Second, the
damage degree of the fiber pore structure is affected by
temperature. Third, the damage degree of stress affects the
strength structure of the specimens.

In the first stage, the target temperature is relatively low,
the thermal deformation of the polypropylene fiber is small,
and the fiber is closely integrated with the matrix, as shown
in Figure 7(a). The low-temperature effect causes little
damage to the pore structure of the matrix, and the matrix
strength of the specimen is high. At this time, the perme-
ability is mainly dominated by pores and microcracks in the
matrix. In reaction to pressure, the two produce a com-
pression effect [22, 43], and the permeability and stress
decrease linearly. Due to the good stability of the fiber and
the large ductility of the matrix, when the stress continues to
increase, the response time of the two to the stress is close to
or reaches the limit state (large elastic-plastic deformation),
and the straight line segment of the R-kg curve is longer, as
shown in Figures 5(a)-5(c). Therefore, the stress value is
large when the permeability is “Sudden Change.”

In the second stage, the target temperature is the soft-
ening and melting stage of the polypropylene fiber. After
cooling, the recovered fiber is separated from the matrix and

generates voids, resulting in different degrees of damage to
the pore structure of the matrix, increasing the gas per-
meability channel and reducing the matrix strength [28, 29],
as shown in Figure 7(b). Due to the increase in the per-
meability channel, the matrix permeability is significantly
higher than that in the first stage, as shown in Figure 6. Due
to the damage to the pore structure of the matrix, the ad-
hesion between the fiber and the matrix fades, resulting in a
decrease in the strength and ductility of the matrix. When
the stress response of the three is close to or reaches the limit
state, the duration is shortened (the elastic-plastic defor-
mation decreases), and the linear section of the R-kg curve is
shortened, as shown in Figures 5(d) and 5(e). Therefore, the
stress value decreases when the permeability is “Sudden
Change.”

The third stage is the high-temperature influence stage.
The microstructure study shows that the polypropylene fiber
disappears in the matrix after high temperatures above
200°C, and voids are formed after cooling [31, 44]. The
macroscopic results of the specimen after high temperature
are consistent with the microscopic results, as shown in
Figure 7(c). At this time, the matrix pore structure is greatly
damaged, and the strength is significantly reduced. Com-
pared with the first three kinds of fractures, this large cavity
is not sensitive to the stress response, resulting in higher
permeability than the first two stages, as shown in Figure 6.
Due to the large damage degree of the matrix pore structure,
the fiber disappears, the matrix becomes brittle material, and
the strength decreases to the minimum. In reaction to stress,
the elastic-plastic deformation of the matrix is the smallest.
At this time, the period of pores and voids in the matrix to
reach the limit state is shortened again, and the straight line
segment of the R-kg curve is shortened again, as shown in
Figure 5(f). Therefore, the stress value decreases again when
the permeability is “Sudden Change.”

3.2.2. Permeability Loss. The permeability loss rate can reflect
the damage and recovery degree of the specimen after
unloading. The smaller the permeability loss rate is, the lower
the damage degree of the specimen and the higher the re-
covery degree. According to the data in Tables 2 and 3, the
permeability loss rate of the specimen during unloading is
calculated according to formula (5) [45, 46].

kp = Ue = ki) kk"‘Ul) x 100%. (5)
1

In the formula, kp is the permeability loss rate; k; is the
permeability of the specimen under the first stage loading,
m?% and k;_y, is the permeability of the specimen under
unloading of level i, m?.

The data in Table 5 show that kp increases with increasing
temperature and stress. The permeability loss rate of the
loading and unloading stress ratio difference Rp=0.47 was
calculated. The permeability loss rate of the cyclic loading
and unloading process was 1.24~1.57 times that of single
loading and unloading. It can be seen that temperature rise
and cyclic loading and unloading conditions have adverse
effects on the impermeability of PPFRC.
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TABLE 4: Permeability decline rate of the specimen during loading.

State of stress Stress ratio (R)

Permeability decline rate (kp/%)

22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C
0.10 8 8 7 6 7 6 6 5
0.17 9 8 8 7 8 6 6 5
0.23 10 9 8 8 8 6 6 5
Cyclic loading process 0.30 10 10 9 8 8 5 5 5
0.37 9 10 9 9 7 5 2 2
0.43 8 8 7 7 4 3 1 1
0.50 6 5 3 4 2 1 1 1
0.10 9 9 8 8 7 7 7 6
0.17 9 9 9 8 9 7 6 5
0.23 10 10 9 9 8 7 6 5
Single loading process 0.30 11 10 10 9 8 6 6 5
0.37 11 11 9 10 7 5 3 3
0.43 10 10 8 8 5 3 2 2
0.50 7 6 5 5 4 3 2 2

FiGUure 7: Changes in fiber in the matrix under different temperatures.

TaBLE 5: Loss rate of unloading permeability of specimens.

State of stress

Difference of loading-unloading stress ratio (Rp)

Permeability loss rate (kp/%)

22°C  40°C 80°C 120°C 160°C 200°C 240°C 280°C

0.07 1.62 173 200 297 343 523 610 6.25

0.13 270 346 387 486 544 786 835 870

0.20 486 519 586 685 9.61 1117 1218 1243

Cyclic nloading process 0.27 649 736 835 9.88 1347 1526 1616 16.36
0.34 8.65 9.96 10.72 1241 1616 1812 1834 18.90

0.40 10.81 11.69 12.84 1524 17.76 2042 21.71 21.77

0.47 11.89 1299 1397 16.63 18.69 23.38 23.76 24.65

Single nloading process 0.47 7.57 823 9.60 1049 1217 16.74 18.77 19.84

Note. The difference between the loading and unloading stress ratio is denoted as Rp, which is equal to the difference between the stress ratio R; and 0.03 at

stage I loading.

The analysis shows that the unloading process of the
specimen is not the inverse process of loading. At the early
stage of loading, the specimen is in the elastic stage. When
the stress is greater than the elastic limit A, the specimen
enters the plastic working stage, the closure rate of

microgaps in the matrix is accelerated, and the matrix shape
variable is increased. At this time, the matrix structure is
partially damaged, the deformation of the specimen will not
return to the original state when unloading, and there is
deformation loss, as shown in Figure 8. After multistage
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FIGURE 8: Stress-strain of the specimen during loading and
unloading.

cyclic loading and unloading, the damage to the matrix
strength structure increases [47], and the crack extends or
increases, which adversely affects the impermeability of the
specimen.

In addition, the average values of kp and kp of the
specimens under cyclic loading and unloading conditions at
R<0.34 and T<120°C were calculated and recorded as
kp_11 and kp_ 1, respectively. The average values of kp and
kp of the specimens under cyclic loading and unloading
conditions at R>0.37 and T>160°C were calculated and
recorded as kp_py and kp_pp, respectively. After com-
parison, it is found that the permeability decline rate of the
specimen at low temperature and low stress is large
(kp-11.=8.26), and the permeability loss rate is small
(kp_ 11, =4.88). Under high temperature and high stress, the
permeability decline rate of the specimen was small
(kp-pp=2.44), and the permeability loss rate was large
(kp_pp=20.31). The analysis shows that the high target
temperature leads to damage to the matrix pore structure,
which not only affects the permeability of the matrix but also
affects the strength structure of the matrix. The pore
structure damage and strength structure damage of the
specimen are superimposed under the influence of high
temperature and high stress conditions. After the super-
position of the two, the failure of the pore structure ac-
celerates the failure of the strength structure under high
stress, makes the development of the matrix crack faster, and
leads to the development of the matrix antipermeability
effect in a disadvantageous direction.

4. Conclusions

(1) When the influence temperature of the specimen is
120°C~280°C, the fiber undergoes two stages,
“softening, melting-cooling recovery” and “melting
and absorption,” which cause damage to the matrix
pore structure. The permeability of specimens at
200°C and 280°C is 246 times and 350 times that at
22°C, respectively.

(2) Compared with single loading and unloading, cyclic
loading and unloading have greater damage to the
strength structure of the specimen, and the per-
meability loss rate of the latter is 1.24~1.57 times that
of the former.

(3) After the influence of high temperature, the pore
structure damage and strength structure damage of
the specimen are superimposed under high stress
(stress ratio is between 0.37 and 0.5). The perme-
ability loss rate of the specimen at high temperature
and high pressure is 4.16 times that at low tem-
perature and low pressure.

(4) Although the test process simulates the working
conditions of the PPFRC structure, there are still
some differences between the test process and the
real working conditions due to the limitations of the
test equipment. For example, the difference between
the heating mode of the resistance furnace and the
heating mode of an open fire, as well as the difference
between the independence of the heating and load
processes of the specimen and the joint action of the
two factors when the structure is subjected to fire,
will cause changes in the permeability of the com-
ponent. Therefore, the study of the permeability of
components after fire or under the combined action
of temperature and pressure is closer to the actual
working conditions of the structure.
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To study the swelling characteristics of bentonite eroded by alkaline solutions, swelling deformation (J;) tests on the bentonite subjected
to immersion conditions of NaOH and KOH solutions were conducted. It is found that the §, of bentonite decreases with the increase in
the concentration of alkaline solution. The swelling deformation J; of bentonite eroded by NaOH solution exceeds than that in the KOH
solution for the same level of concentration. Moreover, by performing XRD tests, it is revealed that the reduced swelling performance of
bentonite in alkaline solutions is mainly attributed to the dissolution of the swelling mineral, i.e., montmorillonite (Mt.). The higher the
concentration of alkali solution, the stronger the dissolution of Mt., thus leading to more significant attenuation of the swelling
properties. Besides, the K™ exhibits low hydration energies, which tends to fit into the silicon-oxygen tetrahedral cavity of smectite,
forming a stronger K-linkage which leads to closely spaced crystal layers. The e-p, fractal relation can be calculated using the s of
bentonite eroded by alkaline solution. The e-p, fitting relation of the experimental data depicts that the dissolution of Mt. minerals in

alkaline solution reduces the swelling coefficient x, however, it increases the surface fractal dimension (D).

1. Introduction

Geo-environmental engineering is a major concept related
to the human living environment and sustainable devel-
opment. The related research aspects include pollutant
migration, treatment measures, reuse of industrial waste,
and comprehensive utilization. In recent years, many re-
searchers have focused on the composition and scale of
mineral particles in soil and pore water, ion concentration
and chemical composition of pore water, microstructure
characteristics, stress history, and thermal expansion per-
formance, especially their coupling process [1-8]. The dis-
posal of high-level radioactive waste (HLRW) is related to
sustainable development, energy, and nuclear industry, and
is related to the safety of the living environment of future
generations, has attracted wide attention around the world.
Up to now, deep geological disposal is considered the most
feasible method for the disposal of HLRW. The disposal

repository is a complex multibarrier system that includes
HLRW in sealed canisters, buffer/backfill materials, and
host rocks. Because of its outstanding buffering and
backfilling qualities (high swelling capacity, low perme-
ability, and good adsorption properties, etc.), bentonite is
considered the artificial barrier material for deep geological
repository [9, 10]. During the operational phase of the
repository, the concrete surrounding the rock lining de-
teriorates due to the infiltration of groundwater, thereby
initially releasing Na+ and K+ to form a strong alkaline
pore water solution (pH 13-13.5). In addition, Ca2+ and
Na +are subsequently formed in the later stage, which
exhibits a pH of 12-12.5, thus causing irreversible changes
in bentonite properties and further threatening the safe use
of the repository [11, 12]. Therefore, it is significant to study
the swelling performance of bentonite under the action of
an alkaline solution to efficaciously design, construct, and
maintain the repository.
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Montmorillonite (Mt) is the main swelling mineral in
bentonite and it largely governs the buffering and backfilling
characteristics of bentonite. Savage et al. [13] found that the
pore solution formed as a result of cement degradation tends
to reduce the swelling properties of bentonite. Chen et al.
[14] analyzed the influence of NaOH solution with different
concentrations on the Chinese GaoMiaoZi (GMZ) ben-
tonite. The results showed that, due to the dissolution of Mt.
in alkaline solution, the wing colloid formed depicted a
variety of cracks. With increasing NaOH concentration, the
Mt. content decreases whereas the degree of fragmentation
increases, which leads to a decrease in the swelling prop-
erties. Fernandez et al. [15] found that when the highly
alkaline solution permeates into the bentonite-based buffer
backfill material, the solution will dissolve the minerals
present in the bentonite, which will eventually weaken the
swelling deformation (J;) as well as the self-sealing prop-
erties of the backfill material. Furthermore, Xiang et al. [16]
studied various changes in bentonite in alkaline solutions,
and they revealed that the Mt. content decreased gradually
while the specific surface area and adsorption capacity also
decreased. The scanning electron microscopy (SEM) mi-
crographs illustrated that the surface fractal dimension (Ds)
increased. Sanchez et al. [17] studied the changes in mineral
composition of bentonite under different temperature
ranges and various concentration levels of alkaline solution
with the help of X-ray diffraction (XRD). The results showed
that as the concentration and temperature increase, the Mt.
content, as opposed to the nonswelling minerals, gradually
decreases. In another study, Kamland et al. [18] incorporated
alkaline NaCl and saturated CaCl2 (Ca(OH)2) as soaking
solutions, and they concluded that the swelling property of
Wyoming bentonite in saline solution reduced due to the
cation exchange reaction, while that in the alkaline solution
also reduced mainly because of the Mt. dissolution. Bauer
et al. [19] analyzed the effects of temperature and KOH so-
lution concentration on Mt. content, and they found that the
dissolution of Mt. was accompanied by a change in crystal
shape as the reaction produced zeolite, quartz, and other
minerals. Additionally, the reaction turned out to be more
vigorous with increasing concentration and temperature.
Similarly, Gaucher et al. [20] found that with the increase of
the alkaline solution concentration, the dissolution rate of Mt.
increased sharply at 60°C especially in highly alkaline solution
(pH =13). Ramirez et al. [21] studied the reaction of bentonite
with highly alkaline solutions at different temperatures and
observed the precipitation of nonexpansive minerals, i.e.,
zeolite, whereas the magnesium content in the Mt. increased,
which led to the decreased swelling performance. It was noted
that a further increase in temperature would intensify the
reaction. Herbert et al. [22] analyzed the swelling perfor-
mance of MX-80 bentonite by incorporating different solu-
tions using transmission electron microscope (TEM), and
they found that the change of Mt. and kaolinite content
primarily weakens the swelling performance of bentonite.
Ferndndez et al. [23] studied the effects of alkaline solution
diffusion and found that brucite was formed on the surface of
bentonite that dissolved the Mt. minerals, hence decreasing
the swelling properties of the FEBEX bentonite.
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The surface morphology of bentonite with regard to
encountering moisture is complex in nature, and the
refers to the process of uptake of water by the Mt. content of
bentonite. Xu et al. [24] proposed a relationship between
swelling force and adsorbed water volume V,/V,, = KpDs-3,
where V, is the final adsorbed water volume of bentonite,
V., is the volume of smectite in bentonite, and as mentioned
earlier, D, is the surface fractal dimension of bentonite. Li
et al. [25] explored the calculation method of the osmotic
suction coeflicient and the osmotic suction of different types
of solutions by introducing the Debye-Hiickel formula.
Moreover, Xu et al. [26] derived the effective stress calcu-
lation equation by considering the impact of osmotic suction
in the salt solution.

Presently, the research on the mechanistic effect of al-
kaline solutions on the swelling properties of bentonite is
mostly reflected in the properties and mineral content of
bentonite. However, the numerical calculation of § of
bentonite is scarcely reported and needs research to cover
the deficiencies in this particular direction. Therefore, in the
current study, NaOH and KOH solutions are used as erosion
solutions to study and analyze the attenuation mechanism of
ds of bentonite, fitting calculations for bentonite §;, and
explaining the influence of alkali metal cations on the
performance of bentonite. Furthermore, this research study
is aimed to provide guidance suggestions for the efficacious
design and reliable construction of a deep geological
repository.

2. Materials and Methods

2.1. Materials. The basic properties of bentonite used in this
paper are summarized in Table 1. According to the standard
test requirements, the original bentonite is placed inside an
oven at 105°C for drying. After that, a 500 g soil sample is
weighed each time such that 90ml of distilled water is
sprinkled on the soil sample at a designated water content of
approximately 18%. Then the sample is stored by enclosing it
in plastic wrapping. In addition, distilled water was used to
prepare the NaOH and KOH solutions with prescribed
concentrations of 0.3 and 1.0 mol/l (M), respectively.

2.2. Swelling Deformation Test. The moisture content of the
saturated soil was remeasured for the sake of accuracy prior
to sample preparation. The cutting ring was placed on the
base of the prototype machine and was tightened with the
help of a hoop. Then, about 58.5 g of wet soil was weighed
each time, which was incorporated into the cutting ring in
batches while applying a backing plate cover on it afterward.
After that, a jack was used to statically press the plate into a
cakelike sample with ® 61.8 mm x H 10 mm, and a density of
1.7 + 0.5 g/cm’. This range of density has been widely applied
in experimental studies on compacted bentonite [27]. After
following the aforementioned requirements, the static
pressure was applied and maintained for a period of time
[28].

The operation of the §s in this study can be explained in
seven major steps: (i) preparing three groups of samples (i.e.,
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TaBLE 1: Basic physical and chemical indices of tested bentonite.

Parameter Value
Specific gravity 2.75
Liquid limit (%) 210.7
Plastic limit (%) 25.1
Plasticity index Ip 185.6
Total specific surface area (m?/g) 570
Montmorillonite content (%) 84
Cation exchange capacity (cmol/kg) 60.1

distilled water, NaOH solution, and KOH solution) (ii)
setting the loads at six different levels (i.e., 100, 200, 400, 800,
1200, and 1600 kPa), for a total of 30 number of samples, (iii)
permeable stone, filter paper, test sample and permeable
stone are sequentially placed layer-wise in the bottom of
oedometer cell, (iv) installing a dial indicator, adjusting the
dial gauge, and recording the initial reading, and then ap-
plying the required load at one time, (v) the soaking solution
is injected into the oedometer cell and the sample is im-
mersed, (vi) recording the readings of dial gauge (note that
the reading interval is shorter in the early stage and longer in
the later stage), and (vii) when the pointer of dial gauge
remains unchanged for 24 hours, it is considered that the &
tests were completed.

2.3. XRD and SEM Test. The XRD tests were used to analyze
the mineral composition of bentonite. Prior to testing, the
bentonite samples after the J, test were washed with distilled
water several times to remove the adsorbed salts. The
samples were oven-dried at 105°C and pulverized. There-
after, it was sieved using a 200-mesh sieve, and a small
portion was taken for XRD tests. XRD tests were carried out
in the Modern Analysis and Test Center of the Anhui
University of Technology, China, by using a D-8 ADVANCE
X-ray diffractometer by Brook Company, Germany. The
target material was copper, while the power was kept at
3 kW. The scanning range of the goniometer was between 3°
and 80°.

The SEM tests were used to analyze and determine the
overall effect of the micromorphology of bentonite minerals.
SEM analysis was also performed using a NANO SEM 430
field emission scanning electron type microscope produced
by the FEI company.

3. Test Results

Figure 1 shows the swelling rate of bentonite at a pressure of
100 kPa. It can be seen that the varying trends of bentonite
samples soaked in solutions of different concentrations are
identical and hence depict three main stages: first gradually
increasing, then followed by a relatively sharp increase, and
finally reaching a stable state [29, 30]. It can be seen from
Figures 1(a) and 1(b) that the swelling rate is the highest in
distilled water as it approaches 61%. Hence, it can be inferred
that the swelling performance of bentonite is greatly reduced
after the action of the alkaline solutions. In addition, it is
noteworthy to mention that with the increase in the alkaline
concentration, the swelling ratios of bentonite also tend to

decrease. At 1.0M, the aforementioned three stages of
swelling ratio of bentonite vary with time, but not signifi-
cantly. It is because the Mt. mineral in bentonite gets dis-
solved in the alkaline environment. Therefore, with the
increase of solution concentration, the reaction is intensi-
fied, which reduces the swelling performance.

Figure 2 illustrates the influence of distilled water, 0.3 M
NaOH, and KOH solutions on the swelling characteristics of
bentonite subjected to an overlying pressure of 100kPa. It
can be seen that the swelling rates of the three solutions
increase as distilled water > NaOH > KOH, with the maxi-
mum swelling rates recorded to be 61%, 43.6%, and 39.7%,
respectively. In an alkaline solution, the &, of bentonite
experiences a much larger large decrease than in the case of
bentonite soaked in distilled water. In the case of KOH
solution, the hydration ability of K is low, and it can easily
fit inside the cavity of the silicon-oxygen tetrahedral grid,
which produces strong Klinkage. As a result, the crystal
layer contacts become more closely spaced and the ex-
pansion deformation is observed to be the minimum
[31, 32].

Figure 3 shows the relationship between the maximum
of bentonite and the overlying compressive stress. It can be
seen that at the same dry density, the maximum &, of
bentonite decreases with the load increase. When the
overlying pressure equals 100 kPa, the maximum swelling
rate is, respectively, distilled water (61%), 0.3M NaOH
solution (43.6%), 1.0 M NaOH solution (26.6%), 0.3 M KOH
solution (39.7%), and 1.0 M KOH solution (22.1%). On the
contrary, when the overlying pressure is 1600 kPa, the
maximum swelling rate is distilled water (10.4%), 0.3 M
NaOH solution (8.7%), 1.0 M NaOH solution (4.4%), 0.3 M
KOH solution (7.6%), and 1.0M KOH solution (2.1%),
respectively. The two cases were observed to witness re-
duction by almost 82.95%, 80.05%, 83.46%, 80.86%, and
90.50%, respectively.

Figure 4 shows the XRD diffraction pattern of the
bentonite. Figure 4(a) shows the diffraction pattern of
bentonite soaked in distilled water such that the dif-
fraction peak intensity of Mt. is 523 CPS. Figures 4(b)-
4(e) show the diffraction pattern of bentonite eroded by
NaOH and KOH solutions. In addition, the peak values of
Mt. correspond to 408, 302, 354, and 215 CPS for samples
immersed in 0.3 M NaOH, 1.0 M NaOH, 0.3 M KOH, and
1.0 M KOH, respectively. It can be found that under the
erosion of alkaline solutions, the peak diffraction intensity
of Mt. gradually decreases, whereas the phenomenon is
more significant with increasing concentration. Thus, it is
indicated that the dissolution of Mt. minerals is the main
reaction process that results in a significant reduction in
the §,.

Figure 5 is a schematic diagram of the SEM performed on
a variety of bentonite samples. The sample (a) soaked in
distilled water exhibits compact particle structural integrity,
witnessing no fragmentation phenomenon. In addition, the
wing-shaped colloids are produced by the hydration of Mt.
that are present on the surface of bentonite particles [14]. For
samples (b)-(e) in the alkaline solution, the bentonite par-
ticles gradually split into small pieces and the wing-shaped
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FIGURE 1: The relationship curve of bentonite swelling rate and time under 100 kPa.
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FI1GURE 2: The swelling rate of different solutions varies with time at
100 kPa.

colloid gradually gets dissolved with increasing concen-
tration. In the case of 1.0 mol/L NaOH and KOH solutions,
the winged colloids were found to disappear completely,
while the degree of particle breakage was also high.
Comparing the two groups of samples (b) and (d), it can be
seen that the bentonite eroded by KOH solution has
comparatively larger particles and fewer cracks, which is
attributed to the stronger bonding of Mt. crystal layers
under the action of K.

4. e-p, Relationship for Bentonite in
Alkaline Solution

The §, of bentonite decreases with the increase of effective
stress pe. Based on the fractal theory, Debye-Hiickel (D-H)
formula can be introduced to obtain the osmotic suction
coeflicient for the determination of osmotic suction. Then,
using the value of osmotic suction, the theoretical calcula-
tion method between effective stress and §, can be obtained.
The e-pe fitting curve was analyzed to further explore the
erosion mechanism of alkaline solutions on bentonite.
According to the fractal theory, Xu et al. [26] deduced
the relationship between §; of bentonite and modified ef-
fective stress pe in the form of the following equations:

\ D=3
em:V—ZZer‘ > (1)
e
m = &’ (2)
e=akKp, " =xp, ", (3)

where e, is the void ratio of Mt, V,, is the water absorption
volume of the Mt, and V,,, is the volume of Mt. In bentonite,
K is the swelling coeflicient of Mt, p, is the modified effective
stress, e is the total void ratio of the sample, which can be
calculated from J,, « is the mass fraction of Mt, and « is
swelling coefficient. Based on the fractal theory, p. can be
calculated from the overlying pressure and osmotic stress,
and the calculation formula is as given as follows [26]:

D,-2
p.=0+ n(%) , (4)
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FiGgure 4: XRD diffraction pattern of bentonite sample: (a) distilled water, (b) 0.3 M NaOH, (c) 1.0 M NaOH, (d) 0.3 M KOH, and (e) 1.0 M

KOH.

,nx-.‘(mi'é!‘&

FIGURE 5: Scanning electron microscope (SEM) images of bentonite treated with a variety of alkaline solution concentrations: (a) distilled
water, (b) 0.3 M NaOH, (¢) 1.0 M NaOH, (d) 0.3M KOH, and (e) 1.0 M KOH.

where ¢ is the overlying pressure and m is the osmotic
suction of the alkaline solution.

It can be seen from (4) that pe is related to osmotic
suction. Li et al. [25] derived the osmotic suction coef-
ficient and the calculation method of osmotic suction
under different solutions based on the D-H formula in the
form of

7 = eRTc®, (5)

where ¢ is the ion number of solute decomposition (for
NaOH or KOH, ¢ =2), R is the generalized gas constant
(8.314J/mol/k), T is the absolute temperature, c is the molar
concentration of solute, and @ is the osmotic suction

coefficient. The calculation formula of @ in solution con-
taining monovalent ion electrolyte is given by the equation
as follows [33]:

)3/2

2V, V 2(vyv
¢=|zMzX|f+m(—M X)BMX+m27( M'X Cux +1,
% v

(6)
where z,,,zy are the chemical valence that correspond to
anions and cations, respectively, v,, vy correspond to the
number of negative cations in the chemical formula, m is the
molar number, C,;x is the empirical coefficient, and for
strong electrolytes the formula of B,y is in the form of
following equation:
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TaBLE 2: Calculation results of osmotic suction in alkali solution.
. NaOH KOH
Concentration A
f BMX (o) T f BMX () T
0.01 0.447 -0.0399 0.294 0.963 46.710 -0.0399 0.392 0.964 46.758
0.05 0.447 —-0.0788 0.248 0.934 226.424 —-0.0788 0.334 0.938 227.469
0.1 0.447 —0.1024 0.221 0.920 446.083 -0.1024 0.300 0.928 449913
0.2 0.447 —0.1300 0.190 0.908 880.921 —-0.1300 0.261 0.922 894.644
0.3 0.447 —0.1477 0.171 0.904 1315.443 -0.1477 0.237 0.924 1344.129
0.4 0.447 -0.1607 0.158 0.903 1752.266 -0.1607 0.220 0.928 1800.530
0.5 0.447 -0.1709 0.148 0.904 2192.677 -0.1709 0.208 0.934 2264.872
0.6 0.447 -0.1794 0.140 0.906 2637.500 -0.1794 0.198 0.941 2737.817
0.7 0.447 —0.1865 0.134 0.909 3087.348 —-0.1865 0.190 0.948 3219.872
0.8 0.447 —0.1928 0.129 0.913 3542.721 -0.1928 0.183 0.957 3711.462
0.9 0.447 —0.1982 0.124 0.917 4004.049 —-0.1982 0.178 0.965 4212.970
1.0 0.447 —0.2031 0.121 0.922 4471.718 —-0.2031 0.173 0.974 4724.746
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FIGURE 6: The e-p, relationship curve of bentonite in NaOH and KOH solutions.
_ (0 (1) —aI'”? dielectric constant (8.8542 x 1072 F/m), respectively. The
Byix = Bux + Buxe > (7) ( ) P ¥

where ﬁz(\%o ﬁz(v})x can be obtained by looking up the code. f
can be calculated by the following formula:

712
oAl (8)
/ 1+ b1
where I is the ionic strength, b is an empirical parameter
equaling 1.2, and A is the D-H coefficient, which can be
calculated by the following equation:

1
A= g(anApsl)”z(ez/(0.47‘[8,50kT))3/2, (9)

where N, is Avogadro constant (6.023 x10**/mol), p is
solvent density (0.998 g/cm®), e is the charge of electrons
(1.60 x107'° C), k is Boltzmann constant (1.381 x 10”**J/K),
and ¢,, ¢, are relative dielectric constant (78.36) and vacuum

calculation results are shown in Table 2.

Figure 6 depicts a fitting relationship curve between the p,
of bentonite and the void ratio e, drawn based on experi-
mental data. It is found that the §, of bentonite in an identical
solution is in accordance with the unified e-p. relationship,
and as the concentration of solution increases, the curve
lowers down. According to the fitted curve equation, the D
and swelling coeflicient x of bentonite in various solutions can
be obtained, as shown in Table 3. It is also important to
mention that the Dy of bentonite surface after erosion in
alkaline solution is greater than the one observed in the case of
distilled water immersion, and it increases with the increase of
alkaline solution concentration. Combined with SEM tests,
the main reason is that bentonite particles are broken apart
under the action of an alkaline solution, thereby producing
smaller fragments. Moreover, the surface of flaky Mt. is ex-
tremely irregular and corrosion trace extension leads to a
rough bentonite surface and increased D; value [14].
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TABLE 3: e-p, fitting curve of bentonite in different solutions.

Solutions e-Pe K D, R?
Distilled water e=6.084p, ¥ 6.08 2.75 0.986
0.3 NaOH e=4.677p. "' 4.68 2.78 0.994
1.0 NaOH e=2.791p, 0% 2.79 2.84 0.991
0.3 KOH e=4.241p. 4.24 2.79 0.988
1.0 KOH e=2.423p, 1% 242 2.85 0.992

In addition, it can be found that the swelling coefficient «
of bentonite in the case of distilled water is the highest,
whereas it decreases with the increase in alkali concentra-
tion. At the same concentration of alkali solution, the x of
bentonite eroded by NaOH solution is greater than that of
KOH solution. On the one hand, the main swelling mineral
Mt. in bentonite is dissolved in the alkaline solution and the
dissolution rate increases with the increase of alkaline
concentration, while on the other hand, K" can enter the
cavity of the Mt. structure to form K-linkage and the crystal
layer is more tightly bonded, which vilifies the swelling
performance.

5. Conclusion

The swelling deformation (8;) tests of bentonite in alkaline
solution, combined with XRD, SEM tests, and analysis, were
conducted and the following main conclusions are drawn.

(1) The &, curve of bentonite exhibits the characteristics
in the form of three distinct stages. With the increase
in the concentration of alkaline solution, the J§s of
bentonite gradually decreases, while the dissolution
of swelling mineral Mt. is the main reaction process.
K" has low hydration ability and easily fits into the
silicon-oxygen tetrahedral cavity of Mt, producing
stronger K-linkage, which leads to closely spaced
crystal layers, thus resulting in lesser & of the
bentonite in KOH solution as compared with that in
NaOH solution.

(2) The J of bentonite eroded by alkaline solutions can
be calculated by a unified e-p. fractal relationship.
On the double logarithmic coordinate axis, the
higher the concentration, the lower the &, curve. As
the concentration of alkaline solution increases, the
dissolution rate of Mt. also increases, hence reducing
the swelling coefficient x. Simultaneously, when Mt.
dissolves, the clay particles disintegrate and the
surface becomes coarser, which gradually increases
the surface fractal dimension (D;) of bentonite.
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This paper develops a new statistic damage model for rock to mainly study the effect of a loading rate on its mechanical behaviours.
The proposed model adopts a new loading rate-dependent damage density function and is capable of describing the macroscopic
damage accumulation process for rock samples subjected to external high-speed dynamic loadings. The proposed model can also
account for the residual strength of rocks by introducing a modified equivalent strain principle, which considers the contribution
of the friction force to the strength of rocks. The friction force is generated by the movements of the nearby microcracks. The
predicted stress-strain curves by the proposed model agree with the measured data of salty rock under the conditions of various
confining pressures and loading rates. It can be found that both the peak strength and the corresponding axial strain are increased
at high-speed loading conditions. At the same time, a transition from ductile failure to brittle failure can be observed in

rock samples.

1. Introduction

The mechanical behaviours such as strength and deforma-
tion of rock are affected by loading rates [1-4]. The
microcracks distributed inside the rock samples will be
propagated and result in macroscopic damage [5-9].
Mathematical description of the dynamic loading-induced
damage accumulation process plays a crucial role in mod-
elling the rock behaviours.

In terms of strength, [10] proposed dynamic strength
criteria for rock-like materials based on theoretical deriva-
tion to describe the uniaxial strength characteristics from
quasistatic to dynamic uniformly [11] explored the effect of
loading rate on the dynamic yield strength of sandstone
through experiments. In addition, [12,13] carried out a series
of dynamic experiments on the Bukit Timah granite. Based
on the experimental results, they modified the Mohr-Cou-
lomb strength criterion of rock to account for the effect of
loading rates, which can accurately describe the dynamic
response of rocks. Similarly, [14] proposed another strength
criterion for the uniaxial dynamic strength of rocks based on

the work of [15] and established a statistical damage model
which can reasonably simulate the dynamic deformation
process of rock.

At the deformation aspect, [16-19] used the SHPB ap-
paratus to conduct empirical research on the uniaxial dy-
namic behaviour of salt rock under different confining
pressures and loading rates and obtained its steady and
dynamic stress-strain curves. The experimental results
showed that the salt peak strength of the rock corresponding
axial strain would increase significantly with the increase of
the loading rate. To simulate the dynamic deformation
process of rock, [20] established a dynamic damage model of
rock based on the viscoplastic theory by assuming that rock
damage was only related to dynamic strain energy. However,
[21] suggested that the stress level and the loading rate can
also affect the damage law of rock.

The statistic damage models can account for the prop-
agation process of microcracks and characterise the strength
and deformation behaviours of rocks, which have been
widely applied in geotechnical engineering. [22]developed a
damage model to study the effect of freeze-thaw cycles and
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confining pressures on the mechanical properties of rocks.
[23] applied an equivalent continuum damage model for
modelling the impact of weakness planes in rock masses on
the stability of tunnels. The temperature may also affect the
mechanical properties, which can be described using the
statistic damage theory [24-26].

Although the above statistic damage models are widely
applied in practice, some of them cannot describe the re-
sidual strength of rocks. To overcome such limitation, [27]
introduced a rock damage scale factor following the as-
sumption that the damaged components of rocks can still
resist external force-induced deformation. At the same time,
[28] modified the Lemaitre strain equivalence principle to
include the friction force between the nearby microcracks.

This paper aimed to develop a dynamic statistic damage
model to study the effect of loading rates on rocks’ strength
and deformation behaviours. First, the evolution law of the
damage factor was assumed to be affected by the loading
rates to describe the macroscopic damage accumulation
process when the rock samples were subjected to external
dynamic loading. Second, the proposed model adopted the
modified Lemaitre strain equivalence assumption to con-
sider the residual strength of the rock. The proposed model
was used to predict the experimental results of salt rock
under different confining pressures and loading rate
conditions.

2. Dynamic Stress-Strain Curve of Rock

To study the effect of loading rates on the mechanical be-
haviours of salty rocks, [16] conducted a series of triaxial
tests using the SPHB apparatus under the conditions of
various confining pressures and loading rates. The measured
stress-strain curves are presented in Figure 1; it can be found
that the tangent modulus of rocks samples is gradually
decreased during the early loading process, which is mainly
induced by the damage of microstructure and the accu-
mulation of plastic deformation. Besides, the stress-strain
curves exhibit the feature of strain-softening after the peak
strength state as the shear strength decreases considerably
against the axial strain. At a given confining pressure, in-
creasing the loading rate will lead to a higher peak shear
strength, together with a larger corresponding axial strain,
indicating that the strength of salt rock is enhanced at a high-
speed loading condition.

Figure 2 shows the dynamic yield strength of the salty
rock samples which is not affected by the loading rate
ranging from 0.1-1.0/s, and the relationship between the
yield strength and the confining pressure under the quasi-
static loading conditions can be described using the con-
ventional Mohr-Coulomb strength criteria. However, fur-
ther increasing the loading rate will significantly increase the
dynamic yield strength of rock samples; the most apparent
increment happens in the case of g5 = 5MPa, where the
dynamic yield strength is approximately increased from
20 MPa to 62 MPa for the loading rates of 1.0 and 10%/s,
respectively. To address such a strength enhancement
phenomenon, [14] suggested that the strength of rocks
consists of two different components: one is the quasi-static
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strength that only depends on the confining pressure,
whereas the other is the inertia force-induced strength.
Increasing the loading rate will increase the inertia force-
induced strength, which will play a primary role in forming
the strength of rocks.

3. Statistical Damage Rock Model

3.1. Damage Factor. When rock is subjected to external
forces, microcracks will gradually initiate and propagate to
form random-distributed microcracks. The macroscopic
damage accumulation process will decrease the tangent
elastic modulus of rock samples and lead to a final failure.
Within the statistic damage theory, rock is assumed to
consist of many microscope elements, and some of them will
be damaged due to external forces. Assuming N is the
number of all microscopic elements within rock and N is
the number of damaged elements, the damage factor D is
usually defined as the ratio between N, and N as
D:&, 0<D<1. (1
N
The Weibull distribution is used herein to describe the
strength of microscopic elements, namely,

m—1 m
R (O
0 0 0

where F is the element strength parameter corresponding to
the failure criterion of rocks, which may be a function of the
stress level or axial strain. m and F,, are the shape and scale
parameters, respectively.

We assume that the incremental number of damaged
microscopic elements subjected to external forces is calcu-
lated as

dN, = NP(F)dF . (3)

Substituting equations (1) and (2) into (3), the damage
factor D can be integrated as

F
D= J P(F)dF
0

enl{2))

The damage factor D can quantify the macroscopic
damage accumulation process. When D equals 1.0, rock
samples will be completely damaged and lose the capability
of resisting further deformation.

Figure 3 shows the effect of parameters m and F,, on the
evolution of D concerning F. On the one hand, it can be
found that the evolution curve will conduct counterclock-
wise rotation by increasing the value of m. On the other
hand, increasing the values of F,, will significantly accelerate
the macroscopic damage accumulation process.

(4)

3.2. Stress-Strain Relation. This study assumes that only a
part of the rock sample will be damaged when subjected to
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external forces. The intact component will perform elastic
response obeying the generalized Hook’s law:

o; = Es; + y(a} + a}c), i, j,k=1,2,3.., (5)

where ¢/ and ¢/ are the undamaged stress and strain, re-
spectively. E is the elastic modulus, and y is the Poisson’s
ratio.

According to the equivalent strain principle, it can be
considered that the rock is composed of damaged and
undamaged materials under external load, and the damaged
part of the material does not have any bearing capacity. The
equivalent stress ¢ is defined as

o;=0.(1-D), i=1,23. (6)

Substituting equation (6) into (5), the stress-strain re-
lation of rock considering the macroscopic damage accu-
mulation is given by

0;=Ee(1-D) + y(aj + ak). (7)

We note that equation (7) cannot predict the residual
strength of rock samples at different confining pressures
because D will turn to be zero after the rock samples are
entirely damaged. To overcome this limitation, [28] sug-
gested that the friction force between the nearby microcracks
can contribute to the residual strength of rocks. After that,
the stress-strain relation is modified to account for the re-

sidual strength o, 4. as

g; = Esi (1 - D) + Do-residual + AM(O-J + Gk)’ (8)

where 0,.qua 1S the residual strength of the rock. When
Oresidual = 0> (8) will degenerate to the original Lemaitre
strain equivalence assumption.

To consider the effect of the loading rate on the me-
chanical behavior of rocks, the evolution law of the damage
ratio D in (9) is modified as

D=1—exp{—[%(l+aln(;—l>>] }, 9)
0 ref

where « is a non-negative material constant, and ¢, is the

reference loading rate that is chosen as &, = 107°.

3.3. Model Parameter Calibration. The proposed statistic
damage model for rocks includes six material parameters.
The values of the elastic modulus E, Poisson’s ratio g, and the
residual strength of 0,.q,a can be determined through the
measured stress-strain curve of rock samples at a specific
confining pressure. Parameter a should be calibrated by
conducting another test with a different loading rate.

To calibrate the parameters m and F,), the measured peak
strength state of the rock samples should be used. For a
conventional triaxial test (o, = 05), the stress-strain relation
represented in (8) is simplified as

0, = E¢; (1 = D) + D0,ogiqual + 2U05. (10)

Once the peak strength state is reached, the derivative of
o, with the corresponding ¢, should be zero, namely,

do,

a—sl|51=5peak>‘71=‘7peak =0, (11)
where 0y, and &, are the peak strength and the related
axial strain.

Substituting (10) into (9) and calculating the derivatives,
we obtain
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TaBLE 1: Model parameters for the proposed model.
Material parameters Value
Elastic modulus E (MPa) 800.0
Poisson’s ratio y 0.5
Residual strength o, 4., (MPa) 1.5
Peak strength o, (MPa) 10.0
Axial strain at the peak strength state &,qy 0.025
Rate-related material constant « 1.0
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The stress-strain relation at the peak strength state can be
expressed as

Opeak = (1-D))- Espeak +D- Oresidual T 2V03' (13)
Solving equations (12) and (13) will lead to the exact
expression of parameters m and F,, as

Eepeak [1 +aln (él/sref)]

>
~2V03~0esiqual —0 :
(Eapeak - Uresidua.l) [ln(opeak /Eepeak r651dual) ]

. _ 1/m
MEspeak — MO esidual & ml
Fo=4 —————— | ¢,ear| 1 +aln| — .
E pea g
ref

3.4. Parameter Experiment. To investigate the performance
of the proposed statistical damage model in modelling the
dynamic mechanical behaviours of rocks, a series of case
studies were conducted here by letting the confining pres-
sure be 0.5 MPa, and the values of the corresponding model
parameters are given in Table 1.

m =

(14)

First, we studied the effect of the residual strength on
the stress-strain curves of rocks. Unlike the previous sta-
tistical damage models, the proposed model introduced a
modified equivalent strain principle to account for the
contribution of the friction force between the propagated
nearby microcracks and the strength of rocks. In the cases
of 0,gqua] Were chosen to be 1.0, 2.0, 3.0, and 4.0 MPa, the
predicted stress-strain curves shown in Figure 4(a) indi-
cated that the strain-softening feature was weakened
during the post-failure process, and the rock samples turn
to be more ductile, which was confirmed by the evolution of
the damage factor against the axial strain, as shown in
Figure 4(b).

Second, this paper explored the influence of loading
rate on rock dynamic stress-strain curve and damage
evolution law, and the calculation results are shown in
Figure 5. From Figure 5(a), it can be seen that the loading
rate does not affect the residual strength of rock. However,
the peak strength of rock 0, will gradually increase with a
gradual increase of ¢;. On the contrary, the peak strength of
rock oy, will gradually decrease. The calculation results
are consistent with the experimental results of rock under
dynamic loading.

According to Figure 5(b), the damage factor D will
gradually decrease with the increase of loading rate in a small
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TaBLE 2: Model parameters of different kinds of rock.
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FIGURE 6: Comparison between experimental and model results of dynamic stress-strain curves of salt rock [16] under confining pressure
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strain range (¢; £0.025), and the tangent modulus of rock efficiently, and the stress-strain curve will have a noticeable
will also increase. However, with the further increase of axial ~ “stress drop” phenomenon.

strain, the growth rate is accelerated with the increase of The experimental results show that the rock statistical
loading rate, leading to brittle failures of rock more  damage model established in this paper can better describe



Advances in Civil Engineering

200

03 =15 MPa, él = 476/s

—_
w
(=}

100

w
S

Shear stress g, - 03 (MPa)

0 L L 'l L
0.02 0.04 0.06 0.08

Axial strain, &;

0.10

—o— Experimental results
--- Caoetal. (2017)
—— Current work

(a)

200

03 =15 MPa, 5'1 =631/s

—_
w
(=}

50

Shear stress g, - 03 (MPa)
=
S

0 L L i A
0 0.04 0.06 0.08

Axial strain, &;

0.10

—o— Experimental results
--- Caoetal. (2017)
—— Current work

®)

FiGUure 7: Comparison between experimental and model results of dynamic stress-strain curves of salt rock [16] under confining pressure

05 = 15MPa. (a) & = 476/s. (b) &, = 631/s.

200

03 =25MPa, £ =433/

—
w
(=}

100

w
(=}
T

Shear stress o, — 03 (MPa)

0 L " " 1
0.00 0.02 0.04 0.06 0.08

Axial strain, &;

0.10

—@— Experimental results
--- Caoetal. (2017)
—— Current work

(a)

200

03 =25MPa, ] =513/s

—
w
(=}

50 F

Shear stress o, — 03 (MPa)
=
S

0 ! L " 1 1
0.02 0.04 0.06 0.08
Axial strain, &;

0.10

—o— Experimental results
--- Caoetal. (2017)
—— Current work

()

FiGure 8: Comparison between experimental and model results of dynamic stress-strain curves of salt rock [16] under confining pressure

03 = 25MPa. (a) & = 433/s. (b) & = 513/s.

the effect of loading rate on the dynamic, progressive failure,
and the residual strength of rock.

4. Model Verification

To further verify the performance of the proposed model,
especially in describing the effect of loading rate on the
dynamic yield strength of rocks, the experimental results of
salty rocks are adopted here again. Table 2 gives the values of
the model parameters with different confining pressures and
loading rates.

The measured and predicted stress-strain curves by the
proposed model are shown in Figures 6-8, together with the
predictions by [14] as a comparison. Although the two
statistic damage models predict similar results and can fit the
measured dynamic yield strength quite well, the stress-strain
curve predicted by [14] has an unreasonable shear strength

before the external force is applied. Such limitation is
overcome by the proposed model, which can better account
for the mechanical response of rock samples during the early
loading stage. It is noted that the proposed model can be
conveniently extended based on further experimental in-
vestigation to consider the effect of loading rate on the
residual strength of rocks.

5. Conclusion

This paper develops a new statistic damage model for rock to
study its dynamic mechanical behaviours. The evolution law
of the damage factor is assumed to depend on the loading
ratio. Besides, the proposed model adopts a modified
equivalent strain principle to improve its performance in
modelling the residual strength of rocks. The main con-
clusions are summarized as follows:



(1) The microscopic damage accumulation process is
affected by the loading rate, resulting in a higher peak
strength of rocks. The evolution law of the damage
factor is in terms of the axial strain and loading rate.

(2) The modified equivalent strain principle enables the
proposed model to predict a reasonable residual
strength of rocks mainly formed by the friction force
generated by the movement of the nearby
microcracks.

(3) The proposed model can well describe the stress-
strain curves of salty rocks, providing a promising
tool to study the dynamic behaviours of rocks.
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To investigate the effects of internal shear fragmentation on dry granular flow, in this study a series of ring shear tests were
performed on quartz sand samples under different normal stresses (100 kPa, 200 kPa, and 300 kPa), shear displacements (3 m, 5 m,
10m, 15 m, and 20 m), and shear rates (30 deg min~", 60 deg min~", and 90 deg min"). Next, the grain-size distributions, fractal
dimensions, and microcharacteristics of the quartz sand before and after the experiments were compared and analyzed. The study
results show that grain breakage under shearing preferentially occurs at the edges of the particles and forms a bimodal distribution
in frequency grain-size distribution curves, which is consistent with observations of rock avalanches. The fine particles prevent the
coarse particles from breaking, in turn leading to the ultimate grain-size distribution and stable fractal dimension (2.61) of quartz
sand at relatively small shear displacements compared with the travel distance of rock avalanches. The results of this study suggest
that the fragmentation of rock avalanches during the shear spread stage may be far less significant than previously believed.
Therefore, the fragmentation effect is not considered to be a major factor of the hypermobility in the late stage of rock avalanches.

1. Introduction

Rock avalanches are distinguished by their massive scale,
rapid speed, and extensive travel distances, all of which are
extremely dangerous and destructive [1, 2]. Therefore, it is of
great significance to clarify the kinematic characteristics and
mechanism of rock avalanches for their monitoring and
early warning.

Since Heim conducted a series of field investigations and
described the hypermobility of the debris flow of the Elm
landslide which occurred in Switzerland in 1881 [3], various
theoretical models have been proposed to explain the high-
speed and long-runout movement mechanism of rock ava-
lanches [4], including the cushion of trapped air [5, 6],
frictional melting [7-9], substrate liquefaction [10, 11], dy-
namic fragmentation [12-14], acoustic fluidization [15, 16],
and momentum transfer motion [17]. However, these hy-
potheses are still widely debated, due to the rarity of the field

evidence [18]. The fragmentation hypothesis proposed by
Davies may be the most promising hypothesis at present [19],
due to the fact that intense fragmentation is characteristic of
rock avalanches. Recently, increasing numbers of studies
regarding dynamic fragmentation have been published
[20-23].

Based on the fact that granular flow is influenced by
multiple factors, dynamic fragmentation is more of a
complex process controlled by a nonsingle mechanism
[24-28]. Most fragmentation occurs during the early stage of
movement, which is dominated by collision [29]. Further
fragmentation of the block is caused by factors such as
shearing during later transport, and it is unevenly distrib-
uted throughout the landslide body [30].

A typical facies model of rock avalanches has been
proposed by Dufresne et al. [30]. The significant differences
in the grain-size distribution of different facies suggest that
the fragmentation process in rock avalanches is complex.
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Some studies have explored the fragmentation character-
istics and mechanisms based on the sedimentation char-
acteristics of the rock avalanches. For example, some
researches have indicated that the rock avalanches exhibit
grain size differentiation with the accumulation of distance;
that is, the fragmentation gradually increases with the de-
velopment of the rock avalanches movement process
[10, 27, 30-33]. Hewitt [34] pointed out that rugged to-
pography exerts an essential influence on the morphology
and structure of rock avalanche accumulations and that
topographic obstruction not only limits the fragmentation
process in rock avalanches but also creates different facies.
Shugar and Clague [27] and Dufresne et al. [30] suggested
that lithology is partially responsible for the differences
occurring in particle size fractions. In addition, Perinotto
et al. [35] compared the morphological characteristics of
particles in rock avalanche deposits and identified the fact
that the particle refinement after reaching a certain level of
particle collisional fragmentation during rock avalanche is
mainly dependent on the shear effect. However, similar to
the results on the grain size of carapace facies [27, 29],
numerous studies have indicated that the grain-size distri-
bution did not vary significantly with the travel distance
[36-38].

These inconsistent findings have indicated that the
sedimentary characteristics of rock avalanches remain am-
biguous, and a clear model for fracture characteristics is
lacking. These field investigations are influenced not only by
the original lithology and topography but also by the scarcity
and limitation of outcrops. Therefore, it is necessary to
conduct tests in a more ideal and simplified environment.

More recently, some studies had revealed the frictional
weakening with the velocity [39-41], yet their explanations
have differed from one another. Wang et al. [40] observed
the frictional weakening is caused by thermal pressurization
and moisture fluidization, Hu et al. [41] held there is
thixotropy in dry particle flow under a high-speed shearing,
and Jiang et al. [39] proposed that the dynamic fragmen-
tation and elastic energy release were the causes of the
frictional weakening.

There have also been an increasing number of ring shear
tests carried out to study the fracture characteristics of dry
granular flow. For example, the tests carried out by
Dubovskoi et al. [42] revealed that a small static load
combined with shear could cause significant particle frag-
mentation. In addition, Zhang and McSaveney [28] sug-
gested that shear displacement and normal stress are the
factors affecting fragmentation, rather than the shear strain
rate. The test results for the landslide soils roughly indicated
that the grain size limit appears to occur at a displacement of
3m [43]. Furthermore, Coop et al. [44] noted that stable
grading exists in carbonate sand under large displacement
shear. Although the abovementioned studies have presented
the grain size characteristics, they have not systematically
explained the elevation process or the mechanism of
fragmentation.

The characteristics of the grain-size distribution and
fragmentation limits are very critical issues, as they are sig-
nificant for understanding the fragmentation and emplacement
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schematic diagram
of tracer particles

shear action

FIGURE 1: Diagrams of the experimental apparatus. (a) GDS ring
shear instrument. (b) Schematic diagram of the initial position of
the tracer particles. (c) Photograph of tracer results.

TaBLE 1: Parameters of the instrument.

Maximum load Distinguishability Accuracy (%)

Axial force 5kN IN 0.2
Torque 200 Nm 0.001 Nm 0.2

processes. Meanwhile, the fragmentation limit also determines
to a certain extent whether the dynamic fragmentation could
continue throughout the emplacement process of rock ava-
lanches. Previous complex field findings and experimental
results have prompted us to conduct a more systematic study
regarding the fragmentation characteristics under shear. We
have yet to explore the process of disintegration and collision
fragmentation in the early stage of rock avalanches, nor have
we explored the rheological weakening [41] or frictional
weakening under thermalization [40,45,46]. The main purpose
of the present study was to explore the characteristics of shear
fragmentation and its effect. We systematically analyzed the
results of long-displacement ring shear tests in terms of shear
stress variation, grain-size distribution and fractal dimension
variation, and particle microscopic characteristics, so as to
provide insights regarding the shear fragmentation effect of
rock avalanches.

2. Methodology

2.1. Materials and Experiment Setups. The experiment aimed
to investigate the fragmentation characteristics of dry
granular flow during the large-displacement shear process. A
GDS(RST) ring shear instrument was used in this study
to simulate the continuous strains of granular flow
(Figure 1(a)). The inner and outer ring diameters of the shear
box are 70 mm and 100 mm, respectively, with a height of
5mm and an area of 0.004 m”. The other detailed instrument
parameters are listed in Table 1.

Dry quartz sand with angular shapes was used in this
experiment. With the exception of the tests of different grain
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TaBLE 2: Details of the tests conducted.

No. Normal stress (kPa) Shear rate (deg min™') Shear rate (mm s ?) Shear displacement (m)
1 100/200/300 60 0.74 15

2 200 30/60/90 0.37/0.74/1.11 15

3 200 60 0.74 3/5/10/15/20

sizes, all tests used 1-1.5 mm coarse quartz sand, which could
provide a more distinct difference in the fragmented process
than well-graded sand grains. Compared to calcareous sand,
quartz sand has a more uniform angular shape and greater
density (2,000 kg/m’), making it more closely resemble rock
fragments [47]. In addition, quartz sand can provide more
microscopic information to reveal the dynamic processes of
fragmentation [48,49]. In the experiments, 30 g of quartz
sand granules was weighed and placed evenly throughout
the shear box, and the initial porosity of the specimens was
controlled at 43.47%. The tracer experiments showed that
the dyed particles were dispersed in both the horizontal and
longitudinal directions after the shearing (Figures 1(b) and
1(c)). Table 2 illustrates the three test groups with different
normal stresses, shear rates, and shear displacements. The
normal stresses of 100 kPa, 200 kPa, and 300 kPa in group 1,
respectively, correspond to the burial depths of approxi-
mately 5m, 10m, and 15m. The data recording interval
was 1s.

2.2. Grain-Size Distribution and Fractal Dimension. The
grain-size distributions of the samples were determined
using a HELOS H2566 laser grain size analyzer (0.01 to
3,500 yum). The average value of 10 measurements of each
sample was taken as the final grain-size distribution. The
cumulative grain-size distributions and frequency grain-size
distributions were both used to qualitatively assess the
differences in grain size.

The fragmentation of rock material always produces
small-size particles, and these continue to be crushed to
produce even smaller particles, which is generally considered
to be self-similar behavior [25, 50]. The fractal dimension,
FD, was employed to quantitatively determine the degree of
shear fragmentation. In order to calculate the FD, the re-
lationship between the mass percentage and FD is recon-
structed as follows:

M(r)  [,4/3mpx’d(NIN,)
M(ry) f; 4/37tpx3d(N/N0)’

M(r) _( r )3FD

M (rO) T max )

where M(r) is the total mass of particles with a size larger
than r, M(r,) is the total mass of particles, r, is related to
the average grain size, N, is the total number of particles,
Tmax 18 the maximum particle size, and FD is the fractal
dimension. In a double logarithmic coordinate system of
M (r)/M (r,)—r, the slope of the regression line fitted at
each point is equal to 3-FD [25].

(1)

2.3. Morphometric and Microscopic Method. The elongation
ratio and circularity were used to quantitatively assess the
morphological changes of the particles before and after
shearing. The elongation ratio was defined as I/L (L is
specified as the longest dimension of the particle and I is the
longest dimension perpendicular to L). The circularity was
defined as the ratio of the area of a particle to the area of a
circle with the same circumference C = 4wA/d? [51], where
A denotes the two-dimensional projected area of the particle
and d denotes its equivalent perimeter. As the particles
approach a circular form, the values increase from 0 to 1. The
above analysis was performed based on optical microscope
magnification photographs. Next, the surface textures of
quartz sand were observed and photographed using scan-
ning electron microscopy (Zeiss supra 55), after having been
sputter-coated with gold by Quorum SC7620. The frequency
of the microtextures was then counted for analysis [52-54].

3. Results

3.1. Shear Strength. The influence of the particle size
(0.25-0.5mm, 0.5-1mm, 1-1.5mm, and 1.5-2mm) was
tested under normal stress of 200 kPa at a shear rate of 60 deg
min~". Figure 2 illustrates the control of particle size on
shear strength. The smaller the average particle size was, the
greater the shear strength would be, although the increase
was small (0.5-3 kPa).

Figure 3 presents the shear stress-displacement rela-
tionship for 1-1.5mm quartz sand at a shear rate of 60 deg
min~’, but under the normal stresses of 100kPa, 200 kPa,
and 300kPa. Clearly, the shear strength of quartz sand
particles increases with the normal stress. In addition, a
slight increase in shear strength with displacement is ob-
served in Figure 3, where the shear strength changes from
80 kPa to 85 kPa under 300 kPa. It can be seen that when the
maximum size of the particles is reduced, the shear stress
increases by 1% to 6%.

The relationship between the strain rate and shear stress
was also tested and analyzed (Figure 4). Consistent with the
experimental results of Zhang and McSaveney [28], the
difference in shear strength of the samples at different shear
rates in this study was also very minimal, with a <1% change
in the mean values. The most noteworthy aspect is that all of
the shear stress-displacement curves exhibit significant
fluctuations, reaching up to 24% of the respective average
values.

3.2. Changes in Grain-Size Distribution and Fractal
Dimension after Shearing Action. Previous research has
shown that particle fragmentation is independent of the
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FIGURE 3: Shear stress-displacement curves under different normal
stresses.

shear rate and is only related to the normal stress and shear
displacement [28]. In order to further investigate the
characteristics of the shear fragmentation, experiments
similar to the previous study were first carried out. Figure 5
presents the cumulative grain-size distribution curves and
the frequency grain-size distribution curves at the same
shear rate (60 deg/min) and shear displacement (15 m), but
under normal stresses of 100 kPa, 200 kPa, and 300 kPa. The
results reveal that the shear process, respectively, produced
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FIGURE 4: Shear stress-displacement curves at different shear rates.

2.79%, 27.27%, and 47.83% of the fragments below 100 yum
(Figure 5(a)) and that the coarse peak shown in Figure 5(b)
clearly shifted to the left (1,593.86 ym, 936.59 ym, and
657.27 ym). In addition, the conclusion reached by Zhang
and McSaveney [28], namely, that the shear strain rate does
not affect the grain-size distribution, is also verified here
(Figure 6).

Figure 7 presents the evolution of grain-size distributions
with shear displacements (200kPa, 60 deg/min). At a shear
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FIGUure 6: Cumulative grain-size distribution curves after shearing
at 15m at the shear rates of 30 deg/min, 60 deg/min, and 90 deg/
min under a normal stress of 200 kPa.

displacement of less than 10m, the cumulative grain-size
distribution curve shifts to the left as the displacement increases
(Figure 7(a)). At the same time, the coarse peak of the fre-
quency grain-size distribution curve also gradually shifts to-
wards the left side, and the fine peak at 15 ym becomes more
and more apparent (Figure 7(b)). After the shear displacement
exceeds 10 m, no significant differences are found in the grain-
size distributions (as seen in the curves of 15m and 20m in
Figures 7(a) and 7(b)). In addition, it can be seen that the
changes of these curves are mainly attributed to the increase in
the powder grade fragments below 80 um (Figure 7(b)). The
most striking result to emerge is that a bimodal distribution

develops following a large shear displacement (at 10 m and
above). The fine peaks are about 15 ym, which is about 1/70 of
the original size of the quartz sand. Bimodal distribution is
often observed in the shear zone of rock avalanches, as seen
in Figure 7(c) [30]. It is worth noting that the cumulative
grain-size distributions of 200kPa-60deg/min-15m in
Figures 5(a), 6, and 7(a) are the results of different tests.
Similar results indicate that these ring shear tests are stable
and credible.

The fractal dimensions of the grain-size distributions were
calculated, and the results are shown in Table 3. The coefficient
of determination R” is greater than 0.8, which illustrates that
the particle fragmentation under shear conforms to the fractal
law. The higher the value of fractal dimension (FD) is, the
higher the degree of fragmentation will be [25]. The fractal
dimension results for Group A and Group B (Table 3) further
indicate that particle fragmentation is related to the normal
stress, but not the strain rate. In addition, Group C demon-
strates that the FD increases with increasing shear displace-
ment between 3m and 15m. The degree of particle
fragmentation increases while the increasing rate of FD de-
creases. After 15m of shear displacement, the fractal di-
mension reaches 2.5936, which is only 2% different from the
fractal dimension of 2.6140 at 20 m. The small difference in FD
indicates that the degree of fragmentation is basically stable
following a large shear displacement.

3.3. Microscopic Characteristics of Particles under Shearing
Action. 100 coarse particles (1-1.5mm) were randomly
selected from the samples following different displacements
tests and observed under a low-magnification microscope.
It is clear that the morphological characteristics of the
particles have changed with the shear displacement (Fig-
ure 8). Figure 9 quantitatively illustrates the elongation ratio
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F1GURE 7: Evolution of grain size distributions with shearing displacements. (a) Cumulative grain-size distribution curves at a shear rate of
60 deg/min under a normal stress of 200 kPa after shearing at 3m, 5m, 10 m, 15 m, and 20 m. (b) Frequency grain-size distribution curves at
a shear rate of 60 deg/min under a normal stress of 200 kPa after shearing at 3m, 5m, 10 m, 15m, and 20 m. (c) Grain-size distribution
histograms of the shear zone at Tschirgant showed bimodal distributions [30].

TaBLE 3: Fractal dimensions of the different tests.

Group Normal stress (kPa) Shear rate (deg min~!) Shear displacement (m) Fractal dimension FD Coefficient of determination R?

100 1.8600 0.8167

A 200 60 15 2.6044 0.9058
300 2.7884 0.9113

30 2.5778 0.8621

B 200 60 15 2.5908 0.8771
90 2.5730 0.9055

3 2.0547 0.8348

5 2.2813 0.8609

C 200 60 10 2.4966 0.8364
15 2.5936 0.8322

20 2.6140 0.8393

and circularity of samples. The mean value of the circularity
of the original particles is 0.77, which is significantly lower
than that of the sheared samples (Figure 9(a)). The index of
circularity also clearly shows an increasing trend and finally
stabilizes at about 0.90. With the exception of the closer
mean values, the homogeneity of the particle morphology
was also enhanced (i.e., a decrease in variance). Figure 9(b)
shows the change of the elongation ratio, which represents a
similar meaning to circularity. The elongation ratio even-
tually stabilizes at about 1.3 with the shear displacements of
10 m. It is important to note that neither index converges to
1 with shear infinitely and instead both stabilize at a given
value.

Figure 10 presents the surface microtextures of quartz
sand with the different displacements. A total of 200 quartz
sand grains without shearing and 400 0.7mm fragments
(15m) were observed. Figure 10 and Table 4, respectively,
exhibit the surface microtextures of the unsheared samples
(origin particles) and sheared samples (15m). The sheared
samples exhibit a more angular shape than the unsheared
samples. The large conchoidal fractures and parallel steps are

highly developed in the original particles, yet significantly
reduced in the shear samples. Few smooth surfaces are
observed in the original samples, and most of the original
particles exhibit high relief. Curved ridges are very common
in the original particles, while the sheared samples present
clearer and straighter edges. The smooth surfaces, breakage
blocks, and small conchoidal fractures appear more fre-
quently in the shear samples.

4. Discussions

In response to the previous hypothesis that the crushed fine-
grained fraction would act as a lubricant to reduce friction
[35], the test results of different grain sizes reveal that the
reduction of the initial grain size leads to a slight increase in
friction (Figure 2). In addition, the shear stress-displacement
curves also exhibit no significant decrease in shear stress
during shear fragmentation (Figure 3), despite the fact that
the grain sizes had become significantly finer (300kPa,
15m). Therefore, it is believed that the decrease in the
particle size caused by fragmentation does not produce a
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FIGURE 8: Morphometric changes in coarse particles (1-1.5mm) under shear under optical microscopy.
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FIGURE 9: Box plot of circularity variation and elongation change of samples under shear. (a) Circularity of quartz sand after shearing at 0 m,
5m, 10m, 15m, 20 m, and 25 m. (b) Elongation of quartz sand after shearing at 0m, 5m, 10 m, 15m, 20 m, and 25 m.

powder lubrication or friction reduction effect during the
simple shear process.

All of the shear stress-displacement curves exhibit ob-
vious fluctuation of shear stress (maximum 10kPa) during
the shearing. However, the statistical results also reveal that
the standard deviation or coefficient of variation of the shear
stress present no significant change (Table 5), which signifies
that the fluctuation is high yet stable throughout the shear

process. Therefore, the fluctuation is considered to be caused
by the change of the friction in the roll bite rather than
fragmentation.

Dynamic fragmentation is an important hypermobility
hypothesis [12, 39]. However, it is difficult to achieve in the
laboratory. The major aim of this experiment is to investigate
whether fragmentation is the dominant mechanism of hy-
permobility of rock avalanches, by determining whether
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FIGURE 10: Scanning electron microscope images of particles for the original grain sizes and grain sizes larger than 700 ym after shearing at
15m (SS and LCF, respectively, represent the smooth surface and large conical fracture).

TaBLE 4: Variation of surface texture frequency of the quartz sand surfaces.

Original quartz sand

Quartz sand after shearing at 15m

Microtextures Frequency (%) Microtextures Frequency (%)
(1) Angular outline 37 (1) Angular outline 71
(2) High relief 89 (2) High relief 12
(3) Breakage blocks 24 (3) Breakage blocks 67
(4) Large conchoidal fracture (>100 ym) 53 (4) Large conchoidal fracture (>100 ym) 19
(5) Parallel steps 69 (5) Parallel steps 37
(6) Smooth surface 18 (6) Smooth surface 86

fragmentation occurs throughout the emplacement process.
The results of the grain-size distribution and fractal di-
mension in this study have provided important insights
regarding the characteristics of shear fragmentation. The
GSD curves present the breakage of the particles under the
shear process, despite the fact that the grain-size distribution
curves no longer change significantly following large dis-
placements. The fractal dimension (Figure 11), as a quan-
titative measure of fragmentation [55], further proves the
above finding that the fractal dimension increases with
displacement, and the increment decreases gradually (i.e.,
the slope in Figure 11(c) decreases). This phenomenon
indicates that the stable grading caused by shear was indeed
present, which signifies that the breakage of particles became

very weak and could be ignored following large shear
displacements.

Both the GSD and FD show that the degree of frag-
mentation is sensitive to the change of the normal stresses,
which may have been the reason for the variation in GSD in
the different positions. In addition, the stable grading dis-
placement of different normal stresses all occurred at around
15 m, which indicates that the effect of the normal stresses on
the displacement of the stable shear may not be significant.

Perinotto et al. [35] demonstrated that the grinding limit
of collisional crushing (dynamic disintegration) is 500 um,
while the breakage of particles below 500 ym mainly relies on
the shear process. However, our results illustrated that the
fragmentation during shearing also has a limit. According to
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TaBLE 5: Analysis of shear stress-displacement relationship.
Shear rate Shear displacement 0-180 mm 180-360 mm 360-540 mm

Average 62.82895 62.67682 62.5622
30 deg/min Standard deviation 2.328623 2.116855 2.511495
Coeflicient of variation 0.037063 0.033774 0.040144
Average 63.37705 63.27953 62.52094
60 deg/min Standard deviation 2.525111 2.196046 2.527427
Coeflicient of variation 0.039843 0.034704 0.040425
Average 63.16634 62.78268 62.62475
90 deg/min Standard deviation 3.131989 2.655836 3.077403
Coeflicient of variation 0.049583 0.042302 0.04914
Average 63.63144 62.77638 62.43142
120 deg/min Standard deviation 2.994802 2.542645 2.926624
Coeflicient of variation 0.047065 0.040503 0.046877
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FiGure 11: Fractal dimension under different shear conditions. (a) Fractal dimension after shearing 15 m at a shear rate of 60 deg/min and
normal stresses of 100 kPa, 200 kPa and 300 kPa. (b) Fractal dimension after shearing at 15 m at a shear rate of 30 deg/min, 60 deg/min, and
90 deg/min under a normal stress of 200 kPa. (c) Fractal dimension at a shear rate of 60 deg/min and a normal stress of 200 kPa after shearing

at 3m, 5m, 10m, 15m, and 20 m.

the results, the stable grading of particles breakage during
shearing is considered to appear very quickly (15m) com-
pared with the several km of travel distance in real rock
avalanches. This signifies that the material would almost
cease breaking soon at the late stage of the emplacement.
It is worth noting that the distinct bimodal distribution
of GSD is observed in our tests, which is consistent with that
found in the field (Figure 7(c) from Dufresne et al. [30]).
Meanwhile, our tests indicated that the bimodal structure
did not appear in the early shear stage; then it became more
and more obvious as the displacement increased (>10m).
The bimodal distribution may be responsible for the gen-
eration of the stable grading during shearing. Both the field
data [30] and the results of this experiment indicated that the
grain size of the fine peak is much smaller than the coarse
peak. A reasonable explanation for stable grading is that a
“wrapping structure” was formed by very fine particles
wrapping around the coarse particles. Crosta et al. [25]
demonstrated that the increase of the coordination number
would reduce the probability of breaking of the coarse
particles. In other words, the breaking tends to occur in
similar-sized particles [30, 35, 56, 57]. For the breakage of
the fine particles, the smaller the size is, the more difficult it is

to occur. Compared to the field results, in this study the
coarse particles maintained a higher content in this study,
which may be a result of the higher strength of the quartz
sand and smaller normal stress.

Based on the statistical results of the circularity and
elongation, the particles were considered mainly reduced
along the long axis during the shear process. The mor-
phology of the particles gradually tends to be spherical,
which may enhance the ability to resist the shear frag-
mentation. Both indicators seem to reach a limit at a shear
displacement around 10 m, which is basically consistent with
the displacement of stable grading, implying that the in-
terparticle action is no longer sufficient to change their
geometry. The results of scanning electron microscope also
present the morphological changes of the quartz sand during
the shear process. Compared with unsheared samples, sig-
nificant fracture characteristics in sheared samples including
the increase of smooth surfaces, fresh sharp edges, and small
conchoidal fractures at particle edges were widely observed.
All of these morphology changes of the quartz sand indicate
that shear fragmentation tends to occur at the edges due to
their sharp geometry, where is prone to stress concentration.
It is also believed that for other materials, the stress is always
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more concentrated at the edges, and the broken is more
likely to occur to produce fine particles, which would
produce bimodal distribution to reduce the contact between
coarse particles and consequently affect shearing breakage.

This was a series of simplified experiments, and the normal
stress used mainly corresponds to a burial depth of 10 m, which
is the thickness of the front deposits of some rock avalanches
[11, 36, 58, 59]. The reason for which we did not use larger
normal stress was that there would have been an excessive loss
(spillage) of fine particles through the clearances of the
equipment. In addition, a roughly linear relationship between
shear stress and normal stress was found in this study (Fig-
ure 3). Therefore, it is believed that the pattern behavior of this
test is applicable to larger normal stresses.

Another limitation of this study was the slow shear rate.
Based on the experiments of Zhang and McSaveney [28] as
well as the stable grading results in our experiments, ring
shear tests with different rates at the shear displacement of
15m were performed to investigate the effect of shear rate on
the ultimate grain-size distribution. Both our experimental
results and those of Zhang and McSaveney showed that the
change in shear strain rate does not have a distinct effect on
the shear stress or the degree of fragmentation [28] (Fig-
ures 4 and 6). However, all of these tests were performed at a
lower shear rate. In addition, further systematic experiments
on shear rates at different displacements should be con-
ducted in the future. Preview studies regarding the effects of
loading rate on rock fracture have illustrated that the in-
crease of loading rate leads to the elevation of more internal
joints [60,61]. This suggests that high-speed shear compared
to low-speed shear may result in more intense breakage,
even producing stress waves. In the present study, the ul-
timate grain-size distribution was considered to have been
caused by the wrapping structure, which should also be
present in large shear rate tests. Therefore, it is believed that
stable grading is also applicable to high-speed shearing.

The grain size range often spans several orders of
magnitude, from relatively intact rock prior, to the onset of
rock avalanches and to disintegration into debris particles of
deposits [62]. Combined with the present experimental
features, the fragmentation of rock avalanches is perhaps
mainly caused by the premovement collisional effects, in-
cluding both the impact between the gravity-driven sliding
body and the movement path and collisional effects within
the individual blocks [25]. In the spreading stage, the ma-
terials may have been quickly reached an ultimate grain-size
distribution, and the frictional weakening at this stage may
have been controlled by mechanisms such as heat vapor
effect [40, 63, 64], or rheological weakening [41], rather than
dynamic fragmentation. The main regret of this study is that
it does not explain the formation of the discontinuous shear
zone, which is significantly finer than other facies.

5. Conclusions

The aim of this research was to investigate the shear frag-
mentation characteristic of dry granular flow, which is
important for understanding the fragmentation effect of
rock avalanches. Compared with previous studies, regular
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quartz sand was employed for ring shear tests, and the grain-
size distribution and micromorphology were analyzed.
Based on the results, the following conclusions were reached:

(1) The stable grading of the shearing process on quartz
sand was observed, which indicates that the particles
almost ceased breaking following a relatively large
displacement. Meanwhile, the results show that the
shear friction did not decrease with the increased
fineness of the particles, which is consistent with
various other grain size comparison tests, indicating
powder lubrication may not be the major factor for
friction reduction.

(2) The microscopic characteristics and bimodal dis-
tribution of sheared samples indicate that the frag-
mentation of the angular particles develops
preferentially on the edges. In addition, the increase
of the fine fragments, which are much smaller than
the coarse particles (more than 50 times), effectively
prevents the breaking of coarse particles, thereby
resulting in a stable grading.

(3) The displacement of the stable grading in this study
was much smaller than the travel distance of real
rock avalanches. Considering the gradual thinning of
rock avalanches in the spreading process, it is be-
lieved that the violent fragmentation of the rock
avalanche no longer occurred in the later stage of the
movement (spreading stage). This acts as a challenge
to the dynamic fragmentation hypothesis.

(4) Further high-speed ring shear experiments regarding
the fragmentation characteristics should be con-
ducted. In addition, the characteristics and forma-
tion of the shear zone of the rock avalanches should
also be further investigated.
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A rock creep constitutive model is the core content of rock rheological mechanics theory and is of great significance for studying
the long-term stability of engineering. Most of the creep models constructed in previous studies have complex types and many
parameters. Based on fractional calculus theory, this paper explores the creep curve characteristics of the creep elements with the
fractional order change, constructs a nonlinear viscoelastic-plastic creep model of rock based on fractional calculus, and deduces
the creep constitutive equation. By using a user-defined function fitting tool of the Origin software and the Levenberg—Marquardt
optimization algorithm, the creep test data are fitted and compared. The fitting curve is in good agreement with the experimental
data, which shows the rationality and applicability of the proposed nonlinear viscoelastic-plastic creep model. Through sensitivity
analysis of the fractional order f3, and viscoelastic coeflicient &,, the influence of these creep parameters on rock creep is clarified.
The research results show that the nonlinear viscoelastic-plastic creep model of rock based on fractional calculus constructed in
this paper can well describe the creep characteristics of rock, and this model has certain theoretical significance and engineering

application value for long-term engineering stability research.

1. Introduction

Rock rheology is a process in which the rock mineral
structure is constantly adjusted with time, resulting in the
continuous change of stress and strain state with time [1-7].
The rheological effect of rock is obvious in slope, tunnel,
roadway, and other projects, which is a very important
feature of rock materials [8-13]. A large number of engi-
neering practices show that the long-term stability of a
project is closely related to the rheological properties of rock
[14-17]. Rock creep is an important part of rock rheological
mechanics theory, and research on rock creep constitutive
models is the core content of the theory [18-21]. Therefore,
research on rock creep constitutive models will have very
important theoretical significance and practical engineering
value.

Many scholars have carried out research on rock creep
constitutive models and have achieved fruitful research

results. Xu et al. [22] proposed a nonlinear viscoplastic body
(NVPB) and connected it with a five-element linear model to
establish a famous river-sea model. Xia et al. [23] established
a unified rheological mechanical model including 15 rhe-
ological mechanical properties. Based on the rheological
damage degradation effect of rock masses, Zhang et al. [24]
established a creep damage constitutive model with variable
parameters. Wang et al. [25] proposed a nonlinear visco-
elastic-plastic rheological model of the damage effect of dry-
wet cycles on rock. Hu et al. [26] proposed a reversible
nonlinear viscoelastic model (RNVE) to describe the re-
coverable viscoelastic response. The creep models estab-
lished by the above researchers have achieved good results in
describing the rheological characteristics of rock at various
stages. However, some models have complex structures and
a large number of elements, which increase the number of
parameters and are unfavorable for engineering promotion.
Therefore, seeking a creep model that can be composed of
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fewer elements has become a goal pursued by many rock
rheological constitutive model researchers. Yin et al. [27]
proposed a soft element based on fractional calculus theory,
which provides a way to build a creep model with fewer
elements. Based on fractional calculus theory and damage
variables, Chen et al. [28] proposed a creep constitutive
model to describe the time-varying damage characteristics
of marble in the Jinping II hydropower station. Liu et al.
[29] established the Burgers creep model based on frac-
tional order. Based on fractional order theory, Liao et al.
[30] established a nonlinear creep model of warm frozen
silt under three-dimensional stress conditions. Gao et al.
[31] established a variable fractional rheological model to
describe the whole-stage creep behavior of rock and further
discussed the physical significance of fractional order.
Huang et al. [32] introduced the relationship between the
fractional viscosity coefficient and stress to describe the
nonlinear relationship of creep strain increase in each
stage. By establishing the relationship between a damage
variable and the initial damage, the creep model of the
acceleration stage was improved. Xiang et al. [33] intro-
duced the Almeida fractional derivative into the elastic-
viscoplastic model of soft soil, established a new fractional
creep model, and analyzed and determined the kernel
function with the best performance of the model. Peng et al.
[34] derived the creep compliance of a fractional consti-
tutive model and established a wellbore creep model in-
cluding the drilling pressure process. Xu and Jiang [35]
used an interior point algorithm to solve the corresponding
nonlinear optimization constraint problem and studied the
fractional order constitutive relation model represented by
a fractional element network.

The above research can well apply fractional calculus
theory to the construction of rock creep models, but the
fractional creep element is not discussed in depth. In this
paper, by discussing the influence of the change in fractional
order on the creep characteristic curve of rock, creep ele-
ments of different orders are innovatively used to construct a
nonlinear viscoelastic-plastic creep model of rock, and a
nonlinear creep model of rock with fewer parameters is
developed using fewer elements. On this basis, the creep test
results are nonlinearly fitted to verify the rationality and
applicability of the constructed model.

2. Creep Element Based on Fractional Calculus

Usually, calculus is a positive integer derivative and integral,
and fractional calculus is a mathematical method used to
study the properties and applications of differential and
integral operators of arbitrary order. Fractional calculus has
many forms, such as the Grunwald-Letnikov (GL) type,
Riemann-Liouville (RL) type, Caputo type, and Weyl type
fractional calculus, among which the RL type is widely used.
This paper uses the Riemann-Liouville theory [27, 36] and
defines a f-order integral of the function f(t) as

dfﬁf(t) ~ 5 ~ (- T)ﬁfl
aPf oD, f(t) = Jo T/},)f(f)dr. (1)
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The fractional differential is defined as

10 d’
S = oDl (0= g [0 Dt f (B)]- @

In formulas (1) and (2), f>0 and n—1<f<n (nis a
positive integer); I'(B) is a gamma function defined as

L= [ e Re(p)>0) (3)
The Laplace transform of the fractional calculus is
L[,D# £ (). p] = p P £(p) (B>0)
L[,DEf (1), p] = P f(p) @
(f (t)Integrable nearby £ = 0, 0< f<1)

where ? (p) is the Laplace transform of f(t).
The stress-strain relationship described by the fractional
calculus is

dPe(t)
- ) (5)
o(t)=¢ o

Clearly, when =0, it is the stress-strain relationship of
an ideal solid, and when =1, it is the stress-strain rela-
tionship of an ideal fluid. Therefore, when 0 < 8 < 1, the state
of matter can be described as between an ideal solid and ideal
fluid. Scott-Blair called the mechanical element satisfying
formula (5) a Scott-Blair element, as shown in Figure 1. This
element is actually a two-parameter element containing &
and f3, which can better reflect the nonlinear gradual process
of rheological problems.

When the stress is constant, the element will describe the
creep phenomenon, a Laplace transform is performed on
both sides of formula (5) at the same time, and the following
equation can be obtained:

(6)

For formula (6), the creep equation of the Scott-Blair
element is obtained using a Laplace inverse transformation:

o
ET(1+p)

According to formula (7), the creep curves of different 5
values under certain stresses can be drawn, as shown in
Figure 2.

From the above diagram, when 3=0, the strain is a
certain value that reflects the strain characteristics of an ideal
solid after a certain stress. When =1, the strain increases
linearly with time, which reflects the strain characteristics of
an ideal fluid under a certain stress. When 0< <1, the
strain increases greatly at the beginning and then slightly,
while the strain rate decreases gradually to close to 0 and
tends to be stable. At this time, the curve presents the
characteristics of rock attenuation creep and steady-state
creep. When f3 > 1, the strain and strain rate increase rapidly,

e(t) = (7)
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FIGURE 1: Diagram of the Scott-Blair element components.
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F1GURE 2: Variation characteristics of the strain with time under
different § values.

and the curve presents the characteristics of the accelerated
creep stage of rock.

3. Nonlinear Viscoelastic-Plastic Creep Model

When the stress in rock is lower than its long-term strength,
the rock generally experiences the two stages of decay creep
and steady creep. In general, the Burgers model can describe
the creep characteristics of rock at this time. As mentioned
in the previous section, when 0 < 8 < 1, the creep element can
describe the material state between an ideal solid and ideal
fluid, and it can be considered that the element is a com-
posite element containing elastic elements and viscous el-
ements; the Kelvin body in the Burgers model describes the
viscoelastic characteristics of the rock, so we can consider
that a creep element at 0 < 8 < 1 can replace the Kelvin body
in the Burgers model, which can not only describe the first
two stages of rock creep similar to the Burgers model but also
reduce the number of elements. When the stress in rock
exceeds its long-term strength, the rock will enter the
accelerated creep stage after experiencing the first two creep
stages. From the analysis in the previous section, it can be
seen that when f3 > 1, rock creep presents the characteristics
of the accelerated creep stage, so we can consider that the
creep element when 8> 1 is used to describe the accelerated
creep stage of rock. Therefore, we can construct a nonlinear
viscoelastic-plastic creep model based on fractional calculus,
as shown in Figure 3.
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FIGURE 3: Schematic diagram of the rock nonlinear viscoelastic-
plastic creep model.

It can be seen from Figure 3 that when 7 < 7s, I, II, and IIT
are all involved in creep deformation. The state equations of
the creep model are

T=T=T,="T; (8)
e=¢& +& +&, 9)
7, = Gey,

T, = }782 > (10)
T, = &- dﬁl‘gS (t)
3 1 dtﬁl .

From formula (10),

& =2,
)
:—t)
27 (11)
__n B
PUET(B+1)

From formulas (8), (9), and (11), we can get

5
e(t) = S+ ! (12)

o
no & TP +1)

Formula (12) is the creep equation of the rock nonlinear
viscoelastic-plastic creep model when 7 < 7s.

When 7>7s, I, II, III, and IV all participate in creep
deformation. The state equations of the creep model are

T=T,=1,=T,=T,+ 1T (13)
E=¢g +&+etey, (14)
7, = Gey,
T, =1,

dPie, (1)
‘[’3 = 51713 5 (15)

d™

dPe, ()

Ty =62



From formula (15),

& = %t,
Lot 1o
’ & T(B +1)
\ R B
! §ET(B+1)
From formulas (13), (14), and (16), we can get
A B>
T T T t T—7T t
e()=—+—t+— + s : (17)
G n &T(B+1) & T(B+1)

Formula (17) is the creep equation of the rock nonlinear
viscoelastic-plastic creep model when 7> 7s.

4. Verification of the Creep Model

By fitting the creep equation derived in the above section to
rock creep test data, the rationality and applicability of the
model constructed in this paper can be verified. In this
paper, the relevant data of Wang et al. [37] on the shear creep
test of granite are used. In this test, a shear creep test of
saturated granite subjected to 2.216 MPa normal stress is
carried out by applying shear stress in different grades. The
applied shear stresses are 5.084 MPa, 8.132MPa,
11.180 MPa, 14.228 MPa, and 17.276 MPa. The shear creep
test results of granite are shown in Figure 4.

To show the creep deformation more clearly under
different shear stresses, the Boltzmann superposition prin-
ciple is used to process the test data, and the results are
shown in Figure 5.

Figure 5 shows that when the shear stress is small, the
creep process of the granite only includes the decay creep
stage and steady creep stage. When the shear stress is large,
the creep process presents the three stages of complete
rheology. Based on the test results, a user-defined function
fitting tool of the Origin software was used. When 7 < s, the
fitting function was as in formula (12). When 7> 7s, the
fitting function was as in formula (17). The Lev-
enberg-Marquardt optimization algorithm was used to fit
and analyze the creep test data of the granite under different
shear stresses. The fitting curve is shown in Figure 6, and the
creep model parameters, shown in Table 1, are obtained by
fitting.

It can be seen from Figure 6 that the creep test data of
rock under various loads are in good agreement with the
fitting curves, and the correlation coefficients in Table 1 are
basically close to 1, indicating that the nonlinear viscoelastic-
plastic creep model based on fractional calculus constructed
in this paper can well describe the instantaneous defor-
mation, decay creep stage, steady creep stage, and
accelerated creep stage of rock and further illustrate the
rationality and applicability of the model.
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FIGURE 5: Test results after processing.

5. Parameter Sensitivity Analysis

Figures 7 and 8 show the parameter sensitivity analysis on
the fractional order f, and viscoelastic coefficient &,, re-
spectively, and discuss their influence on the rock creep
process. Specifically, when analyzing the parameter sensi-
tivity of the fractional order f3,, the other model parameters
use the values in Table 1, and the influence law is discussed
by changing the value of the fractional order f3,. Figure 7
shows that with the increase in the fractional order f3,, the
rock quickly enters viscoelastic-plastic deformation, and the
rock creep enters the accelerated creep stage earlier. For the
analysis of the parameter sensitivity of the viscoelastic co-
efficient &,, the same method is used. The other model
parameters use the values in Table 1. The influence law is
discussed by changing the value of the viscoelastic coeflicient



Advances in Civil Engineering 5

e
wn

Displacement (mm)
o o
[P

o
o

o
-

0 20 40 60 80 100 120 140
Time (h)

Creep test data at shear stress of 5.084 MPa
Creep test data at shear stress of 8.132 MPa
Creep test data at shear stress of 11.180 MPa
Creep test data at shear stress of 14.228 MPa
Creep test data at shear stress of 17.276 MPa
—— Fitting curve

o
S)

evhen

FIGURE 6: Test data and fitting curve.

TaBLE 1: Creep parameter identification results.

Shear stress (MPa) G (MPa) # (MPa-mm™"-h) &, (MPa-mm™"h*)) B &, (MPa-mm™"-h%,) B> R?
5.084 132.366 2.869 x 10%° 44.301 0.018 0.9958
8.132 135.856 2.108 x 10%° 51.949 0.024 0.9954
11.180 138.087 5.454 x 10% 57.345 0.031 0.9967
14.228 139.375 7.411x 10% 51.804 0.034 0.9943
17.276 168.487 4.476 10" 37.525 0.043 2.101 x 10'¢ 13.605  0.9928
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Ficure 7: Creep curves under different fractional orders. FiGURE 8: Creep curves under different viscoelastic coefficients.



&,. It can be seen from Figure 8 that with the gradual increase
in viscoelastic coeficient &,, it takes more time for rock to
have viscoelastic-plastic deformation, and the time for
accelerated creep of rock is delayed.

6. Conclusions

Based on fractional calculus theory, this paper constructs a
nonlinear creep model of rock and verifies the model. The
main conclusions are as follows:

(1) Based on fractional calculus theory, a nonlinear
viscoelastic-plastic creep model is constructed by
combining the fractional creep elements (8, and j3,
orders), spring elements ($=0), and viscous ele-
ments (f=1). The model has fewer components and
fewer parameters and can describe the characteristics
of each rock creep stage.

(2) By using the nonlinear curve fitting of the Origin
software and the Levenberg-Marquardt optimiza-
tion algorithm, the creep test data are fitted and
compared. It is concluded that the fitting curve is in
good agreement with the experimental data, which
shows the rationality and applicability of the non-
linear viscoelastic-plastic creep model based on
fractional calculus. The model has certain theoretical
significance and engineering application value for
the long-term stability research of related projects.

(3) Through the sensitivity analysis of the fractional
order 3, and viscoelastic coefficient &,, their influ-
ence law on the rock creep process is obtained.
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Rubber concrete has high environmental and economic benefits. However, the difference in the physical and chemical properties
of the interface causes a weak interface between rubber and concrete, which limits the use of rubber concrete to a certain extent.
Based on the macroexperiment of epoxy resin (EP) modified rubber concrete, from the nanoscale level, three interface models of
Rh (natural rubber)/C-S-H, EP/C-S-H, and Rh/EP/C-S-H were constructed by molecular dynamics simulation to explore the
interaction between epoxy resin and rubber cement-based interface and reveal its microreinforcement mechanism. The results of
interaction energy, radial distribution function, and mean square displacement show that the addition of EP not only improves the
interface interaction energy between Rh and C-S-H but also provides a large number of hydrogen bond donors and receptors,
promotes the diffusion of Ca, and increases the adhesion between Rh and cement matrix. The results of the analysis of mechanical
properties show that the elastic modulus of the rubber concrete interface model is improved and the interface properties are

improved after adding EP.

1. Introduction

With the continuous development of industries in various
countries, the contradiction between the shortage of natural
resources and the rapid development of society is becoming
increasingly fierce. The low carbon green development and
the utilization of waste resources will also become the rigid
requirements of social sustainable development. With the
rapid development of the global automobile industry and
transportation industry, the use of automobile tires has
increased sharply, and the output of waste tires is also in-
creasing. However, the waste rubber is not easy to degrade
naturally, and direct landfill is easy to cause soil pollution.
Incineration will produce a large number of toxic and
harmful gases and cause air pollution. Therefore, the dis-
posal of solid waste from waste tires has become a serious
global social problem (Figure 1).

Rubber concrete is a kind of special concrete based on
ordinary concrete and modified by adding a certain amount
of waste rubber particles or rubber powder. Compared with
ordinary plain concrete, it can not only improve the

mechanical properties of concrete but also solve the problem
of difficulty in treatment of waste tires. However, after the
waste rubber aggregate is added to the concrete, it will not
only affect the cement hydration reaction of the concrete but
also form many weak interface transition zones in the new
composite material composed of nonpolar rigid bodies and
organic elastomers. The weak interface problem usually
leads to the early failure of the composite material. This has
seriously hindered the development and application of
rubber concrete (Figure 2). In addition, epoxy resin (EP)
concrete has high strength, short curing time, and good
durability [1], but the impact resistance of EP is poor (be-
longing to brittle material), while rubber has good impact
resistance (belonging to elastic material). The modulus of EP
adhesive and rubber particles is close, and the adhesion is
good, which improves the interfacial adhesion. The modified
EP concrete with rubber particles or EP-modified rubber
concrete can effectively improve the flexural performance,
crack resistance, and impact resistance of concrete. EP
rubber elastic concrete combines the advantages of the above
two materials and has broad application prospects.
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FIGURE 1: Recycling of waste rubber.

FiGure 2: Electron microscopic picture of the interface transition
zone and macroscopic failure form.

Because the stiffness of rubber is difficult to be signifi-
cantly improved, improving the bond between rubber and
cement matrix is considered to be the key. Therefore, some
studies have found that adding modifiers or improving the
preparation method of rubber concrete can improve the
interfacial adhesion between rubber and cement matrix, so
as to improve the mechanical properties of rubber concrete
[2-7]. As mentioned above, one of the most successful
methods is to add the epoxy resin material into the rubber
concrete. The complementarity of the two in physical
properties makes the treated rubber particles not only im-
prove the compressive strength and splitting tensile strength
of rubber concrete but also enhance the deformation re-
sistance of rubber concrete [8]. Compared with soil, rubber
concrete is a mixed structure. Although there are research
methods similar to Yuan et al. [9] using a macromodel to
explore the mechanical properties of the soil before and after
modification, there is no ideal model [10-12] that can di-
rectly observe its internal material displacement, which is
similar to the transparent soil, and there is no research
method similar to the finite element model and physical
model that can study its coupling deformation mechanism
[13-17]. Although the above research methods can be
achieved in the future, however, the traditional research
tools cannot explain the influence of epoxy resin on the
mechanical properties and micromorphology of rubber
concrete on the molecular atomic scale. Therefore, in order

to overcome this shortcoming, researchers at home and
abroad found that the molecular dynamics simulation (MD)
can be used to study the interface interaction and rein-
forcement mechanism of composite concrete on a nanoscale
level, and this atomic research method is popular. Han et al.
[18] proposed a new surface treatment method using
polyvinyl alcohol (PVA) to improve the hydrophilicity of
waste rubber and studied the interfacial strengthening
mechanism between PVA and waste rubber/cement slurry
through MD. Du et al. [19] used the framework of exper-
imental analysis and MD to study the nanostructure of resin/
cement interface and found that the resin enhanced the
adhesion energy and Young’s modulus of cement. Although
epoxy resin/rubber concrete has been widely used, there is
still a lack of theoretical basis and root cause research to
support it, which is very important for the follow-up re-
search and development of high-performance epoxy resin/
rubber concrete cement.

In this study, strong polar groups were introduced into
the rubber surface to produce a strengthening bond between
rubber and the cement matrix, so as to improve the inter-
facial bonding performance between the rubber and cement
matrix and improve the mechanical strength of rubber
cement concrete. The interaction energy, radial distribution
function, mean square displacement, and mechanical
properties were calculated by using the above molecular
dynamics calculation method. This study verifies the ap-
plication effect of EP in rubber concrete composites in
macro experiments and reveals its interface behavior,
micromechanism, and mechanical properties on the mo-
lecular scale. This study provides basic theoretical support
for the application of epoxy resin/rubber concrete and has
guiding significance for the development of higher quality
composite concrete in the future.

2. Materials and Methods

2.1. Model Construction. The establishment of a reasonable
initial model plays an important role in the success of
simulation calculation. As an important part of the research,
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concrete is a kind of composite material that can play its
mechanical properties only by the bonding effect of cement.
Calcium silicate hydrate (C-S-H) is the most important
binding phase in cement-based materials, accounting for
60%-70% of hydration products. Its structure and me-
chanical properties are equivalent to the “DNA” of cement-
based building materials at the molecular level [20-22]. In
this study, tobermorite 11 was used to establish the initial
structural model. The model was widely applied in the study
of the structure and dynamics of the C-S-H gel and was
successfully applied to the evolution of C-S-H performance.
Then, it is expanded twice along the X direction and triple
along the y direction and kept unchanged in the Z-direction
to form an expanded monomer. In addition, in order to
establish the interface phase between tobermorite 11 and
EPS, C-S-H was sheared along the [0 0 1] direction (z-di-
rection) to obtain a parallel C-S-H substrate with a size of
225A%221A.

The rubber used for rubber concrete mainly comes from
waste truck tires and bridge truck tires. Most automobile tire
materials are mainly composed of natural rubber or syn-
thetic rubber, but the comprehensive performance of nat-
ural rubber is superior to synthetic rubber. The output of
natural rubber is low and the demand is large. Its recycling
has high social, economic, and environmental benefits.
Therefore, in this study, the rubber is simplified to natural
rubber. Natural rubber is an elastic solid obtained from the
natural latex of rubber tree after a certain process or
treatment. Its main component is cis-1,4-polyisoprene. A
rubber chain containing 16 monomers was constructed in
the polymer module. Then, the Rh amorphous cells were
constructed with an amorphous cell at the specified temper-
ature (289 K) and at fine precision. In this study, E-51 epoxy
resin was selected as the main material of this study, and its
molecular structure is shown in Figure 3(a). It contains unique
active groups and polar groups. In epoxy resin concrete, epoxy
resin is generally used together with curing agents and diluents.
In this study, the TEPA fatty amine curing agent and diluent
BGE are used, and the cured epoxy resin models are con-
structed according to the curing reaction principle [23], as
shown in Figure 3(b), respectively. Considering that the epoxy
resin cannot be completely cured, the amorphous epoxy
resin cell is constructed with uncured E51 and cured E51 at
1:1 (mass ratio). Finally, the Rh/C-S-H (2196 atoms), EP/C-
S-H (1829 atoms), and Rh/EP/C-S-H (2873 atoms) interface
models (as shown in Figure 3(c)) are constructed with the
build layer, and the sizes of each model are 22.5A x
221A%94.5A (model 1), 22.5A%221A%109.3 A (model
2),and 22.5 A x 22.1 A x 111.9 A (model 3), respectively. The
Z-direction is larger than X and y because a 50 A vacuum
layer is added. Its purpose is to make the polymer interact
only with one side of the hydrated calcium silicate surface, so
as to ensure that it does not interact with the periodic image
of the calculation unit. At the same time, the size of the
system box along the vertical direction is large enough to
fully observe the configuration change of the C-S-H surface
polymer.

2.2. Force Field and Simulation Details. Force field is a basic
energy function, which is used to calculate the potential
energy of the atomic system and simulate the interaction
between atoms in the average mode of molecular dynamics
simulation. The compass force field is used in this study. The
compass force field is the first molecular force field to unify
the force field of organic molecular systems and inorganic
molecular systems, which can effectively predict the mi-
crostructure and dynamic properties of polymer materials
and has been widely used in many aspects [24]. In addition,
since it can include most of the energy calculations and the
potential energy of the interaction between different atoms
and molecules in silicic acid materials, and the experiments
show that compass is in good agreement with its experi-
mental data, the compass force field is fully applicable to the
simulation of cement hydration products [25, 26].

The smart method is used to optimize the structure of the
composite materials for 10000 steps and 3 times. This
process can basically eliminate the local unreasonable
structure in the process of model construction and ensure
the convergence of the model. Then, the composite system
was annealed in the NPT ensemble with a simulation time of
200 ps: it was heated from 200 K to 800 K and then cooled to
200K for 20 cycles. The conformation with the lowest po-
tential energy after annealing was calculated by molecular
dynamics. Its parameters were set as NVT ensemble,
compass force field, and temperature of 298 K. The atom-
based method was used for van der Waals interaction and
electrostatic interaction. The cut-off distance is 15.5 A. The
Andersen method is used for temperature control and the
Berendsen method is used for pressure control. The step size
is 1 fs and the time is 500 ps. The operation results are output
every 50 steps.

3. Results and Discussion

3.1. Interaction Energy. According to the energy calculation
of the three interface models under the same conditions, the
interaction energy reflects the interaction between the in-
organic phase and the organic phase [27]. The binding
energy is not only an important standard to evaluate the
adhesion and miscibility between C-S-H and polymer but
also an important index to measure the adsorption strength
in the adsorption process, which is contrary to the inter-
action energy [28, 29]. The greater the absolute value, the
stronger the interaction force. The calculation formula of
Einter is shown in the following formula:

Einter = Etotal _(Esurface + Epolymer) = _Ebind’ (1)
where E; .., is the interface interaction energy, E .. is the
energy of C-S-H crystal surface, E .., is the total energy of

polymer, and E,;.4 is the binding energy of C-S-H surface
and amorphous mixed polymer. The calculation results are
shown in Figure 4.

It can be seen from Figure 4 that the energy ratios of
ETotal’ ESurface’ ENon—bond’ and ECoulomb of the three models
are similar. The difference is in the van der Waals effect. It
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can be seen that van der Waals is the main force controlling
the intermolecular interaction. The interaction energy of
each system is negative, which shows that the molecules at
the interface of models 2 and 3 attract each other and release
heat during the combination process. The composite system
is a thermodynamically stable system. In addition, the two
interface interaction energies E., are increased relative to
model 1, indicating that the interaction between compo-
nents is enhanced and the formed system is stable. It also

shows that EP increases the bonding and stability of the RH
concrete interface. The binding energy of Rh/C-S-H is
negative, which is not conducive to the combination of the
two interfaces. This phenomenon is consistent with reality,
indicating that the additional energy of EP has a strong
interaction with C-S-H.

3.2. Radial Distribution Function. To further investigate the
interaction between C-S-H and polymer molecules, the
equilibrium trajectory of the system is analyzed by the radial
distribution function. The radial distribution function g(r)
represents the ratio of the probability of finding B particles
when the distance from a particle is r to the probability of
finding B particles when they are completely randomly
distributed, that is, the ratio of regional density to the av-
erage density of B particles. It can characterize the micro-
structure information of the system and reflect the
interaction between particles [30]. By comparing the r-value
and peak height in the g(r) diagram, we can identify
whether there is an interaction between atoms and their
mode and strength. Each model contains hydrated calcium
silicate, and many kinds of literature have proved that the
calcium in hydrated calcium silicate plays a major role in the
adhesion of cement. Next is the hydroxyl in the hydrated
calcium silicate. Oxygen can bridge the Ca ion [31] in the
C-S-H channel, form a new calcium silicate gel and fill it into
the crack, and enhance the bonding between the inorganic
and organic interface. This process has been confirmed in
our previous studies [32]. In order to avoid repetition, this
study focuses on the interaction between cement-based
materials and polymers. In addition, if there is an obvious
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peak of RDF between the two atoms, it indicates that there is
a strong spatial correlation between them; that is, there is a
stable chemical bond. Intermolecular forces include hy-
drogen bond and the van der Waals (vdW) action. Gen-
erally, the hydrogen bond action range is 2.6-3.1 A, the van
der Waals (vdW) action range is 3.1-5.0 A, and the VDW
action greater than 5.0 A is very weak [33].

From the calculation results in Figure 5, we can find that
in addition to the chemical bond between Ca and atoms in
the polymer (Ca-H,, Ca-N, Ca-H,, Ca-C,, and Ca-C,), the H
bond is also another important chemical bond between
cement-based materials and polymer. In particular, the
interaction between N, O, and Ca in epoxy resin and the
hydrogen bonding between H and O in water molecules and
Rh and H and O in EP (Hy,-H,, Hy-H,, Oy-H,, and O-H,)
greatly increase the interface binding energy [34]. In ad-
dition, the peak height of model 2 is not only higher than
that of model 1 but also the position of the peak is higher.
The peak value of Ca-N (x=2.25, y=17.1258) in model 3 is
higher than that of model 2 (x=2.25, y=9.842), which
further proves that the combination of epoxy resin and
hydrated calcium silicate is better, and the comprehensive
application of epoxy resin and rubber increases its interface
interaction. It shows that the addition of EP provides hy-
drogen bond donors and receptors to the interface. The
hydrogen bond is a strong intermolecular interaction, which
verifies the reason for the enhancement of the above in-
teraction energy.

3.3. Mean Square Displacement. The previous analysis of
interaction energy and radial distribution has revealed the
change of chemical bond type and stability after the addition
of EP, and it can be seen that the binding energy mainly
depends on the interaction between Ca in tobermorite 11
and amorphous polymer. In order to characterize the dy-
namic behavior, only the EP and the difference before and
after EP is added to RH concrete. The mean square dis-
placement (MSD) of the Ca atom corresponding to the
model is calculated to reflect the diffusion of Ca. The MSD
can characterize the diffusion behavior of molecules and is
an effective method to study molecular diffusion. The MSD
is defined as the square of the difference between atomic
displacement and the average of all other atomic displace-
ments [35], which can be obtained from the following
equation:

N
) = Y0 -r o, @)
i=1

where r,(f) represents the position of i atoms at time ¢, r; (0) is
the original position of i atoms, and MSD considers three-
dimensional coordinates. The larger MSD value at time ¢
indicates that the atom diffuses rapidly and is far away from
the original position.

As shown in Figure 6, the greater the slope of the MSD
curve, the greater the fluidity of particles. After the addition
of RH and EP, the Ca atom interface model diffuses con-
tinuously with time, and the diffusion becomes more intense

after they are added together. This result shows that the
adsorption capacity of Ca atoms on the substrate surface is
weakened, resulting in the reduction of local constraints on
Ca atoms. C,, H,, N, and O, of EP and Rh attract Ca atoms,
resulting in the decline of the ability of C-S-H to capture the
Ca atoms. At the same time, the interface model on C-S-H
increases the diffusion coefficient of the Ca atom on its
surface more than twice from Rh to EP and then to Rh/EP,
indicating that the joint application of RH and EP is con-
ducive to the diffusion of Ca on the aggregate and can ef-
fectively accelerate the bonding between hydrated calcium
silicate and polymer. In addition, the calculation result is the
embodiment of the Ca radial distribution function, and it is
also a reason for the strong interaction energy between
models 2 and 3.

3.4. Mechanical Properties. Mechanical properties refer to
the mechanical characteristics of materials under various
external loads in different environments. Young’s modulus,
shear modulus, and bulk modulus are the main parameters
of mechanical properties. Young’s modulus (E) is an index to
evaluate the rigidity of materials and a measure of the ability
of materials to resist elastic deformation. The greater the
shear modulus (g), the higher the hardness and yield
strength of the material, which are the measures of the ability
of the material to resist plastic deformation. The greater the
bulk modulus (k), the greater the breaking strength of the
material [36, 37]. The static elastic mechanical properties of
models 1, 2, and 3 in the equilibrium state after optimized
annealing are analyzed by Ms, and the elastic coefficient
matrix of the model can be obtained. It is known that the
model is not an extreme heteromorphic material and can be
simplified to isotropic material. For isotropic materials,
there are only two independent elastic constants in the
calculation principle, which are obtained by elastic matrix
and two lame coefficients A and p. Finally, each modulus can
be obtained from formulas (3), (4), and (5) [38, 39]:

_3A+2u
_M /\+” > (3)
G=u, (4)
2
K:)L+gy, (5)

where E is Young’s modulus, G is the shear modulus, and K
is the bulk modulus. The calculated mechanical property
parameters are shown in Figure 7.

From the calculation results, it can be found that the
mechanical property parameters of models 2 and 3 are
slightly larger than model 1, and model 3 is lower than model
2, mainly because models 2 and 3 contain epoxy resin, and
model 3 contains rubber. As mentioned earlier, E, K, and G
are measures of material rigidity. The greater their value, the
stronger the material rigidity [40]. The calculated results are
consistent with previous experiments. Although model 3
does not exceed the mechanical properties of model 2, the
combination of the two improves the mechanical properties
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of model 1, reduces the consumption of epoxy resin, ach-
ieves the purpose of energy conservation and environmental
protection, provides basic theoretical support for the ap-
plication of modified rubber concrete, and has reference
significance for the development of better EPS concrete in
the future.

4. Conclusion

In this study, three interface models were constructed by the
molecular dynamics simulation method, and their interac-
tion energy, radial distribution function, MSD, and me-
chanical properties were calculated. The following
conclusions were obtained:

(1) The interaction energy shows that EP increases the
bonding and stability of the RH concrete interface. In
addition, the energy ratio of other energy is basically
the same except for the VAW force. It can be
explained that van der Waals force is the main reason
for the difference of action energy among the three.

(2) Radial distribution function analysis shows that
there is a strong interaction between N atoms in
models 2 and 3 and Ca atoms in C-S-H. In addition,
the addition of EP provides a large number of hy-
drogen bond donors and receptors for the Rh/C-S-H
interface interaction, which enhances the interface
interaction between models 2 and 3.

(3) The mean square displacement shows that the joint
application of EP and RH is conducive to the dif-
fusion of calcium on the aggregate and can effectively
accelerate the combination of hydrated calcium
silicate and polymer.

(4) In the calculation results of static mechanical
properties, it is found that the addition of EP ob-
viously increases Young’s modulus (E), bulk mod-
ulus (k), and shear modulus (G) of the interface
model, which indicates that its rigidity is enhanced
and the interface properties are improved, which not
only retains the excellent characteristics of rubber
concrete but also enhances its interface mechanical
properties.
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In order to study the vibration influence of tunnel drilling and blasting method on the built tunnel with small clear distance, taking
the intersection of Zhuhai Dahengginshan No. 1 tunnel and Zhuji urban rail tunnel as the engineering background, we used
ABAQUS finite element software to conduct numerical simulation analysis on the influence of different blasting loads on existing
tunnels with small clear distance in Zhuji tunnel construction. The following conclusions were drawn: the blasting construction of
the tunnel under construction had the greatest impact on the vault of the existing tunnel; when the peak load was reduced by half,
the stress value, vertical displacement, and resultant velocity of Mises were also reduced by half, which indicates that reducing the
peak value of blasting load appropriately can ensure the safety of tunnel construction. When the peak load is 2.7 MPa, the
measured and simulated values were less than the resultant velocity limit required by the specification. In addition, the relative
error between the measured value and the simulated value was less than 5%, indicating the accuracy of the numerical simulation.

1. Introduction

With the continuous development of urban subway net-
work, the utilization scale of urban underground space is
also gradually expanding. In the limited underground space,
the construction of small spacing tunnel has obvious ad-
vantages and plays a positive role in tunnel construction
[1-3]. At present, drilling and blasting method is mostly
used in small spacing tunnel construction in China [4, 5]. If
the distance between the tunnels is too small, the con-
struction of the tunnel drilling and blasting method will
inevitably affect the structural safety of the existing tunnel,
disturb the surrounding rock, and then cause a series of
environmental diseases of the surrounding buildings [6-8].
Therefore, great attention should be paid to the influence of
drilling and blasting construction on the existing tunnel
structure.

At present, domestic and foreign scholars have done
some research on vibration caused by tunnel drilling and
blasting construction. Wang et al. [9] recorded and analyzed
the field monitoring data of a tunnel blasting and concluded

that when the main frequency of blasting vibration through
the tunnel is less than 50 Hz, the existing highway roads will
not produce resonance. Hao et al. [10] used LS-DYNA to
discuss the changes of vibration velocity and equivalent
stress of the surrounding rock caused by different clearance
under blasting. It is found that the larger the clearance, the
lesser the disturbance of the surrounding rock and the faster
the attenuation of the vibration velocity of the existing
tunnel. Luan et al. [11] relied on the Mongolian road tunnel
project and used the finite element software to obtain the
result that, in the blasting construction of large section
tunnel, the radial vibration velocity of the support structure
of the early excavated tunnel is greater than the vertical and
tangential vibration velocity.

The geological condition of Zhuhai Dahengqinshan
Tunnel project is poor, and the vertical clear distance be-
tween the two tunnels is small (the minimum clear distance
is 3.5m). The drilling and blasting construction of the Zhuji
tunnel will cause disturbance to Dahengqinshan Tunnel.
Therefore, it is necessary to improve the design scheme
through numerical simulation to ensure the safety of tunnel
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structure and surrounding buildings in the construction
process of the Zhuji tunnel step method [12-14].

In this study, taking the intersection of Zhuhai
dahengginshan No. 1 tunnel and Zhuji urban rail tunnel as
the engineering background, we used the ABAQUS finite
element software to compare with the field monitoring data.
This study systematically studied the influence of different
blasting loads on the existing tunnel structure with a small
clear distance.

2. Engineering Overview and Field Monitoring

2.1. Overview of Engineering Example. The Dahengqinshan
Tunnel is located in Hengqin new area of Zhuhai City. It is
one of the “aorta” of Hengqin Island. This section of tunnel is
underneath the planned Zhuji urban rail tunnel on the right
line YKI +281 and the left line ZK1 + 289, with a buried
depth of about 100m. The minimum vertical clearance
between two tunnels is 3.5 m, and the position plane relation
of the two tunnels is shown in Figure 1. The design standard
of Dahenggqinshan No. 1 tunnel is 60 km/h, which is a two-
way 6-lane municipal tunnel of urban main road. The tunnel
is constructed by spray anchor support, composite lining,
and CRD method. The design standard of the Zhuji urban
rail tunnel is 160 km/h double-track intercity railway, which
is constructed by the step method.

2.2. Field Monitoring Projects. Because the blasting exca-
vation of the Zhuji tunnel will cause the segment defor-
mation of Hengqinshan Tunnel, which has a great influence
on the stress change of the surrounding rock, reliable
monitoring methods are needed to ensure personnel safety
and tunnel construction efficiency. According to the engi-
neering geological report and the construction character-
istics of CRD method, the monitoring items of vault
subsidence, arch foot displacement, and blasting vibration
on the left line of Dahengqinshan Tunnel in cross section are
set up (Figure 2).

3. Model Establishment

3.1. Model Simplification and Material Parameters. The
construction conditions simulated in this study are as fol-
lows: after the second lining construction of Dahengginshan
Tunnel, which is a built tunnel, Zhuji urban rail tunnel
passes through as a new tunnel. Using ABAQUS finite el-
ement software, based on the survey data of Dahengqinshan
project and BIM model data, we establish a three-dimen-
sional geological model to generate rock mass element. The
model in this study is 240 m long, 100 m wide, and 135m
high (Figure 3). In Figure 3, the lower side is the
Dahengginshan double-track tunnel, and the upper side is
the Zhuji tunnel. As some tunnel sections of Dahengqinshan
No. 1 tunnel include SD2 and SD3 sections, and according to
the project data, part of SDI section is far away from the
overlapping intersection of the two tunnels, and the impact
is far less than the overlapping intersection; Dahengginshan
Tunnel is simplified to only SD2 and SD3 sections in this
simulation. Considering that the influence of elevation
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difference caused by tunnel slope on the calculation is also
quite small, the model is simplified with no slope. On the
other hand, due to the buried depth of the Hengqinshan
Tunnel, considering the influence range of the tunnel
construction and the fact that the surface is undulating but
basically on the same horizontal plane, the top of the model
is simplified to a plane. In ABAQUS modeling and calcu-
lation, the tunnel lining adopts plate shell element and C35
concrete material, which is calculated according to the elastic
constitutive model, and the soil around the tunnel adopts
solid element and the modified Mohr-Coulomb model.
According to the results of field tests and investigation re-
ports, the specific material parameters of the model are
shown in Table 1.

3.2. Boundary Condition. After analysis, the soil adopts
tetrahedral elements with 1380685 grids and 30851 elements
in total. The model grid diagram is shown in Figure 4. In the
simulation process, the tectonic stress of soil is not con-
sidered, and only the self-weight of soil is considered as the
initial ground stress. Constraints in three directions are
imposed on the bottom surface of the model, and dis-
placement constraints in the normal direction of the cor-
responding surface are imposed on the model side. The role
of constraints is to make the constraints on the model area
consistent with the actual rock-soil interaction.

3.3. Explosive Load. In this study, the triangular load model
[15-17] is selected to simulate the influence of blasting stress
wave on the surrounding rock. The pressure load changing
with time is applied along the wall of the Zhuji urban rail
tunnel to simulate the impact caused by blasting. The load
loading diagram and load curve diagram are shown in
Figures 5 and 6 respectively.

The peak value of explosive load is determined by ex-
plosive density, explosive velocity, explosive roll diameter,
and hole diameter. According to the theoretical calculation
method [18], the peak value of blast hole under the condition
of noncoupling charge is calculated according to the fol-
lowing equation:

1 R

P, = gPoDZ(R_;) (1)
where Py, is the peak pressure of blast hole, p,, is the explosive
density, D is the detonation velocity of explosive, R. and Ry,
are the radius of charge roll and blast hole respectively, # is
the increasing multiple of the collision between explosive gas

and hole wall, and its value range is # = 8 ~ 11.
According to reference [18-20], the pressure load for-

mula equivalent to the pressure load on the centerline of
blast hole is

where P, is the equivalent pressure, , is the hole radius, and
a is the hole spacing.
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Zhuji urban rail tunnel

FIGURE 1: Plane relation diagram of tunnel position.

Monitoring points of vault subsidence and vibration velocity

FIGURE 2: Layout of displacement measuring points on the left line
of Dahengginshan Tunnel.

Zhuji urban rail tunnel

Dahengqinshan tunnel

FiGure 3: Overview of the tunnel model.

4. Influence Analysis of Blasting Peak Load

4.1. Selection of Monitoring Points and Excavation Sections.
In order to determine the maximum impact effect on the
tunnel, monitoring points are arranged on a section

(ZK1+252) of the left line of Dahengqinshan Tunnel di-
rectly below the Zhuji urban rail tunnel. Five monitoring
points are arranged at the vault, left arch waist, right arch
waist, left arch foot, and right arch foot on ZKI +252
section, with numbers of 9851, 1108, 970, 191, and 487
respectively. Figure 7 shows the location of monitoring
points and the direction of tunnel excavation.

In tunnel construction, it is generally believed that,
within the range of 3-5 times of tunnel diameter, the in-
fluence of tunnel construction is quite obvious, and it can be
considered that the construction has little impact on the
surrounding environment beyond the range of 3-5 times the
tunnel diameter [21, 22]. Therefore, as shown in Figure 8, the
Zhuji urban rail tunnel is divided into 16 sections from left to
right in the X direction. The excavation depth of each section
is 15 m, and the total length of the Zhuji urban rail tunnel is
240 m. The 16 sections correspond to the excavation depth of
the Zhuji tunnel in turn: 15 m, 30 m, 45 m, 60 m, 75m, 90 m,
105m, 120m, 135m, 150 m, 165m, 180 m, 195m, 210 m,
225m, and 240 m, so as to analyze the impact of drilling and
blasting construction of the Zhuji urban rail tunnel on the
left line of Dahenggqinshan Tunnel. This section analyzes the
dynamic influence of the continuous excavation of the Zhuji
tunnel under the peak load of 5 MPa and 10 MPa on the left
line structure of Dahengginshan Tunnel.

4.2. Tunnel Construction Process

(1) The first analysis step: the soil layer was established,
the soil layer parameters were given, the boundary
conditions, were imposed, and then the initial in situ
stress balance was carried out.

(2) According to 16 sections, the excavation of each
section of the Zhuji tunnel corresponds to one
analysis step, with a total of 17 steps.
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TABLE 1: Material parameters.

Name of soil laver Volumetric weight (kN/ Constitutive model Elastic modulus Poisson Friction Cohesion
V! m?) (GPa) ratio angle () (MPa)
. Modified
Granite fracture zone 25.6 Mohr—Coulomb 2.3 0.25 30 22
Mod.erately weathered 256 Modified 47 019 37 35
granite Moore-Coulomb
C35 concrete 24 Linear elasticity 31.5 0.19 - -

Load values (MPa)

0.8 4

0.6 4

0.4 1

0.2 1

FIGURE 4: Model grid diagram.

FIGURE 5: Schematic diagram of load loading.

0 0.05 0.1 0.15
Single step time of dynamic analysis (s)

FIGURE 6: Schematic diagram of load curve.

(3) When the function of making the element disappear

is to be realized, ABAQUS software will multiply the
corresponding part of the overall stiffness matrix by a
fairly small coefficient, and the mass, stress, strain,
damping, and output element load will also be zero.
“Activation” is to realize the reappearance effect of
the element by changing the stiffness of the element

Zhuji tunnel excavation direction

—_—
9851
1108 970
191 487
Left line of Right line of
Dahengqingshan tunnel Dahengqingshan tunnel

FIGUre 7: Corresponding position of point number.

F1GURE 8: Schematic diagram of tunnel excavation direction and
depth.

in the whole. Using this method, the process sim-
ulation of tunnel excavation can be realized.

4.3. Numerical Simulation Results

(1) When the peak load is 10 MPa, the relationship
between the excavation depth of the Zhuji tunnel and
the Mises stress, and vertical displacement and
blasting speed of each monitoring point is shown in
Figure 9. In Figure 9(a), the peak stress of Mises at
the vault is the largest, which is 34 MPa, corre-
sponding to the monitoring point 9851. The peak
stress of the arch foot on both sides is the second,
corresponding to the monitoring point 191 and the
monitoring point 478, and the peak stress is 18 MPa
and 12 MPa, respectively. As shown in Figure 9(b),
the maximum vertical displacement of the arch vault
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FIGURE 9: Numerical simulation results under 10 MPa peak load. (a) Mises stress excavation-excavation depth curve. (b) Vertical dis-
placement-excavation depth curve. (c) Resultant velocity-excavation depth curve.

is 18 mm. The maximum vertical displacement
measured at the left arch waist monitoring point
1108 is 6 mm, and the right arch waist monitoring
point 970 is 3.7 mm. The displacement direction is
downward.

As for the speed of each section, it can be seen from
Figure 9(c) that the speed measured at the moni-
toring point 9851 on the top of the tunnel at the
excavation depth of 90m is the largest, reaching
1246 mm/s. The peak velocities measured by the
monitoring points 970 and 1108 at the left and right
arch waists are also quite high, which are 368 mm/s
and 439 mm/s respectively.

(2) When the peak load is 5 MPa, the calculation results
are shown in Figure 10. Similar to the calculation
results of peak load of 10 MPa, the maximum stress
peak value measured at the top monitoring point of
tunnel is 16.7 MPa (Figure 10(a)). The results mea-
sured at monitoring point 970 are the second, and
the peak stress is 12 MPa. The Mises stress value of
each monitoring point after excavation is relatively
stable, and its value is between 4 and 6 MPa. As
shown in Figure 10(b), the maximum displacement
peak is monitoring point 9851, which is 9.3 mm, and
the larger value point is 1108, which is 3 mm.

For the speed of each section, the maximum velocity
peak is monitoring point 9851, the value is 625mm/s,

followed by two monitoring points 970 and 1108, and the
values are 184 mm/s and 220 mm/s.

4.4. Analysis. Compared with Figures 9 and 10, it can be
seen that the peak load of 5 MPa graphic trend is basically
consistent with 10 MPa. When the blasting peak load is
reduced from 10 MPa to 5 MPa, the Mises stress at the vault
is reduced by 51%, the vertical displacement is reduced by
48%, and the maximum resultant velocity is reduced by 50%.
The vertical displacement and maximum velocity of the left
arch waist are reduced by 50%, and the right arch waist is
also reduced by 50%. When the peak load is reduced by half,
the maximum Mises stress peak, vertical displacement, and
resultant velocity are basically reduced by half. It can be seen
that the value of the peak load has a great influence on the
existing tunnel. By reducing the peak load of blasting ap-
propriately, we can ensure the safety of the existing tunnel
and the construction efficiency of the tunnel under
construction.

Combined with the analysis of the numerical simulation
results, the Mises stress value, vertical displacement, and
resultant velocity all reached the peak value at the excavation
depth of 90 m in the Zhuji tunnel. This is because when the
excavation depth reaches 90 m, Zhuji urban rail tunnel is
closest to the left line of Dahengginshan, which has the
greatest disturbance to the existing tunnel. Before the ex-
cavation depth of 90 m, the vertical deformation of each
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FiGURrE 10: Numerical simulation results under 10 MPa peak load. (a) Mises stress excavation-excavation depth curve. (b) Vertical dis-

placement-excavation depth curve.

point is settlement and increases with the increase of ex-
cavation depth. After 90 m, with the increase of excavation
depth, each measuring point shows uplift and then tends to
be stable. This is because the upper tunnel has been far away
from the left line of the existing tunnel and constructed
above the right line. At this time, the data of each measuring
point of the right line tunnel are the same as the vertical
deformation of the left line before the excavation depth of
90 m, which is manifested as settlement. Due to stratum loss,
the left line tunnel bulges at this time. In addition, when the
excavation depth is 60 m to 180 m in the middle section, the
dynamic effect is more obvious.

5. Application Research

It can be seen from partial explosive parameters in Table 2
that when the ratio of cartridge to blast hole is 0.5, the peak
value of equivalent load can be calculated as 2.7 MPa by
equations (1) and (2).

Under the influence of blasting construction of small
clear distance tunnel, the existing tunnel will produce vi-
bration, and the vibration velocity is the main parameter to
analyze and evaluate the dynamic influence [23-25].

In the numerical simulation analysis of this study, the
vibration velocity corresponds to the resultant velocity in
the output results. The resultant velocity is a scalar whose
value is the vector sum of the velocities in three directions.
According to the specification [26-28] and the engi-
neering data of the Hengqinshan Tunnel project, the
maximum vibration velocity of the tunnel is required to be
15cm/s.

Therefore, the main purpose of this study is to calculate
the maximum vibration velocity corresponding to each
excavation section during the excavation of Dahengginshan
Tunnel passing through the existing tunnel. And we com-
pare it with the maximum vibration velocity vibration value
required by the specification, so as to simulate whether the
vibration of the existing tunnel during the construction of
small spacing drilling and blasting method meets the en-
gineering requirements. As shown in Table 3, we select and
analyze the resultant velocity values of each measuring point

corresponding to the five excavation depths that have the
greatest impact on the left line of Dahengqinshan Tunnel.

It can be seen from Table 3 that the monitoring points at
different positions of the tunnel section have different
maximum resultant velocity values during the process of the
Zhuji urban rail tunnel crossing above the left line of the
Dahengqinshan Tunnel. The maximum resultant velocity
calculated by the measuring point 9851 at the vault is
11.28 cm/s, which is greater than the other four measuring
points. The resultant velocity of the five measuring points on
the cross section reaches the peak under different excavation
depths of the Zhuji tunnel. Among them, the measuring point
9851 reached the peak at the depth of 78 m, and then the Zhuji
tunnel continued to be excavated. With the increase of ex-
cavation depth, the closing speed at the vault decreased
[29-31]. The simulated resultant velocity of the left arch waist
measuring point 1108 and the left arch foot measuring point
191 reaches the maximum at the depth of 60 m of tunnel
excavation, which are 2.54 cm/s and 3.91 cm/s, respectively.
The maximum velocity of the right arch waist 970 is 3.49 cm/s,
which is obtained at the excavation depth of 84 m. The right
arch foot measuring point 487 reaches the maximum speed of
1.97 cm/s at the excavation depth of 90 m.

The resultant velocity of the measuring point 9851 at
vault under different excavation depths is greater than that
of the other four measuring points [32, 33]. This is because
the stress wave caused by the blasting load of the tunnel will
continue to decay along the distance in the process of
transmission in the rock stratum, and the distance from the
vault to the tunnel is shorter than that from the arch waist
and arch foot to the tunnel. Similarly, the resultant velocity
of measuring points 1108 and 970 located at arch waist is
larger than that of measuring points at the arch foot, which is
also because the distance from the stress wave to the arch
waist is shorter than that to the arch foot. Compared with the
speed limit of 15 cm/s given above, the simulation values of
each monitoring point on the left line are less than 15 cm/s.
So it is more appropriate to use the peak load of 2.7 MPa for
construction.

Therefore, the construction of the Zhuji urban rail tunnel
has the greatest impact on the vault of the left line section
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TaBLE 2: Partial explosive parameters.

Name of explosive Cartridge diameter (mm)

Explosive density (g/cm?)

Explosive detonation velocity (m/s)

EL-102 emulsion oil 20
No. 2 rock explosive 22
No. 3 rock explosive 22

1.05 3500
1.1 2100~3000
1.0 1600~1800

TaBLE 3: Maximum closing speed of each monitoring point.

Resultant velocity (cm/s)

Excavation depth (m)
191 1108 9851 970 487

54 2.27 3.87 1.68 049 035
60 2.54 391 3.61 0.83  0.35
78 1.39 2.94 11.28 3.11 1.15
84 0.82 1.78 10.72 3.49 1.67
90 0.68 1.29 5.89 3.31 1.97
Maximum 2.54 391 11.28 349 1.97

TaBLE 4: Maximum vibration velocity component of monitoring
points at tunnel vault.

o . Vibration (cm/s)
Monitoring location . . . . . R
X direction Y direction  Z direction

Vault (ZK1 + 252) 8.17 4.73 6.85

(ZK1 + 252) of Dahengqinshan Tunnel. The maximum value
of vibration velocity in the field monitoring data of the
monitoring point at the vault of this section is sorted out in
Table 4. It can be seen that the relative error between the field
monitoring data and the numerical simulation results at the
vault is less than 5%, and the monitoring results of the actual
project are less than the vibration velocity limit (15 cm/s)
required by the specification, which can be in good agree-
ment. It shows that the numerical simulation is more ac-
curate and can reflect the vibration rate distribution law of
different locations of the existing tunnel structure in the
construction of small spacing tunnel drilling and blasting
method. Taking the numerical simulation results of finite
element software as the reference value, the safety accident
prevention of tunnel overlapping cross section can be greatly
improved.

6. Conclusions

Based on the Zhuhai Dahengginshan No. I tunnel and Zhuji
urban rail tunnel project, according to the field investigation
results, this study used ABAQUS finite element software to
simulate the tunnel drilling and blasting construction and
systematically studied the influence of the existing tunnel
structure caused by the blasting peak load. After a com-
prehensive analysis, the following main conclusions are as
follows:

(1) The blasting peak load has different effects on the
measuring points in different parts of the tunnel
structure, and the blasting of the tunnel under
construction has the greatest influence on the vault
of the existing tunnel section.

(2) When the blasting peak load is reduced from 10 MPa
to 5 MPa, the Mises stress, vertical displacement, and
resultant velocity of each measuring point on the left
section of Dahengqinshan Tunnel (ZK1 +252) are
basically reduced by half.

(3) The Mises stress value, vertical displacement, and
combined velocity of each measuring point reached
the peak at 90 m depth of Zhuji tunnel excavation
and then decreased and stabilized with the increase
of excavation depth.

(4) When the peak load is 2.7 MPa, the measured value
and the simulated value are less than the speed limit
(15cm/s) required by the specification, and the
relative error between the measured value and the
simulated value is less than 5%. It is appropriate to
use the load peak of 2.7 MPa for construction.
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