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During the last decades, using functionalized nanocompos-
ites with nanoscale precision represents one of the most imp-
ortant bottom-up approaches for nanotechnology and has
become amajor issue in the field of environmental chemistry.
The chemical functionalization and self-assemblies of nano-
composites and subsequent environmental applications of
well-defined micro/nanostructures have multiple important
impacts upon various areas. In this sense, the sophisticated
nanocomposites with multiple components have deepened
the insight of nanomaterials and enriched the content of
environmental chemistry.

This special issue addresses the research studies on the
functionalized process and environmental applications of
nanocomposites. It contains five selected research articles. Z.
Wang and L. Cheng prepared glass ceramics containing CaF

2

nanocrystal doped with CeO
2
through isothermal crystal-

lization. Glass transition temperature and the crystallization
temperature decrease firstly and then increase with the
increase of CeO

2
content. H. Huang et al. synthesizedMnO

2
/

graphene nanocomposites through a simple route in a water-
reflux condenser system. Because excessive MnO

2
enwrap-

ping graphene would affect the overall conductivity, the
composite prepared by lower temperature has better charac-
teristics of supercapacitor. K. Zheng et al. utilized stainless
steel anode covered with layer film of TiO

2
doped with man-

ganese to decompose 4-nitroaniline in rectangular borosil-
icate glass reactor. The performance of degradation 4-
nitroaniline was evaluated by analyzing cracking ratio of 4-
nitroaniline ring, the chemical oxygen demand (COD), and

total organic carbon (TOC) in remaining solution. B. Yuan
et al. prepared two scale-model tests separately conducted in
standard Toyoura sand with relative density of 50% and 80%.
The effect of sand relative density on pile-soil interaction was
investigated through the response of a laterally loaded pile
and the sand movement around the pile. Q. Li et al. reported
the 3D model to simulate a single hole to predict the range
and degree of thermal propagation with acceptable thermal
coefficient and accurate loading curve, which was carried out
by segmented analysis of blasting.

Altogether, the guest editors would like to express sincere
appreciation to all the authors for their contribution. More-
over, thanks are extended to all reviewers for their time about
enhancing the quality of these papers.
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Qingrui Zhang
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Two scale-model tests were separately conducted in standard Toyoura sand with relative density of 50% and 80%.The effect of sand
relative density on pile-soil interaction was investigated through the response of a laterally loaded pile and the sand movement
around the pile. At a displacement of 3.6mm of the loading point, the applied loads in loose and dense sand were 4.775N and
21.025N, respectively, and the maximum moment and soil resistance of the pile in dense sand were over 4 times those in loose
sand. However, the deflection of the pile in dense sand was less than that in loose sand; additionally, the depth of zero deflection in
dense sand was also less than that in loose sand. At the same time, the maximum displacements of loose sand in the vertical profile
and ground surface were over 1.5 times those of dense sand.These characteristics occurred because the relative stiffness ratio of soil
and pile increased as the relative density increased, which caused the behavior of the pile in dense sand to be elastic rather than
rigid. In addition, the compacted sand particles did not move as easily as the loose sand particles.

1. Introduction

Many transmission towers, high-rise buildings, and bridges
are supported by piles [1, 2]. These structures not only bear
axial loads but also are subjected to considerable lateral
loads such as violent winds and earthquakes [3]. Therefore,
the lateral loading capacity of piles is an important design
consideration for the construction of deep foundations [4].
Many approaches have been proposed to analyze the lateral
loading capacity, such as the Broms method [5], the elastic
method [6], the p-y curve approach [7, 8], and the strain
wedge method [9, 10].

Most of research about the laterally loaded pile has been
carried out by attaching strain gauges on piles to measure
the lateral loading capacity, pile deflection, and soil resistance
created by the pile [11, 12]. It is worth noting, however, that
the behavior of the laterally loaded pile depends on soil

reaction and vice versa. Only a few model tests had been
used to study the movement of the soil around the pile. Of
those, Otani et al. [13] used X-ray computed tomography
(CT) to investigate three-dimensional deformation of the
sand around a laterally loaded pile. Due to the high cost
of the CT scanners, this technique has limited application
in the geotechnical engineering. With the development of
digital image processing, an economical, accurate, and full
field image correlation technique, termed as particle image
velocimetry (PIV), has been used in geotechnical engineering
[14]. Liu et al. [15] and Yuan et al. [16, 17] used the PIV
technique to correlate two consecutive images and measure
the displacement fields of the ground surface around a pile
under lateral loading.

This study presents the results from two scale-model tests
done in dense and loose sand to determine the effects of
relative density on the response of a laterally loaded pile
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Figure 1: The optical experimental setup.

and on the surrounding soil deformation. Combined with
horizontal and vertical displacement fields measured using
a PIV technique, the bending moment, lateral deflection,
and soil resistance distribution along the model pile as
derived from strain measurements were also analyzed. Our
findings indicate that the effect of relative density on soil-pile
interaction can be evaluated quantitatively.

2. Experimental Setup and Test Procedure

2.1. An Optical Experimental Setup. As shown in Figure 1, the
optical experimental setup included a model box, a model
pile, two cameras placed on the top and side of the model
box, a stepping motor with a driver to apply lateral loading,
and a data acquisition system to collect strain data.

A Plexiglas box 300mm in height, 200mm in width, and
250mm in length was used as the model box. The pile was
a square section of Plexiglas with a width of 10mm and a
flexural rigidity of 50N⋅m2. The model pile was embedded
210mm deep with a section extending approximately 40mm
above the surface. The lateral loads were applied using a
stepping motor attached to the pile at a point located 20mm
below the pile head using wire. To investigate the response of
the pile, seven pairs of strain gauges were attached along the
pile. The readings from the stain gauges are obtained using a
DH 3815 strain gauge testing instrument.

Two cameras (Canon PowerShotG10) with 4416 × 3312
pixels resolution were used to synchronously capture images
by a developed software driver using MATLAB commands
[18]. One camera was set in front of the model box with its
optical axis perpendicular to the vertical profile, and another
camera was set above the model box with its optical axis per-
pendicular to the ground surface, as shown in Figure 1. The
built in camera zoom lenses were adjusted to select optimized
regions of interest. While applying lateral loads, images of
the vertical profile and ground surface were simultaneously
captured by the two cameras. The images were employed to
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Figure 2: Curves of applied load versus lateral displacement in loose
and dense sand.

calculate the displacement fields of the vertical profile and
ground surface using the PIV technique. More details about
the PIV technique can be found in Liu and Iskander [19].

2.2. Soil Properties. The soil deposit was formed using
uniform Toyoura sand. Over the past few decades, the
properties and stress-strain behaviors of Toyoura sand have
been extensively studied by means of diverse laboratory tests.
The sandwas uniformly fine sand consisting of subrounded to
subangular particles. It had theminimumandmaximumvoid
ratios of 0.597 and 0.977, respectively, and a specific gravity of
2.65 [20].The sand had uniformity coefficient of 1.7 andmean
diameter of 0.17. The critical state friction angle, 𝜑cs, was 31

∘

[21]. The loose and dense sand samples were prepared with
relative density of 50% and 80%, respectively.

3. Test Results and Analysis

Two model tests of the laterally loaded pile were separately
conducted in loose and dense sand.The effect of sand relative
density on pile-soil interaction was investigated through the
response of the laterally loaded pile and the sand movement
around the pile.

3.1. Response of the Laterally Loaded Pile. The curves of
applied load versus lateral displacement at the pile head
in loose and dense sand are shown in Figure 2. Compared
with the two curves, it was clearly found that the lateral
bearing capacity in dense sand was larger than that in loose
sand. When the lateral displacement was 3.6mm (labeled
in Figure 2), the applied loads in loose and dense sand
were 4.775N and 21.025N, respectively. At this position the
response of the laterally loaded pile and the sand displace-
ments were simultaneously measured.
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Figure 4: Comparison of the pile deflection in loose and dense sand.

The bending moments can be derived from the readings
of the strain gauges attached along the model pile. Bending
moment distributions along the pile were recorded for a
lateral displacement of the pile head at 3.6mm (labeled in
Figure 2). As shown in Figure 3, the bending moments of the
pile in dense sand were larger than those in loose sand. The
maximummoment in dense sand was 4.2 times that in loose
sand, and the maximum moments were both at the depth of
60mm (i.e., 6 times pile width).

The lateral displacements of the model pile can be
determined using a double integration method from the
moment distribution function. As shown in Figure 4, the
lateral displacements along themodel pile in dense sand were
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Figure 5: Comparison of the soil resistance in loose and dense sand.

less than those in loose sand. The depth of zero deflection in
dense sand was also less than that in loose sand.The curve of
the pile deflection in loose sand was a straight line; however,
the pile in dense sandwas flexural deformation, implying that
the model pile in dense soil became an elastic pile rather than
a rigid pile as occurred in loose sand.

The soil resistances in relation to depth can be interpreted
with double differentiation of the bending moment distribu-
tion function. The trend of the soil resistances in dense sand
was different from that in loose sand, as shown in Figure 5.
The soil resistances along the pile in dense sand were larger
than those in loose sand, and the maximum resistance in
dense sand was 4.8 times that in loose sand, implying that the
soil resistances increased with the increasing relative density.
With the increasing relative density, the relative stiffness ratio
of soil and pile increases, which causes the behavior of the pile
to be as an elastic pile.

The p-y curves of the pile in dense and loose sand
can be obtained from the aforementioned calculation. As
shown in Figure 6, the soil resistance increased as the lateral
displacement increased. The increasing ratio of the soil
resistance in dense sand was much larger than that in loose
sand, implying that the soil resistance coefficient increased
with the increasing relative density.

3.2. Soil Deformation around the Laterally Loaded Pile. The
pile-soil interaction not only included the response of the
laterally loaded pile, but also consisted of the deformation
of the soil restraining the pile deflection. When the pile
head was under the same lateral displacement of 3.6mm
in dense and loose sand, the displacement fields of the
vertical profile and ground surface were calculated using the
PIVview2C software. In the contours of the displacement
fields at the vertical profile shown in Figure 7, the maximum
displacement of loose sand was 1.5 times that of dense sand,
and the influence zone along the depth in loose sand was
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Figure 7: Contours of displacement fields at the vertical profile: (a) contours of displacement field in dense sand; (b) contours of displacement
field in loose sand.

obviously larger than that in dense sand.Therewere twomain
reasons: (1) the pile displacements in loose sand were larger
than those in dense sand shown in Figure 4, and the pile in
loose sand pushed the surrounding sand with a larger lateral
displacement; (2) the dense sand was compacted; thus, the
dense sand particles did not so easily move as the loose sand
particles.

Comparing the contours of the displacement fields at the
ground surface shown in Figure 8, the maximum displace-
ments were 1.4mm in dense sand and 2.4mm in loose sand,
which was consistent with the contours of the displacement
fields at the vertical profile. It was also worth noting that the
influence zone of the ground surface in loose sand was larger

than that in dense sand, especially within the back of the
pile. The loose sand particles easily moved, which caused the
soil behind the pile to move downwards duo to diminished
resistance of the pile. The compressed sand particles behind
the pile were stable, even though losing the resistance of the
pile, which was consistent with displacements at the vertical
profile shown in Figure 7.

4. Conclusions

In this study, two scale-model tests in dense and loose sand
were conducted to investigate the effect of relative density
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Figure 8: Contours of displacement fields at the ground surface: (a) contours of displacement field in dense sand; (b) contours of displacement
field in loose sand.

on the response of a laterally loaded pile and surrounding
soil deformation. The bending moment, lateral deflection,
and soil resistance distribution along the model pile were
derived from the strain measurement. When the same dis-
placement of 3.6mm at the loading point of the pile head
was reached, the lateral bearing capacity, bending moment,
and soil resistance in dense sand were larger than those in
loose sand; however, the deflection of the pile in dense sand
was less than that in loose sand. The main reason was that
the relative stiffness ratio of soil and pile increased with
increasing relative density, which caused the behavior of the
pile in dense sand to be elastic rather than rigid.

The displacement fields around the laterally loaded pile
in the vertical profile and ground surfacewere simultaneously
measured using the PIV technique. At the same displacement
of the pile head, the maximum displacements of loose sand
in the vertical profile and ground surface were over 1.5 times
those of dense sand. In addition, the influence zones along
the depth of the pile and the back of the pile in loose sand
were obviously larger than those in dense sand. The main
reasons were that the pile displacements in loose sand were
larger than those in dense sand, the pile in loose sand pushed
the surrounding sand with a larger displacement, and the
dense sand was compacted; thus, the dense sand particles
did not so easily move as the loose sand particles, and
the sand particles behind the pile were stable, even though
diminishing resistance of the pile.

The results demonstrated that the combined analysis of
the response of the pile and the sand displacement fields
is appropriate to investigate the mechanism of the effect
of relative density on pile-soil interaction. In the future
research, the internal sand movement will be observed using
transparent soil to investigate the effect of the sand density on
the internal pile-soil interaction.
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Stainless steel anode covered with layer film of TiO
2
dopedwithmanganese was utilized to decompose 4-nitroaniline in rectangular

borosilicate glass reactor, while stainless steel mesh was chosen as cathode; the anode and cathode were connected to the direct-
current power; meantime two 60W (𝜆max = 365 nm) UV lamps were used as light source. The microstructures on TiO

2
before and

after being doped withmanganese were analyzed by energy disperse X-ray (EDX) and X-ray diffraction (XRD).The performance of
degradation of 4-nitroaniline was evaluated by analyzing cracking ratio of 4-nitroaniline ring, the chemical oxygen demand (COD),
and total organic carbon (TOC) in remaining solution. Monitored parameters during all the photocatalytic reaction including
dissolved oxygen, direct voltage, and radiation dosage of ultraviolet rays were investigated. When dissolved oxygen concentration,
direct voltage, and radiation dosage of ultraviolet rays were, respectively, equivalent to 9mg/L, 24V, and 1200𝜇W/cm2, the
degradation ratio of 4-nitroaniline reached maximum. The experimental results indicated that cracking ratio of 4-nitroaniline
ring and the removal ratio of COD and TOCwere, respectively, more than 99%, 85%, and 80% when reaction was run for 10 hours.
The values of COD and TOC were, respectively, less than 16mg/L and 8mg/L while the experiment was finished.

1. Introduction

4-Nitroaniline, important aromatic compounds, has been
widely used as precursor in chemical synthesis of various
azo dyes, antioxidants, pesticides, antiseptic agents, poultry
medicines, fuel additives, and important corrosion inhibitors
[1]. However, the chemical stability and toxicity also make
it hazardous [2]. The treatment and disposal of wastewater
containing 4-nitroaniline have emerged as an important envi-
ronmental concern. Furthermore, it shows toxicity, muta-
genicity, and carcinogenicity towards different experimental
model organisms [3, 4]. Consequently, many developed and
developing countries have enlisted 4-nitroaniline as priority
pollutant and imposed restriction on its production, usage,
and disposal [1]. 4-Nitroaniline metabolites are considered to
be nonbiodegradable or only slowly degradable [5] and have
varying toxicities to aquatic life and higher organisms [6, 7].

The photocatalytic degradation of organic environmental
pollutants in the presence of a semiconductor such as TiO

2
,

ZnO, and Fe
2
O
3
has become interesting enormously over the

last 10 years [6–11]. Partly it is of reason that it may completely
mineralize a variety of aliphatic and aromatic compounds
under suitable conditions and it may be less expensive.
However, much attention in this area has focused on the use
of slurry system, thus causing a series of trouble, such as the
need of separating the spent catalysts particles and need of
continuous stirring to keep the semiconductor suspended.
Therefore, a photocatalytic technique without filtration and
suspension is desirable. Recently, different suitable materials
matrix has been chosen to be immobilized support, such as
glass [12], conductive glass [11], and stainless steel [12].

This study aimed to improve the catalyzing performance
by preparing the 20–50 𝜇m film whose main component was
TiO
2
doped with manganese in the surface of stainless steel.
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This technique can enhance the degradation efficiency of 4-
nitroaniline by means of irradiation of ultraviolet rays and
imposing 24V voltage. During the whole degradation, the
ratio of crackling of aromatic cycle and the removal ratio of
COD and TOC were kept almost at the same level because
of the synergistic effect between modified catalyst and the
good operational condition. The effects of external potential
and radiation dosage of ultraviolet rays on the photocatalytic
reaction efficiency were investigated in detail. The quantum
analysis of 4-nitroaniline concentration and the values of
COD and TOC were also determined.

2. Experiments

2.1. Samples Preparation. The 25 g TiCl
4
(purity 99%) was

added to 2 L demonized water with 2mL concentrated
sulfuric acid; after the TiCl

4
was completely hydrolyzed, the

0.75 g manganese oxalate dissolved in 100mL 10% oxalic
acid was slowly added to above-mentioned solution. Then
about 130 to 160mL 17% ammonia was slowly added to
ensure the mixture pH value was between 7.0 and 7.5. The
mixture was filtrated and rinsed with deionized water to
remove the NH

4
Cl until the leaching liquid cannot form

white precipitation with 0.2mmol/L Ag
2
SO
4
. The filtrated

residue successively underwent desiccation at 373K for 2
hours and vacuum drying at 353 K under pressure of 10−1 Pa
for 3 hours; finally the Ti(OH)

4
dopedmanganese oxalate was

obtained.
The anatase crystal form TiO

2
doped with manganese

was achieved by incineratingTi(OH)
4
dopedwithmanganese

oxalate at 830K for 5 hours. The rutile crystal phase TiO
2

doped with manganese was gained by incinerating Ti(OH)
4

doped with manganese oxalate at 1080K for 5 hours.

2.2. X-Ray Diffraction (XRD). The TiO
2
crystal form was

determined by (XRD) using a D/max 2500VL/PC diffrac-
tometer with Cu/K𝛼 radiation (Rigaku Corporation, Japan).

2.3. EnergyDispersive X-Ray (EDX). Theconstitution of TiO
2

doped withmanganese was determined by analyzing the data
of EDX (JSM-5610LV/NORAN-VANTAGE; Japan Electron
Optics Laboratory LimitedCorporation, Japan;ThermoElec-
tron, America). The testing parameters on energy dispersion
of X-ray included 25.6934∘ taking-off angle, 15 KeV accelerat-
ing voltages, and 100-second live time.

2.4. Catalytic Experiments. The catalytic experiments were
performed in a rectangular quartz reactor dissolved 2.5 g
of catalyst and 8 L of 4-nitroaniline solution. The original
concentration of 4-nitroaniline was chosen as 100mg/L. A
120W medium pressure Hg lamp (Philip) was utilized and
the mean value of radiation power, determined using an UV
radiometer (Digital, UVX36), was 1200𝜇W/cm2; oxygen was
continuously bubbled into the stirred suspension to maintain
DO (dissolved oxygen) in solution being more than 9mg/L.

Samples of 10mL volume were withdrawn at fixed
intervals. After centrifugation, 0.45 𝜇m microfiltration, the
concentration of the 4-nitroaniline was determined by

measuring its absorbance in the wavelength of 380 nm with
the help of UV spectrophotometer (UNICO (Shanghai)
Instruments Limited Corporation, China). TOC determi-
nations were carried out by using a Vario TOC analyzer
(Element Corporation, Germany).

3. Results and Discussions

3.1. Analysis of XRD on Anatase TiO
2
Doped with Manganese

Oxalate. As can be seen from Table 1 and Figure 1 prepared
TiO
2
doped with manganese appeared single and strong

peak at maximum diffraction angles at 25.3∘ and 48.2∘; triple
peak at 36.9∘, 37.8∘, and 38.61∘; and double and medium
peak at maximum diffraction angles at 54∘ and 55.3∘. It can
be easily observed that the characteristics that TiO

2
doped

with manganese exhibited are almost the same as those of
the anatase TiO

2
standard card (PDF number 00-002-0387).

Analyzed results further certified that prepared TiO
2
doped

with manganese was of anatase crystal form.
Besides, Figure 1 showed that a peak around 32.5∘ was

attributed toMn
3
O
4
according to JCPDS cards (NO75-1560).

3.2. Analysis of XRD on Rutile TiO
2
Doped with Manganese

Oxalate. As can be seen from Table 2 and Figure 2 prepared
TiO
2
doped withmanganese appeared single and strong peak

at maximum diffraction angles at 25.44∘, 36.08∘, and 54.34;
medium and single peak at 41.26∘ and 56.68∘; and weak and
single peak at maximum diffraction angles at 39.22∘ and
44.08∘. It can be easily observed that the characteristics that
TiO
2
doped withmanganese exhibited are almost the same as

those of the rutile TiO
2
standard card (PDF number 00-001-

1292). The data from comparing their diffraction angle and
intensity indicated that TiO

2
doped with manganese oxalate

still keeps the rutile crystal phase.

3.3. Analysis of EDX on Anatase and Rutile TiO
2
Doped with

Manganese Oxalate. The statistical analyzing results were
listed in Tables 3 and 4. The data from Tables 3 and 4
indicated that the ratio of Ti4+ and Mn2+ almost equaled
50 : 1 among thematrices of anatase crystal phase TiO

2
doped

with manganese and rutile crystal phase TiO
2
doped with

manganese, which certified that TiO
2
doped with manganese

could not alter the microstructure of TiO
2
.

3.4. The Relationship between Removal Ratio of COD and
Removal Ratio of 4-Nitroaniline. The ionic radius of Mn2+
(0.80 Å) is quite similar to that of host Ti4+ (0.68 Å). Hence,
Mn2+ ions can easily substitute Ti4+ ion in TiO

2
lattice

without distorting the pristine crystal structure; thus it can
stabilize the anatase crystal phase over a range of doping
concentrations. The doped Mn2+ can reduce the band gap
of semiconductor TiO

2
. The band gap can be achieved by

CB (conduction band) subtracting VB (valence band). The
photogenerated charge carriers such as h+ and e− whose
function motivated hydroxyl radical may be recombined
and this may lead to producing electron accumulating
phenomenon. Thus this could low catalytic activity. Thus
TiO
2
dopedwithmanganese can overcome above-mentioned
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Table 1: Comparing diffraction angle and intensity of anatase TiO2 standard card and TiO2 doped with manganese.

Anatase TiO2 standard card (00-002-0387) Angle (∘) 25.25 36.96 37.93 38.61 48.1 53.89 55.30
Intensity (a.u.) 100 10 50 10 90 70 79

Prepared TiO2 doped with manganese Angle (∘) 25.3 36.9 37.8 38.61 48.2 54 55.30
Intensity (a.u.) 6820 806 1906.7 953 2153 1613.3 1226.7

Table 2: Comparing diffraction angles and intensity of rutile TiO2 standard card and prepared TiO2 doped with manganese.

Rutile TiO2 Standard card (00-001-1292) Angle (∘) 27.51 36.06 39.31 41.19 44.14 54.23 56.78
Intensity 80 60 4 30 12 100 30

Prepared TiO2 doped with manganese Angle (∘) 25.44 36.08 39.22 41.26 44.08 54.34 56.68
Intensity (a.u.) 2572 1371.7 552.5 864.2 571.7 1570.8 757.5
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Figure 1: Comparison of XRD pattern of anatase standard card (00-
002-0387) and TiO

2
doped with manganese oxalate.
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shortcoming and catalytic performance of TiO
2
doped with

manganese can be improved. Figure 3 indicated that the
hydroxyl radicals produced by photochemical reaction could
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Figure 3: The relationship between removal ratio of 4-nitroaniline
and COD removal ratio during the reaction (c (4-nitroaniline) =
100mg/L; voltage = 12V; ultraviolet ray dosage = 1200𝜇W/cm2).

Table 3: Statistical results of metal on anatase TiO2 doped with
manganese by EDX.

Element K-ratio
(calculation) Atom (%) Element

weight (%)
Ti-K 0.9756 97.73 97.41
Mn-K 0.0221 2.27 2.59

rapidly strike the ring of 4-nitroaniline and result in the ring
cracked out; finally the cracked ring can be converted into
inorganic substance with reductive property.

3.5. Induced Defect States by Doped with Manganese in the
Pristine TiO

2
. The variable oxidation states and their ionic

radii of manganese are Mn2+ (0.80 Å), Mn3+ (0.66 Å), or
Mn4+ (0.60 Å). Probable defect states can be represented
using Kroger and Vink notation [11, 12].
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Table 4: Statistical results of metal on rutile TiO2 doped with
manganese by EDX.

Element K-ratio
(calculation) Atom (%) Element

weight (%)
Ti-K 0.9699 97.20 96.80
Mn-K 0.0273 2.80 3.20

Assume Mn4+ occupying the lattice of Ti4+ in TiO
2

matrix:

MnO
2
←→ MnTi + 3Oo (Mn is in + 4 oxidation state)

(1)

When themanganese ofMnO
2
may be present as tetrava-

lent state, tetravalent titanium in TiO
2
can be replaced by

tetravalent manganese. Because the ionic radius of Ti4+ was
0.72 Å is bigger than that of tetravalent manganese (0.60 Å);
thus the replacing process can produce 3Oo. Meantime
because the Mn4+ of MnO

2
and Ti4+ of TiO

2
may be all

present as tetravalent, the ionized oxygen vacancy does not
produce.

Assuming Mn3+/Mn2+ occupying the lattice of Ti4+ in
TiO
2
matrix, it induces doubly ionized/two single ionized

oxygen vacancies:

Mn
2
O
3
←→ 2MnTi


+ 3Oo +

Vo
∙∙

2Vo
∙

(Mn in + 3 oxidation state)

(2)

When the manganese of Mn
2
O
3
may be present as

trivalent state, tetravalent titanium in TiO
2
can be replaced

be trivalent manganese. Because the ion radium of Ti4+ was
0.72 Å is bigger than that of trivalent manganese (0.66 Å);
thus the replacing process can produce Oo. Meantime the
Mn3+ of Mn

2
O
3
and Ti4+ of TiO

2
may be present as different

valence states; thus doubly ionized/two single ionized oxygen
vacancies may be produced:

MnO←→ MnTi

+Oo +

Vo
∙∙

2Vo
∙

(Mn in + 2 oxidation states)
(3)

When the manganese of MnOmay be present as bivalent
state, tetravalent titanium in TiO

2
can be replaced by bivalent

state manganese. Because the ion radium of Ti4+ was 0.72
which is smaller than that of bivalent manganese (0.80 Å),
the replacing process can produce Oo. Meantime the Mn2+
of MnO and Ti4+ of TiO

2
may be present as different valence

states; doubly ionized/two single ionized oxygen vacancies
may be produced.

The notations Vo, Vo
∙, and Vo

∙∙ represent neutral, single,
and doubly ionized oxygen vacancies. Oo is oxygen occupy-
ing oxygen lattice. MnTi is manganese ion at titanium lattice
and the () represents the deficiency in the charge.

3.6. The Removal of Total Organic Carbon (TOC) during
the Photochemical Reaction. As can be seen in Figure 4
TOC removal ratio almost keeps the same pace with 4-
nitroaniline removal ratio during all the degradation. This is
mainly attributed to synergistic effect between high efficient
catalyst and the direct-current electric field. During the
whole reaction, the dissolved oxygen and electric field could
make the system mix up better; meantime, the produced
hydroxyl radicals can be swiftly transferred to the surface of
catalyst with the help of electric field. Thus the catalyzing
efficiency can be greatly enhanced. By means of availing
of this kind of method, 4-nitroaniline can be converted
into harmless inorganic substance. Besides, enhanced activity
of TiO

2
doped manganese was mainly attributed to the

bicrystalline framework of anatase and rutile which suggests
the synergistic effect between the mixed polymorphs. It
is well known that TiO

2
with bicrystalline framework of

anatase-rutile can effectively reduce the recombination of
photogenerated charge carrier [13–15].

As can be seen in Figure 5, photochemical reaction
accompanying with electric field and UV light without
photocatalyst only can produce about 10% cracking ratio
of 4-nitroaniline ring. But, it was observed from Figure 4
that when the TiO

2
doped with manganese was used as

catalyst under the same conditions, the cracking ratio of 4-
nitroaniline ring and removal ratio of TOCwere, respectively,
equivalent to 99% and 97%, which further proved that
photochemical reaction accompanyingwith electric field, UV
light, and catalyst (TiO

2
doped with manganese) can rapidly

decompose 4-nitroaniline.The above-mentioned experimen-
tal results indicated that the TiO

2
doped with manganese

mainly plays an important role, while electric field and UV
light play a minor role during the process of degradation of
4-nitroaniline.

As can be seen in Figure 6 photochemical reaction by
means of TiO

2
without doping manganese can only decom-

pose about 30% of 4-nitroaniline; meantime the removal
of TOC only reaches 20% within ten hours. But, it can
be observed from Figure 6 that the cracking ratio of 4-
nitroaniline and removal ratio of TOC were, respectively,
equivalent to 99% and 97% when the TiO

2
doped with

manganese was utilized to decompose the 4-nitroaniline.
These data further proved that manganese mainly plays
an important role during the process of decomposing 4-
nitroaniline by photochemical reaction with 12V voltages
and 1200𝜇W/cm2 dosage ultra violet ray.

3.7. Analyzing the Byproduct by IR (Infrared). After finishing
degradation of the 4-nitroaniline by catalytic reaction, the
byproduct of reaction was gained by filtering the solution
and the product was sandy beige. The dried residue was
analyzing by infrared spectrometer. As can be seen in Figure 7
the characteristic peaks of 4-nitroaniline disappeared and
appeared to be the characteristic peaks of alkyne and ester.
The analyzed results indicated that the byproducts of degra-
dation 4-nitroaniline were not harmful to water body and
human beings.
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Figure 4: The relationship between TOC removal ratio and 4-
nitroaniline removal ratio during the reaction (c (4-nitroaniline) =
100mg/L; voltage = 12V; ultraviolet ray dosage = 1200𝜇W/cm2).
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Figure 5: The relationship between cracking ratio of 4-nitroaniline
ring and operation time during reaction (c (4-nitroaniline) =
100mg/L; voltage = 12V; ultraviolet ray dosage = 1200𝜇W/cm2).

Figure 7 showed that the characteristic peaks at wave-
numbers 842.83 cm−1 (𝛿C–H ) which represented the para-
substitution of benzene ring and peaks at wavenumbers
2177.63 cm−1 (]C=N) disappeared completely. Meantime, the
characteristic peaks at wavenumbers between 1200 and
1700 cm−1 belonging to ]nitro appeared weak peaks, and the
most part of peaks disappeared.The results indicated that the
byproducts of degradation of 4-nitroaniline cannot contain
the ring of benzene, alkenes.Theweak peaks appearance near
thewavenumbers 2000 cm−1 from IR of byproducts indicated
the existence of alkynes groups.This further certified that the
4-nitroaniline was completely decomposed during the whole
reaction. The byproducts only contained little inorganic
compounds containing nitrogen.
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Figure 7: The infrared spectrometer on byproduct after finishing
degradation of the 4-nitroaniline.

3.8. Analyzing the Byproducts by Elemental Analysis (EA).
The elemental analyzing data on byproducts produced dur-
ing decomposing 4-nitroaniline were listed in Table 5. The
analyzed result showed that the byproducts contained eleven
point zero percent carbon, two point forty-two percent
hydrogen, one point ninety percent nitrogen, and eighty-four
point sixty-eight percent oxygen. The carbon and hydrogen
element were derived the trace conjugated alkenes and the
nitrogen was derived from the inorganic nitrogen oxides by
analyzing those data from Figure 7 and Table 5.
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Table 5: Elemental analysis results on byproduct during decompos-
ing the 4-nitroaniline.

Element Carbon Hydrogen Nitrogen Oxygen
Mass percent (%) 11.0 2.42 1.90 84.68

4. Conclusions

(1) Anatase and rutile TiO
2
doped with manganese

oxalate exhibited strong performance of decomposing
4-nitroaniline when they were mixed up according to
fixed ratio 9 : 1.

(2) During the process of degradation of 4-nitroaniline,
the TiO

2
doped with manganese plays an important

role, while the electron field and UV light play a weak
and synergistic role.

(3) During the whole degradation, the cracking ratio of
ring of 4-nitroaniline, the removal ratio of COD and
the removal ratio of TOCwere kept almost at the same
pace. The cracking ratio of 4-nitroaniline ring, the
removal ratio of COD, and TOC were, respectively,
more than 99%, 85%, and 80%when reaction was run
for 10 hours.

(4) The values of COD and TOC were, respectively, less
than 16mg/L and 8mg/L while the experiment was
finished within 10 hours. The final concentrations
in effluent on COD and TOC met the Discharge
Standard of the National Primary Standard.

(5) The invented method can completely solve the prob-
lem of treating waste water on 4-nitroaniline whose
concentration was below 100mg/L.
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MnO
2
/graphene nanocomposites were synthesized through a simple route in a water-reflux condenser system. The as-prepared

composites were characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction, Raman
microscope, and Brunauer-Emmett-Teller surface area analysis. Capacitive properties of the synthesized composite electrodes
were investigated via cyclic voltammetry, galvanostatic charge/discharge, and electrochemical impedance spectrometry in a 0.5M
Na
2
SO
4
electrolyte. Results show that this method can control the morphology and structure of MnO

2
loaded onto the graphene

sheets. Because excessive MnO
2
enwrapping graphene would affect the overall conductivity, the composite prepared by lower

temperature has better characteristics of supercapacitor. 60-MnO
2
/graphene composite (48wt% MnO

2
) displays the specific

capacitance as high as 350 F/g at 1000mA/g, which is higher than that of 100-MnO
2
/graphene (302 F/g), and it is almost two

times higher than that of MnO
2
(163 F/g). Furthermore, the composite exhibits excellent long cycle life along with ∼93% specific

capacitance retained after 5000 cycle tests.

1. Introduction

Supercapacitors are excellent electrical energy storage
devices, exhibiting high power density, excellent reversibility,
and cycle ability [1]. Amongst all the materials, carbon and
metal oxide materials have been conceived as promising
electrode materials for electrochemical supercapacitors
(ESCs), in which energy is stored due to the formation of an
electrical double layer at the interface of the electrode or due
to electron transfer between the electrolyte and the electrode
through fast faradic redox reaction [2].

Graphene, which was synthesized by Novoselov and
Geim in 2004, is conceived as electrochemical capacitors
because of its excellent electrochemical performance [3].
As a new carbonaceous material, graphene possesses evi-
dent advantages for the applications in ESCs because of
its large theoretic specific surface area and efficient elec-
tron transfer channels. As a rising star in carbon family,

graphene has attracted a great deal of attention in recent
years. Peng et al. [4] had synthesized a high-performance
in-plane supercapacitor based on hybrid nanostructures of
quasi-2D ultrathin MnO

2
/graphene nanosheets, exhibiting

high specific capacitances of 267 F/g at current density of
0.2 A/g and 208 F/g at 10 A/g and excellent rate capability
and cycling stability with capacitance retention of 92% after
7000 charge/discharge cycles. Chen et al. [5] had prepared
graphene and nanoacicular MnO

2
composite material by

chemical coprecipitation method with adding KMnO
4
to

MnCl
2
solution dispersed with graphene, in which the mass

fraction ofMnO
2
was about 90% (MnO

2
: G = 9.8 : 1), and the

sample capacitance in 1M Na
2
SO
4
solution for 198 F/g. Li et

al. [6] had loaded MnO
2
onto graphite oxide (GO) surface

by citrate reduction potassium permanganate; then the paper
G/MnO

2
complexes were formed under high temperature

reduction in argon atmosphere. And its capacitance value
was 256 F/g in 0.1M Na

2
SO
4
solution. Cheng et al. [7]
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Figure 1: Synthesis schematic of amorphous MnO
2
/graphene

nanocomposites.

had prepared MnO
2
/graphene composite by electrostatic

self-assembly process. The negatively charged colloidal gra-
phene nanosheets and positively charged MnO

2
were uni-

formly mixed; then MnO
2
was assembled on the graphene

nanosheets via electrostatic attraction. Graphene materials
with different oxide being supported were researched by
Rakhi et al. [8], where MnO

2
/graphene capacity was 245 F/g.

Wang et al. [9] had prepared the composites of integrated
1D MnO

2
nanowires and 2D graphene sheets at nanoscale

under the mild condition of 100∘C. Wu et al. [10] had pre-
paredMnO

2
/graphene composites and graphene asymmetric

capacitor.
In the process of preparing electrodes, the methods of

depositing activated materials on collectors are the most cru-
cial element to affect the performance of supercapacitors [11].
Electrophoretic deposition (EPD) is themost economical and
versatile method for depositing and coatings, which enables
the formation of high purity deposits of uniform thickness on
substrates with complex shape [12].

In this paper, we reported a facile method to prepare
MnO
2
/graphene composites as novel electrode materials by

a water-reflux condenser system under different temper-
atures and fabricating electrodes by using electrophoretic
deposition. The preparation schematic illustration of hybrid
material was shown in Figure 1. For this composite, graphene
served mainly as a highly conductive support, which could
also provide a large surface for the deposition of nanoscale
MnO
2
. The capacitive behaviors of the MnO

2
/graphene

nanocomposites under different temperatures were inves-
tigated and compared with that of the MnO

2
electrode

in 0.5M Na
2
SO
4
electrolyte solution. The electrochemical

tests showed that 60-MnO
2
/graphene composite performed a

better capacitive behavior as compared with pure MnO
2
and

100-MnO
2
/graphene electrodes.

2. Experiments

2.1. Synthesis of MnO
2
/Graphene Composites. In this paper,

thin layer graphenematerials were synthesized from graphite
flake (20 × 50 × 1mm) as an electrode and source of
graphene using a modified electrochemical exfoliation [13].
More details of the synthesis on graphene had been reported
elsewhere [14]. MnO

2
was prepared by redox reaction

between acetylene black and KMnO
4
under a traditional

chemical precipitation method. With graphene as carrier,
the MnO

2
particles showed nucleation and growth. In the

first step, 100mL of graphene water suspension (2.5mg/mL)
was subjected to ultrasonic vibration for 1 h. Then KMnO

4

powder (0.5 g) and acetylene black (0.03 g) were added
into above graphene suspension. Subsequently, the aqueous
suspension was reflux-condensed in a thermostatic water
bath by constant magnetic stirring at the temperature of 60∘C
and 100∘C for 8 h, respectively. Finally, the black deposit was
filtered, washed several timeswith distilledwater and alcohol,
and dried at 70∘C for 12 h in a vacuum oven. The sample
collected after drying is designated as 𝑋-MnO

2
/graphene,

where𝑋 denoted the synthesis temperature. For comparison,
the pure MnO

2
was prepared at 60∘C under the same

condition.

2.2. Characterization Methods. The resulting mass percent-
ages of MnO

2
in the composites were determined by induc-

tively coupled plasma-atomic emission spectroscopy (ICP-
AES, Shimadzu ICPS-7500). Furthermore, in order to exam-
ine the mass percentage of MnO

2
in the MnO

2
/graphene

composites, thermogravimetry- (TG-) differential scanning
calorimetry (DSC) experiments (STA 449C, NETZSCH,
SELB,Germany)were carried out.The crystallographic struc-
tures of the materials were determined by X-ray diffraction
(XRD,𝐷/max −2500/pc) with Cu K𝛼 radiation 𝜆 = 1.5405 Å.
Raman spectra were recorded on a microscopic confocal
Raman spectrometer (Labram HR 800) with an excitation
of 514 nm laser light. The Brunauer-Emmett-Teller (BET)
specific surface areas were evaluated based on nitrogen
adsorption isotherms at −196∘C on a NOVE 4000e analyzer.
Themicrostructure of the samples was investigated by a field-
emission scanning electron microscopy (FESEM, S-4800)
and a transition electron microscopy (TEM, JEOL JEM2010).

2.3. Preparation of Electrodes and Electrochemical Measure-
ment. The fabrication of working electrodes is shown in
Figure 2.

The aqueous suspension of composites with a concentra-
tion of 1.0 g/L was used for the electrophoretic deposition
[15]. The nickel foam substrates (1 × 1 cm) were cleaned by
ultrasonic treatment in ethanol for 30min and drying under
vacuum at room temperature. Two parallel nickel foams were
used as electrodes at a distance of 1 cm. EPD was conducted
at a constant voltage of 10V for a deposition time of 10min.
After deposition, the samples were dried under vacuum at
room temperature. The loading mass of each electrode was
about 2mg.

The electrochemical measurements were performed in
a three-electrode system with a platinum foil electrode and
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−
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Figure 2: The fabrication procedure of MnO
2
/graphene electrode.

a saturated calomel electrode (SCE) served as counter and
reference electrodes, respectively. The Ni foam was coated
with composites (1× 1 cm) as theworking electrode.Themea-
surements were carried out in a 0.5M Na

2
SO
4
aqueous elec-

trolyte at room temperature. Galvanostatic charge/discharge
curves were measured in the potential range of −0.2∼1.0 V
at current density of 1000mA/g. Cyclic voltammograms tests
were carried out at potentials between −0.2 and 1.0 V at scan
rates of 50mV/s. Electrochemical impedance spectroscopy
was carried out without DC bias sinusoidal signal of 5mV
over the frequency range from 10 kHz to 0.1 Hz.

3. Results and Discussion

3.1.Microstructure Characterizations. Theself-limiting depo-
sition of nanoscale MnO

2
on the surface of graphene is

used here by redox reaction between acetylene black and
KMnO

4
under a water-reflux condenser system.The reaction

is featured by electron transfer from the acetylene black
to the oxidant upon direct contact, and the redox reaction
between acetylene black andKMnO

4
in a pHneutral solution

is shown in Figure 2. As carbon materials, graphene is the
crystalline state, and acetylene black is amorphous.Therefore,
graphene needs to overcome the higher barrier and requires
more energy than acetylene black during the oxidation
reaction. Because of the low temperature experiment, in this
reaction, the acetylene black serves as a sacrificial reductant
and converts aqueous permanganate (MnO

4

−) to insoluble
MnO
2
, which deposits on the surfaces of graphene.

A relatively easier method was adopted to estimate the
mass percentage of MnO

2
in the MnO

2
/graphene. Figure 3

shows TG and DSC curves of graphene and 60-MnO
2
/gra-

phene. At about 584∘C, the graphene sample burned upwith a
residualmass of 5%, whichwere some residue impurities.The
DSC curve of MnO

2
/graphene showed a reduction in sample

weight below 332∘C, and the corresponding dehydration of
the composite was 20%; then the following weight loss was
due to the oxidation of graphene. It can be seen from the
TG curve of 60-MnO

2
/graphene that, at the temperature

up to 700∘C, the residual mass was about 53%. Therefore,
the mass percentage of MnO

2
in the MnO

2
/graphene was

estimated to be 48%. The mass percentage of MnO
2
in the

60-MnO
2
/graphene was also determined by using ICP-AES

and it correlates well to the TG/DSC experiments.
XRD patterns confirmMnO

2
/graphene with mixed crys-

talline and amorphous parts (Figure 4). Three broad peaks
at 2𝜃 around 37.2∘, 56.1∘, and 66.3∘ can be indexed to 𝛾-type
MnO
2
(JCPDS 18-0802) [16]. Broad peaks were related to

a poorly crystallized compound originating from the small
grain size and approximately amorphous state of the powder.
The peak at 2𝜃 around 56.1∘ corresponding to the (301) crystal
plane of MnO

2
cannot be observed after graphene was intro-

duced, indicating that the stacking of the graphene sheets
was disorderly. Compared with the MnO

2
and graphene, the

diffraction peaks of MnO
2
/graphene had been changed. It

is no longer pure MnO
2
phases; the contours of the peaks

are substantially the same. At the corresponding diffraction
angles, there are the peaks of both graphene and MnO

2
.

Therefore, it can be concluded that the presence of graphene
cannot change the crystal structure of MnO

2
. The above

analysis shows that the MnO
2
/graphene nanocomposites are

composite materials with two-phase structure and MnO
2
as

the main crystalline phase. With graphene as a carrier, the
MnO
2
particles showed nucleation and growth.

Raman spectra are performed to indicate the structures
of carbon materials by the resulting characteristic 𝐺 and
𝐷 bands sensitive to disorder and defects [17]. Figure 5
displays the Raman spectra of graphite, graphene, and 60-
MnO
2
/graphene. The existence of 𝐺 band at 1582 cm−1 and

𝐷 band at 1351 cm−1 in the spectrum of graphite indi-
cates the ordered sp2 structure. It is observed that 𝐼

𝐷
/𝐼

𝐺

increases in the Raman spectroscopy of graphene and 60-
MnO
2
/graphene, indicating that more disordered carbon or

defects are introduced from the reaction of carbon with
MnO
4

− [18]. It can be seen that the typical Raman spectrum
of MnO

2
sample appears in the vicinity of 601 cm−1 and the

peak is caused by the symmetric stretching vibration of Mn–
O bond.

The typical FESEM image of graphene is shown in
Figure 6(a). It can be seen that the graphene sheets have
wrinkles and folds with a thin layer. After the redox reaction
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Figure 3: TG (a) and DSC (b) curves of graphene and 60-MnO
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/graphene.
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between acetylene black and KMnO
4
through a water-reflux

condenser system (Figure 1), as can be seen from Figures
6(b)∼6(d), the graphene sheets were decorated homoge-
neously with microcrystalline shape MnO

2
. Because the

microcrystalline MnO
2
can self-assemble into mesh struc-

ture, the surface atoms are disordered and are with more
atomic space, which make the proton diffusion coefficient
larger. This prepared porous network such as MnO

2
is an

effective means to improve the utilization of active material.
Compared with Figure 6(b), it can be seen from Fig-

ure 6(c) that the reaction temperature of 100∘C makes
the network structure become compact. Therefore the cor-
responding specific surface area decreases. The subsequent
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Figure 5: Raman spectra of graphite, graphene, and 60-MnO
2
/gra-

phene.

electrochemical experiment shows that the composite pre-
pared by 60∘C has better supercapacitor. The highly porous
structure can shorten the diffusion path for charge-carrier
ions, while the large liquid-solid interface facilitates ion
exchange between the electrode and electrolyte. Further-
more, excessive MnO

2
on graphene wrapped will affect its

overall conductivity. Figure 6(e) shows theHRTEM images of
60-MnO

2
/graphene. The MnO

2
exhibits the same interlayer

spacing, 0.72 nm, corresponding to (002) crystal planes,
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(d) (e)

Figure 6: SEM images of graphene (a), 60-MnO
2
/graphene (b), and 100-MnO

2
/graphene (c); TEM (d) and HRTEM (e) images of 60-

MnO
2
/graphene.

indicating there was no change in the lattice structure of
MnO
2
after graphene was introduced.

Figure 7 displays the nitrogen adsorption-desorption
isotherms and pore size distribution curves calculated by
BJH method. In the low relative pressure (𝑃/𝑃

0
< 0.4),

the adsorption and desorption curves coincide because there
are monolayer adsorption and reversible process. At the
higher relative pressure region (𝑃/𝑃

0
0.4∼0.75) and high

relative pressure (𝑃/𝑃
0
0.8∼1.0), all isotherms have significant

hysteresis, indicating their mesoporous characteristics [19]. It
can be seen from Figure 7(a) that 60-MnO

2
/graphene has rel-

atively cliffy hysteresis loop at high 𝑃/𝑃
0
, suggesting the pres-

ence of certainmicropores in the 60-MnO
2
/graphene sample.

The specific surface area for each sample was obtained by
BET method and the values for MnO

2
, 60-MnO

2
/graphene,

and 100-MnO
2
/graphene were 223.1, 327.8, and 296.9m2/g,

respectively. BJH analysis for mesopore distribution is shown
in Figure 7(b); the pore volumes for 60-MnO

2
/graphene and

100-MnO
2
/graphene are, respectively, 0.45 and 0.31mL/g. It

can be seen from Figure 7(b) that the pore size distribution
of 60-MnO

2
/graphene is wider than 100-MnO

2
/graphene.

The pore size of the 100-MnO
2
/graphene sample is mainly

centered around 5 nm and the 60-MnO
2
/graphene is in range

of the 3∼6 nm. It is well known that the pore sizes in the
range of 3∼6 nm contribute to improving the capacitance
[20]. The pore structure of network such as MnO

2
is the

main channel of electrolyte penetration; the existence of rich
mesoporous are good for the full contact between materials
surface and electrolyte surface and improve the utilization
rate of materials.

3.2. Electrochemical Behavior. The CV curves of MnO
2
, 60-

MnO
2
/graphene, and 100-MnO

2
/graphene composites at a

50mV/s scan rate in 0.5M Na
2
SO
4
aqueous solution are

shown in Figure 8(a). It is clear that all of the CV curves
are almost ideally rectangular, exhibiting the typical electro-
chemical double-layer capacitive behavior with a very rapid
current response on voltage reversal at each end potential
and high reversibility [18]. Obviously, 60-MnO

2
/graphene

and 100-MnO
2
/graphene show higher integrated area than

MnO
2
electrode, which indicates the excellent electrochem-

ical performance. The specific capacitance enhancement for
the mesoporous MnO

2
/graphene composite electrodes may

be attributed to two reasons: MnO
2
particles coating on

the surfaces of graphene can greatly reduce the diffusion
length of Na+ and improve the diffusion rate of Na+ during
the charge/discharge process, improving the electrochemical
utilization of MnO

2
. In addition, graphene in the composites

not only acts as the support for the deposition of MnO
2

particles but also provides the high electrical conductivity
of the overall electrode due to the excellent conductivity
of graphene. The lack of symmetry in MnO

2
/graphene is

probably due to combined double-layer and pseudocapacitive
contribution to the total capacitance.

The cycling stability of MnO
2
, 60-MnO

2
/graphene, and

100-MnO
2
/graphene electrodes was also evaluated by CV

test at a 50mV/s scan rate for 5000 cycles. As shown in
Figure 8(b), the 60-MnO

2
/graphene electrode retained about

93.1% of initial capacitance after 5000 cycles, while that of
the MnO

2
retained only about 80%, demonstrating excellent

electrochemical stability of such electrode material. The
different electrochemical stability between MnO

2
/graphene

and MnO
2
may be due to the discrepant double-layer and
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Figure 7: N
2
adsorption-desorption isotherms (a). Pore size distributions calculated by BJH (b).

pseudo capacitance contributions. As is well known, the
double-layer process only involves a charge rearrangement,
while pseudocapacitive is related to a chemical reaction, and
the double-layer capacitors have a better electrochemical
stability. Accordingly, as-synthesized MnO

2
/graphene makes

more double-layer contribution compared to that of MnO
2

owning to the presence of graphene.
To get more information about the potential of as-

synthesized MnO
2
/graphene nanocomposites as electrode

materials for supercapacitors, galvanostatic charge/discharge
measurements were carried out. As illustrated in Figure 8(c),
during the charging and discharging steps, the charge curves
are almost symmetric to their corresponding discharge coun-
terpart with a slight curvature, indicating the pseudocapac-
itive contribution along with the double-layer contribution.
The specific capacitances (Cs) are calculated according to
Cs = 𝐼 × Δ𝑡/(𝑚 × Δ𝑉) from the discharge curves, where 𝐼
is the constant discharge current, Δ𝑡 is the discharge time,
and Δ𝑉 is the potential drop during discharge, and 𝑚 (g) is
the mass of active electrode material.The Cs values of MnO

2
,

60-MnO
2
/graphene, and 100-MnO

2
/graphene electrodes are

163, 350, and 302 F/g, respectively.
EIS measurements were generally applied to evaluate the

electrochemical properties of the as-prepared electrode sam-
ples. Typical Nyquist plots of EIS for these electrodes are dis-
played in Figure 8(d). All the impedance plots are composed
of a semicircle in the high frequency range and a straight line
in the low frequency range.Themeasured impedance spectra
were analyzed on the basis of the equivalent circuit, which is

given in the inset of Figure 8(d). At very high frequencies,
the intercept at real part (𝑍) is a combinational resistance of
ionic resistance of electrolyte, intrinsic resistance of substrate,
and contact resistance at the active material/current collector
interface. It can be seen from Figure 8(d) that a major
difference is the semicircle, which corresponds to the charge
transfer resistance (Rct) caused by the Faradaic reactions and
the double-layer capacitance on the grain surface. Comparing
the impedance plots of these electrodes, it is apparent that the
values of Rct gradually decrease with introducing graphene
and lower synthesis temperature. The slope of the curve
is called the Warburg resistance, which is a result of the
frequency dependence of ion diffusion or transport in the
electrolyte to the electrode surface. So, the increased slope
for MnO

2
/graphene electrodes is attributed to the increased

diffusion and migration pathways of electrolyte ions during
the charge/discharge processes.

Compared with 100-MnO
2
/graphene, the electrochemi-

cal performances of 60-MnO
2
/graphene nanocomposite are

greatly improved because of the following reasons. The
graphene in composite also can provide additional sites for
(C+) storage, which leads to an enhanced reversible capacity
for the electrode. When the synthetic temperature is higher,
the graphene surface was covered by excessive MnO

2
, which

reduced the charge conduction properties of the graphene,
no longer shaped a continuous conducting network, and
increased the diffusion resistance of electrolyte ions in the
composite electrode. Therefore the 60-MnO

2
/graphene has

better supercapacitor than that of 100-MnO
2
/graphene.
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Figure 8: (a) CV curves at 50mV/s. (b) Cycle number at 1 A/g. (c) Galvanostatic charge/discharge curves at 1 A/g. (d) Nyquist plots of
electrodes; inset is the electrical equivalent circuit used for fitting impedance spectra.

4. Conclusions

MnO
2
/graphene nanocomposites had been fabricated

through a simple soft chemical route in a water-reflux con-
denser system and investigated with regard to their electro-
chemical properties as supercapacitor. The morphology and
structure ofMnO

2
on graphene substrate could be controlled

by adjusting the synthesis temperature, which is important
for generating high electrochemical performances. The
specific capacitance values of 60-MnO

2
/graphene composite

(48wt% MnO
2
) electrode reached 350 F/g at 1000mA/g,

which is two times higher than that of pure MnO
2
(163 F/g).

It exhibited an excellent cycling stability with about 93%
capacitance retention after 5000 times of charge/discharge
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cycle in 0.5M Na
2
SO
4
electrolyte, indicating a good applica-

tion potential in supercapacitors as well as other power
source systems.
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This study investigated the effects of CeO
2
on structure and synthesis of boroaluminosilicate transparent glass ceramics containing

CaF
2
nanocrystals prepared through isothermal crystallization of the melt-quenched glasses with composition 54SiO

2
–10B
2
O
3
–

13Al
2
O
3
–14Na

2
O–3ZnO–2Li

2
O–4CaF

2
doped with 0–1.2mol% CeO

2
. CeO

2
in polyvalent states acting as network modifier leads

to disruption of the silicate network and the conversion of [BO
3
] to [BO

4
] generating the nonlinear variations in crystallization,

and thermodynamic and optical features. Glass transition temperature and the crystallization temperature decrease firstly and then
increase with the increase of CeO

2
content. Correspondingly, the size of CaF

2
nanoscale crystals and the absorption coefficient of

the glass ceramics are found to pass through a maximum and then decrease with increasing CeO
2
addition. Increasing CeO

2

concentration and elevating treating temperature lead to red-shift of absorption edge and transparency deterioration of glass
ceramics.

1. Introduction

Glasses used in space, nuclear power devices, and other sci-
entific applications may be exposed to high energy radiation
like gamma, electron, proton, and neutron [1, 2]. Ionization
caused by photon and particle radiation lead glasses to degen-
eration in performances raising the concern about nuclear
environmental hazards to facility as well as health security
therein [3]. Radiation often results in recognizable loss in
glass transmittance over the visible spectral range and even
glass color change. Most glasses become unusable for optical
applications under excessive irradiation.

Radiation resistant glasses are referred to glasses which
can maintain their physical properties including optical
transmittance even after high dose of nuclear radiations.
Optical glasses can be stabilized against transmittance loss
caused by ionizing radiation by adding cerium to the com-
position. Since cerium presents in glasses in polyvalent ions,
that is, Ce4+ and Ce3+ via ceric-cerous redox equilibrium,
it gives glasses irradiation protection in the ways that Ce3+

capture holes and Ce4+ trap electrons yielded by irradiation
to avoid their recombination and hence the formation of
permanent defect centers [4].

In the past few years, cerium oxide (CeO
2
) has been used

as a stabilizer or sensitizer agent in doping silicate glass to
improve irradiation resistance, luminescence properties, and
so on [5–7]. As a well known heat resistant glass, borosilicate
glass achieved extensive application thanks to its excellent
physical and chemical properties [8]. In particular, the supe-
rior dissolving capacity of rare earth (RE) makes borosilicate
glasses very suitable for developing RE-doped optical glasses
and for immobilization of high-level nuclear wastes [9–11].
By doping CeO

2
, alkali borosilicate glasses gain modification

on physical properties and can be widely used in irradiation
ambient such as aerospace, nuclear facilities, and photovoltaic
devices as well as medical and military fields [12].

Although CeO
2
helps borosilicate glass increase resis-

tance to radiation damage, the undesirable yellowing effect
arising from high cerium content limits its extensive applica-
tion with requirement of stable optical properties. The onset
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of yellowing in most of alkali borosilicate glasses occurs at 1-
2mol%CeO

2
[13]; thus addition of CeO

2
has to beminimized

as much as possible to avoid coloration of host glass at the
expense of partial irradiation resistance.

Notwithstanding at the present time borosilicate glass as
the generally accepted first generation nuclear waste form, its
microstructure change due to high temperature and pressure
and watery environment allows easy leach of radionuclide.
The high melting point, high thermal conductivity, and
radiation stability have been proved to make ceramics the
competitive candidate for irradiative waste immobilization
[14]. Glass ceramics (GC), a kind of inorganic composite
materials with crystalline fillers dispersed in vitreous matrix,
may manifest the irradiation resistance in a different mode
from the generic glasses as evidenced from the following
study cases. A glass ceramic made of 50 vol. % fluorophl-
ogopite mica crystals embedded in a borosilicate glassy
matrix exhibits properties stability and even strength gain
when exposed to high-fluence neutron irradiation [15]. Glass
ceramics based on SiO

2
–Al
2
O
3
–MgO and SiO

2
–Al
2
O
3
–

Y
2
O
3
used as pressureless low activation joining materials

for nuclear applications show much remarkable similarity
and unaffected mechanical strength before and after neu-
tron irradiation [16]. Excellent radiation resistance makes
scintillating glass ceramic a promising alternative to glass in
the field of scintillation detector which always works under
radiation condition that can influence the energy resolution
of detectors [17–20].

Transparent glass ceramic (TGC), which achieved wide
use in optical materials field, can be formed via controlled
crystallization of precursor glass [21] in case of fine pre-
cipitated crystals well below the wavelength of the visible
light or a negligible refractive index difference between the
amorphous and crystalline phases. The latter criteria can be
dismissed provided with the smallness of crystal less than
dozens of nanometers because the light wave propagating
in it cannot feel a modulation of the refractive index in
dimensions far shorter than its wavelength [22]. It is of much
significance to investigate the irradiation effects of TGC used
in radioactive ambient, and the first of all problems is to syn-
thesize preliminarily glass ceramics thatmeet certain require-
ments on existing modification of irradiation resistance.

We intentionally selected alkaline boroaluminosilicate
system as the precursor glass for the preparation of TGC in
consideration of its wide use in irradiative condition ranging
from nuclear waste immobilization [23] to aerospace facility
components such as solar cell cover [24] andmicroelectrome-
chanical system due to the mentioned merits. The struc-
tural evolutions as well as the property variations of some
boroaluminosilicate glasses dopedwith RE as surrogate of the
actinides under irradiation have been investigated [10, 25, 26].
Additionally, molybdenum-added boroaluminosilicate as the
model system has been applied to synthesize glass ceramic
containing powellite crystals for high-level waste immobiliza-
tion [27], whereas, to our knowledge, TGC doped with CeO

2

for irradiation sheltering purpose are less documented. In
particular CeO

2
-doped borosilicate oxyfluoride TGC, which

has great potential applications for advanced opticalmaterials
such as large telescope mirror blanks, liquid crystal displays,

solar cells, and energy conversion materials that may be
subject to harsh irradiation, deserves to place an emphasis on
investigation. Besides, there have been many inconsistencies
on the role of cerium playing in structure and synthesis
of glass ceramics; for instance, cerium can act as promoter
[28, 29] or inhibitor [30] of crystallization depending on glass
composition and crystallized species. Hence, the goal of this
study is to investigate the effect of cerium on the structure,
synthesis, and properties of limited CeO

2
-doped boroalumi-

nosilicate oxyfluoride TGC containing CaF
2
crystal.

2. Experimental

2.1. Glass Preparation. The precursor glasses (G) were syn-
thesized by conventional melt-quenching method using
analytical pure reagents SiO

2
, Al(OH)

3
, B
2
O
3
, Na
2
CO
3
,

Li
2
CO
3
, ZnO, CaF

2
, and CeO

2
as starting materials.The base

glass batch mixture with a fixed glass composition 54SiO
2
–

10B
2
O
3
–13Al

2
O
3
–14Na

2
O–3ZnO–2Li

2
O–4CaF

2
(mol%) was

previously prepared by ball-milling the compounded ingre-
dients for 1 h, and subsequently CeO

2
-doped mixtures were

fabricated by adding extra 0%, 0.4%, 0.8%, and 1.2% CeO
2

powder (mol%) over the batched mixture of base glass
(keeping the ratio of base components constant). The glass
batch was heated to 1400∘C at a heating rate of 20∘C/min
holding for 2 h in an openplatinumcrucible in air. Afterwards
the melt was poured onto a preheated graphite plate and was
pressed to form a disk followed by being annealed in a muffle
furnace at 500∘C for 1 h to release the internal stress. The
as-prepared glass discs were polished with SiC papers up to
1200 grit, ultrasonically cleaned in acetone and anhydrous
ethanol, respectively, and then washed with distilled water
for further measurements. Glass samples were referred to by
their doped molar percentage of CeO

2
relative to 100mol

base glass, that is, G0, G0.4, G0.8, and G1.2, respectively. The
glass ceramics (GC) were prepared by reheating the obtained
glasses to crystallize at a certain temperature above its glass
transition temperature 𝑇

𝑔
for 3 h.

2.2. Spectroscopic Analysis. Infrared (IR) spectra measure-
ments for the glasses and glass ceramics from 400 to
4000 cm−1 were carried out at room temperature by a Nicolet
1s10 Fourier transform infrared spectrometer (FTIR) using
the standard KBr pellet method. The pellets were prepared
by tightening a specialized screwmould containing amixture
of 200mg spectrum pure KBr and 2.0mg glass powder.
The recorded spectrum of the pulverized sample pellet was
subtracted by that of the matrix KBr.

2.3. Thermal Analysis. Glass transition temperature and
crystallizing temperature were preliminarily determined by
differential scanning calorimetry (DSC) as the basis to
formulate the heat treatment schedules. The measurement
was carried out on about 20mg glass powder placed in a
platinum crucible with lid under Ar ambient at a heating rate
of 10 K/min using a NETZSCH STA449F thermal analyzer.

2.4. X-Ray Diffraction (XRD) Measurements. XRD analysis
was conducted to detect the crystalline phase precipitated in
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the glass matrix of as-prepared glass ceramics in the form of
powder ground in an agate mortar with a pestle. The XRD
spectra were recorded within Bragg angle 2𝜃 from 20∘ to 80∘
by means of a diffractometer (D/MAX-IIIA) using Cu K𝛼
radiation with a scanning speed of 3∘/min.

2.5. Morphology Observation. Morphologies of the studied
glass ceramics were observed by using a field emission
scanning electronic microscopy (FE-SEM, Hitachi S-4700
Japan). Prior to observation, the surface was soaked in 10%
HF solution for several seconds and ultrasonically cleaned in
deionized water; then the samples were sputtered with gold
on dried surface.

2.6. UV-Vis Spectroscopic Analysis. The transmittance as
function of wavelength for each TGC was measured using
a UV-Visible spectrophotometer (PERSEE T6) with a dual
light source by scanning from 190 to 1100 nm using air as
a reference at 4 nm resolution. The as-prepared TGC were
successively polished with SiC papers up to 1200 grit and
cerium oxide powder slurry, ultrasonically cleaned in acetone
and anhydrous ethanol, respectively, and then rinsed with
distilled water and dried for measurements.

3. Results and Discussion

3.1. Glass Structure. Figure 1 shows the FTIR spectra of the
as-prepared glass and glass ceramics with variations in CeO

2

content. A sharp peak at 1627 cm−1 identifies the vibrations
of residual moisture or OH− present in the glass structure
[31, 32].The band at about 1420 cm−1 is assigned to carbonate
groups which results from the interaction between CO

2
and

silicate melts at high temperature [33, 34]. The band centered
at about 1300 cm−1 is due to the asymmetric stretching
relaxation of the B–O bond of trigonal [BO

3
] units [2, 35,

36]. The broad band ranging from 850 to 1200 cm−1 arises
from the overlapping contributions of silicate and borate
groups [37]. Within this range, silicon-oxygen tetrahedral
with varying numbers of nonbridge oxygen (NBO), which is
commonly denoted as 𝑄𝑛 describing Si–O tetrahedral group
with 𝑛 bridging oxygen per structural unit, can be assigned
to respective IR band [38, 39]. A shoulder at about 1150 cm−1
within the composite peak can be assigned to 𝑄4 stretching.
The intense band located at 1020 cm−1 can be attributed to the
combined asymmetric stretching vibration of Si–O–Si andB–
O–B network of tetrahedral structural units including [SiO

4
]

and [BO
4
] groups [40–42]. As more alkaline is introduced in

the base glass than Al
2
O
3
, alumina is assumed to enter Si–

O tetrahedral network contributing to the vibration of this
band, that is to say, all aluminum is 4-fold coordinated and
unaffected by doping CeO

2
. The band at about 705 cm−1 is

associated with the bending of B–O–B linkage in the borate
network [39, 43]. Moreover, a band situated at 450 cm−1 is
generally attributed to Si–O–Si bending [35, 36, 41].

For both the glasses and glass ceramics, the variations
in curve shape exhibit the analogous trends. Specifically,
with increasing CeO

2
content, absorption band at 1300 cm−1

arising from stretching of triangles [BO
3
] appears to grad-

ually decrease in intensity. Meanwhile within the range
of 850–1200 cm−1, shoulder at 1150 cm−1 tends to weaken
and peak centered at 1020 cm−1 concomitantly intensifies
with the increase of CeO

2
concentration. These revelations

suggest two opposite modifications in network structure,
that is, the depolymerization of Si–O skeleton network and
the concomitant conversion of [BO

3
] triangles to [BO

4
]

tetrahedral in borate network, leading to nonlinear variations
in glass connectivity when doping CeO

2
. It is proposed that

cerium oxide acting as network modifier in glass [44, 45]
introduces NBOs allowing for the rupture of Si–O network
and conversion of [BO

3
] triangles to [BO

4
] tetrahedral due

to “boron oxide anomaly.” In addition to alkali metal ions,
cerium ions can also serve to balance negative charge of
the neighboring tetrahedrons [46]. Formation of [BO

4
] by

adding CeO
2
has been reported elsewhere in similar study

regarding borate glasses [30, 47] as well as lithium aluminum
borate glasses [44].

On the other hand, cerium oxides in glass melt [44, 45]
can present in polyvalent states via a redox equilibrium
written as

Ce4+ +O− ⇒ Ce3+ +O (1)

Raising appropriately CeO
2
content yieldsmore Ce3+ ion that

consequently give rise to number of NBOs [12]. Cerium in
lower content presents predominantly in Ce3+ state yielding
more NBOs, while in higher content more Ce3+ will trans-
form into Ce4+ suppressing the rising NBOs concentration
instead [12, 48]. Then variation in NBOs concentration as
function of cerium content will have potential effect upon
the nonlinear variation in connectivity of silicate network
and borate network. Overall, the opposite effects on net-
work former Si and B may allow for an intersection state
corresponding to the minimum network connectivity for the
glasses doped with CeO

2
in the range of 0–1.2mol%.

3.2.Thermal Analysis. Figure 2 shows the DSC thermograms
of the precursor glasses containing varied concentrations of
CeO
2
. A weak endothermic peak situated at 𝑇

𝑔
correspond-

ing to glass transition and an intense exothermic peak at
𝑇

𝑝
associated with the crystallization can be identified in

the DSC curves. The glass transition temperatures (𝑇
𝑔
), the

crystallization temperature (𝑇
𝑝
), and the extrapolated onset

temperature (𝑇
𝑐
) of the exothermal peak are determined by

plotting method [49]. 𝑇
𝑔
, 𝑇
𝑝
as well as the gap between 𝑇

𝑐

and 𝑇
𝑔
referred to as (𝑇

𝑐
− 𝑇

𝑔
) as function of CeO

2
content

are depicted in Figure 3.
As shown in Figure 3, 𝑇

𝑔
together with 𝑇

𝑝
decreases

gradually to a minimum firstly and then begins to increase
as function of CeO

2
content due to the glass structural evolu-

tion. Correspondingly, as seen from Figure 2, the exothermic
peak area which can be used as a measure of the released
enthalpy to evaluate the thermodynamic scale of crystalliza-
tion appears to go up initially followed by suppression with
the increase of CeO

2
. The nonlinear fluctuation of thermal

properties is the result of the changing network connectivity
while increasing CeO

2
concentration. Specifically, the gap
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Figure 1: IR spectra of CeO
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-doped glasses and the corresponding glass ceramics treated at 650∘C.
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.

between 𝑇
𝑐
and 𝑇

𝑔
in terms of (𝑇

𝑐
− 𝑇

𝑔
), which is usually

used to assess the glass stability, namely, the resistance to
crystallization upon reheating [50], monotonously decreases
and inflects with the rising CeO

2
content implying that

doping CeO
2
nonlinearly increases the glasses’ crystallization

tendency. The turning point of thermal properties variation
more likely occurs at doping with 0.8mol% CeO

2
, which

roughly accords with the minimized network connectivity of
glass as indicated in IR analysis.

In general, to produce glass ceramics through isothermal
heat treatment, a heating temperature is popularly selected
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Figure 3: Glass transition temperature (𝑇
𝑔
), crystallization temper-

ature (𝑇
𝑝
) and (𝑇

𝑐
− 𝑇

𝑔
) as function of CeO

2
content.

amid the range from 𝑇
𝑔

to 𝑇
𝑝
. In this study, for the

purpose of finding the dependence of glass crystallization
and transparency on the dopant concentration and treating
temperature, heat treatment on the individual experimental
group of studied glasses was carried out at 570∘C, 600∘C, and
650∘C for 3 h, respectively. The designation of heat treated
sample, for example, GC0.4/600, describes the CeO

2
content

of 0.4mol% and the treating temperature of 600∘C.

3.3. Crystallization Behavior. Figure 4 presents the XRD
patterns of the glass ceramics obtained by reheating the
precursor glasses at different temperatures for 3 h. Com-
paratively, diffraction peaks of CeO

2
doped glass ceramics

are more intense than those free of cerium proving that
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Figure 4: XRD patterns of glass ceramics doped with various content of CeO
2
heated at different temperature.

appropriate CeO
2
addition promotes the crystallization in

glass to varied extent. The detected three peaks are identified
as (111), (220), and (311) crystal faces of CaF

2
crystalline phase

by comparing with standard diffraction data (JCPDS#35–
0816). Additionally, elevated treating temperature causes
the increase in diffraction intensity for all the four groups
indicating that higher temperature favors crystallization of
CaF
2
in CeO

2
-doped borosilicate glasses as ever.

It has been proposed that the precipitation of CaF
2

crystals from glassy matrix follows a diffusion controlled
mechanism [21, 51]. As revealed in IR analysis, doping CeO

2

can lead to the depolymerization of Si–O skeleton network,
which in turn facilitates the easy diffusion of ions and
hence precipitation of CaF

2
from vitreous host as evidenced

from the DSC analysis. Similar investigation on crystal-
lization kinetics of CeO

2
-added borosilicate glass BaO–

SrO–Nb
2
O
5
–B
2
O
3
–SiO
2
demonstrates appropriate amount

of CeO
2
improves the crystallization of (Sr

0.75
Ba
0.25

)Nb
2
O

by virtue of reduced crystallization activation energy due to
loosened glass structure [28].

The mean grain size of CaF
2
crystals in glass matrix can

be computed according to Scherrer’s formula expressed by

𝐷 =

𝑘𝜆

𝛽 cos 𝜃
, (2)
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Figure 5: Calculated crystal size of glass ceramics containing varied
CeO
2
heat treated at 570∘C, 600∘C, and 650∘C, respectively.

where 𝐷 is the average particle diameter (nm), 𝑘 is a
constant taking 0.89, 𝛽 represents the full width at half
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Figure 6: Morphology images of glass ceramics containing varied CeO
2
heat treated at different temperature for 3 h.

maximum (FWHM) of characteristic peak, 𝜆 is the X-ray
wavelength of Cu K𝛼 radiation (𝜆 = 0.154056 nm), and
𝜃 is the Bragg diffraction angle. The average size of CaF

2

crystal was estimated and plotted versus CeO
2
content in

Figure 5 by using (2) from FWHMof the stronger diffraction
peaks positioned at the smaller Bragg angle considering
correction from the instrumental broadening created using
silicon reference curve. As shown in Figure 5, the computed
grain size of CaF

2
is less than 50 nm that can be considered

as magnitude of nanoscale. For any group undergoing the
same heat treatment, the crystal size increases firstly and then
begins to decline as CeO

2
concentration exceeds 0.8mol%

for the reason of structural speciation as described above.
Additionally, the crystalline grain size is positively correlated
to heat treatment temperature.

Since fluorine itself can act as effective nucleating agent
[52, 53], the strong field strength of calcium ensures easy
bonding with fluorine causing the precipitation of CaF

2

crystals. Percolation model has been applied to describe
nucleation in the glass forming system which can be con-
sidered being constructed of the rigid three-dimensional
network with modifier-rich floppy region percolating in it.
According to this model, the nucleation will occur in case
the size of floppy regions exceeds the critical nucleus size

and the nucleus will subsequently grow up while heating.
The maximum size of floppy regions and hence the crystal
size increase with the decreasing covalent bonds number
per the network former on account of increased NBOs [54].
As aforementioned, doping CeO

2
results in connectivity

of skeletal network gradually lowering to a minimum and
then picking up a reversal rise. The evolvement of network
connectivity signifies the changing size of floppy region that
have significant influence on the nucleation and growth
of CaF

2
. It is has been proposed that the crystal size is

independent on treating temperature and duration because
a diffusion-barrier layer is formed around the precipitated
CaF
2
crystallite hindering its further growth [54]. However

this is not the case for the studied glass system as shown
in Figure 5, and it may be attributed to the much less CaF

2

content than reported elsewhere that is not enough to cause
drastic decrease in viscosity of residual glassy phase around
the formed crystallite.

3.4.Morphology. Figure 6 displays themorphology images of
glass ceramics containing varied content of CeO

2
. Numerous

precipitated crystals shaped in sphere are observed to embed
dispersedly in the glassy matrix. Though the visualized grain
size seems bigger than the XRD Scherrer estimate likely due
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Figure 7: Curves of absorption coefficient as function of wavelength for (a) the precursor glasses and the glass ceramics heated at (b) 570∘C,
(c) 600∘C, and (d) 650∘C.

to the attached glassy residue and particle agglomeration, it
is of similar size scale to the XRD estimate. The particle size
is observed to increase and then drop down with increasing
CeO
2
content for samples treated at the same temperature,

and the variation trend in grain size as function of CeO
2

content is consistent with the XRD result. Furthermore, it is
evident from the morphologies of the group treated at 600∘C
that grain size increases with CeO

2
addition until reaching

the maximum for GC0.8/600, where the precipitated crys-
talline grains are observed to get agglomerated to reduce
system Gibbs free energy. Furthermore, elevating treating
temperature helps with the growth of crystals significantly as
evidenced from the larger grain size treated at 650∘C than at
600∘C for both GC0.8 and GC1.2.

3.5. Transparency. According to Beer-lambert law, glass
transmittance 𝑇, which is defined as the intensity ratio of
the transmitted light to the incident light, has logarithmic
dependence on the product of the absorption coefficient
of the substance, 𝛼, and the path length, 𝑙. The numerical
relation is normally written as

ln𝑇 = −𝛼𝑙. (3)

In view of the difference in thickness from each other of the
as-prepared samples, for the sake of an easy comparison, we
tend to use absorption coefficient instead of transmittance
to evaluate the transparency because the sample thickness
is taken into account. Higher absorption coefficient means
better transparency and vice versa.
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Figure 7 depicts the absorption coefficient as function of
wavelength with the inset photographs for the studied parent
glasses and the corresponding glass ceramics. In general, the
glass ceramics allow for transmission mostly in visible light
range (390–780 nm) but strong absorption of UV light (190–
390 nm). The wavelength of absorption edge is red-shifted
with the increase of the CeO

2
concentration as well as the

grain size. As revealed in Figure 7, the wavelength of absorp-
tion edge is the shortest for sampleG0 free of ceriumbut is the
longest for GC0.8 containing the biggest grains of each group.
Red-shift of absorption edge induced by cerium is jointly
attributed to 4𝑓1 → 4𝑓5𝑑1 transitions of Ce3+ and charge-
transfer transitions between Ce4+ and Ce3+ [45], while red-
shift arising from the increase of crystallite size may be corre-
lated to the displacement of the scattering spectrum to longer
wavelength.

Addition of CeO
2
in silicate glass results in absorption

edge red-shift extending to visible range (∼500 nm) [4],
absorption coefficient increases gradually with the raised
CeO
2
content yellowing the glassy matrix. As displayed in

Figure 7, samples GC1.2 doped with the maximum content
of CeO

2
exhibit a broad absorption band close to the spec-

trum of yellow light. Meanwhile absorption coefficient also
increases with the elevation of treating temperature, and it
can be ascribed to the light scattering loss caused by refrac-
tive index gap between crystallite and vitreous host. Trans-
parency, in analogy to other features such as network connec-
tivity, thermodynamic parameters, and crystal size, exhibits
nonlinear variation as function of doped CeO

2
. Specifically,

sample GC0.8 doped with lower cerium as compared to
GC1.2 contains the largest crystallites and hence possesses the
highest absorption coefficient of each group treated at 600∘C
and 650∘C, respectively. For the studied system, glass ceramic
doped with high CeO

2
and treated at high temperature

may deteriorate its transparency, and thus content of doped
CeO
2
just below 0.8mol% in the studied composition and

treating temperature at about 600∘C may be optimal for the
synthesis of boroaluminosilicate glass ceramic with satisfying
transparency.

4. Conclusion

Glass ceramics containing CaF
2
nanocrystal with compo-

sition of 54SiO
2
–10B
2
O
3
–13Al

2
O
3
–14Na

2
O–3ZnO–2Li

2
O–

4CaF
2
doped with 0–1.2mol% CeO

2
were prepared through

isothermal crystallization. In the studied system, CeO
2
in

polyvalent states acting as network modifier leads to disrup-
tion of the silicate network and the conversion of [BO

3
] to

[BO
4
]. Glass transition temperature as well as the crystal-

lization temperature decreases firstly and then increases with
the increase of CeO

2
content. Correspondingly, the size of

precipitated CaF
2
crystals and the absorption coefficient of

the glass ceramics are found to pass through a maximum and
then decrease with increasing CeO

2
addition. The increase

of CeO
2
concentration and elevation of treating temperature

can lead to red-shift of absorption edge and transparency
deterioration of glass ceramics. It is proposed that the oppo-
site effects of CeO

2
addition on silicate and borate network

in boroaluminosilicate glass lead to the nonlinear variations

in structure, crystallization, and thermodynamic and optical
features.
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The settlement control is critical for the safety of road based on high filled embankment. The traditional construction methods
have the characteristic with less soil thickness compacted at a time. There are many advantages to compact the gravel soil with
blasting. The cavity in soil is formed by blasting and its fillings to form a composite foundation for the embankment. The field
data show this composite foundation can meet the requirement of loading and settlement control with less construction time. In
geotechnical blasting, the high temperature due to blasting will swell the material around, so its worthy to do the coupled analysis
with thermal mechanics (TM) and blasting compaction in the high filled embankment. In this paper, a 3D model is built with
FLAC3D to simulate a single hole to predict the range and degree of thermal propagation. Then, the thermal strains got from the
model are used to estimate the displacement of surrounding soil to predict the degree of compaction and optimize the distribution
of blast holes in plan.

1. Introduction

For road constructed in mountain area, embankment is one
of themost commonly used constructionmethods, especially
the high filled embankment. However, the high filled em-
bankment has the characteristics of higher filling height and
larger filling cross-sectional area which means larger accu-
mulated settlement and longer settlement period thannormal
embankment. The settlement of high filled embankment
plays a vital role in road quality and driving safety and con-
struction and operating economy [1]. These make the high
filled embankment highly desirable if it possesses suffi-
cient loading capacity and slope stability. Moreover, if the
settlement can be mitigated in advance fast and stably, the
construction period can be significantly shortened. Other
obvious advantages include reduced engineering costs, land
conservation, and better social economy. So far, the settle-
ment of high filled embankment has been studied by many
scholars using different treatment methods, such as drainage

consolidation method [2, 3], vacuum consolidation method
[4], dynamic compaction [5–7], and shock compaction
method [8, 9]. However, each method mentioned above uses
less soil thickness compacted at a time and long construction
cycle time, especially for the high filled embankment whose
construction cycle time is usually 1 to 2 years, which delays
the construction progress seriously. Many researchers tried
to adopt the prefabricated vertical drains method [10–12]
to shorten the construction period of embankment, but
this method is only effective for embankment based on soft
soil. With the development of advanced blasting technique,
explosive compaction method could be used to improve the
foundation and embankment. In this paper, the charges in
the vertical arrangement blast holes were used to generate
high pressure gas and the shock wave in order to compact
the surrounding soil. Then, the blasting chambers were
filled with gravel or other materials to form a shaft which
combine with the compacted surrounding soil to form a
composite embankment. This kind of composite foundation
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can effectively improve the bearing capacity and stabilize
roadbed settlement situation. Simultaneously, the hole can
be drilled to the bottom of the embankment to achieve the
high filled embankment compacted at a time.

With the development of computer technology, finite
element method (FEM) has been adopted by many scholars
to analyze the settlement of embankment. Indraratna et al.
used the numerical modeling to simulate the consolida-
tion by vertical drain beneath a circular embankment [13];
Abusharar et al. adopted the finite element modeling to ana-
lyze the consolidation behavior of multicolumn supported
road embankment [14]; Yildiz simulated the embankments
on PVD improved soft clays with numerical method [15];
Li et al. used finite element to analyze the dynamic com-
paction in soft foundation [16]; Yuan et al. analyzed the 3D
ground deformation by using a newly developed stereo-PIV
technique [17]; therefore, it is highly feasible to use different
constitutive models embedded in FEM software to analyze
the settlement of embankment.

In blasting, the temperature at the center of hole can
reach as high as 3000∘C, so the temperature influence on
surrounding soil cannot be ignored. The temperature is
related to the gas pressure. In this paper, based on the analysis
of the change of blasting pressure, the volume expansion
of the blast hole, the development of fracture in soil, and
the motion of blasting gas were analyzed in the accurate
mathematical model. The shape of blasting load changing
with time was established. Finally, the field monitored data
of blasting compaction were used to compare with the results
of 3D model considering the TM coupled effect and verified
the usefulness of 3D model to predict the settlement of high
filled embankment.

2. Process of Blasting Loading

Thedynamic loading due to blasting is a complex process.The
blasting load can make the volume of blast hole enlarge and
the fracture of soil expanded. The gas pressure and dynamic
load will be reduced with volume enlargement. Finally, the
explosive gas rapidly overflows and the applied force decays
to zero when fractures developed to connect together.

At the beginning of blasting, the dynamic load will
increase with time until it reaches the peak intensity of blast-
ing when the detonation gas wave propagates to the bottom
of blast hole. Many researches showed that the initial peak
blasting load was related to the detonation wave pressure.
According to the Chapman-Jouguet model by Henrych [18]
for decoupled charges, the initial explosion pressure was also
related to the ratio of the blast hole diameter and the charge
diameter. The formula is

𝑃

1
=

𝜌

0
𝑉

𝐷

2 (𝛾 + 1)

(

𝑎

𝑏

)

2𝛾

, (1)

where 𝑉
𝐷
is the velocity of detonating gas, 𝛾 is specific heat

ratio of detonating gas, 𝑎 is the charge diameter, and 𝑏 is the
blast hole diameter.

V0 P0 𝜌0 T0 �0

Pe
𝜌e Te �e

As
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Figure 1: Equivalent structure of blasting.

Under this condition, the rising time of load can be shown
as

𝑡

1
=

𝐿

𝑉

𝐷

, (2)

where 𝐿 is the length of blast hole.
Before the fillings were erupted, according to gas law, gas

pressure with volume change in detonation cavity could be
shown as [19]

𝑃

2
= 𝐴(1 −

𝜔

𝑅

1
𝑉

) 𝑒

−𝑅
1
𝑉
+ 𝐵(1 −

𝜔

𝑅

2
𝑉

) 𝑒

−𝑅
2
𝑉
+

𝜔𝐸

0

(𝑉)

.

(3)

Considering the volume change, we can get

𝑃

2
(𝑡) = 𝐴(1 −

𝜔

𝑅

1
(𝑉

0
+ Δ𝑉 (𝑡))

) 𝑒

−𝑅
1
(𝑉
0
+Δ𝑉(𝑡))

+ 𝐵(1 −

𝜔

𝑅

2
(𝑉

0
+ Δ𝑉 (𝑡))

) 𝑒

−𝑅
2
(𝑉
0
+Δ𝑉(𝑡))

+

𝜔𝐸

0

(𝑉

0
+ Δ𝑉 (𝑡))

,

(4)

where 𝑉
0
is the initial volume of blast hole, all of 𝐴, 𝐵, 𝑅

1
,

𝑅

2
, and 𝜔 are explosive material parameters, and 𝐸

0
is initial

energy of explosive.
After the fillings were ejected or the blasting without

fillings, the explosion gas erupted out from the blast hole
quickly which induces the pressure lower. According to gas
dynamics theory, the blast hole in this period can be treated
as a bottle structure which is shown in Figure 1.

In Figure 1, 𝑉
0
, 𝑃
0
, 𝜌
0
, 𝑇
0
, and V

0
are the initial volume,

initial pressure, initial density, initial temperature, and initial
velocity, respectively. 𝑃

𝑒
, 𝜌
𝑒
, 𝑇
𝑒
, and V

𝑒
are the pressure,

density, temperature, and velocity at the section of exit,
respectively.

Then, the First Law of Thermodynamics was used with
taking advantage of adiabatic process and gas flow in blast
holes:

𝑃

3
(𝑡 + 𝑑𝑡)

= 𝑃

𝑒
(𝑡) (1 −

𝐴

𝑠

𝑉

(

2

𝛾 + 1

)

(𝛾+1)/2(𝛾−1)
√𝛾𝑃

0
𝜌

0

𝜌

𝑒
(𝑡)

𝑑𝑡)

𝛾

.

(5)

Based on these analysis steps of blasting process, the
specific blasting loading curve was created and shown in
Figure 2.
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Figure 2: Blasting loading shape.

3. TM Coupled Constitutive Model

3.1. Elastic Model. According to the Fourier law, theThermal
Conduction Equation is

𝜕𝑇

𝜕𝑡

=

1

𝐶

𝑝
𝜌

(𝑘

𝑥

𝜕

2
𝑇

𝜕𝑥

2
+ 𝑘

𝑦

𝜕

2
𝑇

𝜕𝑦

2
) , (6)

where𝑇 is the temperature,𝐶
𝑝
is the specific heat,𝜌 is density,

and 𝑘
𝑥
and 𝑘
𝑦
are thermal conductivity in 𝑥 and 𝑦 direction,

respectively.
For deformable materials, the stress increment caused by

the temperature increasing is

Δ𝜎

𝑖𝑗
= −𝛿

𝑖𝑗
𝐾𝛼

𝑇
Δ𝑇, (7)

where Δ𝜎
𝑖𝑗
is stress increment, 𝐾 is the bulk modulus, 𝛼𝑇

is thermal expansion coefficient, and Δ𝑇 is the temperature
increment.

According to the generalized Hooke’s law

𝜎

𝑖𝑗
= 2𝐺𝜀

𝑖𝑗
+ 3𝜆𝜀

𝑘𝑘
𝛿

𝑖𝑗
, (8)

where 𝜎
𝑖𝑗
is the stress, 𝜀

𝑖𝑗
is the total strain, 𝜀

𝑘𝑘
is the normal

strain, 𝜆 = 𝐸]/(1 + ])(1 − 2]), 𝐺 = 𝐸/2(1 + ]), and 𝛿
𝑖𝑗
is

Kronecker’s delta; when 𝑖 = 𝑗, the value is 1, and when 𝑖 ̸= 𝑗,
its value is 0.

Based on Hooke’s law and considering the change of
temperature and pore water pressure, Lewis and Schrefler
proposed the effective stress 𝜎

𝑖𝑗
[20]

𝜎



𝑖𝑗
= 2𝐺(𝜀

𝑖𝑗
+ 𝛿

𝑖𝑗

]
1 − 2]

𝜀

𝑘𝑘
) − 𝐾𝛼

𝑇
Δ𝑇𝛿

𝑖𝑗
, (9)

where 𝛿
𝑖𝑗
is Kronecker’s delta; when 𝑖 = 𝑗, the value is 1; when

𝑖 ̸= 𝑗, its value is 0. 𝐾 = 2𝐺(1 + ])/3(1 − 2]) is bulk modulus
under the drained condition.𝛼𝑇 is volume thermal expansion
coefficient with water saturation degree and porosity [21]. It
can be expressed as

𝛼

𝑇
= 𝛼

𝑇

dry [1 + 4
𝜙𝑆

𝑤
𝜌

𝑤

(1 − 𝜙) 𝜌

𝑠

] , (10)

where 𝛼𝑇dry is the thermal expansion coefficient under the dry
condition, 𝜙 is the porosity of the host rock, 𝑆

𝑤
is the water

saturation degree, and 𝜌
𝑤
and 𝜌
𝑠
are the density of the water

and solid matrix.

3.2. Plasticity Model. First Invariant of Stress Tensor 𝐼
1
was

considered in the Drucker-Prager model, which was based
on the Generalized Mises Condition. Therefore, the yield
condition could be expressed as

𝐹 = 𝛼𝐼

1
+ √𝐽

2
− 𝑘 = 0,

(11)

where 𝐼
1
is the First Invariant of Stress Tensor, 𝐽

2
is the Second

Invariant of Stress Tensor, and 𝛼 and 𝑘 are the functions
of cohesion 𝑐 and internal friction angle 𝜙 of geotechnical
materials, which could be shown as

𝛼 =

2
√
3 sin𝜙

2
√
3𝜋 (9 − sin2𝜙)

,

𝑘 =

6
√
3𝑐

1
sin𝜙

2
√
3𝜋 (9 − sin2𝜙)

.

(12)

3.3. Solid Mass Balance. The solid mass balance was given as
[22]

𝐷

𝑠
𝜌

𝑑

𝐷𝑡

+ 𝜌

𝑑
∇ ⃗V𝑠 = 0, (13)

where 𝐷
𝑠
()/𝐷𝑡 is the material derivative with respect to the

solid particles which move with a velocity vector ⃗V𝑠 (m/s),
∇() is the divergence operator, and 𝜌

𝑑 is the dry density of
material where 𝜌𝑑 is the dry density of the medium which
is equal to 𝜌

𝑑
= 𝜌

𝑠
(1 − 𝜙), where 𝜌

𝑠 is the density of
the solid particles (kg/m3). If the coefficient of the thermal
expansion of the solid particles (1/∘C), 𝐶𝑠

𝑇
, is considered and

themechanical compressibility of the particles is disregarded,
then it becomes

𝐷

𝑠
𝜙

𝐷𝑡

= (1 − 𝜙) [∇ ⃗V − 𝐶𝑠
𝑇

𝐷

𝑠
𝑇

𝐷𝑡

] , (14)

where 𝑇 is the temperature (∘C).

3.4. Temperature Change. According to the isentropic gas
law, the temperature change had the relationship with the
gas pressure; the formula can be expressed by well-known
formula,

𝑃 (𝑡)

𝑃

0

= (

𝑇 (𝑡)

𝑇

0

)

𝛾

, (15)

where 𝑃(𝑡) is the gas pressure at any time, 𝑃
0
is the maximum

gas pressure, 𝑇(𝑡) is the temperature of any time, 𝑇
0
is the

maximum temperature, in this geotechnical blasting, 𝑇
0
=

3000

∘C, and 𝛾 is the specific heat ratio of the gas.
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Figure 3: Blast cavity after blasting.
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Figure 4: Arrangement of instruments and blast holes.

Table 1: Parameters of explosive.

Charge diameter
(mm) Weight (g) Density (g/cm3) Blasting

velocity (m/s)
32 200 ± 10 0.95∼1.3 3200

4. Project Study

4.1. Project Background. In this paper, Jinxing Road
K14+672–K14+750 in Chengde City, Hebei Province, was
chosen as project background, whose maximum filled height
was 60m, the length was 14m, and slope gradient ratio was
1 : 1.5. The filled materials were cutting gravel and soil from
adjacent road sections (Figure 3).

4.2. Field Test. In order to obtain the soil properties under
blasting, many field tests were carried on. In the tests, the
depth of blast hole was 10m, the diameter was 110mm, and
charges were 4 volumes together by number 2 emulsion
explosives with the 7m length. The length of fillings was 1m.
The basic parameters of explosive are shown in Table 1.

In field, three series of soil pressure boxes were set on
the distance from the blasting point 2m, 4m, and 6m,
respectively, tomonitor the dynamic pressure, and a vibration
monitoring box was used to monitor the vibration velocity at
7m. The arrangement details were shown in Figure 4.

4.3. Constitutive Parameters. In interest of analysis of the
situation of blasting compaction, the constitutive parameters
shown in Table 3 were obtained from lab tests. The soil
compaction tests and moisture content and density tests are
shown in Figures 5 and 6 and Tables 2 and 4.

Table 2: Pressure and compression modulus.

Pressure (kPa) Porosity
Compression
coefficient
(Mpa−1)

Compression
modulus
(MPa)

0 0.369
200 0.346 0.11 12.11
400 0.337 0.05 30.41
600 0.331 0.03 45.62
800 0.325 0.03 45.62
1000 0.319 0.03 45.62
1200 0.314 0.03 54.74
1600 0.305 0.02 60.83
2000 0.297 0.02 60.83
2400 0.290 0.02 78.20
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Figure 5: The 𝑒-𝑝 curve of soil.

Table 3: Constitutive parameters.

Density (g/cm3) 𝐸 (Mpa) Poisson’s ratio 𝐶 (MPa) 𝜙 (∘)
1.880 11 0.26 0.15 18

Table 4: Moisture content and dry density.

Moisture content (%) 8 9.4 10.4 12.7 16.9
Dry density (g/cm3) 1.88 1.97 1.98 1.94 1.85

5. Numerical Simulation

5.1. 3D Model Simulation. In order to analyze the degree of
blasting compaction with high temperature and to optimize
the holes arrangement, the 3D numerical model with a single
hole was built with software FLAC3D [23], as shown in
Figure 7.

In the model, the length is 14.11 (𝑥 direction), width is
14.11m (𝑦 direction), and the height is 10m (𝑧 direction).The
blast hole diameter is 110mm, and the model was meshed
as many as 33600 zones and 35301 grid-points. The three
side lengths of the finite difference zones were 0.3m, and
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Figure 7: The 3D model in FLAC3D.

those dimensions of zones were confirmed from the model
dimensions and vibration wave length.

5.2. Applied Dynamic Loading. Based on the above formula
and monitored data in the field, the maximum load on the
blast hole wall 𝑃

0
= 335.5Mpa, so the typical points on

the loading curve for different stages were 𝑃
0
= 0, 𝑃

1
=

335.5Mpa, 𝑃
2
= 108.73Mpa, 𝑃

3
= 6.02Mpa, and 𝑃

4
= 0,

with respect to the time: 𝑡
0
= 0 s, 𝑡

1
= 0.01 s, 𝑡

2
= 0.03 s,

𝑡

3
= 0.122 s, and 𝑡

4
= 0.132 s. Based on the measured results

compared with trial results, the damping of surrounding
soil is 0.025. For the thermal strain, the conductivity is
1.61Wm−1k−1 and the expansion coefficient is 1.3× 10−5 which
were obtained from the lab tests.

5.3. Verification for the Model. In this simulation, the solving
time was 1 s after 284638 solving steps.The predicted velocity
curves compared with the monitored curves are shown in
Figures 8 to 10.
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Figure 8: In situ velocity curve.
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Figure 9: Simulated velocity curve.

Table 5: Field monitored and model predicted stress.

Field test 2m soil pressure
(MPa)

4m soil pressure
(MPa)

6m soil pressure
(MPa)

Number 1 1.34 0.29 −0.0028

Number 2 1.37 0.31 0.0029

Number 3 1.35 0.26 −0.0048

Simulation 1.33 0.26 0.003
Error rate 1.7% 9% 37.8%

As shown in Figure 8, the predicted peak velocity (PPV)
value is 2.62 cm/s, and in Figure 9, the monitored peak
velocity value is 2.51 cm/s. The error rate is 3%. The arrival
times of two curves are the same and around 0.5 s.

In the field, there were also three series of soil pressure
boxes; the monitored data are shown in Table 5. The model
predicted results are shown in Figure 10 and Table 5.

Based on the above analysis, the simulated curve and
monitored curve had the same tendency. Moreover the field
monitored soil pressure is the same as the model predicted
value. The error rates are between 1.7% and 37.8%. Thus, the
model simulation is proven to be useful to predict the blasting
compaction.

5.4. Thermal Analysis. Many researches have shown that
the center temperature could reach 3000∘C in geotechnical
blasting, so the thermal swelling of surrounding soil could
not be ignored.The temperature changed during the blasting
procedure. The degree and range of thermal impacts should
be predicted at first. The predicted 3D thermal contours are
shown in Figure 11.
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Figure 11: 3D thermal contours.
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Figure 12: The temperature change curve.

Considering the temperature change which had the rela-
tionship with gas pressure change, the temperature of typical
point of blasting can be figured out. The temperature change
curve is shown in Figure 12. The typical thermal contours
are drawn by intercepting the typical profile and extracting
related data and shown in Figures 13, 15, and 17. After
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Figure 13: 3000∘C thermal contours.

calculating, the thermal expansion contours are expressed in
Figures 14, 16, and 18.

As shown in Figures 13 and 14, the radius of the rangewith
temperature more than 200∘C is 3m in surrounding soil, and
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Figure 14: 3000∘C thermal expansion contours.
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Figure 15: 2000∘C thermal contours.
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Figure 16: 2000∘C thermal expansion contours.
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Figure 17: 300∘C thermal contours.

0
0.0002
0.0004
0.0006
0.0008
0.001
0.0012
0.0014
0.0016
0.0018
0.002
0.0022
0.0024
0.0026
0.0028
0.003
0.0032
0.0034
0.0036
0.0038
0.004
0.0042
0.0044
0.0046

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

−0.0002
−2.5 −2 −1.5 −1 −0.5 0 0.5 1 1.5 2 2.5

0

0

0

0

0.00
1

0.001

0.002

0.0004

0.0006

0.0008

0.0012

0.0014

0.
00
02

0.0002

0.0016

0.
00
04

0.
00
06
0.0

00
8
0.00120.0014

0.
00
02

0.0016

0.0004

0.0006

0.0002

Figure 18: 300∘C thermal expansion contours.
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Figure 21: 3D maximum displacement contours.

within this range, the displacements change from 0.2 cm to
4.6 cm. As shown in Figures 15 and 16, the radius of the range
with temperature more than 200∘C is 2.3m in surrounding
soil, and within this range, the displacements change from
0.2 cm to 3 cm. As shown in Figures 17 and 18, the radius
of the range with temperature more than 200∘C is 0.5m in
surrounding soil, and within this scope, the displacements
change from 0.2 cm to 0.5 cm. These figures show that the
temperature is declined along with the pressure reduction.
Both of the range and degree become smaller.

Per simulation, the range and degree of blasting com-
paction are shown in Figure 21 which is 3D contours in
surrounding soil. The typical contours profile is shown in
Figure 19. The contours of compaction degree are shown in
Figure 20.

As shown in Figures 19 to 21, the radii of the range with
maximum displacement more than 2 cm are 3m to 4m in
surrounding soil. The radius of the range with compaction

degree more than 95% is 2.5m around the blast hole, so the
radius of the effect range of blasting compaction was 2.5m.

6. Conclusion

Through the analysis of the blasting pressure change, a math-
ematic model was built on the basis of the blast hole volume
expansion, the fracture development, and the blasting gas
motion in order to predict the dynamic loading curve. After
verification, the improved dynamic loading curve is more
close to the real loading. It could provide more reasonable
prediction comparing with the existing simplified triangular
load and trapezoidal load in simulation.

Due to the 3000∘C high temperature of blasting cen-
ter, the TM coupled analysis is necessary. Based on the
simulation, the radius of the range with temperature more
than 200∘C is 3m in surrounding soil, and within this



Journal of Chemistry 9

range, the displacements change from 0.2 cm to 4.6 cm. The
temperature declines as the pressure reduces. As per the
calculation, the radius of the range with compaction degree
more than 95% is 2.5m around the blast hole, so the impacted
range of blasting compaction is 2.5m. This is the reason for
setting the distance of two blast holes in embankment 5m by
taking ranks’ arrangement or quincuncial arrangement.
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