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Nanoparticles are used in innovative mortars in order to improve their engineering properties. In this paper, recycled PET
(polyethylene terephthalate) nanoparticles were used as a substitute for sand in mortars. PET aggregates were obtained
cutting water bottles wastes into many small sized pieces and the plastic fibres were treated through chemical depoly-
merization process. Mortars with different percentages of PET were tested to determine their physical and mechanical
(flexural and compressive strength) properties. Specific attention is given to the heat-transfer capacity of the cement pastes
investigated. )e results of the mechanical tests showed a reduction of the flexural and compressive strength values when the
amount of PET nanoparticles increase. )e thermal conductivity tests showed that chemically depolymerized PET
nanoparticles derived from plastic wastes reduced the heat conduction capacity of the mortar. )erefore, the innovative
mortars here tested can be considered for thermal insulation applications in the construction field with the advantage of
recycling waste PET.

1. Introduction

Polyethylene terephthalate or PET is defined as a polyester
resin which results from the combination of terephthalic
acid and ethylene glycol or dimethyl terephthalate and
ethylene glycol [1]. Furthermore, it accounts for around
(18%) of all polymers, which are produced worldwide; over
60% of its production can be used for synthetic fibres and
bottles, which form approximately 30% of global PET de-
mand [2]. It is generally used for various applications such as
bottles, mouldings, fibres, and sheets due to its excellent
tensile and impact strength, clarity, chemical resistance,
thermal stability, and process ability. It is commonly agreed
that PET, which differs from natural polymers, is a non-
degradable polymer in the natural environment and be-
comes a pollutant when it is discarded after use.)erefore, it
has been noticed that recycling the discarded PET polymer is
one of the most important approaches to protect the

environment and reduce the consumption of resources at
the same time [3].

Nowadays, in fact, the recycling rate of PET bottles is
much lower than the sales of virgin PET production for
common uses. )is gap is dramatically increasing, pushing
towards finding a solution to this problem and a higher
recycle of PET. As a consequence, the reuse of waste PET
bottles is stirring particular interest. With the aim to reduce
the waste and take profit from this material in the last two
decades, many authors investigated the uses of PET in
concrete. )is field has been investigated in several different
ways, focusing on different possible utilization of this ma-
terial [4].

In recent decades, with the aim of giving the con-
glomerate a better behavior in terms of mechanical char-
acteristics, it was attempted to add in its mixture fibres and
aggregates of various types [5, 6]. A possible application is to
utilize waste PET fibres as reinforcement for concrete to
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improve its tensile strength [7–12]. Concrete, as it is known,
is a material with good compressive strength but low tensile
strength. )is reduced tensile strength is partly due to the
presence of micro- and macrocracks caused by shrinkage of
the concrete. )ese cracks, moreover, represent a factor in
the aggression of steel bars in reinforced concrete elements
provoking a fast oxidation of the bars and the degradation of
the structure accompanied by a reduction of its tensile
strength.

Some preliminary studies on the utilization of fibres
obtained from PET bottles to improve the mechanical be-
haviour of concrete can be found in Silva et al. [13].)e good
results of this experimental study pushed the research to-
wards the utilization of this kind of fibres. However, what
makes PET so important, among the plastics used as rein-
forcement for concrete, is its recyclability together with the
great abundance of postconsumer waste in the form of
bottles.)e presence of fibres improves the tensile behaviour
of concrete thanks to the sewing effect that they have on the
cracks [14]. )eir action, in fact, is more effective in the
postcracking phase, preventing and reducing the propaga-
tion of cracks. Concretes with a higher ductility and a re-
duced shrinkage cracking are obtained. Ductility is
evidenced by a large deformation associated with the fibre
elongation at break.

From the point of view of recycling waste to be added in
concrete the use of waste PET bottles in concretes is not as
common as scrap rubbers since slitting, shredding, and
retreating processes are relatively more complex and costly
[15].

Mechanical recycling is a current industrial technique
for the recovery of waste polymers, but another available
pathway for recycling of polymers consists in the chemical
processing. )is type of recycling has a high potential for
heterogeneous and contaminated plastic waste material if
the separation is neither economical nor completely tech-
nically feasible [16, 17]. Chemical recycling routes can be
roughly divided into thermochemical and catalytic con-
version processes. Chemical recycling of PET can com-
pletely depolymerize it into its monomers terephthalic acid,
dimethyl terephthalate, bis(hydroxylethylene) terephthalate,
and ethylene glycol (EG). )e depolymerization is the re-
verse reaction of the polymer formation route. )ere are
different depolymerization routes such as methanolysis,
glycolysis, hydrolysis, ammonolysis, aminolysis, and hy-
drogenation, depending on the chemical agent used for the
PET chain scission. Glycolysis is the simplest and oldest
method of PET depolymerization, converting the polymers
into smaller molecules, which can be subsequently seen as
sustainable through a closed system glycolysis process.

)e plastic waste material can often be heterogeneous
and contaminated so as to make the mechanical production
of PET aggregates difficult. Furthermore, the separation
process is not economical and in many cases not entirely
technically feasible. Consequently, the chemical recycling
process has a high potential in PET-waste recycling. In the
chemical process, the PET bottles do not need to be purified
as instead provided for the mechanical one. Chemical
recycling by glycolysis is a suitable tool and this should

reduce the cost of the recycled pet base. )e polimeric
mortar applications thus helps to reduce costs and provides
long-term disposal of PET waste, an important consider-
ation in recycling applications.

In this paper, the authors have studied the possibility to
adopt a chemical approach to depolymerize PET (DPET) in
order to use it in the cement paste as a substitute for, or in
addition to, sand. In particular, the effect of additive de-
graded PET on the properties of cement paste has been
analysed. Consequently, the effect on the mechanical and
thermal properties of modified paste has been studied,
finding an improvement especially in terms of heat-transfer;
finally, the optimum percentage of plastic waste (PET) by
comparing the conventional and modified material has been
determined.

2. Substitution of Aggregates

In the last decade, more attention has been paid, to the use of
aggregates made from PET bottles as a partial replacement of
the aggregate in the concrete mix. Choi et al. [18] published an
in-depth research on the subject that analysed the substitution
of fine aggregate with PET bottles lightweight aggregate. )e
tests, carried out on concrete specimens prepared with
varying percentages of aggregate replacement (0%, 25%, 50%,
and 75% by volume of inert), regarded numerous properties
of the concrete such as the density, the failure, the workability,
the compressive and tensile strengths, and the modulus of
elasticity, thereby creating an almost complete framework on
this subject. )e results showed first a decrease of the specific
weight of concrete as the content of PET increases. )e in-
fluence of the substitution of aggregates on the workability of
concrete was also studied; it was found to grow with the
fraction of inert replaced, also thanks to the spherical shape of
the aggregate in PET. With regard to the compressive and
tensile strengths, instead, a reduction was pointed out in
correspondence of the increased proportion of the replaced
aggregate.

Further studies were carried out on this topic in the
following years. Among these, it is worth citing the results
obtained in 2007 by Marzouk [19], who showed that the
partial or complete substitution of sand with PET in concrete
composites does not affect either the compressive nor the
tensile strengths of concrete if the level of substitution is
below 50% of the volume. PET aggregates, however, should
not have an equivalent diameter lower than 5mm, as it does
not significantly influence the compressive and tensile
strength of the concrete. )ese results represent a significant
incentive to the innovative use of PET, since they confirmed
the undeniable economic benefits regarding the possibility
of using waste material readily available and the environ-
mental aspects, which involve the possibility to reduce the
waste.

)e same results are found in [20] where 5% by weight of
siliceous sand was substituted with PET in the concrete mix.
WPET aggregates were manufactured from waste PET
bottles and, through a grinding process, these granules pass
from a thickness of 1–1.5mm to the size of 0.1–5mm. Ir-
relevant differences were detected in the compressive and
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tensile strengths in case of mixes containing Waste PET
(WPET) at low w/c ratio (0.45). )e differences became
slightly more significant by increasing the w/c ratio (up to
0.55) because the interface betweenWPET and the hydrated
cement Portland presented a higher porosity. In this case, it
was detected that small percentages of fine aggregates (PET)
do not affect the water absorption. As a result of this study,
whenWPET is used as a partial substitute for fine aggregates
in a reference concrete, there is an increase in the toughness
and ductility, the same values of workability, and a shrinkage
influenced by the higher ductility but still acceptable for the
structural elements.

In other research studies, instead, (i.e., Hannawi et al.
[21]) a decrease in compressive strength is observed with the
use of PET (particle size≤ 10mm) and polycarbonate
(particle size≤ 5mm) waste aggregates as replacement in
volume of sand. Probably it can be attributed to the poor
bond between the matrix and plastic aggregates, but the
specimens tested were able to carry a load for a few minutes
after failure without full disintegration, showing also a
higher ductility. )is trend seems to be more obvious as the
percentage of plastic aggregates increases. Otherwise, the
flexural strength values remain almost unchanged when the
sand volume substituted with aggregates varies in a range of
about 0–20%. Additionally, a significant improvement of the
postpeak flexural behaviour is observed. )e calculated
flexural toughness factors increase significantly by increas-
ing the volume fraction of PET and polycarbonate aggre-
gates because also the energy absorbing capacity increases, a
fundamental characteristic in case of dynamic or impact
forces (in fact there is a decrease of the elastic modulus). In
addition, the good sewing effect of PET and polycarbonate
fibres has been experimentally demonstrated in the post-
cracking phase of concrete when included in the concrete
mix as aggregates.

Recently, a study similar to [21] has been developed in
[22] where PET has been obtained from waste bottles
subjected to a grinding process to obtain PET particles used
as fine aggregates in the concrete. In this case, lower per-
centages of PETthan in [21] have been utilized as a substitute
for sand (5%, 10%, and 15%) but the results indicate a lower
density. For these percentages of PET, a lower workability
has been detected, together with a lower modulus of elas-
ticity and splitting tensile strength with respect to a con-
ventional concrete. )e compressive and flexural strengths
show an ascending trend at the initial stages; however, they
tend to decrease in the second stage. Finally, to investigate
the structure of the concrete containing PET particles, ul-
trasonic pulse tests have been performed and a porous
structure has been observed. As demonstrated by experi-
mental results in a further study, the mechanical properties
of the concrete depend on the PET particle size and its
concentration [23]. Lower sizes and concentrations of PET
particles create less space in the concrete, and, consequently,
the compressive strength and the compression strain in-
crease, while Young’s modulus decreases when the size of
PET particles used is increased. )is means that deforma-
tions tend to be higher, but the maximum stresses reduce in
magnitude.

In order to use the recycled PETnanoparticles in addition
to or a substitute for fine aggregates (i.e., sand) in the cement
paste, the chemically polymerization process of PET can be a
valuable tool to reuse the PET wastes. PET is considered as a
polyester with functional ester groups that are cleaved by re-
agents, like acids, bases or water (hydrolysis), alcohols (alco-
holysis), amines (aminolysis), ammonia (ammonolysis), and
glycols (glycolysis). Previous studies have shown that it is
possible to use plastic waste in concretes, mortars, or bitu-
minous conglomerates as a binder with the aim to remove the
PET waste by means of mixing it directly into the mixtures
[24, 25]. Most of the studies carried out for the depolymer-
ization of PET have discussed the role of various types of glycols
and metal acetates to be used as catalyst in the process [26–28].

)e main depolymerization processes that have reached
commercial maturity up to now are glycolysis. Specifically,
the glycolysis reaction is the molecular degradation of PET
polymer by glycol, in the presence of trans-esterification
catalysts, basically by using ethylene glycol as solvent. )e
ester linkages of PET polymer are broken and replaced by
hydroxyls terminals to give bis (2-hydroxyethyl tere-
phthalate) (BHET), which is the raw material for producing
PET, according to the following reaction scheme [29]:

PETn +(n − 1)EG⇄ nBHET (1)

Glycolysis of PET is the most frequent process by using
metal acetates (Zn, Co, Pb, and Mn) as catalysts [30].

Studies on the kinetics of PET glycolysis have revealed
that glycolysis without using a catalyst seems to be very slow
and a complete depolymerization of PET to BHET cannot be
achieved. In addition, it yields an end-product which has a
significant number of other oligomers in addition to the
BHET monomer. )ese results face difficulty in recovering
the BHET monomer when it is the aimed product. )e
current interest in the depolymerization of PET by glycolysis
to recover bis-hydroxyethyl terephthalate (BHET) monomer
has led to studies of glycolysis catalysts.)erefore, the efforts
of recent research is directed towards duplicating the rate
and BHET monomer yielded through the development of
highly efficient catalysts and other techniques, in addition to
optimizing the reaction conditions (such as time, temper-
ature, PET/catalyst ratio, and PET/EG ratio) [31, 32]. It has
been concluded that zinc acetate is the most suitable gly-
colysis catalyst of the four metal acetates (lead, zinc, cobalt,
and manganese) under a pressure of 1 atm [33].

In the present paper, the influence of using processed
PET waste particles as a part of fine aggregates on the
mechanical and physical properties of cementitious paste is
investigated. In particular, the amount to be substituted is
determined as weight percentage of the sand. In the fol-
lowing, the process of PET particles production is described
and illustrated.

3. Materials and Test Methods

3.1. Materials and Samples Preparation. In this study, the
depolymerized PET obtained by chemical degradation of
plastic water bottles is added as a modifier of cement paste to
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evaluate the recycled effect on mechanical behaviour. Or-
dinary Portland cement type CEM I-52.5R was used
throughout the current experimental campaign of prepa-
ration of the specimens. )e chemical composition of the
cement employed is presented in Table 1.

In the first phase, PET water bottles were cut into many
small sized pieces. Such plastic particles with diameter equal
to 2mmwere employed in the PET depolymerization process
through the glycolysis reaction. )e C2H6O2 Ethylene Glycol
(EG) solvent and the catalyst consists of TiO2 zinc-dioxide
particles were added to allow the reaction activation. In the
mixture, the EG : PET molar ratio was equal to 4 :1 with 0.5%
catalyst based on the weight of PET. In PET chemical recy-
cling phase, the mixture was heat-treated at 190oC for five
hours until the mixture came in the resin state [34]. Heat
treatment was involved in the complete condensation in close
system through the use of glass condenser using water as a
cooler (Figure 1(a)). )e unreacted (EG) solution was sep-
arated in the form of depolymerized polyethylene tere-
phthalate (DPET) as shown in Figure 1(b). After a liquid
separation, the solid component was ground and reduced to
fine powder with diameter 30 nm.

In the second phase, different cement pastes were
produced depending on the manufacturing of the speci-
mens. )e cement mixtures were obtained to replace a part
of sand with DPET particles. )e nanoparticles were mixed
with cement in a dry condition, and the dry mixtures were
sieved several times for a proper dispersion of the nano-
particles. )e materials were mixed in a planetary mixer
according to the UNI-EN 196 recommendations [35]. )e
water-cement ratio (W/C) used was set to 0.45.

Seven cement pastes were prepared using normalized
sand (according to UNI-EN 196-1-2006 [35]) and unnor-
malized sand with particle size from values of 0.5 to 2mm.
)e samples of the DPETmixtures were prepared to measure
the additional effect of DPET to the mixture and to using six
different amounts added to the content of cement (Table 2).

)ree samples (40mm× 40mm× 160mm) were pre-
pared for each proportion to determine the unit weight, flow,
mechanical characteristic (compressive and flexural
strength), and thermic properties.

3.2. Test Methods

3.2.1. $ermal Conductivity. )e thermal conductivity and
the specific heat capacity were measured using the multi-
functional commercial device, ISOMET 2104. Such instrument
is equipped with various types of optional probes, for example,
needle probes for porous, fibrous, or soft materials, and surface
probes for hard materials. )e measurement of the thermal
properties of the material is based on the analysis of tem-
perature response to heat flow impulses. )e surface of sample
to test is put in direct thermal contact with the heat flow
induced by a resistor. )e thermal data in this research were
acquiredmeasuring themoisture content constantly (Figure 2).

3.2.2. Flexural Strength. For each investigated mortar de-
scribed in Table 2, three specimens were casted according to
EN 196-1 [34]. All 40× 40×160mm prismatic specimens

(Figure 3) were stored at 20C (90% RH). As suggested by EN
196-1 https://www.sciencedirect.com/science/article/pii/
S0950061816317111?casa_token�4vjs3FIZOn4AAAAA:n0E
oE21cF3wBGXgIc5w5w8sQIA0bzi7Dmdq5Rp6utBk7l0KLP
JeqPbKAUf28HaiFEoEZh337fg [35], three point bending
tests were carried out after 28 days to assess the flexural
strength. )e external load P was applied through an
Instrom L.T.D. loading machine, having a loading capacity
of 50 kN. Tests were performed by driving the displacement
of the loading cell, whose stroke moved at a velocity of
0.5mm/min. Both the applied load P and the midspan
deflection δ of the beam were recorded during the tests, until
the complete failure of the specimen (Figure 4).

)e flexural strength was determined by the following
according to [35]:

Rf �
1.5∗P∗ l

b
3 , (2)

where Rf is the flexural strength (N/mm2); P is the load applied
to themiddle of the prism at the first crack, in Newtons; b is the
side of the square section of the prism, in millimetres; l is the
distance between the supports, in millimetres.

3.2.3. Compressive Strength. Compressive strength tests of
the cement paste samples were carried out at 28 days after
casting. )e cubic specimens were obtained by the prismatic
samples after being tested for bending. )e flat surfaces of the
cubic specimens were polished and smoothed in order to
eliminate the unevenness. )ree samples were tested for each
paste. )e load was applied perpendicularly and continuously
on the specimen by using a hydraulic testing compression
machine with a maximum load of 150 kN. )e compressive
strength was determined according to [35] (Figure 5).

)e compressive strength of the specimen was calculated
by dividing the maximum load carried by the specimen
during the test by the average cross-sectional area of the
specimen as shown in the following in accordance with [35]:

Rc �
Fc

A
, (3)

where Rc is the compressive strength, in N/mm2; Fc is the
maximum load at fracture in Newtons; A is the area of the
prism face in millimetres (40× 40).

4. Results and Discussion

4.1. FlowValue. To evaluate the fluidity of the cement pastes,
a slump test was conducted on the cementitious mix pre-
pared at the laboratory by using the slump cone or Abrams

Table 1: Chemical composition of cement.

Oxides Content (%)
SiO2 20.3
Al2O3 4.4
Fe2O3 2.6
CaO 62.5
MgO 2.5
SO3 2.1
LOI 1.0
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cone, which was filled with the prepared mortar mix in three
stages. )e slump was thus determined by measuring the
distance from the top of the subsided cement paste to the
level of the top of the slump cone and was recorded in terms
of millimetres. In Figure 6, the flow value of each cement
paste normalized to the flow value of the conventional ce-
ment mixture (Paste 1 in Table 1) is represented. )e results
obtained from the slump test show that the mixture 3 and 4
were more fluid than mixture 1. )e flow values decrease
continuously for the DPET percentage greater than 20%
(paste 4-5-6-7 in Table 1).

(a) (b)

Figure 1: (a) Close system of chemical recycling step; (b) depolymerization of polyethylene terephthalate (DPET) after a liquid separation.

Table 2: Mixture typologies with the sand type used and the weight replacement of sand by DPET.

Cement paste Sand type Sand (g) DPET (g) Sand (%) DPET (%) Specific weight ρ (kg/m3)
1 Normalized 500 — 100 — 2100
2 Normalized 350 150 70 30 1950
3 Unnormalized 500 — 100 — 1960
4 Unnormalized 400 100 80 20 1812
5 Unnormalized 300 200 60 40 1636
6 Unnormalized 200 300 40 60 1494
7 Unnormalized 100 400 20 80 1451

Figure 2: Conductivity test device.

Figure 3: DPET-prismatic samples tested to flexural load.

Figure 4: Flexural test on prismatic sample.
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4.2. $ermal Conductivity. )e results obtained from the
thermal conductivity tests are reported in Table 3 and are
represented in Figure 7(a). )e thermal conductivity is
substantially indicated as the attitude of a heat-transmitted
material. )e data relating to the conducted tests show that
the experimental values regarding this characteristic de-
crease with the progressive increase of DPET amount in the
cementitious paste.

In Table 3, the thermal diffusivity values of all tested
specimens are reported. Such characteristic describes the
propagation of the thermal field where the regime of the
boundary conditions is not stationary and the capacity of the
material to adapting to the changes in temperature imposed
from the outside. Similarly to the thermal conductivity, the

thermal diffusivity decreases when the DPET percentage
increases in the mixture. )is trend is not observed for
sample 6, which can be still counted among the measure-
ment errors due to the smaller surface of the test sensor.

It is clear from the results represented in Figure 7(b) that
the more DPET is added to the mixture, the more the
diffusivity is lowered, and therefore the thermal inertia
increases.

)e minimum thermal conductivity value was 0.35W/m
K, observed at 80% aggregates replacement. From this result,
it was concluded that waste PET aggregates replacement
with conventional aggregate in the mixture showed better
insulation properties (i.e., lower thermal coefficient). )e
low unit weight and high thermal conductivity values of
DPET mortars make it possible to assess the use of such
materials in construction applications.

In fact, the thermal conductivity values of produced
mortars decreased with increasing weight fractions of depo-
lymerized plastic, and their thermal conductivities were lower
than the ordinary mortar by about 31–62%. Such reduction is
in agreement with the experimental results in another pre-
liminary research conducted onmortars withmilled PETwaste
until reaching particles size similar to sand [36, 37]. In [37], the
percentual improvement of thermal property has increased up
to 57% in mortars with sand replacement by PET obtained by
milling. As noted in the presented experimental results, the
cement mortar containing a large part of polymeric material
replacing sand preserves the high thermal performances of
milled PET mortar with the added advantage of using non-
depurated plastic waste. For this reason, it can prove to be a
highly recommended material that can offer advantages in
terms of thermal insulation.

4.3. Mechanical Strength. )e flexural and compressive
strengths of the different mixtures are collected in Table 4.

Specifically, Table 4 shows the variations in the flexural
strength of the different mixtures as a function of the
percentage of sand replaced by the same weight of plastic.
Comparing with the control mixture, no significant changes
are observed for mixtures containing up to 40% of DPET
aggregates. However, a decrease of 46% and 51% for mix-
tures with, respectively, 60% and 80% of DPET content is
observed. In Figure 8, the flexural strengths of the DPET
mixture with respect to the specific weights are represented.

)e experimental results show a decrease in compressive
strength when the plastic content increases both the normal-
ized and unnormalized sand mixtures. )e drop in com-
pressive strength seems not to be proportional to the weight
fraction of sand replaced by plastic aggregates. In fact, a de-
crease of 20% for themixture with 30% ofDEPTaggregates and
normalized sand (cement paste 2 in Table 4) is observed. For
mixtures with, respectively, 20%, 40%, 60%, and 80% of DPET
aggregates and un normalized sand (cement paste 4, 5, 6, and 7
in Table 4) a decrease equal to 25%, 47%, 60%, and 66% of
compressive strength, respectively, is observed. )e drop in
compressive strengths due to the addition of plastic aggregates
is closely related to the decrease of the specific weight of the
DPET mixture (Figure 9).
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Figure 6: Flow values normalized to flow value of cement paste 1.

Figure 5: Compressive test on cubic sample.
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Table 3: )ermal conductivity and thermal diffusivity values of the seven mixtures investigated.

Cement
paste Sand type Sand

(%)
DPET
(%)

Specific weight ρ (kg/
m3)

)ermal conductivity (W/
mK)

)ermal diffusivity (m2/s) x
10−8

1 Normalized 100 — 2100 2.02± 0.05 1.10± 0.08
2 Normalized 70 30 1950 1.45± 0.10 0.892± 0.05
3 Unnormalized 100 — 1960 0.99± 0.06 0.608± 0.1
4 Unnormalized 80 20 1812 0.627± 0.02 0.426± 0.03
5 Unnormalized 60 40 1636 0.57± 0.02 0.38± 0.05
6 Unnormalized 40 60 1494 0.42± 0.09 0.518± 0.06
7 Unnormalized 20 80 1451 0.35± 0.01 0.35± 0.02
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Figure 7: (a) Reduction of the thermal conductivity according to each mixture type; (b) reduction of the thermal diffusivity according to
each mixture type.

Table 4: Results of flexural and compressive strength of cementitious pastes with different weight additions of DPET.

Cement paste Sand type DPET (%) Flexural strength Rf (N/mm2) Compressive strength Rc (N/mm2)
1 Normalized — 10.02± 0.53 51.97± 1.32
2 Normalized 30 8.80± 0.25 42.06± 1.02
3 Unnormalized — 6.87± 0.48 47.91± 0.89
4 Unnormalized 20 7.79± 0.50 35.82± 1.06
5 Unnormalized 40 6.77± 0.47 25.60± 0.89
6 Unnormalized 60 4.36± 0.31 18.78± 0.60
7 Unnormalized 80 3.32± 0.32 16.27± 0.95
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Figure 8: (a) Flexural strength according to tested mixture type; (b) relationship between the flexural strength and specific weight of the
specimens.
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)e reduction of compressive and tensile strengths in
correspondence of the increased proportion of the replaced
aggregate results in agreement with the experimental evidence
revealed by previous studies carried out on mortars containing
milled PETparticles [21, 22].)emechanical behaviourDPET-
mortar results were comparable to mortars with the incor-
poration of ground PET waste. Depolymerization of the PET
thus allows obtaining a mortar with similar performance
without include the needed steps for the mechanical recycling
on (i.e., separation based on shape, density or chemical
composition of waste, and washing to removal of impurity).

5. Conclusions

In recent years, the recycling of PET has received a great deal of
attention for the heavy amount of plastic material destinated to
disposal treatment.)e presented paper focused on the use of a
postconsumer PET-bottles wastes as aggregates in a cement
paste in order to evaluate its physical and mechanical char-
acteristics. In the material research field, the postconsumer
PET-bottles aremainly recycled into fibres throughmechanical
process. Nevertheless, mechanical processing can often lead to
low-grade material due to the difficulty of obtaining fibres
uniform throughout and free from defects. For this reason, the
conducted research aimed to explore the possibility of using
PET nanoparticles obtained by a chemical process as the de-
polymerization of plastic pieces through the glycolysis reaction
using Ethylene Glycol as a solvent.

Different DPET percentages were added to the cement
mixture in replacement of sand.)e results of mechanical tests
and thermal conductivity tests conducted on mortar mixed
with chemically depolymerized PET have been compared with
the performance of a traditional paste. )e experimental data
showed that the use of plastic nanoparticles decreases the
mechanical performance in terms of flexural and compressive
strength of the new mortars. )e results showed that a higher
percentage of DPETprovides a lower heat-transfer capacity to
the mortar. For this reason, the chemically DPET- mortars can

be considered a valuable material in the building field for all
those cases where a good thermal insulation level is required.
Finally, the high advantage obtained from recycling a waste
material like PET that is very dangerous for the environment
must be underlined.

)e present research on PETwaste chemically recycle to
improve mortar performance can be considered prelimi-
nary. It showed interesting properties of DPET mortars such
as thermal conductivity; however, further study remains to
optimize the chemical process conditions with several re-
agents and to define the optimal DPET-additive amount.
Additionally, this research can also be expanded analysing
the microstructure of DPET mortars and evaluating a
possible fire resistance difference according to DPET
utilization.
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Aiming to study the effect of drive plate with different surface topographies on the wear property of magnetorheological fluid
(MRF), some specific experiments are carried out and analyzed in this paper. Firstly, experiment materials and test methods for
MRF are elaborated, and four different surface topography drive plates are designed andmanufactured. MRF test-bed is built up to
test the rheological properties of MRF. Moreover, the surface morphology of particles is taken using a scanning electron mi-
croscope (SEM). Finally, experimental results show that there are remarkable influences on tribological properties of carbonyl
iron-based MRF with different drive plates. /erefore, the drive plate with specific surface topography can meet the needs of
different MRF transmission systems.

1. Introduction

As a kind of smart material that is sensitive to magnetic field,
magnetorheological fluid (MRF) is a solid-liquid two-phase
system formed by micron or submicron magnetic particles
and additives disperse in a nonmagnetic carrier liquid [1, 2].
MRF changes into a solid-like structure from a liquid-like
structure when exposed to an external magnetic field. When
the external magnetic field is removed, the behavior of MRF
reverts to the previous state within a few milliseconds. Such
phenomenon is called magnetorheological effect [3, 4]. As
magnetorheological effect is rapid, continuous, and re-
versible, MRF is widely applied in biological medicine [5],
automobile industry [6], polishing technology [7, 8], aero-
space [9], mechanical engineering, and other fields [10, 11].

In practical engineering applications, carbonyl iron-
based magnetorheological fluid with different physical pa-
rameters has different application properties, which has
received extensive research by scholars. /e corrosion
process of carbonyl iron particles on magnetorheological
behavior was investigated by Plachy et al., indicating that

carbonyl iron particles were oxidized at fierce thermal ox-
idation at 500°C in the air and mild chemical oxidation in
0.05M HCl [12]. Sedlacik and Pavlinek performed an ex-
perimental investigation to elucidate the effect of partial
substitution on the overall MR performance as well as
sedimentation stability; the sedimentation test showed
positive role of dimorphic composition of dispersed phase
on the sedimentation stability [13]. A systematical study of
the overall influence of carbon allotrope additives on per-
formance, stability, and redispersibility of magneto-
rheological fluids was carried out by Cvek et al., showing that
carbon nanotubes had a better effect on stability and
redispersibility of MRF [14]. In addition, the effect of acid
additives on the stability and rheological properties of a
suspension of carbonyl iron (CI) microparticles dispersed in
silicone oil was studied by Ashtiani and Hashemabadi.
Experimental results showed that, by increasing carbon
chain length of acids, yield stress and stability increased up
to 22 times (at H� 362 kA/m) and 7 times, respectively [15].
/e relationship between shear stress and volume fraction
and shear rate of MRFs was studied by Sun et al., and it was
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found that the volume fraction had great effect on the yield
stress of MRF [16].

Particle morphology also has great influence on the
properties of magnetorheological fluids. /e characteriza-
tion, magnetic, and rheological properties of plate-like
carbonyl iron particle (CIP) in comparison with conven-
tional spherical CIP were studied by Shilan et al., and they
indicated that the plate-like CIP obtained higher saturation
magnetization (about 8%) than that of the spherical particles
[17]. Moreover, a nonspherically shaped iron particle-based
magnetorheological (MR) fluid, particularly flake-shaped, is
synthesized to evaluate the performance of an MR brake by
Patel et al., and it was shown that flake-shaped particle-based
MR fluid with 70% weight fraction of iron particles exhibits
17% higher breaking torque at relatively low magnetic field
strength compared to spherically shaped MR fluid with 72%
particle weight fraction [18]. Effect of nanocelluloses on the
magnetoresponsive behavior and stability of MR fluids was
studied by Wang et al., and they indicated that both CNC
and CNF can stabilize MR fluids and improve their sensi-
tivity to alterations of magnetic field strengths [19]. /e
effect of nanodiamond on the MRF was studied by Zhao
et al., and they demonstrated that the physical properties and
external working conditions of the nanodiamond could have
a higher impact on MRF, which was of high significance to
the preparation of MRF with excellent performance [20].
/e iron nanoparticles and commercial carbonyl iron
microsized particles were used in the dispersing phase to
prepare MR fluids; magnetorheological effect and sedi-
mentation stability were measured for comparison by Zhu
et al., and they indicated that the iron nanoparticles-based
MR fluids present a slightly lower MR effect but much better
sedimentation stability with respect to the MR fluids with
carbonyl iron microsized particles [21].

Furthermore, external working condition is also one of
the key factors affecting the properties of MRF. /e tem-
perature effect on performance of compressible magneto-
rheological fluid suspension systems was studied by McKee
et al. and it was found that the shear yield stress of the
magnetorheological fluid remained unchanged within the
testing range, while both the plastic viscosity, using the
Bingham plastic model, and the bulk modulus of the
magnetorheological fluid decreased as the temperature of
the fluid increased [22]. /e microscopic characteristics of a
magnetorheological fluid (MRF) in a magnetic field was
studied by Wang et al., and they indicated that the chain
structure of the same MRF becomes more apparent as the
magnetic field strength increases and, in the same external
magnetic field, the chain structure also becomes more ap-
parent with an increase in the particle volume fraction [23].

Bearing the above observations in mind, the research of
MRF is greatly in the component parameters of MRF
(magnetic particles, carrier fluid, and additives) and external
conditions, such as magnetic field and temperature. How-
ever, few studies focus on surface texture of the drive plate
on the property of MRF. In this paper, MRF test-bed is used
to study the effects of different surface topography on
properties of carbonyl iron-based magnetorheological fluid.
Sedimentation stability, zero-field viscosity, maximum

transmittable torque, and shear yield stress of the samples
have been studied and analyzed. Test results show that there
are remarkable influences on tribological properties of
carbonyl iron-based MRF with different surface texture.

/e rest of this paper is organized as follows: experi-
mental methods and preparation of the MRF are elaborated
in Section 2. Results and discussion based on drive plate with
different surface texture on MRF experiments are discussed
in Section 3. Our conclusions and future work are sum-
marized in Section 4.

2. Experiment

2.1. Preparation of MRF. Carbonyl iron particles and syn-
thesized base oil are used as magnetic particles and carrier
fluid for MRF, respectively. Carbonyl iron powders con-
sisted of polydisperse spherical particles with diameter
ranging between 1 and 2 μm. Due to its excellent high-
temperature and low-temperature performance and wide
range of working temperatures, PAO 6 (Poly-Alpha-Olefins
6) is chosen as carrier fluid. Firstly, the synthesized base oil is
heated from normal temperature to 60°C by a digital
magnetic agitator. Secondly, dispersant, thickener, and ac-
tivator are added to the synthesized base oil with certain
proportion successively. /irdly, the mixture is magnetically
stirred for about 2 hours until it is well blended and the speed
is kept at 300 rpm; then we get compound liquid. Fourthly, a
certain percentage of carbonyl iron powder is added to the
compound liquid gradually. Fifthly, stirring is performed
andmechanical stirring speed is kept at 1800 rpm for about 8
hours. Sixthly, the suspension liquid is stirred at 25°C for
about 1 hour. MRF of 30% mass fraction is prepared by the
above method. /e preparation process of MRF is shown in
Figure 1. /en we get the prepared carbonyl iron-based
magnetorheological fluid sample that is marked as MRF-0.

2.2. Experimental Methods for Properties of MRF. As shown
in Figure 2, there are three working modes of MRF device:
flow mode, shear mode, and squeeze mode. MRF trans-
mission device is based on the shear mode. According to the
model of Newton fluid and Bingham fluid, the relation
between total shear stress τ and shear strain rate _c is given by
[24]

τ � τy(B)sgn( _c) + η _c, τ > τ(y)B, (1)

_c � 0, τ ≤ τ(y)B, (2)

where τy(B) is the yield stress in response to the applied
magnetic field intensity B and η is the constant plastic
viscosity, which is the apparent viscosity.

Before the magnetic particles are not magnetized to
saturation, τy(B) increases with the increasing magnetic
field intensity B and it is given by [24]

τy(B) � αB
n
, (3)

where B is the applied magnetic flux density and α and n are
constant parameters that approximate the relationship
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between the magnetic field intensity and the yield stress for
MRF, which is determined by the properties of MRF.

In this paper, a disc rotary shear test device is used to test
the transferable torque and its working principle is shown in
Figure 3, and the resistant torque can be written as [24]

T � 2π 􏽚
r2

r1

τr
2dr. (4)

/e angular velocities of the rotating disks are ω1 and ω2,
and h is the thickness of the MR fluid gap; then

_c �
r ω1 − ω2( 􏼁

h
. (5)

Substituting equations (1)–(5), the resistant torque is
given by

T � 􏽚
r2

r1

2πr
2dr �

2πτy

3
r
3
2 − r

3
1􏼐 􏼑 +

πηΔω
2h

r
4
2 − r

4
1􏼐 􏼑. (6)

It can be seen from the above equation that the resistant
torque ofMRF transmission device is mainly composed of two
parts, TB � (2πτy/3)(r32 − r31) and Tη � (πηΔω/2h)(r42− r41).
TB is produced by shearing chain columnar structure of MRF,
and Tη is formed by the viscidity of MRF that is related to
physical property of MRF.

In order to observe the dynamic evolution process of
magnetorheological fluid with the applied magnetic field,
MRF microstructure observation device is built up (Fig-
ure 4). As shown in Figure 5, magnetic particles are ran-
domly distributed in carrier liquid without an applied
magnetic field. /e magnetic particles attract each other and
line up into chains in the direction of an applied magnetic
field and the chains are wider and longer with the intensity of
magnetic field increasing.

A testing device is designed and its integral structure is
shown in Figure 6. In order to study the effects of different
surface topography on properties of carbonyl iron-based
magnetorheological fluid, drive plate with smooth surface,
ring groove, radial groove, and pitted surface are designed,
where the depth of the grooves and pitted surface is 2mm, as
shown in Figure 7. MRF test-bed is designed and con-
structed, as shown in Figure 8. Firstly, four samples of MRF
with the same composition are prepared as a reference
sample before the experiment. Sedimentation stability, zero-
field viscosity, and shear yield stress are tested, respectively.
Secondly, the sample of MRF is injected into the MRF
working gap of the testing device. /irdly, loads of magnetic
powder brake are kept at 20N/m, regulating DC electrical
source and delivering up to 3.5 A of continuous output
current, running the system. Fourthly, the maximum load is
recorded once an hour, which can be transferred by the test
device when the systems stabilize. Fifthly, the system is
stopped when the load remains constant, and samples are
taken to test its dispersion stability, zero-field viscosity, and
shear yield stress. Sixthly, drive plate is changed with four
different surface topographies shown in Figure 2, and steps 2
through 5 are repeated.

3. Results and Discussion

MRF samples’ index and the corresponding test drive plate
in the wear experiments are given in Table 1.

3.1. SEM Images of Magnetic Particles Morphology. /e
surface morphology of magnetic particles is observed by
scanning electron microscopy (SEM). Carbonyl iron par-
ticles are essentially spheroids, as shown in Figure 9(a). /e

Synthesized
base oil

Magnetic stirring
(60°C)

Mechanical stirring
(60°C)

Mechanical stirring
(25°C)

Dispersant

�ickener

Activator

Compound liquid

Suspension liquid

Carbonyl iron powder

MRF

Figure 1: Preparation process of MRF.
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Stationary plate

Stationary plate Stationary plate Stationary plate
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MRF MRF MRF
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Figure 2: Working modes of MRF device.
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Figure 4: Diagram of MRF microstructure observation device.
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Figure 5: Microstructure of magnetorheological fluid under different magnetic intensity.
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modified particles with floccule surface can improve the
suspension stability of MRF shown in Figure 9(b).
Figures 9(c) and 9(d) show that particles are worn after the
wear test due to the interactions between the particles
[25, 26].

3.2. Sedimentation Test. /e sedimentation stability of the
samples is investigated by visual observation method and
can be expressed by sedimentation ratio V [27]:

V �
h

H
× 100%. (7)

MRF inlet
Input sha� Shell

Magnetic isolating gap
O-ring felt seal

Deep groove
Screw

Washer
Round nuts

Bearing block
Le� end cover Right end cover

Disk magnetic pole
Base holder

Coil
Oil seal

Output sha�

Figure 6: Explosive view of testing device.
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Pitted 
surface
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Figure 7: Drive plate with different surface topography.

DC-electrical source

Oscilloscope

Digital instrument 2

Digital instrument 1

Monitor

Computer

Coupling

Controller

Torque sensor 1Torque sensor 2

Magnetic powder brake
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Figure 8: MRF test-bed.
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Table 1: Index of MRF samples and the corresponding test drive plate.

Index Experimental projects Surface morphology of test drive plate
MRF-0 — —
MRF-1

Sedimentation stability

Ring groove surface
MRF-2 Pitted surface
MRF-3 Smooth surface
MRF-4 Radial groove surface
MRF-1

Zero-field viscosity

Ring groove surface
MRF-2 Pitted surface
MRF-3 Smooth surface
MRF-4 Radial groove surface
MRF-1

Maximum transmittable torque

Ring groove surface
MRF-2 Pitted surface
MRF-3 Smooth surface
MRF-4 Radial groove surface
MRF-1

Shear yield stress

Ring groove surface
MRF-2 Pitted surface
MRF-3 Smooth surface
MRF-4 Radial groove surface

(a) (b)

(c) (d)

Figure 9: (a) SEM images of magnetic carbonyl iron particles. (b) Modified particles of MRF before experimental test. (c) Multiple particles
of MRF after experimental test. (d) Particles of MRF after experimental test.
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In this formula, h is the height of the particle-rich phase
relative to H, which is the total MR fluid height.

/e sedimentation stability curve is shown in Figure 10.
It is illustrated that the sedimentation stability of all the
samples decreases with time, and at last it remains stable./e
sedimentation ratios of samples that experience test are
lower than MRF-0, which indicates that the surface of
modified particles is damaged by the interactions force
between particles during the experiment. In addition, MRF-
4 has the lowest sedimentation ratio of 73.8%, and it is
followed by MRF-2, 74.5%, MRF-3, 76.1%, and MRF-1,
78.7%, respectively.

3.3. Zero-Field Viscosity. /e experiments of zero-field
viscosity are carried out at room temperature, 25°C, and the
rheometer (version: Anton Paar MCR 302) is used in the test
of zero-field viscosity. From Figure 11, the zero-field vis-
cosity of all the samples decreases with the increment of
shear rate and zero-field viscosity of MRF-0 is lower than
that of the others. In addition, MRF-4 has the highest zero-
field viscosity. /erefore, MRF subjected to wear experiment
has higher zero-field viscosity.

3.4. Shear Yield Stress. /e change of maximum trans-
mittable torques of MRF samples with four different drive
plates with working time is shown in Figure 12. /e
maximum transmittable torques of the samples are dif-
ferent. From the maximum to minimum are drive plates
with radial groove, pitted surface, smooth surface, and ring
groove. /e corresponding maximum transmittable tor-
ques are 27.7 Nm, 25Nm, 24.4 Nm, and 22.3Nm. /e rates
of decline are 29%, 30.6%, 30.3%, and 31.2%, respectively.
Drive plate with ring groove has the minimum transmit of
torque; the reason may be the increase of the working gap
of MR fluid as well as the same direction of ring groove and
the shear direction of MR fluid, which reduces transmit-
table torque of MRF.

/e relation curves of field current and shear yield stress
are obtained in Figure 13. In the working gap between the
drive plate and brake plate, the magnetic flux density in x-
axis direction with different field current is shown in Fig-
ure 14. As shown in Figure 13, the shear yield stress of MRF
becomes lower after the wear experiment. /e curves of
MRF-1 and MRF-3 are almost the same, and the shear yield
stress reaches 39.7 kPa and 39.8 kPa, respectively, when the
field current is 4 A. However, MRF-4 has minimum shear
yield stress, which is 31.8 kPa, when the field current reaches
4A. /rough the above analysis, radial groove and pitted
surface drive plates not only improve the transmittable
torque of MRF but also increase the wear of MRF.

3.5. Discussion. /ere are remarkable influences on tribo-
logical properties of carbonyl iron-based MRF with different
surface topography drive plates. Compared with smooth
surface plate, drive plates with radial groove surface and
pitted surface can improve transmittable torques of MRF,
but drive plate with ring groove surface cannot. However,

radial groove surface plate and pitted surface plate can also
exacerbate the wear of MRF, which will reduce shear yield
stress of MRF. In addition, with intensification of the wear of
MRF, there results an increase in worn particles, which leads
to reduction of zero-field viscosity of MRF. Zero-field vis-
cosity of MRF subjected to wear experiment is as follows in
decreasing order: drive plate with radial groove surface,
drive plate with pitted surface, drive plate with smooth
surface, and drive plate with ring groove surface. Moreover,
the sedimentation stability of MRF worsens due to the
damage of additives after wear experiments. /erefore, the
wear property of MRF needs to be considered in the choice
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of surface texture for drive plate applied to MRF trans-
mission system.

4. Conclusions and Future Work

A manufacturing process method for MRF was described in
detail, drive plates with four different surface topographies
were designed, and an experiment table of MRF transmis-
sion test-bed was designed and constructed to study the wear
property of carbonyl iron-based MRF.

/e future work will focus on other factors on the
properties of MRF, such as improving control algorithm of
MRF transmission system to optimal property of carbonyl
iron-based magnetorheological fluid, and the study of the
mechanism of friction and wear of MRF is also our future
work.
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[11] D. Güth and J. Maas, “Long-term stable magnetorheological
fluid brake for application in wind turbines,” Journal of In-
telligent Material Systems and Structures, vol. 27, no. 15,
pp. 2125–2142, 2016.

[12] T. Plachy, E. Kutalkova, M. Sedlacik, A. Vesel, M. Masar, and
I. Kuritka, “Impact of corrosion process of carbonyl iron
particles on magnetorheological behavior of their suspen-
sions,” Journal of Industrial and Engineering Chemistry,
vol. 66, pp. 362–369, 2018.

[13] M. Sedlacik and V. Pavlinek, “Magnetorheology of dimorphic
magnetorheological fluids based on iron nanorods,” Journal of
Physics: Conference Series, vol. 790, Article ID 012031, 2017.

[14] M. Cvek, M. Mrlik, R. Moucka, and M. Sedlacik, “A sys-
tematical study of the overall influence of carbon allotrope
additives on performance, stability and redispersibility of
magnetorheological fluids,” Colloids and Surfaces A: Physi-
cochemical and Engineering Aspects, vol. 543, pp. 83–92, 2018.

[15] M. Ashtiani and S. H. Hashemabadi, “An experimental study
on the effect of fatty acid chain length on the magneto-
rheological fluid stabilization and rheological properties,”
Colloids and Surfaces A: Physicochemical and Engineering
Aspects, vol. 469, pp. 29–35, 2015.

[16] H. Sun, X. Zhu, N. Liu, L. Liang, and L. Shixu, “Effect of
different volume fraction magnetorheological fluids on its
shear properties,” Journal of Physics Conference Series,
vol. 1187, no. 3, p. 032078, 2019.

[17] S. T. Shilan, S. A. Mazlan, M. H. A. Khairi, and Ubaidillah,
“Properties of plate-like carbonyl iron particle for magneto-
rheological fluid,” Journal of Physics: Conference Series,
vol. 776, p. 012033, 2016.

[18] S. Patel, D. Patel, and R. Upadhyay, “Performance en-
hancement of MR brake using flake-shaped iron-particle-
based magnetorheological fluid,” Journal of Testing and
Evaluation, vol. 48, no. 3, pp. 2393–2411, 2020.

[19] Y. Wang, W. Xie, and D. Wu, “Rheological properties of
magnetorheological suspensions stabilized with nano-
celluloses,” Carbohydrate Polymers, vol. 231, p. 115776, 2020.

[20] M. Zhao, J. Zhang, and J. Yao, “Effects of Nano-Diamond on
Magnetorheological Fluid Properties,” Nano, vol. 1210 pages,
2017.

[21] W. Zhu, X. Dong, H. Huang, and M. Qi, “Iron nanoparticles-
based magnetorheological fluids: a balance between MR effect

Advances in Materials Science and Engineering 9



and sedimentation stability,” Journal of Magnetism and
Magnetic Materials, vol. 491, p. 165556, 2019.

[22] M. McKee, F. Gordaninejad, and X. Wang, “Effects of tem-
perature on performance of compressible magnetorheological
fluid suspension systems,” Journal of Intelligent Material
Systems and Structures, vol. 29, no. 1, pp. 41–51, 2018.

[23] N. Wang, X. Liu, S. Sun, G. Królczyk, Z. Li, and W. Li,
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A series of flexural tests were performed in order to investigate the effect of steel fiber reinforcement (SFR) in textile-reinforced
concrete (TRC) plates. Some of the specimens were reinforced only with textile, some of them only with fibers, and some of them
were provided with both textile and fiber reinforcement.*e concrete matrix was a self-developed ultrahigh performance concrete
(UHPC) mixture with a compression strength over 160MPa. *e tensile strength of the used textiles was around 1500MPa for
glass fiber textile and over 3000MPa for carbon fiber textile. In case of fiber reinforcement, the concrete was reinforced with 2 vol%
of 15mm long and 0.2mm diameter plain high strength steel fibers. *e dimensions of the rectangular plate test specimens were
700×150× 30mm. *e plate specimens were tested in a symmetric four-point bending setup with a universal testing machine.
*e tests were monitored using a photogrammetric measurement system with digital image correlation (DIC).*e paper presents
and evaluates the test results, analyses the crack patterns and crack development, and compares the failure modes. *e results
showed a general advantageous mechanical behavior of specimens reinforced with the combination of fibers and textiles in
comparison to the specimens reinforced with only fiber or textile reinforcement.

1. Introduction

Ultrahigh performance concrete has been developed since
the 1990s and offers an outstanding compression strength of
higher than 150MPa, which is multiple times higher than in
case of normal strength concrete (NSC) [1]. To reach the
extraordinary kind of strength, a very fine and dense
structure is needed, which contains a proper combination of
finest compounds such as quartz powder, microsilica, and
cement. Because of the high packing density, UHPC has a
matrix almost free of capillary pores, which makes the
material nearly resistant to chloride ingression, alkali, and
deicing salt. With a partly substitution of cement in the
mixture, for example, with fly ash or blast furnace slag, an
almost identical compressive strength without any degra-
dation of the mechanical properties and workability pa-
rameters can be reached [2–5]. Including these facts and the
material-savings potential due to the high compressive
strength and the smaller necessary concrete cover, UHPC
can be rated as material-saving and durable building ma-
terial with a lower ecological impact than NSC [5, 6].

Due to the high packing density, UHPC has a very brittle
behavior under compression loading. *erefore, usually
steel fibers are added in the mixture to avoid this negative
behavior. By adding fibers, ultrahigh performance fiber-
reinforced concrete (UHPFRC) is able to resist notable
tensile forces [7], and it provides a more ductile behavior.
Moreover, fibers can significantly increase the shear resis-
tance of UHPC beams [8], or prefabricated UHPFRC units
can be applied for local strengthening of highly compressed
concrete zones [9]. When using fiber-reinforced concrete,
the fiber orientation and distribution have a strong impact
on the tensile behavior. *ese attributes are influenced not
only by the production and the pouring of the concrete but
also by depending on the shape and size of the specimens
[10].

*e demand of a more predictable structural response
leads to the idea to combine UHPC with textile reinforce-
ment. In addition to the other outstanding features of
UHPC, a very high bond strength to reinforcing materials
can be developed [11]. Typical materials for textile rein-
forcements are alkali-resistant (AR) glass or carbon. *ese
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materials show besides their high tensile strength (up to 5
times the tensile strength of ordinary reinforcement steel)
and sufficient ultimate strain, an adequate modulus of
elasticity and a low relaxation and resistance to corrosion in
alkaline environment and in concrete [12, 13]. Above all, it
can be placed exactly in the direction and where it is needed,
which beneficially affects the failure mechanism and the
ductility of the concrete structure [13, 14].

Textile reinforcement is made of rovings, which are
bundles of infinite filaments. *ese filaments are glued to-
gether with an impregnation made of epoxy (EP) or styrene-
butadiene (SB). *e impregnation leads to an activation of
the inner core of filaments in the roving, which is important
to get a uniform stress distribution over the whole cross-
section of the bundle [15]. *e rovings are connected by
means of knitting threads at the crossing points, which has
an essential effect on the composite bearing capacity of the
fabrics [14].

Due to the small mesh sizes of the usually used plane
textile reinforcement, only fine grain concrete mixes and
mortars with a maximum grain size of 4mm are used. For
rigid EP impregnated textiles, the maximum grain size of the
used concrete can go up to 8mm. *erefore, UHPC with its
grain size of usually less than 4mm is an optimal material for
this composition.

Regarding aspects of sustainability, it can be mentioned,
that the high resistance to corrosion of textile reinforcement
can lead to a reduced concrete cover, which means that the
cross-section of structural components can be reduced as
well. Several studies are dealing with the sustainability of the
textile reinforcement [16, 17]. Furthermore, the recycling of
textile-reinforced concrete, when comparing with ordinary
steel-reinforced or fiber-reinforced concrete, with respect to
separation of textile and surrounding concrete matrix, is
relatively easy [18, 19].

2. Materials and Methods

*e ongoing project investigates and compares the following
types of material combinations:

(i) UHPC with steel fibers
(ii) UHPC with textile reinforcement
(iii) UHPC with steel fibers and textile reinforcement

*e paper presents and evaluates the test results, analyses
the crack patterns and the crack development, and compares
the failure modes.

2.1. Materials. *e used textiles are epoxy-coated carbon
and AR-glass textiles produced by the Solidian company.
*e distance of the rovings is the same 38mm into the two
horizontal directions, and the rovings have the same cross-
sectional area into the two main directions. *e main
geometrical and mechanical properties of the textiles are
summarized in Table 1.

*e used fibers are commercial products manufactured
from high strength steel wires.*e fibers are straight by their
product description but slightly curved in practice, with a

circular cross-section. *ey are coated with brass for cor-
rosion protection. *e main geometrical and mechanical
properties of the fibers are summarized in Table 2.

*e specimens were produced using a self-developed
UHPC mixture either without fibers or with a fiber content
of 2% by volume. Table 3 presents themixture proportions of
the applied UHPC and UHPFRC materials. *e maximum
grain size of the quartz sand was 0.4mm. *e mean com-
pression strengths of the mixtures are in the range of
165MPa and 180MPa measured on cubes 28 days after
casting. A summary of the main characteristics of the
mixtures can be found in Table 4.

2.2.Methods. To determine the load bearing behavior of the
different material combinations of UHPC with textile and
fiber reinforcement, bending tests were performed fol-
lowing the recommendation of Kulas [12]. *e test spec-
imens were produced with the dimensions
length ×width × thickness equal to 700×150 × 30mm. *e
textile reinforcement layer was placed 10mm from the
bottom surface and 20mm from the top surface of the
specimens, which was ensured with a two-part formwork.
*e warp direction of the textile was orientated in longi-
tudinal direction to the axis of the specimen. *ree
specimens were produced, tested, and evaluated for each
combination. *e specimens were tested in a symmetric
four-point bending test setup with a span of 600mm. *e
test setup can be seen in Figure 1:

3. Results and Discussion

3.1. Load-Deflection Curves. Figure 2 depicts a comparison
of the load-deflection curves derived from four-point
bending tests. Figure 2(a) depicts a comparison of test results
with carbon textile-reinforced UHPC, carbon textile-rein-
forced UHPFRC, and UHPFRC. *e graphs show that the
initial stiffness of the composites is very similar. After the
first crack, carbon textile-reinforced UHPC plates exhibit
strong drops in the load value at each new crack: after the
crack appears, the specimen loses more than half of its load;
then, the load level increases until the next crack appears at a
slightly higher load level. *is slow increase and sudden
dropping behavior becomes less dominant later on, as more
and more the textile reinforcement holds the load and drives
the overall structural behavior.

In contrast, UHPFRC plates lose their initial stiffness
gradually, without any pronounced load drop, and after the
peak load, also the descending branch of the curve shows a
gradual load decrease during the pull-out of the fiber re-
inforcement. *e first crack at carbon textile-reinforced
UHPFRC plates results in a significant stiffness change
without a load drop. After that, the structural stiffness de-
creases gradually, but this change is not significant. Fur-
thermore, the curves do not show any significant load
dropping until the ultimate load.

Figure 2(b) depicts the comparison of the load versus
deflection curves with glass textile-reinforced UHPC,
UHPFRC, and UHPFRC without textile. *e glass textile-
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reinforced UHPC plates behave similar to the carbon textile-
reinforced ones: they show pronounced repetitive load drops
and increases during cracking. *e increase of the peak load
between these local maximums is, however, smaller, and the
overall structural stiffness is lower, which is attributed to the
significantly lower stiffness of the glass textile (Table 1). *e
characteristics of the load vs. deflection curves of glass
textile-reinforced UHPFRC plates are similar to the carbon
textile-reinforced UHPFRC: after the first crack, there are
only few smaller load drops, while the structural stiffness

decreases gradually. *e second part of the curves (con-
sidering deflections between 10mm and 30–35mm) is close
to linear, and it is determined by the properties of the glass
textile.

Comparing the three types of plates generally, the textile-
reinforced UHPC has the lowest structural stiffness because
of its repetitive load dropping behavior, the textile-rein-
forced UHPFRC shows significantly higher structural
stiffness, and the UHPFRC shows the highest one, but that
stiffness declines continuously because of the cracking

Table 1: Main properties of the used textiles (producer’s data sheet).

Used textiles Cross-sectional area of
rovings (mm2)

Axial distance
(mm)

Cross-sectional area of
reinforcement (mm2/m)

Young’s
modulus (GPa)

Tensile strength (mean
value) (MPa)

Solidian GRID
Q95/95-CCE-38 3.62 38 95 220 3 200

Solidian GRID
Q97/97-AAE-38 3.68 38 97 72 1 550

Table 2: Main properties of the used steel fibers (producer’s data sheet).

Used fibers Length (mm) Diameter (mm) Length/diameter (–) Young’s modulus (GPa) Tensile strength
(mean value) (MPa)

Stratec Weidacon FM 0.20/15 15 0.2 75 200 >2000

Table 3: Mixture proportions of the applied UHPC and UHPFRC materials (in kg/m3).

Ingredient UHPC UHPFRC
Cement 867 850
Sand 883 865
Microsilica 146 143
Quartz powder 250 245
Water 199 195
Superplasticizer 20 20
Fiber 0 157

Table 4: Main properties of the used UHPC and UHPFRC mixtures 28 days after casting.

Used
mixtures

Compression strength
(MPa)

Splitting tensile strength
(MPa)

Young’s modulus
(GPa)

Maximum grain size
(mm)

Fiber content (vol
%)

UHPC 166.3 7.9 44.7 0.4 0
UHPFRC 172.5 16.1 49.3 0.4 2

F
2

F
2

30 10
20

50
50 200 200 200 50

50600
700
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Figure 1: (a) Dimensions of the specimen and the test setup (mm). (b) *e test setup during testing.
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process. *e tests approved that fiber reinforcement can
effectively help textile-reinforced plates in the first part of the
loading process (where the repetitive cracking of the con-
crete matrix drives the structural behavior) by bridging the
cracks and limiting the crack opening, while the textile
reinforcement can effectively hold larger loads, at a stage
where the fiber reinforcement would reach its deformation
capacity by pull-out without the textile.

Failure modes of the different plates are different as well.
*e UHPFRC plates have no well-defined failure point: after
the ultimate load, the load slowly decreases with the in-
creasing deflection, and the cracks open wider, but the
specimens stay intact and can hold the residual load. *e
textile-reinforced UHPC plates split at maximum load in a
way, that part of the concrete cover drops down (delami-
nation), and then, later at even larger deformations, the
textile breaks. In contrast, textile-reinforced UHPFRC plates
do not show any sign of delamination. *e load increases
linearly with increasing deformation, the cracks open wider,
until the textile reaches its failure and suddenly breaks.

While the scatter of the ultimate load is quite large in
case of UHPFRC plates, it is relatively smaller with textile-
reinforced UHPC plates and low with textile-reinforced
UHPFRC plates. Similarly, the scatter of the deformation at
the ultimate load is relatively large in the case of UHPFRC
and textile-reinforced UHPC plates, but it is smaller at
textile-reinforced UHPFRC plates.

Table 5 summarizes the main parameters of the load
versus deflection curves: the mean ultimate load values, the
mean deflection at the ultimate load, and themeanmeasured
deflection just before final failure. Final failure of the
specimen was reached when it collapsed or could not hold
the load anymore, with the exception of UHPFRC plates,

where there is no definite loss of load bearing capacity. *e
numbers show, that the textile-reinforced UHPC fails at the
lowest load: 3.5 kN at glass textile-reinforced plates and
5.8 kN at carbon textile-reinforced plates in the performed
tests. *e UHPFRC plates can hold higher loads around
7.5 kN on average. Combining textile and fiber reinforce-
ment more than doubles the ultimate load compared with
specimens only with textile reinforcement: 7.8 kN with glass
textile (123% increase) and 12.4 kNwith carbon textile (114%
increase). Compared with only fiber-reinforced plates, the
increase is only 4% in the case of glass textile and 65% in case
of carbon textile.*is means that the glass textile with its low
load bearing capacity and stiffness cannot help effectively the
UHPFRC plate, while interaction of carbon textile rein-
forcement with UHPFRC results in almost addition of the
load bearing capacities of the two types of reinforcement
(12.4 kN vs. 13.3 kN).

*e deflection values in Table 5 show that UHPFRC
plates reach their ultimate load at only 13.3mm on average,
while this value is almost doubling with textile-reinforced
UHPC and almost two and a half times higher with textile-
reinforced UHPFRC. Comparing the deflection values of
textile-reinforced plates at the ultimate load, the presence of
fibers increases this value by 48% for glass textile-reinforced
plates and by 20% for carbon textile-reinforced plates. Mean
deflection values before failure show that textile-reinforced
UHPC plates fail at about 22% higher deflection compared
to the deflection at the ultimate load, while textile-reinforced
UHPFRC plates fail at only about 2% higher deflection. *is
means that textile-reinforced UHPFRC plates fail close to
their peak load and behave less ductile than the same plates
without fibers. On the other hand, this failure happens at
least at two times higher load. In case of UHPFRC plates,
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Figure 2: Comparison of load-deflection curves by using UHPC and UHPFRC with and without (a) carbon textile and (b) glass textile.
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there is no well-defined failure point because at a slowly
decreasing load level, it can reach three to five times higher
deformations than observed at the ultimate load. *e
28.8mm deflection value in Table 5 is the point where the
tests were stopped (on average), which is 2.2 times the
deformation compared with its value at the ultimate load,
but the specimens are not broken at that point. *e mea-
sured values show that glass textile-reinforced UHPC plates
fail at 12% lower deformation than carbon textile-reinforced
UHPC plates, despite of the higher ultimate strain of the
glass textile compared to carbon textile (around 2.0% vs.
1.5%), while the textiles do not reach their ultimate tensile
strength neither. *is observation fits to earlier experiences
described in Mészöly et al. [20], and it is likely due to the
transversal forces and damages in the textile caused by the
cracked concrete. In comparison, glass textile-reinforced
UHPFRC plates fail at 12% higher deformation than carbon
textile-reinforced UHPFRC plates. *e glass textile-rein-
forced plates can take the advantage of the fiber contribution
(25% increase compared to the same plates without fibers),
which results in a denser crack pattern, smaller crack
opening values, and the consequently smaller transversal
forces on the textile. In contrast, the carbon textile-rein-
forced UHPFRC plates fail at the same deflection level than
the same plates without fibers.

3.2. Crack Distribution and Crack Widths. *e tests were
monitored using a photogrammetric measurement system
with digital image correlation (DIC).With the DIC system, it
is possible to observe and monitor the surface deformations,
the crack pattern of the specimens, and measure the crack
opening of every single crack with an accuracy of about one
µm or the strain can be derived on the specified measure-
ment range. Such type of measurement provides several
advantages to traditional equipment: for example, the for-
mation of cracks leads to a failure of attached strain gauges,
whereas displacement transducers can only deliver infor-
mation about a certain observation length and its total
elongation; moreover, during abrupt rupture of a specimen,
displacement transducers can be damaged. *e DIC system
allows on the other hand to monitor the full process from
first loading to even after-peak behavior of a tested speci-
men. Table 6 summarizes some key values derived from the
crack evaluation.

*e first investigated value is the load where the first
crack appears, which is defined where the largest crack
mouth opening displacement (CMOD) reaches 0.01mm.
*is parameter is the largest at UHPFRC plates, reaching
3.0 kN on average.*e same parameter for textile-reinforced

UHPC plates is a little bit lower, 2.7 kN with glass textile, and
2.8 kN with carbon textile. Surprisingly, it is significantly
lower for textile-reinforced UHPFRC plates, 2.1 kN with the
glass textile and only 1.8 kN with the carbon textile. By back-
calculating the tensile stress in the bottom surface of UHPC
plates at the moment where the first crack appears, the
tensile strength can be estimated. Based on the test results, it
is 8.6MPa on average, which is comparable with the mea-
sured splitting tensile strength of 7.9MPa in Table 2.

*e second investigated parameter is the load where the
largest CMOD reaches 0.1mm. Beside the load values
summarized in Table 5, Figure 3 presents the crack pattern of
the specimens when the largest crack reaches 0.1mm.
Figure 3(a) shows that the crack pattern is very dense at
UHPFRC plates when the largest crack reaches 0.1mm
CMOD value: the plates depict 50–100 very small hairline
cracks, which fill out the plate surface like a net. *e
UHPFRC plates hold 6.0 kN load at that phase. In case of
UHPC plates (reinforced with glass or carbon textile,
Figure 3(b) and 3(c)), the first crack opens wide abruptly
(0.20mm at 2.7 kN in case of glass textile and 0.15mm at
2.8 kN in case of carbon textile-reinforced plates, in the
moment when the first crack started to form). In compar-
ison, fibers can effectively limit the opening of the cracks in
case of plates reinforced with both fibers and textile: the
cracks remain very small at the beginning, and then, they
open wider at higher loads. As a result, when the largest
crack reaches 0.1mm at a significantly higher load level
(3.4 kN for glass textile-reinforced UHPFRC and 3.8 kN for
carbon textile-reinforced UHPFRC), there are already sev-
eral similar cracks, Figures 3(d) and 3(e).

*e third parameter is the CMOD value at a load level of
5 kN. Table 5 presents both the values of the largest crack
width at 5 kN load and the typical, mean crack width value at
5 kN, and Figure 4 compares the crack patterns at 5.0 kN load
level. *e UHPFRC plates have 20–30 hairline cracks
(Figure 4(a)). *e largest crack opening values are measured
between 30 µm and 60 µm, and the mean values are only
between 10 µm and 30 µm. *e shapes of the cracks are less
regular and straight than observed at textile-reinforced plates.
*e glass textile-reinforced UHPC plates fail at a lower load
level (3.5 kN in average); therefore, Table 5 gives no value, and
there is no image of these plates in Figure 4. *e carbon
textile-reinforced UHPC plates have 6-7 cracks (Figure 4(b))
with a maximum crack opening of 1.1mm and a mean crack
opening value of 0.7mm.*ese values are 20–50 times higher
than the ones recorded with UHPFRC plates. When fibers are
provided for textile-reinforced plates, the number of cracks
roughly doubles (10-11 cracks for glass textile and 12-13
cracks for carbon textile-reinforced plates, Figures 4(c) and

Table 5: Key values of the load-deflection curves.

Specimen types Mean max load (kN) Mean deflection at the ultimate load (mm) Mean deflection before failure (mm)
UHPFRC 7.5 13.3 (28.8)
UHPC+ glass textile 3.5 23.1 28.0
UHPC+ carbon textile 5.8 25.6 31.5
UHPFRC+ glass textile 7.8 34.1 35.1
UHPFRC+ carbon textile 12.4 30.8 31.3
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4(d)) compared to the numbers observed for the same plates
without fibers. With fibers, the plates reinforced with glass
textile already reach a load level of 5.0 kN and show a largest
crack opening value of 0.34mm and a mean crack opening
value of 0.20mm. In comparison, the largest crack opening is
0.18mm and the mean crack opening value is 0.10mm for
carbon textile-reinforced UHPFRC plates. *ese values are
85% (with other words 6.6 times) lower than without fibers.

*e fourth investigated parameter is the largest CMOD
value at the ultimate load level. Based on the test evaluation,

UHPFRC plates depict the smallest crack opening values
again: the crack width reached only 0.3mm at the maximum
load. *e largest crack opening was 4.4 times bigger
(1.3mm) at carbon textile-reinforced UHPC plates and 5.7
times bigger (1.7mm) at the glass textile-reinforced UHPC
plates. By adding fibers, the largest crack opening of textile-
reinforced plates at the ultimate load decreases by 25–31%
and reaches 1.3mm in case of glass textile-reinforced
UHPFC and 0.9mm in case of carbon textile-reinforced
UHPFRC. Furthermore, it is worth mentioning that the load

Table 6: Key values from the crack evaluation.

Specimen types First crack appears
(kN)

Largest crack reaches
0.1 mm (kN)

Largest/mean crack
width

at 5 kN (mm)

Largest crack width at the ultimate
load (mm)

UHPFRC 3.0 6.0 0.05/0.02 0.3
UHPC+ glass textile 2.7 2.7 − 1.7
UHPC+ carbon textile 2.8 2.8 1.1/0.70 1.3
UHPFRC+ glass textile 2.1 3.4 0.34/0.20 1.3
UHPFRC+ carbon
Textile 1.8 3.8 0.18/0.10 0.9

(a) (b)

(c) (d)

Figure 4: Crack pattern of the specimens at 5.0 kN load level. (a) UHPFRC, (b) UHPC+ carbon textile, (c) UHPFRC+ glass textile, and (d)
UHPFRC+ carbon textile.

(a) (b)

(c) (d)

(e)

Figure 3: Crack pattern of the specimens at 0.1mm crack opening. (a) UHPFRC, (b) UHPC+ glass textile, (c) UHPC+ carbon textile, (d)
UHPFRC+ glass textile, and (e) UHPFRC+ carbon textile.
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values are 2–2.5 times higher for these specimens than for
the ones without fibers.

4. Conclusions

*e present paper compares the results of flexural tests on
plates using UHPFRC, glass or carbon textile-reinforced
UHPC, and glass or carbon textile-reinforced UHPFRC and
investigates the effect of steel fiber reinforcement in case of
textile-reinforced UHPFRC plates. *e results back up the
following most important conclusions when fibers are
provided together with textile reinforcement:

(i) *e ultimate load is twice as high when comparing
fiber-reinforced to nonfiber-reinforced TRC ele-
ments, and the scatter of the ultimate load values is
smaller compared to both UHPFRC and TRC plates.

(ii) *e pronounced load dropping behavior that is
typical for TRC elements can be avoided with the
addition of steel fibers, and the load vs. deflection
relation is more predictable and close to linear.

(iii) *e structural response during the cracking phase is
significantly stiffer than the response for TRC el-
ements without steel fibers.

(iv) *e deformation capacity and the deflection at the
ultimate load are almost two and a half times higher
than the respective values for UHPFRC without
textile reinforcement.

(v) *e cracks remain very small at the beginning, and
the further opening is delayed and observed only at
higher load levels because the steel fibers are able to
effectively limit the opening of the cracks. Fur-
thermore, the number of (smaller) cracks increases,
resulting in a more homogeneous stress distribution.

(vi) Both steel fiber and textile-reinforced plates reach
the 0.1mm crack opening value at more than 30%
higher load than TRC plates.

(vii) At the chosen 5 kN load level, the crack opening
values are 85% lower, and the number of cracks is
double than in case of textile-reinforced UHPC
plates, and the largest crack openings of TRC
plates at the ultimate load decrease by 28% on
average.

Concluding, the present test results verify a general
advantageous mechanical behavior of specimens reinforced
with the combination of fibers and textiles in comparison to
the specimens reinforced with only fiber or textile
reinforcement.
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[9] M. Ricker, F. Häusler, and N. Randl, “Punching strength of
flat plates reinforced with UHPC and double-headed studs,”
Engineering Structures, vol. 136, pp. 345–354, 2017.

[10] NF P18-470, Concrete–Ultra-high Performance Fibre-Rein-
forced Concrete–Specifications, Performance, Production and
Conformity, Association Française De Normalisation
(AFNOR), Saint-Denis, France, 2016.
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Mechanical parts have a problem of wear when used in extreme environments. Aluminum, most used in the industrial field, is a
representative material of light weight, but its wear resistance is not good. To resolve the wear problem of such materials, research
and development of surface thin film deposition technology has been increasing.Wear resistance was investigated after the Ti thin
film was deposited by sputtering, one of the main methods of this technique. )e smaller the surface roughness value and the
thicker the thin film, the better the wear resistance. However, when a thin film is deposited for a predetermined time or less, the
bonding strength with the base metal is lowered and the wear resistance is confirmed as low.

1. Introduction

Mechanical parts require light and high wear resistance.
Aluminum alloys, which are representative materials of light
weight, are widely used in manufacturing fields such as the
automotive, aerospace, and defense industries because of
their excellent mechanical properties and excellent ductility
and high strength, toughness, and fatigue resistance [1–4].
However, when parts are used in the industrial field, there is
a problem that wear occurs more than the basic properties of
the material [5–7]. )e resistance of the material can be
increased by improving surface conditions such as hardness
and roughness and reducing the coefficient of friction. For
thin film deposition technology, techniques using hard
materials such as chromium and titanium are best known.
)erefore, in order to improve the wear problem, we intend
to apply the surface thin film deposition technology [8].

Surface thin film deposition technology is a technique to
improve the mechanical properties by forming a thin film on
the surface of the material and is well known as one of the

main methods for improving the mechanical properties and
wear behavior of the material [9–12]. In surface thin film
deposition technology, properties of coating methods such
as deposition rate, thin film thickness, and bonding of
substrate and coating can greatly affect surface quality [13].
Various methods such as sputtering, PLD (pulsed laser
deposition), and DLC (diamond-like carbon) have been
studied for the manufacture of thin films [14], and among
them, magnetron sputtering methods having high adhesion
are most commonly used [15, 16]. Majzoobi et al. [8] studied
the fatigue behavior of Al7075 alloy by applying surface
treatment technology and Ti coating. As a result of the
experiment, it was found that fatigue life can be greatly
reduced at high working stress.

Metal surface roughness is an important factor in de-
termining mechanical properties. )e surface of the material
looks smooth, but in reality, there is surface roughness
depending on the type of machining. )is is an important
factor in determining the mechanical properties of the
surface. Depending on the purpose of use, there should be no
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roughness to prevent wear. )erefore, surface roughness is
directly related to the life of the equipment. However, the Ti
coating material, which has the advantage of wear resistance,
is accompanied by tribological phenomena such as abrasion
and fusion due to the extreme friction with the counterpart
material and the harsh working environment [17]. )ere-
fore, the selection of surface roughness is a very important
factor.

In this paper, the wear characteristics were investigated
by sputtering Ti thin films on Al7075-T6 with a different
surface roughness. )e surface roughness was measured by
applying a surface roughness to the base metal, and a Ti thin
film was deposited to perform the wear test. In addition, the
surface of each specimen was observed using an indentation
and a SEM (scanning electron microscope).

2. Materials and Methods

In this study, Al7075, which is widely used as an aircraft
component, was selected as the base metal and the com-
ponents of Al7075 are shown in Table 1. )e base metal was
processed into a cylindrical shape having a diameter of
32mm and a thickness of 10mm. To investigate the wear
characteristics according to surface roughness and thin film
deposition time, a total of 16 specimens were prepared by
combining four types according to surface roughness and
four types according to thin film deposition time. Roughness
was measured by polishing the surface with sandpaper #400,
#800, #1600, and #0.3 µm size alumina powder, and then, Ti
thin films were deposited up to 90′ at 30′ intervals. )e unit
of surface roughness is Ra, which is the roughness value of
arithmetic mean.

)e equipment used for thin film deposition is the DC
magnetron sputtering equipment. Sputtering is a process in
which gas particles collide with the target, and the target
particles are released and deposited on the surface. Target
was made of Ti and sputtered at the same time by fabricating
specimen holder to sputter four kinds of specimens with a
different surface roughness at once under the same condi-
tions. Table 2 shows the conditions used to deposit the thin
films. )e test conditions for all specimens were set identical
except for the deposition time. In addition, the surface
roughness and deposition time for each specimen are
summarized in Table 3.

TRIBOSS PD-102 friction and wear tester was used to
analyze the wear resistance of each specimen. )e ball used
in the experiment was a zirconia ball (ZrO2) with a diameter
of 12.7mm. In addition, the rotation speed of the ball was set
to 60 RPM and the experiment time 30minutes; the load was
0.2 kg, and the ball on disk test sliding track diameter of the
device was 11.5mm.

)e wear tracks produced after the experiments were
observed using an SEM. In addition, the component analysis
was carried out using EDS (energy dispersive spectroscopy),
which can analyze the composition and content of the
sample in a short time.

After the wear test, the AIS-3000 indentation equipment
was used to measure the hardness of each specimen. In-
dentation is a device that can repeatedly measure the change

in indentation depth according to indentation load by using
a small indenter and evaluate the hardness and tensile
properties through the result. )is method is a Vickers
hardness measurement, and the unit is Hv. )e test was
measured 10 times for each specimen, and the average value
was calculated.

3. Results and Discussion

3.1. Surface Roughness. Table 4 shows roughness values
according to the polishing type, and data on the average
values were measured five times for each specimen. As a
result of the measurement, the higher the particle size, the
lower the surface roughness value, and the #alumina pol-
ished specimen had a roughness of about Ra (roughness
value of arithmetic mean)� 0.23.

3.2. 2in Film 2ickness. Figure 1 is a SEM photograph of
thin film thickness. )e thickness of the 30′ deposited
specimen was 0.51 μm, the thickness of the 60′ deposited
specimen was 1.10 μm, and the thickness of the deposited
specimen for 90′ was measured to be 1.58 μm. )erefore, it
can be seen that the thin film thickens by about 0.5mm each
time it is deposited for 30 minutes.

3.3. Surface Hardness. Table 5 shows the surface hardness
values of each specimen. Both the specimen and the base
metal on which the thin film was deposited showed hardness
values between about 150 and 160 Hv regardless of surface
roughness and thin film thickness. )e standard deviation
values for this data are shown in Figure 2. )is result is
considered because the indenter is pressed deeper than the
thickness of the thin film during the hardness measurement.

3.4. Coefficient of Friction. Figure 3 shows the friction co-
efficient according to the surface roughness. According to
Lee [18], the lower the surface roughness value, the lower the
friction coefficient, and according to Song et al. [19], the
higher the thickness is, the lower the friction coefficient is. In
this paper, results similar to the above documents are also
shown. Looking at the graphs in Figures 3(a)–3(c), it can be
seen that, as the deposition time increases, the friction
coefficient decreases. )us, in general, Al materials be-
longing to roughness of approximately Ra � 0.3∼0.45 are
considered to have improved wear resistance as the thin film
becomes thicker.

On the contrary, in Figure 3(d), 16∗ of the graph, the
friction coefficient is rather high. )erefore, wear resistance
is considered to be inferior. It is thought that this is because
the thin film is excessively thick and the base metal and the
bonding strength are weakened. Also, the 30′ sputtered
specimen showed similar coefficient of friction as the base
metal. )us, it is judged that the wear resistance is not af-
fected when the thin film is below a certain thickness.

Based on the above results, the best wear resistant
specimen was 12∗ which was sputtered for 60′ after polishing
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with #alumina. In addition, quantitative analysis was per-
formed through surface observation and wear comparison.

3.5. SurfaceObservation. Figure 4 shows a magnification 40x
of the specimen surface after the wear test. In the specimen
(Figure 4(a)) on which the thin film was deposited, the wear
track was sharply narrowed relative to the base metal
(Figure 4(b)) on which the thin film was not deposited. It is
thought that this is from the increase in surface hardness of
the specimen because of the thin film, resulting in less wear
than the relatively soft base metal. In particular, this phe-
nomenon was found in 90′ sputtered specimens in which
thick films were deposited, and 12 specimens polished with
#alumina were the most frequent. It is thought that the thin
film deposited on the smooth surface is relatively easily
peeled off, and the debris dropped out is partially deposited
on the ball during the wear test to accelerate the wear.

Figure 5 shows the component analysis of the specimen
surface: Figure 5(a) is all detected as Ti because the thin film
was deposited; Figure 5(b) is a graph of the component
analysis of the track part subjected to the wear test. Looking
at Figure 5(b), it can be seen that O, Na, Mg, and Zn
components appeared in addition to Al and Ti. )is is a
component contained in Al7075, an aluminum alloy, and
thus appears in the analysis results. It is also believed that Ti
was measured on the peeled thin film.

Table 6 summarizes the wear track widths. Measure-
ments were made at regular intervals and averaged. )e
wear tracks of the 30′ and 60′ sputtered specimens and the
base metal became narrower as the roughness decreased,
whereas the wear tracks of the 90′ sputtered specimens
became wider as the roughness decreased. It is considered
that the specimens sputtered for 90′ were relatively easily
peeled off because the thin films were deposited at low
roughness. In addition, the longer the thin film deposition
time, the narrower the wear track width. )erefore, it is
thought that the thin film deposition time affects the wear
resistance.

3.6.WearLoss. Figure 6 is a graph that calculates the amount
of wear by measuring the weight before and after the wear
test. In the 30′ and 60′ sputtered specimens and those
without thin films, the lower the roughness, the lower wear
loss. In particular, it was confirmed that all 60′ sputtered
specimens had lower wear loss than the base metal.

Conversely, in 90′ sputtered specimens, the amount of
wear increases as the roughness value decreases. )e reason
for this is considered that the relatively thick thin film re-
duces the bonding force with the base metal and easily peels
off. According to Vega-Morón et al. [20], the adhesion of the
thin film deposited for 60 minutes was superior to the thin
film deposited for 90 minutes. In fact, when Ti was deposited
on aluminum for more than 90 minutes, a phenomenon in
which the thin film detached from the base material oc-
curred. After the wear test, it was confirmed from the SEM
observation that the adhesion was poor in the specimen
deposited for 90 minutes. Figure 7 is a SEM image of a thin
film separation phenomenon.

)erefore, the wear resistance of 60′ sputtered (no. 12)
specimens after polishing with #alumina was the best, and
the surface roughness and the thickness of the thin film
directly affect the wear resistance.

3.7.GraphAnalysis ofAverageWearLossandAverageFriction
Coefficient. Figure 8 is a graph showing the average of the
entire specimen according to the surface roughness and the
deposition time of the thin film: Figure 8(a) is the average
wear loss according to the surface roughness and thin film
deposition time. According to Zuiker et al. [21], there are
reports that the smaller the surface roughness, the lower the
coefficient of friction, and in Figure 8, it can be seen that the
friction coefficient value tends to decrease as the surface
roughness value decreases. )e curve according to the thin
film deposition time in Figure 8(a) shows the smallest value
when deposited for 60′. Figure 8(b) is a graph of the average

Table 1: Chemical compositions of Al7075-T6.

Chemical components
Al7075 Al Si Fe Cu Mn Mg Zn Cr Ti Etc.

87.1∼91.4 0.4 0.5 1.2∼2.0 0.3 2.1∼2.9 5.1∼6.1 0.18∼0.28 0.2 0.15

Table 2: Sputtering conditions for thin film deposition.

Film material Ti
DT (deposition time) 30′, 60′, 90′
Base vacuum (torr) 5.0×10̂ - 6
Working vacuum (torr) 2.0×10̂ 3
Plasma factor (w) 200
Temperature RT

Table 3: Deposition time according to surface roughness.

Surface roughness (sandpaper polishing
number)

#400 #800 #1200 #Alumina (0.3 µm)

Deposition time
(min)

0′ 1∗ 2∗ 3∗ 4∗
30′ 5∗ 6∗ 7∗ 8∗
60′ 9∗ 10∗ 11∗ 12∗
90′ 13∗ 14∗ 15∗ 16∗

Table 4: Surface roughness value (average).

Type #400 #800 #1200 #Alumina
Surface roughness (Ra) 0.45 0.35 0.31 0.23
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0.51 μm

(a)

1.10 μm

(b)
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(c) (d)

Figure 1: Photograph of thin film thickness using SEM equipment: (a) 30′ sputtered specimen; (b) 60′ sputtered specimen; (c) 90′ sputtered
specimen; (d) thin film low magnification photo.

Table 5: Surface hardness value (average).

Type 1∗ 2∗ 3∗ 4∗ 5∗ 6∗ 7∗ 8∗

Surface hardness (Hv) 148 159 157 157 147 153 150 153
Type 9∗ 10∗ 11∗ 12∗ 13∗ 14∗ 15∗ 16∗
Surface hardness (Hv) 154 158 149 153 153 159 148 153
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Figure 2: Standard deviation graph of surface hardness.
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Figure 3: Friction coefficient graph by surface roughness: (a) polished with #400; (b) polished with #800; (c) polished with #1200; (d)
polished with #alumina.
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Figure 4: Photograph of SEM wear track: (a) thin film deposited specimen (15∗); (b) specimen without thin films (4∗).
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wear loss and the average friction coefficient according to the
surface roughness. From the friction coefficient and wear
loss curve, the average of specimens polished with alumina
was the lowest. When combining the graphs of Figures 8(a)
and 8(b), it can be seen that the 60′ deposited specimen after

polishing with alumina has the best wear resistance. )is
means 12∗ specimens, and it can be seen that the abrasion
resistance of 12∗ specimens is the best even when the results
such as the wear loss and the width of the wear track
mentioned in the previous contents of the paper are seen.
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Figure 5: Photograph of EDS analysis: (a) EDS of thin film deposition part (6∗); (b) EDS of track subjected to wear test (15∗).

Table 6: Average of wear track width.

Type 1∗ 2∗ 3∗ 4∗ 5∗ 6∗ 7∗ 8∗

Wear track width (mm) 1.39 1.40 1.40 1.32 1.60 1.50 1.38 1.47
Type 9∗ 10∗ 11∗ 12∗ 13∗ 14∗ 15∗ 16∗
Wear track width (mm) 1.28 1.28 1.00 0.80 0.83 0.84 0.97 0.95
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Figure 7: Photograph of thin film detachment around the abrasion test track (90′ sputtered specimen, 16∗).
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Figure 8: Graph organized according to average of wear loss and average of friction coefficient: (a) average of wear loss according to surface
roughness and thin film deposition time; (b) the average of friction coefficient and the average of wear loss according to the surface roughness.
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Figure 6: Wear loss graph by thin film deposition time.
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4. Conclusions

In this study, the wear test was conducted to investigate the
effect of surface roughness and thin film thickness on wear
characteristics. And the following conclusions were made:

(1) As a result of the roughness measurement, the lower
the particle size of the abrasive, the lower the
roughness value, and the specimen polished with
alumina has a roughness of about 0.23. As a result of
measuring the thickness of the thin film, it is
thickened by about 0.5 μm each time the thin film is
deposited for 30 minutes.

(2) As a result of the friction coefficient analysis, the
smaller the surface roughness value and the thicker
the thin film, the lower the friction coefficient, but
the 90′ deposition resulted in a high friction coef-
ficient when the surface was smooth. It is thought
that the thin film detached from the base metal is
transferred to the ball, which is the counterpart, and
the transferred thin film debris accelerates the wear.

(3) As a result of the surface observation, the wear tracks
of the specimen (a) on which the thin film was
deposited were sharply narrowed relative to the base
metal (b) on which the thin film was not deposited. It
is thought that the thin film deposited on the smooth
surface is relatively easily peeled off, and the debris
dropped out is partially deposited on the ball during
the wear test to accelerate the wear. When the thin
film was deposited for more than 90 minutes, it was
confirmed that the adhesion of the thin film was
poor.

(4) As a result of analyzing the average wear and friction
coefficients for the entire specimen, the lowest wear
and friction coefficient values were obtained when 60
minutes of deposition after polishing with alumina.
It can be seen that this corresponds to the 16∗
specimen.

In conclusion, the smaller the surface roughness value
and the thicker the thin film, the better the abrasion re-
sistance, but if the film becomes thicker than a certain level,
1.5 μm (90′ sputtering), it is considered that the adhesion
between the thin film and the base metal is poor and it is
easily peeled off so that it does not affect the wear resistance.
)erefore, based on the above results, we have identified the
most improved abrasion resistance of the 16∗ specimen with
narrow track width and the lowest amount of abrasion, and
the surface roughness and thickness of the thin film have a
direct effect on abrasion resistance. Based on the results of
this study, surface thin film deposition technology can be
used in the mechanical and industrial fields, and further
experiments on surface thin film deposition technology will
be conducted based on the results of this study in the future.
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)e purpose of this paper is to obtain the pore distribution of asphalt mixture accurately by nondestructive technology. Specimens
prepared with four gradations of asphalt mixtures were scanned using X-ray computed tomography (CT) which was used to
measure air void sizes at different depths within specimens. )e air void distributions of obtained CT images were analyzed using
ring blocking segmentation combining Otsu’s method, which provided an accurate estimate of air voids in asphalt mixtures. )e
image processing results showed that air void distribution was not uniform in the specimens; higher air void concentrations were
found at the top and bottom of the specimen, and lower, in the rest of the sample depth. )e air void sizes of SUP13 and AC13 are
mainly distributed between 0.15 to 0.2mm, while PA13 and SMA13 are 0.4 to 0.65mm and 0.4 to 0.7mm, respectively. It is
believed that the CT pictures processed by the ring blocking segmentation combining Otsu’s method is feasible and rational to
capture the air voids size and content of asphalt mixtures.+

1. Introduction

Performances of asphalt mixtures are dependent on the
volume of aggregate, asphalt binder, as well as air voids.
Specifically, the stiffness of the mixture is highly related to
the air void content of the mixture. It is generally accepted
that air voids play an important role in determining the
resistance of asphalt mixtures to major pavement distresses
including rutting, fatigue cracking, and low temperature
cracking [1]. )e research shows that stiffness and com-
pressive strength increase with decreasing air void content,
when the binder content is kept constant [2]. Air void
content also influences the durability of asphalt mixes in
terms of aging and stripping. For example, low air void
content minimizes the aging of the asphalt binder films
within the aggregate mass, the possibility of water pene-
trating into the mix, and stripping the asphalt binder off the

aggregates [3]. It is also found that low air void content can
lead to asphalt bleeding [4], while high air voids may result
in early aging processes of the mixture, which make it prone
to moisture damage, cracking, and pavement deterioration
[5].

Air void content is a common parameter used to
characterize the void structure of compacted asphalt mix-
tures [6]. It should be noted that the level of homogeneity of
the distribution of air voids inside the asphalt course has
significant impacts on the response of the material [7–11]. It
is necessary to further study the characterization of air voids
such as void’s size including radius and area of air void,
distribution, and content. However, it is difficult to obtain
the air void characterization by using traditional techniques.
)erefore, the computer imaging technology and nonde-
structive techniques which can solve the problem described
above and have the ability to characterize internal structure
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of materials [12–14] were applied in this study. First of all,
CT technology is used to scan asphalt mixture specimens.
)e microstructure characteristics of asphalt mixture, such
as voids and coarse aggregate, are studied using Otsu image
processing method, MATLAB software, and image pro-
cessing software, and then the virtual asphalt mixture
specimen is reconstructed.

2. Objectives

)e objective of this study is to investigate the air void
distribution (i.e., air void content and air void size) using
X-ray CT, Otsu image processing method, and MATLAB
software. Image analysis software and computer algorithms
were used to analyze the X-ray CT images and quantify the
air void content, size distribution, and connectivity.

3. Test Materials and Sample Preparation

Specimens with 150mm in diameter and 165mm in height
were fabricated using the superpave gyratory compactor
(SGC). In order to obtain high definition CT picture, the
specimens were further cored into 50mm in diameter and
75mm in height for test purposes. Four types of asphalt
mixtures known as AC13, SMA13, PA13, and SUP13 were
studied in details. )e aggregate gradations for the four
mixtures are shown in Table 1.

SBS-modified asphalt was used in AC13, SUP13, and
SMA13, and high-viscosity asphalt was used in PA13. )e
properties of SBS-modified asphalt and high-viscosity
asphalt are shown in the Table 2. )e optimum binder
content is 5.36%, 5%, 5.9%, and 4.85% for AC13, SUP13,
SMA13, and PA13, respectively. )e air void content is
4.7%, 4.1%, 4.0%, and 18.5% for AC13, SUP13, SMA13,
and PA13.

4. X-Ray CT Scanning and Image
Analysis Techniques

4.1. Image Scanning Analysis Study. )e specimens were
nondestructively scanned using an X-ray CT machine to
generate a map representing the density at every point in the
microstructure with the resolution of approximately
0.083mm/pixel. Horizontal two-dimensional image slices
were captured relative to the specimen’s height from bottom
to top at every 0.1mm interval. 750 CT images were obtained
using X-ray CT scanning for each specimen. )e 8-bit
grayscale images have a range of pixel intensities from 0
(pure black) to 255 (pure white). )e geometry of the cy-
lindrical specimen and an example of a captured X-ray CT
image are shown in Figure 1. Two imaging software pack-
ages, MATLAB, and Image-Pro Plus, were used to process
and analyze the CT images.

4.2. Otsu’s Method. In image segmentation, threshold seg-
mentation is common and effective method especially when
the objective and background grayscale are distinctively
different. Otsu [16] presented the maximum class square
error method (that is, Otsu’s method) which was simple,

adaptive, and widely used in threshold segmentation. Otsu’s
method was used to characterize the microstructure of as-
phalt mixtures [17].

In Otsu’s algorithm, supposing the image has L gray
levels (the gray value ranges from [1, 2 · · · L]) and considers
the pixel of which gray value is i, so the total pixel numbers ni

are obtained by

N � 􏽘
L−1

i�0
ni. (1)

Assuming the entire image is divided by gray value t
into regions A (background) and region B (destination),
the gray level of region A ranges from 1 to t, the gray level
of region B ranges from t + 1 to L − 1, the class proba-
bilities of A and B are estimated as equations (2) and (3),
respectively.

pA � 􏽘

t

i�0
pi, (2)

pB � 􏽘
L−1

i�t+1
pi � 1 − pA. (3)

)us, the gray level of A and B can be calculated using
the following equations:

wA � 􏽘
t

i�0

ipi

pA

,

wB � 􏽘
L−1

i�t+1

ipi

pB

,

(4)

and the total gray value of image is expressed as

w0 � pAwA + pBwB � 􏽘
L−1

i�t+1
pi. (5)

)e class variance expression between regions A and B is
calculated as follows:

σ2 � pA wA − w0( 􏼁
2

+ pB wB − w0( 􏼁
2
. (6)

Table 1: Compositions and aggregate gradations of asphalt
mixtures.

Sieve size (mm)
% passing by weight

AC13 SUP13 SMA13 PA13
16 100 100 100 100
13.2 95.9 97.1 96.7 97.7
9.5 76.8 78.8 59.1 70.2
4.75 50.7 53.0 25.5 21.2
2.36 34.4 32.5 22.0 16.4
1.18 25.2 19.9 18.3 12.6
0.6 18.3 15.3 14.9 9.1
0.3 13.5 9.4 12.8 6.9
0.15 10.6 7.2 11.7 5.8
0.075 7.2 5.5 10.5 5.1
Note: the number of each mix represents the nominal maximum aggregate
size.
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According to equation (6), the largest t value is the
optimum value needed for complete image segmentation.
)e optimized threshold t∗ is given by

σ t
∗

( 􏼁 � Max
0≤t≤L−1

σ(t){ }. (7)

In a recursion algorithm, the class probabilities and class
means are given in equations (8)(10), respectively.

pA(t + 1) � pA(t) + P(t+1), (8)

wA(t + 1) �
pA(t)wA(t) +(t + 1)P(t+1)

pA(t + 1)
, (9)

wB(t + 1) �
w0 − pA(t + 1)wA(t + 1)

1 − pA(t + 1)
. (10)

4.3. Image Processing and Analysis Using Ring Blocking
Method and Otsu’s Method. Image threshold processing
plays an important role in image segmentation. According to
the characterization of the grayscale which is increasing
from the center to the edge of CTpictures for the same phase
(there are three phases in asphalt mixtures, that is, aggregate,

air void, and asphalt mastic), the CTpictures are segmented
using ring block (shown in Figure 2) combining Otsu’s
method to characterize the microstructure of asphalt mix-
tures [18]. )e CT pictures are segmented with 5 rings as
shown in Figure 2.

Image processing is explained in following steps. Firstly,
the image analysis process includes the image format, noise
reduction, image enhancement, and a hole filling algorithm
to recognize the hole region. Secondly, the preprocessed
image is segmented using the ring blocking method. And
there are 50% overlaps among the adjacent rings. )irdly,
the ring segmentation regions are processed using Otsu’s
method to calculate the threshold of air voids and the
background. Finally, the ring segmentation regions are
combined to obtain the whole segmentation image (Fig-
ure 3). )e aggregate, air void, and asphalt mastic of each
segmentation image are captured using Otsu’s method as
shown in Figure 3(c).

In order to illustrate the validity and accuracy of ring
blocking segmentation combining Otsu’s method, Bernsen’s
method [19] and traditional Otsu’s method are also used to
process the CT pictures. Otsu’s method is the global
threshold technique, and Bernsen’s method is the local
threshold technique. Figure 4 shows comparisons among the

Figure 1: Images of asphalt mixtures specimen scanned using CT X-ray.

Table 2: Properties of SBS-modified asphalt and high-viscosity asphalt.

Properties
Value

Testing method [11]
SBS-modified asphalt High-viscosity asphalt

Penetration (25°C, 0.1mm) 54 53 T0604
Ductility (5°C, 5 cm/min) 39 46 T0605
Softening point (°C) 77 120 T0606
Density (15°C, g/cm3) 1.03 1.04 T0662
TFOT residue (163°C, 5 h)
Mass loss (%) −0.3 −1.6 T0610
Residue penetration (°C) 92 182 T0604
Ductility (5°C, 5 cm/min) 10.3 10.6 T0605
Note: the testing method is conducted according to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-
2011) [15].
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original CT picture processed by Bernsen’s method, con-
ventional Otsu’s method, and ring segmentation using
Otsu’s method, respectively.

)e variation in gray intensity of the CT image depends
on the density of each material in the composite. Brighter
regions correspond to denser objects, such as aggregates, and
dark regions correspond to lower density objects, for in-
stance, air voids. Figure 4(b) shows that Bernsen’s method is
hard to distinguish the fine aggregate and mastic inside the
specimen. )e conventional Otsu’s method shown in
Figure 4(c) can be used to capture fine aggregate structures.
However, it cannot distinguish the denser structure of the
fine aggregate and mastic. )erefore, it can be seen that the

ring segmentation combining Otsu’s method is the most
effective, compared with other two methods to process the
CT picture.

5. Air Void of Asphalt Mixtures Analysis

5.1. Air Void Distribution. )e Image-Pro® Plus software
and MATLAB software are used to visualize the air void
structure of the asphalt mixture samples. )e air void
structure includes the radii, areas, and air void content.
)e percent air voids for an image (%AVj) and the total
percent air voids of the sample (%AV) are computed as
follows:

(a) (b) (c)

Figure 3: Segmentation image processed by 5-ring blocking [18]. (a) Segmentation with 5 rings (b) After segmentation with 5 rings. (c) After
processed with segmentation and Otsu’s method.

Ring 5

Ring 4

Ring 3

Ring 2

Ring 1

Figure 2: Segmentation of CT picture.
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%AVj �
Avj

Aj

, (11)

%AV �

􏽘

N

j�1
%AVj

N
,

(12)

where Avj is the area of air voids in image j, Aj is the cross-
sectional area of image j, andN is the total number of images.
)e air void radii in image j, also called air void size in this
study, are computed as follows:

rj �

����
Avj

πMj

􏽳

, (13)

where Mj is the number of air voids in each image. Several
threshold values are used as input to the macro until the total

percent air voids of the sample (equation (12)) matches the
laboratory measurements.

Based on the aforementioned information, the air void
content and air void size in terms of air void radius and area
can be calculated. Figure 5 shows that the air void distributes
along with the height of the specimen based on the CT
picture. Each CTpicture’s air voids content can be calculated
according to the modified Otsu’s method. Figure 6 shows
that the air void size plotted against the void number in
SUP13, AC13, SMA13, and PA13 specimens. )e air void
size is represented by the air void radius which can be
obtained from the air void area.)e air void radius is used to
evaluate the magnitude of air voids. )e air void sizes of
SUP13 and AC13mainly are distributed from 0.15 to 0.2mm
in radius, following by 0.1 to 0.15mm and 0.2 to 0.25mm. In
terms of air void size greater than 0.3mm, the number is 9
and 2 for SUP13 and AC13, respectively. For PA13 speci-
men, the air void sizes mainly are distributed between 0.4

(a) (b)

(c) (d)

Figure 4: Comparisons among Bernsen, conventional Otsu, and ring blocking using Otsu’s method. (a) Original CTpicture. (b) Processed
using Bernsen method. (c) Processed using conventional Otsu’s method. (d) Processed using ring blocking using Otsu’s method.
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and 0.65mm, especially from 0.5 to 0.65mm. For SMA13
specimen, the air void sizes have uniform distribution
mainly ranging from 0.4 to 0.7mm.

Figures 7–10 depict air void size distributions along with
the AC13, SUP13, PA13, and SMA13 specimens’ height

ratio. )e height ratio along the y-axis is defined as the ratio
of the vertical distance of a slice from the bottom of the
specimen to the total height of the specimen. )e air void
radius, air void area, and air void content are plotted
according to the analysis of processed CT pictures and air
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Figure 5: Air void distribution along with the height of specimen.
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Figure 6: Air void size plotted against void number in SUP13, AC13, SMA13, and PA13 specimen.
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void’s distribution algorithm. For SUP13 and AC13 samples,
the relationship between void content and depth is bathtub-

shaped like.)e porosity at the top and bottom of the sample
is higher, and the porosity in the middle is lower and more
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Figure 7: Air size distributions along with the AC13 specimen height ratio.
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Figure 8: Air size distributions along with the SUP13 specimen height ratio.
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uniform.)e results for the SMA13 and PA13 samples show
different trends, but in general, the air void content is higher
at the top of the sample and lower in the rest of the sample

depth. )e results are comparable to the field cores, that is,
the air void content is higher at the top of the sample and
lower in the rest of the sample depth [20]. An internal trend
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Figure 9: Air size distributions along with the PA13 specimen height ratio.
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Figure 10: Air size distributions along with the SMA13 specimen height ratio.
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Figure 11: Reconstructed virtual specimens (PA13, AC13, SMA13, and SUP13, from left to right).
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Figure 12: Air void distribution of AC13 specimen. (a) )ree dimensions. (b) Projection in transverse section. (c) Projection in vertical section.
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in field sample air voids is roughly two times higher near the
surface of the asphalt course than on the middle and bottom
of the layer [21, 22]. Figures 7–10 indicate that the air void
content is depend on the air void areas which relate to the air
void size (that is, air void radius).

)e graphs in Figures 7 and 8 are distinctively different
than those in Figures 9 and 10. )e reason for this is that the
used large stones and SBS-modified binder in Figure 9 and
high-viscosity binder in Figure 10. Both of these produce a
more uniform distribution of air voids vertically, even
though there is more variability in the air void content than
is the case with Figures 7 and 8.

5.2. Air Void Distribution Reconstruction. In order to con-
struct the three-dimension distribution of air voids, the

commercially available software, MATLAB program, is used
to reconstruct the processed CT pictures. Remove the
particles with the particle size less than 1.18mm, and then
reconstruct the four grading specimen model, as shown in
Figure 11. )e three-dimension air voids microstructure of
asphalt mixtures are shown in Figures 12–15 for AC13,
SUP13, PA13, and SMA13, respectively. )e two-dimension
CTimages processed by ring blocking andOtsu’s method are
collected and converted into three-dimension image of the
original sample. )e images are thresholded to identify
mixture constituents. )resholding is the technique applied
to characterize the components of the mixture. It converts
the representative gray scale of a component into a value.
)is value is the only value associated with an element, and
so it can be identified in the mixture. )e gray value is
assigned to air voids. )e reconstruction of air voids of
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Figure 13: Air void distribution of SUP13 specimen. (a) )ree dimensions. (b) Projection in transverse section. (c) Projection in vertical
section.
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asphalt mixtures can be simply carried out as in the fol-
lowing steps. Firstly, the horizontal slices of 1.0mm thick-
ness with an overlap of 0.2mm were captured. Secondly,
these slices were stacked together in the computer to form
the actual three-dimension porous microstructure. )irdly,
the three-dimension structure of air voids is rotated to
project in transverse section and vertical section.

It appears in Figures 12 and 13 that the distributions
of the air void content of SUP13 and AC13 with respect
to depth coincide with those in Figures 7 and 8; a higher
air void content was observed at the sample top and
bottom, while lower and more uniform air void content
were observed in the middle section. Figures 14 and 15
show different trends compared with SUP13 and AC13,
and in general, the air void content is higher at the top of
the sample and lower in the rest of the sample depth. And

the air void’s distribution seen from Figures 14 and 15 are
in line with Figures 9 and 10, respectively. It indicates
that the CT pictures processed by the ring blocking
segmentation and Otsu’s method are feasible and ra-
tional to capture the air voids size and content of asphalt
mixtures.

6. Conclusions and Discussion

)e X-ray CT was used to scan the specimens of AC13,
SUP13, PA13, and SMA13. )e CT pictures were processed
by ring blocking segmentation and calculated by Otsu’s
method. Based on preprocesses, segmentation, and identi-
fication, the air voids of asphalt mixtures were calculated and
reconstructed with Image-Pro® Plus software and MATLAB
program. )e key findings are summarized as follows:
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Figure 14: Air void distribution of PA13 specimen. (a) )ree dimensions. (b) Projection in transverse section. (c) Projection in vertical
section.
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(1) )e air voids of AC13, SUP13, PA13, and SMA13
specimens can be distinct to capture using the ring
blocking segmentation combining Otsu’s method to
process the CT pictures.

(2) According to the analysis of method processed, it is
believed that the ring blocking segmentation com-
bining Otsu’s method is feasible and rational to
identify the air voids of asphalt mixtures in com-
parison with Bernsen’s method and the conventional
Otsu’s method.

(3) )e air void sizes of SUP13 and AC13 are mainly
distributed between 0.15 to 0.2mm, while it is mainly
distributed between 0.4 and 0.65mm for PA13. For
SMA13 specimen, the air voids sizes have uniform
distribution mainly ranging from 0.4 to 0.7mm.

(4) Image analysis reveals that air void’s distribution is
not uniform through the specimens, namely, higher
air voids concentrations were found at the specimen’s
top and bottom and lower air voids in between.

(5) It is a significant progress of asphalt mixtures’ re-
search to conduct three-dimensional reconstruction
of the air voids. )e air voids of SUP13, AC13,
SMA13, and PA13 were reconstructed and displayed.
)e three-dimensional air voids distribution of
AC13, SUP13, PA13, and SMA13 are in accordance
with the analysis of air void size distribution along
with the height ratio of specimen.

(6) )e used large stones and SBS-modified binder in
SMA13 and high-viscosity binder in PA13 produce a
more uniform distribution of air voids vertically,
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Figure 15: Air void distribution of SMA13 specimen. (a) )ree dimensions. (b) Projection in transverse section. (c) Projection in vertical
section.
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even though there is more variability in the air void
content than is the case with AC13 and SUP13.
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In this study, a finite-element simulation model was established for a two-dimensional hydraulic cylinder seal structure with
highly nonlinear materials and contacts for achieving the optimal sealing effect with the structure. ,e effects of gaps as well as
single and double O-rings on the sealing effect were examined. On the basis of this examination, a parametric model was
developed for double-O-rings without gaps, which are suitable for hydraulic cylinder sealing. Suitable design variables, objective
functions, and constraint conditions were determined for the parametric model.,en, a surrogate model was fitted and optimised
through a constrained Latin hypercube method, an interpolating recmultiquadric radial basis function method, and the genetic
algorithm. ,e results indicate that the seal and seal groove structures obtained through optimisation with the surrogate model
provide a superior sealing effect to unoptimised structures. ,erefore, the combination of the developed surrogate model and
finite-element method can provide a theoretical reference for the design of the sealing structure of hydraulic cylinders.

1. Introduction

Hydraulic transmission has attracted considerable attention
for transportation vehicles, such as automobiles, ships, and
aircraft, due to the development of manufacturing with the
advancement of technology. In a hydraulic system, struc-
tures such as valves, pumps, and cylinders are connected to
hydraulic pipe joints through a piping system. Hydraulic
pipe joints, pumps, valves, and cylinders are the most basic
hydraulic system components that play a vital role in the
circulation of gas, water, and oil in the system [1–5]. Because
the hydraulic pipeline is in a high-risk environment in the
circulation and power system, the pipeline seal requires
further analysis [6]. In aircraft, ships, automobiles, and other
transportation vehicles, when the hydraulic seal system fails,
internal oil, gas, pollutants, and waste are leaked. Such
failure may also cause fatalities and major accidents. ,us,
the sealing performance of the hydraulic pipeline sealing
structure in vehicles considerably influences the safety and
reliability of the equipment [7, 8].

Currently, the research on and production capacity of
seals in China is relatively low, and manufacturers blindly

increase the compression amount of seals in most cases to
solve the problem of hydraulic seal failure [9]. Although the
sealing purpose is temporarily achieved when using the
aforementioned approach, the seal duration and reliability
decrease, which may cause problems such as seal damage.
,erefore, research on the sealing performance of hydraulic
cylinder sealing structures is critical [10].

In general, the functional components of a sealing device
are the upper and lower flanges and the middle sealing
rubber. ,erefore, a study of the sealing performance should
begin from the analysis of these three components. ,e
amount of compression of the sealing rubber directly affects
the sealing performance of the hydraulic cylinder sealing
structure. Moreover, large compression reduces the service
life of the sealing rubber. ,e cross-sectional shape of the
sealing rubber directly affects the contact area between the
sealing material and the upper and lower flanges on the
application of the pretightening force and thus affects the
sealing efficiency. ,e structures of the upper and lower
flanges also affect the tightness of the hydraulic cylinder
sealing structure. ,e size of the gap in the groove of the seal
ring affects the amount of deformation of the seal rubber,
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which affects the sealing ability of the device. Chen et al.
obtained an O-type seal with a higher reliability than the
contact pressure distribution between the rectangular seal
and the O-ring [11]. On the basis of the finite-element
method, Zhou et al. proposed that reducing the height of the
lower flange close to that of the measuring cavity of the oil
cavity can reduce the loss of oil pressure and thus improve
the sealing efficiency [12]. Lan et al. proposed a method of
using finite sample points to establish a proxy model to
conduct intradomain structural analysis and dimensional
optimisation [13]; Wang et al. used genetic algorithm to
optimise the size of the structure to improve the perfor-
mance of the whole structure [14].

,is study mainly used Ansys Workbench to perform
finite-element analysis on the seals of hydraulic cylinders,
compare the seal ring section shape, flange groove width,
and groove depth, and optimise the groove structure
through a surrogate model inMATLAB for obtaining a set of
optimal structural parameters for the sealing rubber and
flange and for achieving the best sealing effect for the hy-
draulic cylinder sealing structure.

2. Model Description

2.1. Geometric Model. ,e seal of a hydraulic cylinder has a
typical symmetric structure. Considering the symmetry of
the structures of the seal ring and hydraulic cylinder, this
study simplified the three-dimensional plane strain problem
for a hydraulic cylinder into a two-dimensional problem for
simulation calculation. ,e two-dimensional axial seal
models of the four seals considered in this study, which are
based on the Chinese standard GB/T-3452.3-2005 [15], are
displayed in Figure 1.

Figures 1(a) and 1(b) display single O-ring seal structures,
and Figures 1(c) and 1(d) represent double O-ring seal
structures (A � πr2). Figure 1(a) displays a schematic of a
two-dimensional model of a seal groove with a gap, and
Figure 1(b) displays a schematic of a two-dimensional model
of a seal groove without a gap. Figure 1(c) depicts a schematic
of a seal model with a gap, and Figure 1(d) depicts a schematic
of a gapless seal model. In nonlinear finite-element simulation
calculations, the following assumptions must be made to
reduce the number of calculations and the calculation time:

(a) ,e rubber material is an isotropic and uniform
material.

(b) ,e creep properties of rubber materials are uniform
during elongation and compression, and the volume
change is negligible when creep occurs.

(c) Compared with hydraulic cylinders, the quality of
O-type rubber seals is negligible. ,e overall model
of the hydraulic cylinder can be simplified into two
dimensions.

2.2. Selection ofMaterial Parameters. Because the sealing ring
is usually made of rubber material and has a high degree of
nonlinearity in the finite-element simulation, this study
adopted the Mooney–Rivlin model with two parameters to

represent the constitutive relationship of thematerial with large
deformation [16]. ,e strain energy and compression constant
in the aforementioned model can be expressed as follows:

W � C1 I1 − 3( 􏼁 + C2 I2 − 3( 􏼁, (1)

D �
(1 − 2υ)

C1 + C2( 􏼁
, (2)

where W is the strain energy; D is the compression constant;
C1 and C2 are the mechanical property constants of the
nonlinear material; I1 and I2 are the first and second strain
tensor invariants, respectively; and υ is Poisson’s ratio of the
material [17]. ,eoretically, the mechanical property constant
should be determined through tensile and compression ex-
periments [18]; however, in practice, the constant is deter-
mined from the hardness value (Hs) of the material [19, 20]:

6C1 1 +
C1

C2
􏼠 􏼡 �

15.75 + 2.15HS

100 − HS
. (3)

,e aforementioned formula indicates that the me-
chanical property constant of a material can be obtained
from the Hs value and (C1/C2). According to the literature
[21], the recommended value of (C1/C2) is generally 0.25.

Considering the oil and water resistance, NBR is selected
for analysing many rubber materials. ,e hardness of the seal
under high pressure in this study was 85. According to the
aforementioned formula, C1 � 1.84MPa, C2 � 0.47MPa,
υ � 0.499, and D � 0.00087MPa− 1. ,e upper and lower
flanges are made of standard structural steel, whose elastic
modulus is 200GPa and Poisson’s ratio is 0.3.

Network segmentation is a critical step when a model is
used for numerical simulation analysis. ,ey must be as
regular as possible in addition to the number of units that
need to be controlled. ,erefore, element independence
analysis is usually required before determining the element
size. As displayed in Figure 2, the maximum value of the
contact pressure was stabilised at 4.38MPa. Finally, the grid
sizes of the upper and lower flanges and the sealing rubber
were controlled to be less than 0.07mm. ,e grid of the
hydraulic cylinder sealing system was divided into a com-
bination of tetrahedrons and hexahedrons. ,e number of
grids was 14,932, and the number of nodes was controlled at
approximately 45,000.

2.3. Contact Settings. Due to the large friction forces between
the sealing rubber and the upper and lower flanges, the
contact method was set to frictional contact, and the friction
coefficient was 2×10− 2. ,e contact algorithm uses the
augmented Lagrange multiplier method to adapt to large-
deformation contact problems. Moreover, the finite-element
control method uses the integration point detection method
(Gauss Point) to analyse the friction contact problem [22, 23].

2.4. Boundary Condition Settings. In the finite-element
analysis of the seal in this study, a 5.3mm-diameter nitrile
rubber was used as the seal ring. ,e width B of the seal
groove with a gap was 6.3mm, and the width B of the seal
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groove without a gap was 5.3mm. ,e seal groove depth of
the single groove was 4.13mm. ,e first force causes large
deformation, and second force constrains all the displace-
ments of the lower flange. ,ree load steps were set. ,e first
load step was the initial situation without any force; the
second load step involved the application of a pretightening
load, and the compression was 20% of the seal ring (i.e.,
1.06mm); and the third load step involved setting the in-
ternal pressure of the hydraulic cylinder to 2MPa. In the
simulation, the left side was assumed as the inside of the
hydraulic cylinder and the right side was assumed as the
external side. ,erefore, a pressure load of 2MPa was ap-
plied to the left side of the seal.

2.5. Simulation Results and Analysis. A comparison of the
results obtained for a single-groove seal with and without
gaps is displayed in Figure 3.

Figures 3(a) and 3(b) depict the equivalent stress cloud
diagram of a single-groove seal with a gap and the cloud di-
agram of the contact pressure between this seal and the upper
flange, respectively. Figures 3(c) and 3(d) depict the equivalent
stress cloud diagram of the single-groove gapless seal and the
cloud diagram of the contact pressure between this seal and the
upper flange, respectively. Figures 3(e) and 3(f) illustrate the
equivalent stress cloud diagram of a double-groove seal with a
gap and the cloud diagram of the contact pressure between this
seal and the upper flange, respectively. Figures 3(g) and 3(h)
display the equivalent stress cloud diagram of the double-
groove gapless seal and the cloud diagram of the contact
pressure between this seal and the upper flange, respectively.

,e mean average pressure and maximum contact pressure
results are presented in Table 1.,emean equivalent stress was
2.66MPa for the single-groove seals with and without a gap.
Moreover, the difference in the maximum contact pressures of
the aforementioned two seals was only 0.001MPa. For the
double-groove seal, the equivalent stresses with and without a
gap were 2.65 and 2.64MPa, respectively.,erefore, in the case
of large compression, the presence or absence of gaps has
almost no effect on the equivalent stress on the seal ring.

,e contact pressure is the major factor affecting the
sealing effect. When the contact pressures are greater than
the pressures in the hydraulic cylinder, the sealing is suc-
cessful and the sealing effect is proportional to the contact
pressures. A comparison of Figures 3(b), 3(d), 3(f), and 3(h)
indicates that the maximum contact pressures between the
single-groove seal with a gap and the upper flange and
between the double-groove seal with a gap and the upper
flange were 4.3808 and 4.3876MPa, respectively. ,e
maximum contact pressures between the gapless single-
groove seal and the upper flange and between the gapless
double-seal groove and the upper flange were 4.3813 and
4.3888MPa, respectively. For single-groove seals, the
maximum contact pressure without a gap was 0.011% higher
than that with a gap. For double-groove seals, the maximum
contact pressure without a gap was 0.17% higher than that
with a gap. ,e maximum contact pressure was greater
without a gap than with a gap because the horizontal de-
formation of gapless seal grooves was constrained. ,e
aforementioned data indicate that the number of seal ring
layers considerably influences the sealing effect of the hy-
draulic cylinder for the adopted two sets of variables.
,erefore, structure optimisation was performed for the seal
groove and seal ring of the double-layer seal without a gap.

3. Structural Optimisation Design Based on a
Surrogate Model

Structural optimisation design involves determining a set of
optimal solutions from design variables under the proposed
constraints.,e general optimisation solution process involves
mathematically modelling the optimisation problem, pro-
posing constraints according to the mathematical model, and
selecting an appropriate method to optimise the established
model for a certain goal. In general, the following parameters
are considered in the process of optimal design [24]:
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Figure 1: Two-dimensional models of the four seals considered in this study.
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Figure 3: Equivalent stress and contact pressure cloud diagrams of the single-groove seal.
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(a) Design variables: design variables are parameters
that have a major influence on the model (design
variables are generally denoted by x).

(b) Objective function: the objective function is the
optimisation objective (optimisation object), which
is generally denoted as f(x).

(c) Constraints: constraints refer to the ranges of design
variables. ,e types of constraints in the optimisa-
tion process include stress and volume constraints.

3.1. Determination of Design Variables. According to the
simulation results presented in Section 2.5, the double-layer
seal without a gap exhibits a superior sealing effect to the other
seal structures. ,erefore, the double-layer seal structure was
parameterised and modelled, as depicted in Figure 1(d). Two
parameters, namely, the diameter of the seal ring (D) and the
depth of the seal groove (h), were calculated due to their high
influence on the sealing effect in parametric modelling. In
addition, the chamfer of the upper and lower flanges affects
the equivalent stress on the seal ring. However, in currently
used structures, the seal ring does not contact the chamfer of
the flange under a compression of 20% and working pressure
of 2MPa. ,erefore, the chamfer was not considered as a
design variable in the study [25].

3.2. Determination of the Objective Function. In this study,
the maximum value of the contact pressure between the seal
ring and the upper flange was used to evaluate the sealing
effect [26].

3.3. Determination of Constraints. ,e current diameter of
the seal ring was 5.3mm, and the diameter of the seal ring
(D) was set to 4–7mm according to the sealing conditions
considered in this study. ,e depth of the seal groove (h)
must not be less than the radius of the seal ring. Moreover,
sufficient displacement must be caused by the upper flange
due to the pretightening force [27]. ,erefore, the mathe-
matical model of the seal structure is expressed as follows:

Find X � [D, h]
T
,

max f(x) � f(D, h),

Subject to 4mm≤D≤ 7mm,

D

2
≤ h≤D − 1.2mm.

(4)

3.4. Test Design. ,e Latin hypercube method [28, 29] was
used to obtain the test points in the experiment. ,e points
selected using this method can evenly cover the entire design
space. Considerable space information can be accurately
obtained with only a small number of test points. Because
the upper and lower limits of the design variables in this
study changed with a change in any parameter, a constrained
Latin hypercube was used to select the test point [30].

,e number of test points was selected according to the
following principle: the number of test points must be 10 times
higher than the number of variables. Two design variables
were used in this study; therefore, 20 points were selected to
build the surrogate model.,e plane distribution of the design
variables is displayed in Figure 4, in which the value ranges of
the design variables are indicated by the coordinate axes.

3.5. Parametric Modelling. After the selection of the test
points, the maximum contact pressure between the sealing
ring and the upper flange was calculated for all the training
and test points through finite-element simulation. Ansys
Workbench was directly used for parametric modelling and
finite-element calculation. ,e corresponding results are
presented in Table 2.

3.6. Surrogate Model. ,e interpolating recmultiquadric
radial basis function method [31–33] was used for data
fitting after obtaining the design and response points. A total
of 20% of the data points (five points) were used as test
points. ,e response surface and residuals of the training
points are displayed in Figure 5.

,e residual error of the training points was 10− 7

(Figure 5), which is considerably lower than 10− 4; thus, the
surrogate model had a high degree of fit for the training
points. ,e root mean square error of the aforementioned
model was 0.48 for the five test points. ,e difference be-
tween the maximum stress values obtained with the sur-
rogate model and in the experiment (7.3MPa) was less than
10%, which is within the acceptable error range.

3.7. Optimisation of the End Plate Structure by Using the
Genetic Algorithm. ,e genetic algorithm [34, 35] was used
to optimise the design of the seal structure. ,e final iter-
ation results are presented in Table 3. ,e maximum contact
pressure was 7.28MPa [36].

3.8. Reliability of the Sealing Structure. Let X1, X2, . . ., Xn be n
random variables that affect the structural function, the
function of which can be expressed as the following
equation:

Table 1: Mean average pressure and maximum contact pressure for different sealing methods.
Single seal with gap

(MPa)
Single seal with gapless

(MPa)
Double seal with gap

(MPa)
Double seal with gapless

(MPa)
Mean equivalent stress 2.66 2.66 2.65 2.65
Maximum contact
pressure 4.3808 4.3818 4.3876 4.3888
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Z � g X1, X2, . . . , Xn( 􏼁, (5)

where X1, X2, . . ., Xn could be the structural dimension
parameter, the physical property of the material, or the
loading on the structure. When Z> 0, the structure could
perform the objective functions and work in a reliable state;
when Z< 0, the structure could fail to perform the objective
function and become unstable; when Z� 0, the structure is in
the limit state or critical state. In this paper, pf denoted the
probability of failure, i.e., the probability of the structural
function Z< 0. We used f(z) to represent the probability
density function. ,erefore, the probability of Z< 0 is

pf � 􏽚
0

− ∞
f(z)dz. (6)

However, the structure function should be standardized
in the actual calculations:

Z′ �
C − μz

σz

. (7)

,e probability of failure after standardization can be
expressed as

pf � 􏽚
− μz/σz( )

− ∞
f z′( 􏼁dz′. (8)

,e reliability of the structure can be expressed as

Pr � 1 − Pf. (9)

In this paper, the Gram–Charlier series was used to
decompose and fit the distribution of the function, which
could be expressed as

f(X) � Φ′(X) � 􏽘
∞

n�3

(− 1)
n
Cn��

n!
√ Φ(n+1)

(X), (10)

Table 2: Data points and response values.
D (mm) h (mm) Pmax (MPa)
5.14 3.39 6.528
6.23 3.98 4.1881
4.54 3.26 4.8721
5.28 3.45 6.4509
6.31 3.88 4.1706
6.85 4.49 4.027
5.77 3.34 4.3518
5.85 4.57 4.302
5.63 4.18 4.3994
6.92 4.38 4.015
5.00 3.18 6.3237
6.62 4.13 4.0882
6.15 3.55 4.2387
6.69 4.34 4.0658
6.08 3.95 4.234
7.00 5.79 3.992574
4.30 2.95 5.0262
6.54 5.03 4.1055
6.38 4.95 4.1484
4.79 3.49 6.5858
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Figure 5: Response surface and residuals of the training points.
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Figure 4: Plane distribution of design variables.

Table 3: Optimal design variables and optimal solutions.
D (mm) h (mm) Pmax (MPa)
4.23 2.8 7.2778
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where Φ(X) � (1/
���
2π

√
) 􏽒

x

0 e− (t2/2)dt and Cn is the moment
coefficient of each order. In this paper, in order to improve
the calculation accuracy, the order of six was selected for
calculation, which revealed the following equations:

C0 � 1,

C1 � C2 � 1,

(11)

C3 �
1
��
3!

√
μ3
σ3

,

C4 �
1
��
4!

√
μ4
σ4

− 3􏼠 􏼡,

(12)

C5 �
1
��
5!

√
μ5
σ5

− 10
μ3
σ3

􏼠 􏼡, (13)

C6 �
1
��
5!

√
μ6
σ6

− 15
μ4
σ4

+ 30􏼠 􏼡, (14)

where μk is the kth central moment of Z’, and σk is the kth
power of the mean square error of Z’.

According to the finite-element analysis results above,
the mean values and the mean square error in case of the
maximum contact pressure after storage and aging of the
sealed structure can be calculated. ,e results are shown in
Table 4.

According to the finite-element simulation and the
surrogate model, the limit state equation of the sealing
structure was established, and the corresponding moments
of the structure under the maximum contact pressure in
each aging period can be obtained, and the reliability of the
sealing structure can be calculated according to the above
equations. In this paper, five nodes in the middle of the

Table 4:,emean values and the mean square error in case of the maximum contact pressure after storage and aging of the sealed structure.
Time of usage Shortly after sealing 10 years 20 years 25 years 30 years
Mean of response (MPa) 4.59 4.57 4.38 3.72 3.64
Mean square error of response (MPa) 0.94 0.88 0.84 0.72 0.72

Table 5: Reliability of 5 sealed structure joints.
Serial number Shortly after sealing 10 years 20 years 25 years 30 years
1 0.976 0.921 0.851 0.827 0.796
2 0.983 0.926 0.846 0.821 0.793
3 0.984 0.927 0.859 0.835 0.794
4 0.987 0.931 0.861 0.845 0.807
5 0.994 0.938 0.881 0.848 0.813

(a)

5.0055 Max
4.4551
3.9047
3.3543
2.8039
2.2536
1.7032
1.1528
0.60243
0.052047 Min

Unit (MPa)

(b)

7.2794 Max
6.4706
5.6617
4.8529
4.0441
3.2353
2.4265
1.6176
0.80882
0 Min

Unit (MPa)

(c)

2.654 Max
2.3624
2.0707
1.7791
1.4874
1.1958
0.90415
0.6125
0.32086
0.029211 Min

Unit (MPa)

(d)

Figure 6: Model and simulation results.
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O-ring were selected for calculation. ,e results of reliability
for the sealing structure joints are shown in Table 5.

,e average value of the five nodes was used to represent
the reliability of the sealing structure; it can be seen that the
reliability of the sealing structure after 10 years, 20 years, 25
years, and 30 years was 0.985, 0.929, 0.859, and 0.801, re-
spectively. A failure rate less than 10% is acceptable for
ordinary hydraulic cylinder sealing structures.,erefore, the
sealing structure could still be effective after 10 years.

4. Comparison of the Results Obtained before
and after Optimisation

,e parameters obtained after design variable optimisation
were substituted into the model, and simulation was per-
formed using Ansys Workbench. ,e maximum contact
pressure was obtained as 7.2794MPa. ,e error between the
aforementioned value and the corresponding result obtained
using the surrogate model was 0.027%. ,e model and
simulation results are presented in Figure 6.

Figure 6(a) displays a schematic of the optimised seal
model, and Figure 6(b) displays the equivalent stress cloud
diagram. Figure 6(c) illustrates the cloud diagram of contact
pressure between the seal ring and the upper flange, and
Figure 6(d) displays the maximum shear stress cloud dia-
gram. A comparison of the optimised and unoptimised
structural design results are presented in Table 6.

According to the aforementioned simulation results, all
the structures, the O-ring seal did not contact the chamfers
of the seal grooves under a preload of 1.06mm and working
pressure of 2MPa. ,e equivalent stress had a spindle-
shaped distribution and was larger at the contact area than at
other areas. ,e average equivalent stress of the optimised
structure was 89.06% higher than that of the unoptimised
structure. Moreover, the maximum contact pressure for the
optimised structure was 65.83% higher than that for the
unoptimised structure. ,e maximum shear stress indicates
the service life of the seal ring. ,e maximum shear stress of
the optimised seal structure was 0.75% lower than that of the
unoptimised structure; thus, the shear stress was only
marginally reduced after optimisation. ,e aforementioned
results indicate that the optimised structure has a consid-
erably stronger sealing effect and only marginally smaller
service life than the original structure.

5. Conclusions

(a) ,e obtained qualitative finite-element simulation
results indicate that, during the operation of hy-
draulic cylinders, the peak values of the equivalent
stress and contact pressure are always located at the
contact between the seal ring and the upper flange in

the prestressed state. ,us, the sealing effect of a
hydraulic cylinder seal can be assessed according to
the maximum contact pressure at the contact be-
tween the seal and the upper flange.

(b) ,e finite-element analysis results obtained for the
four sealing structures considered in this study in-
dicated that the sealing effect of the gapless double
O-ring was stronger than those of the double O-ring
with a gap, the gapless single O-ring, and the single
O-ring with a gap.

(c) According to the surrogate model and finite-element
simulation calculations, the contact pressure of the
optimised seal structure is 65.83% higher than that of
the original gapless double O-ring. ,e combination
of the developed surrogate model and finite-element
method can provide ideas for the optimal design of
seal structures without sacrificing the service life.
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Tests on twelve circular concrete-filled steel tube stub columns with mixed red mud and three circular concrete-filled steel tube
stub columns to investigate the influence of the mixed proportion of red mud on the mechanical behavior of axial compressive
circular concrete-filled steel tube stub columns are reported. It is found that with the increase of red mud content, the ultimate
load increases first and then decreases; on the contrary, the ultimate displacement decreases first and then increases; the specimen
stress reaches the proportion limitation as the steel tube longitudinal strain is around 160 με and reaches the yield limitation as the
steel tubes’ longitudinal strain is around 4400∼5000 με. ,e axial compressive bearing capacity empirical formulation of concrete-
filled steel tubes stub columns mixed with red mud is proposed. ,e theoretical calculation results agree well with those
experimental data.

1. Introduction

Circular concrete-filled steel tube (CCFST) can provide
excellent structural properties, such as high bearing capacity
and high ductility, and the steel tube of CCFSTcan be used as
permanent formwork to reduce the construction schedule
without any effect by seasonal climate. ,erefore a con-
siderable amount of studies on CCFST have been carried out
in recent decades [1–9], which make this kind of structure
more and more widely used in subways, tunnels, bridges,
high-rise, and super high-rise buildings.

Various studies of the utilization of solid waste in the
construction industry have been conducted in recent years
[10–13]. Most of the solid wastes generally produce certain
radiation and corrosiveness, and the poured concrete with
mixing those solid wastes normally engenders attribute of
high dispersion. However, the steel tube has the charac-
teristics of radiation protection and corrosion resistance,
and it has a behavior to constrain the dispersion of concrete.
,erefore, the solid wastes utilized in the CCFST would

greatly improve the utilization rate of solid wastes in the
world. Nowadays, the research works of solid wastes in
CCFST [14–16] have already been conducted and achieved
some research results.

As a result, this paper takes red mud as a research object
to study its effective utilization. Red mud, as a solid waste
produced in the process of bauxite extraction, occupies a
large amount of land. Its high alkali content causes serious
pollution in the surroundings, which makes the red mud
disposal and utilization increasingly prominent [17]. At
present, the main field of red mud treatment is in the
construction industry, and some achievements have been
made. It was found that red mud had good cementations’
activity and could be well utilized [18]. Liu and Poon [19]
used bauxite residue-red mud instead of part of fly ash to
make self-compacting concrete in order to test its me-
chanical behavior. It was found that the compressive
strength, the splitting tensile strength, and the elastic
modulus of the specimens were increased, respectively. Wu
et al. [20] put forward the concept of the CCFSTmixed with
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red mud first and conducted experimental research on
pushing core concrete out of steel tube. ,e research result
indicated that the bond slip behavior of the CCFST mixed
with red mud was improved; it was proved that the cement
of core concrete could be partly replaced by the red mud.

In order to investigate the influence of mixing pro-
portion of the red mud on the mechanical behaviors of
CCFSTstub columns under axial compressive load, the tests
on a total of fifteen specimens under axial compressive
bearing load including twelve specimens of CCFST stub
columns mixing with the red mud and three specimens of
CCFST stub columns are reported in this paper. ,e main
objective of these tests was twofold: firstly, to derive the
empirical formulation of axial compressive bearing capacity
by the discussion on the influence of mixing proportion of
the red mud in CCFSTstub columns; and secondly, to verify
the correctness of the formulation by comparing and ana-
lyzing the calculation results and the test data.

2. Experimental Study

2.1. Specimen Material

(1) Steel tube: a seamless circular steel tube was applied.
According to Chinese Code GB/T228-2002, the
tensile test method of metal material at the status of
room temperature, the yield strength fy, tensile
strength fu, elastic modulus Es, yield strain εsy, and
Poisson’s ratio ]s will be determined, shown in
Table 1.

(2) Concrete: Yatai brand 42.5R normal cement mixed
with 5∼15mm aggregates, the river sand, and the tap
water; the superplasticize was applied from Liaoning
Jianfeng Industrial Co., Ltd; Bauxite residue-red
mud generated in Beihai Alumina Plant, Weiqiao,
Shandong Province. ,e chemical composition of
the red mud is shown in Table 2. ,e quality sub-
stitution rate of the red mud in the concrete was
applied for 0%, 5%, 10%, 15%, and 20%, respectively.
,e mixture ratio of the red mud concrete was in
accordance with the Chinese standard JGJ55-2001
mix design of normal concrete, as can be seen in
Table 3.

2.2. Specimen Labels and Parameters. A total of fifteen
specimens were constructed including twelve CCFST stub
columns mixed with the red mud and three CCFST stub
columns. A summary of the specimen information is given
in Table 4. ,e specimens labeled as CSC are for Circular
Stub Column; the fourth letter labeled as A, B, or C is for the
external diameter of the specimens of 108mm, 133mm, or
159mm, and the last Arabic numeral labeled 1, 2, 3, 4, or 5 is
for the quality substitution rate of the red mud of 0%, 5%,
10%, 15%, or 20%. L is the length of the stub column;D is the
external diameter of the circular steel tube; ts stands for the
wall thickness of the steel tube; r% means the quality sub-
stitution rate of the red mud; fcu means the cubic com-
pressive strength of concrete;α means the steel content; ξs

stands for the confining factor; Ne
u is the ultimate bearing

capacity of stub column.

2.3. Specimens Fabrication. A circular steel tube was cut into
fifteen steel tubes according to the length shown in Table 4
on the automatic cutting machine. All the specimens were
three times the diameter in length to reduce the end effects
and to ensure that the specimens would be stub columns
with minimum effect from slenderness. Each tube was
welded to a 200mm× 200mm× 10mm steel base plate at the
bottom of the steel tube. Fifteen same size steel plates were
milled with a 3mm deep concentric round groove which
diameter was 0.2mm bigger than the external diameter of
the steel tubes and was used as the movable cover plates on
the top of the steel tubes. ,e red mud concrete was poured
from the top of the steel tube and compacted with vibration
until the redmud concrete was higher than the top surface of
the steel tube. All the specimens were cured for 2weeks, then
the top surface of the red mud concrete-filled steel tube was
ground smooth and flushed with the steel tube by using an
angle polishingmachine.,e steel cover plate covered on the
top surface of the steel tube.,is was done to ensure that the
load was applied evenly across the cross-section and si-
multaneously to the steel tube and concrete core. See Fig-
ures 1 and 2 for the fabricated test specimens.

2.4. Test Arrangement andMeasurement. ,e loading device
and measuring equipment are shown in Figures 3 and 4. All
the specimens were tested with a universal testing machine
with a 2000 kN capacity in the structural engineering lab-
oratory of Liaoning Construction Sciences Academy. ,e
longitudinal displacement of each specimen was measured
by two transducers with ameasurement range of 50mm.,e
arrangement of strain gauges is shown in Figure 5. ,ere
were 8 strain gauges in total, including 4 longitudinal strain
gauges and 4 circumferential strain gauges (points 1–4). ,e
type of strain gauge was BX120-5AA, and the size was 50× 3.
TDS602 was used for collecting relative strain and
displacement.

2.5. Loading System. According to Chinese Code GB/T
50152-2012 Standard for test method of concrete structures,
the test adopted method of load increment, as shown in
Figure 6. ,e estimated ultimate loads of the 3 series A, B, C
specimens were about 900 kN, 1300 kN, and 1700 kN, re-
spectively. ,e preloading value was applied 10% of the
estimated ultimate load in order to make a concentric ad-
justment imposing on specimens. ,en, the loads were
applied in increments of 1/10 of the estimated ultimate load

Table 1: Mechanic properties of the steel tube.

Label D× t
(mm)

fy

(MPa)
fu

(MPa)
Es

(GPa)
εsy

(με) ]s

CSCA 108× 4.5 323.3 490.0 205 1650 0.27
CSCB 133× 4.5 298.9 462.7 203 1600 0.27
CSCC 159× 4.5 292.3 463.6 203 1550 0.27
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in the elastic range. When the target loads were reached,
each target load was maintained for 2mins on the specimen.
As the load reached 60% of the estimated ultimate load
(540 kN, 780 kN, and 1020 kN, respectively), the loads were

applied in an increment of 1/20 of the estimated ultimate
load. When the target loads were reached, each target load
was maintained for 2mins as well. As the specimen was
under destruction, the load continued to increase slowly.
After reaching the ultimate load value, the loads were ap-
plied continuously until the deformation of the specimen
was too big, then the test stopped. Each test took approx-
imately one hour to complete. In the whole process of the
test, the load readings and deformation measurements were
recorded automatically by the pressure servo machine,
which provided enough data points to complete the drawing
of load displacement curve.

3. Experimental Results and Discussion

3.1. Analysis of Experimental Phenomena. At the beginning,
the specimens were loaded in the elastic stage without ob-
vious change. When the load reached 60% ∼ 70% of the
ultimate load, the shear slip line appeared on the steel tube
wall. As the load reached 80% ∼ 90% of the ultimate load, the
rust on the steel tube wall started falling down, the local
buckling of the steel tube happened, and the cross shear slip
line emerged. ,en, the specimens were in the failure stage.
Because the confining factor was relatively big, the

Table 2: Red mud chemical composition.

Al2O3 Na2Ok Fe2O3 SiO2 TiO2 CaO CO2 H2O H2O Loss PH Density (g.cm−3)
% 23.73 7.39 28.79 24.63 2.22 2.69 0.97 8.59 1 14.94 11.3 3.2

Table 3: ,e proportion of red mud concrete Kg/m3.

SN Red mud Cement Sand Aggregate I Aggregate II Water Superplasticize
RMC-0 0 360 780 216 862 162 3.6
RMC-5 18 342 780 216 862 162 3.9
RMC-10 36 324 780 216 862 162 4.2
RMC-15 54 306 780 216 862 162 4.5
RMC-20 72 288 780 216 862 162 4.8
Note: RMC labeled for red mud concrete; 0, 5, 10, 15, and 20 are for quality substitution rate of red mud 0%, 5%, 10%, 15%, and 20%, respectively.

Table 4: Parameters of the specimens.

SN Specimen L (mm) D (mm) ts (mm) r (%) fy (MPa) fcu (MPa) D (ts) α ξs Ne
u (kN)

1 CSCA-1 324 108 4.5 0 323.3 36.9 24 0.19 2.488 885.6
2 CSCA-2 324 108 4.5 5 323.3 50.5 24 0.19 1.815 1003.4
3 CSCA-3 324 108 4.5 10 323.3 46.6 24 0.19 1.968 971.8
4 CSCA-4 324 108 4.5 15 323.3 44.0 24 0.19 2.083 948.6
5 CSCA-5 324 108 4.5 20 323.3 34.0 24 0.19 2.700 860.5
6 CSCB-1 400 133 4.5 0 298.9 36.9 29.6 0.15 1.821 1289.6
7 CSCB-2 400 133 4.5 5 298.9 50.5 29.6 0.15 1.328 1403.6
8 CSCB-3 400 133 4.5 10 298.9 46.6 29.6 0.15 1.440 1369.4
9 CSCB-4 400 133 4.5 15 298.9 44.0 29.6 0.15 1.524 1349.2
10 CSCB-5 400 133 4.5 20 298.9 34.0 29.6 0.15 1.976 1265.6
11 CSCC-1 477 159 4.5 0 292.3 36.9 35.3 0.124 1.463 1630.1
12 CSCC-2 477 159 4.5 5 292.3 50.5 35.3 0.124 1.067 1884.5
13 CSCC-3 477 159 4.5 10 292.3 46.6 35.3 0.124 1.157 1812.5
14 CSCC-4 477 159 4.5 15 292.3 44.0 35.3 0.124 1.225 1766.5
15 CSCC-5 477 159 4.5 20 292.3 34.0 35.3 0.124 1.587 1600.0

Figure 1: Specimens.
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drum-shaped failure occurred (Figure 7), while the speci-
mens showed good ductility. After the ultimate load was
reached, the bearing capacity of the specimens was different
according to the different confining factor. For the speci-
mens with big confining factor, the bearing capacity was
slightly increased. For the specimens with small confining
factor, the bearing capacity was slightly decreased. For the
specimen with a moderate confining factor, the bearing
capacity kept the same. ,e deformation of the specimens in
those 3 situations was continuously increasing until the
specimens were loaded to failure. ,e failure modality of the

CCFSTwith the red mud specimen was similar to the failure
modality of the CCFST specimen. Figure 8 shows all the
specimens with failure mode.

3.2. Influence of Mixed Red Mud. ,e load (kN) versus
displacement (mm) curves for the 3 groups specimens (A, B,
C) are presented in Figure 9.

As shown in Figure 9, the load (kN) versus axial dis-
placement (mm) curves for the 3 series of specimens are little
different. It was found that with the increase of the quality
substitution rate of the red mud (r) in the CCFST stub
column, the ultimate load of specimens increased first and
then decreased. ,e ultimate load was the maximum, as
r� 5%, the ultimate load on the CCFST with the red mud
specimens for groups A, B, and C were 1003.4 kN,
1403.6 kN, and 1884.5 kN, respectively, which increased
13.30%, 8.84%, and 15.61% compared with those 3 CCFST
specimens. As r� 20%, the ultimate load on the CCFSTwith
the red mud specimens for groups A, B, and C were
860.5 kN, 1265.6 kN, and 1600 kN, respectively, which de-
creased 2.83%, 1.86%, and 1.85% than the ultimate load on
the 3 CCFST specimens. It illustrates that when the quality
substitution rate of the red mud is between 0%∼20%, the
ultimate load on the CCFSTwith the red mud increases, the
reasons of which are twofold: firstly, the red mud has the
characteristics of pozzolanic. During the hydration of
concrete, Ca (OH)2 was produced. It reacted with active
SiO2, Fe2O3, and Al2O3 produced from the red mud in the
second time hydration and generated the hydrate calcium
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Figure 4: Column test layout.
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silicate and the hydrate calcium acuminate. In the process of
the reaction, Ca (OH)2 generated was being consumed,
which caused further hydration reaction promoted. ,e
structure of the interface between the internal medium of
concrete was improved. ,e compressive strength of con-
crete was enhanced; and secondly, the red mud particles
were finer after processing, its specific surface area was
bigger than 400m2/kg, while the specific surface area of

Portland cement was only bigger than 300m2/kg. ,erefore,
the red mud played a physical filling role in the concrete.,e
concrete mixing with the red mud would have smaller pores
and lower porosity, which caused the compactness of the
concrete was raised. As a result, the compressive strength of
the concrete would be improved.

As seen in Figure 9, with the increase of the quality
substitution rate of the red mud (r) in the CCFST stub

Figure 7: Local buckling of the steel tube.

(a) (b)

(c)

Figure 8: Failure mode of specimens. (a) CSCA. (b) CSCB. (c) CSCC.
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(2) Oblique straight line is the load that increases slowly.

Figure 6: Simplified diagram of the method of load increment.
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column, the ultimate displacement of the specimens de-
creased first and then increased, the ultimate displacement
was minimum, as r� 5%, the ultimate displacement of the
CCFST with the red mud specimens for groups A, B, and C
were 5.8mm, 4.5mm, and 3.3mm, respectively, decreased
10.77%, 19.64%, and 26.67% than those 3 CCFSTspecimens.
As r� 20%, the ultimate displacement of the CCFSTwith the
red mud specimens for groups A, B, and C was 6.6mm,
5.9mm, and 4.7mm, respectively, increased 1.54%, 5.36%,
and 4.44% than the ultimate displacement of the 3 CCFST
specimens. Obviously, when the quality substitution rate of
the red mud was between 0%∼20%, the ultimate displace-
ment of the CCFST with the red mud specimens decreased
and the ductility became weaker compared with the CCFST
specimens, the main reason of which was that the strength of

the CCFST mixing the red mud was improved and the
stiffness was enhanced.

3.3. Analysis of the Whole Process of Stress Strain. ,e
nominal compressive stress of the specimen is σsc � N/Asc:

σsc is the nominal compressive stress of the specimen
N is the axial pressure,
Asc is the cross-sectional area of the specimen

,e axial compressive strain of the specimen is εsl � Δ/L:

εsl is the compressive strain of the specimen
Δ is the axial deformation
L is the height of the specimen
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Figure 9: ,e load versus displacement curves. (a) Group A. (b) Group B. (c) Group C.
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According to Figure 8, the typical σsc − εsl curves of the
specimens were obtained, as shown in Figure 10.

As can be seen from Figure 10, the curve mainly un-
dergoes three stages: elastic stage (OA), elastic-plastic stage
(AB), and ascending/descending/horizontal stage (BC).

OA stage: the curve is linear. It indicates that the quality
substitution rate of the red mud has little effect on the
stiffness when the specimen is in the elastic stage. ,e steel
tube and the red mud concrete have not been working well
together. When reaching point A, the steel tube is in a
compressive yield state, the longitudinal strain is about
1600 με, the circumferential strain is around 450 με, and the
specimen reaches the proportional limitation.

AB stage: the specimen is in the elastic-plastic stage, and
the steel tube and the red mud concrete bear the load si-
multaneously. With the development of the red mud con-
crete cracks in the steel tube, the transverse deformation
exceeds the Poisson’s ratio of the steel tube. Mutual ex-
trusion produced between these two materials causes the
steel tube to produce the confinement effect on the red mud
concrete core. At the same time, the redmud concrete core is
in a three-dimensional compressive state. ,erefore, the
bearing capacity of the specimen is enhanced. As reaching
point B, the longitudinal strain of the steel tube is about
4400∼5000 με, and the specimen reaches the yield limitation.

BC stage: when it exceeds point B, the curve is divided
into three situations according to the different confining
factor. As ξs � ξ0, the curve is basically horizontal; as ξs > ξ0,
it becomes a slowly rising curve, the bigger the confining
factor is, the larger the rise range is, and vice versa; as ξs < ξ0,
it is a gradually falling curve, the smaller the confining factor
is, the larger the decline range is, and vice versa. According
to Table 4 and Figure 9, ξ0 � 1.1.

4. Simplified Calculation of Axial Compressive
Bearing Capacity

4.1.9eProposedEmpirical Formulation ofAxialCompressive
Bearing Capacity of Stub Column. According to Figure 9,
when the specimens reach the peak load, the deformation is

too big. ,e components would have lost their usage
function if they were applied in the real projects. ,erefore,
the ultimate yield strength fscy of the specimen (longitu-
dinal strain is about 4400–5000 με) determined by the stress-
strain relations shown in Figure 10 is defined as the ultimate
strength of the axial compressive bearing capacity of the
specimen. In the range of quality substitution rate of the red
mud r� 0%∼20%, regression analysis of test data is carried
out, as shown in Figures 11 and 12.

,e formulation of fscy proposed by regression analysis
is as follows:

fscy � φr 2.094 + 0.765ξs( 􏼁fck. (1)

,en, the axial compressive bearing capacity formula-
tion of the CCFSTstub columnwith the redmud is proposed
as follows:

Nu � fscyAsc, (2)

φr � 0.993 − 1.480r + 8.261r
2
, (3)

Asc � As + Ac. (4)

fscy is the ultimate strength of axial compressive bearing
capacity; fckis the standard value of compressive strength of
concrete; fck � 0.67fcu. ξs is the confining factor of steel
tube; ξs � (fyAs/fckAc). Nuis the axial compressive bearing
capacity of stub column; Ascis the composite section area of
CCFST stub column with red mud; As is the section area of
steel tube of CCFST stub column with red mud; Ac is the
section area of concrete of CCFST stub column with red
mud; φr is the influence coefficient of quality substitution
rate of the red mud; r is the quality substitution rate of the
red mud

When r� 0%, it can be seen as the formulation of the
axial compressive bearing capacity of the CCFST stub
column.
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Figure 10: ,e σsc − εsl relations of the specimens.
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Figure 11: ,e relationship between ultimate yield strength and
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4.2. Validation of the Proposed Empirical Formulation. In
order to verify the correctness of the proposed empirical
formulation, the calculated results from formula (2) shown
above were compared with test data of fifteen specimens, as
can be seen in Figure 13(a). It was found that the mean value,
the standard deviation, and the variation coefficient of the
CCFST stub columns with the red mud Nc

u/Ne
u were 0.989,

0.024, and 0.024, respectively. ,e result indicates that, in
general, the theoretical values of the axial compressive
bearing capacity of stub columns agree well with the ex-
perimental data.

Due to the limited experimental data of 15 CCFST stub
columns with the red mud, the additional experimental data
of a total of 325 CCFST stub columns specimens (r� 0%)
from references [1–8, 21–29] were introduced in order to
further validate the proposed formulation and were com-
pared with the calculated value from formula (2), as can be
seen in Figure 13(b). It was found that the mean value, the
standard deviation, and the variation coefficient of CCFST
stub columns Nc

u/Ne
u were 0.938, 0.141, and 0.150, respec-

tively. In the same way, the theoretical value of the axial
compressive bearing capacity of the stub column agrees well
with the experimental data as well.

,erefore, formula (2) is applicable to the calculation of
axial compressive bearing capacity for the CCFST stub
columns with the red mud (as r� 0% for the CCFST stub
columns). Formula calculation value is generally safe and
suitable for engineering application.

5. Conclusions

Based on the results of this study, the following conclusions
can be drawn:

(1) with the increase of the quality substitution rate of
the red mud (r� 0%∼20%) in the CCFST stub col-
umn with the red mud, the ultimate load increases
first and then decreases; on the contrary, the ultimate
displacement decreases first then increases; the ul-
timate load is maximum, as r� 5%, while the ulti-
mate displacement is minimum; as r� 20%, the
ultimate load and the ultimate displacement are both
nearly the same, respectively, as r� 0%.

(2) As the longitudinal strain of the steel tube is about
1600 με, the specimen reaches the proportional
limitation; as the longitudinal strain of steel tube is
about 4400∼5000 με, the specimen reaches the yield
limitation. When it exceeds yield limitation, as
ξs � ξ0, the curve is basically horizontal; as ξs > ξ0, it
becomes a slowly rising curve; as ξs < ξ0, it is a
gradually falling curve, ξ0 � 1.1.

(3) Empirical formulation of axial compressive bearing
capacity of the CCFST stub columns with the red
mud is proposed with clear expression, and it is
suitable for engineering application.

(4) ,e experimental data of total 340 specimens, in-
cluding 15 specimens shown in this paper, were
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Figure 13: ,e comparison of calculated result and experiment result of axial compressive bearing capacity.
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compared with calculated results from formula (2).
,e calculated results agree well with the experi-
mental data, which approve the correctness of the
empirical formulation.
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Microbial mineralization has a significant effect on the hydration process of cement-based materials. -is paper mainly studied
the characterization methods for hydration degree and hydration product of C3S in hardened paste under microbial miner-
alization. Quantitative X-ray diffraction (QXRD), thermogravimetric analysis (TG), Fourier transform infrared spectroscopy (FT-
IR), and electron backscatter diffraction (EBSD) were used and compared. -e results showed that microbial mineralization
increased the hydration degree of T-C3S. QXRD and EBSD could be used to characterize the content of C3S, and there were few
differences between the two methods. TG could accurately characterize the content of Ca(OH)2 and CaCO3 at different depths of
the sample, and FT-IR could qualitatively characterize the presence of Ca(OH)2 and CaCO3.

1. Introduction

In recent years, microbial mineralization in cement-based
materials has become a research focus. Microbial-induced
calcium carbonate precipitation (MICCP) [1, 2] is a typical
biomineralization process which could be used to heal cracks
in concrete and enhance the durability of cement-based
materials [3]. In addition, new microbial cement-based
materials have also been developed [4]. However, the effect
of microbial mineralization on cement-based materials was
caused by the effect on hydration process. -erefore, it was
necessary to study the hydration and its characterization
methods.

Many traditional methods for characterizing the hy-
dration process of cement-based materials, such as heat
evolution method, quantitative XRD (QXRD), differential
thermal analysis (TGA), BSE, and so on, were used fre-
quently. However, each method had its limitations.

Peiming et al. [5] compared the advantages and disad-
vantages of hydration heat method, chemically combined

water method, Ca(OH)2 quantitative test method, and BSE
method; the results showed that the BSEmethod had a better
promising application for the characterization of hydration
degree. Kocaba et al. [6] studied the degree of hydration of
cement-based materials mixed with blast furnace slag and
showed that it was poor to characterize the degree of hy-
dration by the dissolution method and TGA method, while
the results of image analysis and isothermal calorimetry were
highly consistent. Alexander [7] compared the XRD and BSE
methods to characterize the phase composition of the
hardened paste, and the results showed that the two char-
acterization methods were also highly consistent.

Microbial mineralization consumes Ca(OH)2 in the
hardened paste; therefore, the mineralization of microor-
ganisms was closely related to the hydration process of the
paste. Basaran Bundur [8] studied the effect of S. pasteurii
bacteria on the hydration process of cement-based materials
by hydration heat method and showed that there was a great
effect of S. pasteurii bacteria on the hydration heat of mortar.
Lee [9] also used hydration heat method and XRDmethod to
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characterize the effect of bacteria on the hydration of ce-
ment-based materials. -e results showed that the former
method could clearly characterize the early-phase change of
the hydration process caused by bacteria, and the latter could
characterize the composition change of the phase during the
whole hydration process. But for the intermediate products,
the limitations were obvious.

Microbial mineralization could affect the hydration
process and microstructure of cement-based materials by
promoting the transformation of Ca (OH)2 to CaCO3.
However, the characterization methods of cement hydration
under mineralization lacked systematic research. -erefore,
in order to systematically characterize the effects of min-
eralization on cement hydration, this paper mainly discussed
the changes in the degree of hydration and products of
hardened C3S paste caused by mineralization through dif-
ferent characterization methods and compared the advan-
tages and disadvantages of different characterization
methods. -e combination of different characterization
methods could more accurately characterize the minerali-
zation and hydration processes. In addition, the results of the
study will provide a better understanding of mineralization
and guide engineering practice.

2. Materials and Experimental Design

2.1. Raw Materials

2.1.1. Tricalcium Silicate. Before the test of C3S sample, the
C3S powder was grinded to below 200 mesh in a dry en-
vironment for testing. -e XRD pattern of C3S which was
collected using a D8-Discover diffractometer (Brook, Ger-
many) is shown in Figure 1. -e phases of the samples were
mainly C3S and CaO. By comparing C3S crystal standard
cards, it was concluded that the crystal form was T-C3S.
Fitting was calculated by TOPAS software [10]; the purity of
C3S was about 99.05%. -e C3S particle size distribution is
shown in Figure 2. -e particle size of the sample ranged
between 3.62 and 70.4 μm, and the average particle size was
13.68 μm. Before the XRF test, the C3S powder and boric acid
were added to the pressure equipment and compressed into
a tablet, and the element of C3S by XRF (ARL Perform X
4200,-ermo Fisher) is shown in Table 1. In addition to CaO
and SiO2, it also contained a small amount of MgO, Al2O3,
etc., and the ratio of CaO to SiO2 was 3.04. -e specific
surface area was 388.29m2/kg.

2.1.2. Microbial Culture. Paenibacilluswas selected and used
in the study. Before experiment, Bacillus were domesticated
for half a year in an alkaline environment. Medium for
culture of the microorganisms is shown in Table 2, and the
pH of the medium was adjusted by Ca(OH)2. After the
medium was autoclaved at 121°C for 25min, the bacteria
were inoculated into it, and then the inoculated medium was
placed in a shaking incubator with an oscillation frequency
of 170 r/min and cultured at 30°C for 24 hours. -e bacterial
growth curve is shown in Figure 3, and the pH of the
medium was 12. After 24 hours of culture, the number of

bacteria measured by flow cytometry (ACEA D2040R,
China) was 2.0×108 cells/mL.

2.2. Biomineralization Experiment Design. In order to
characterize the effects of biomineralization on the hydration
degree and products of cement-based materials, a set of
comparative experiments of mineralization and carbonization
was designed. -e microbes in the form of a suspension were
mixed with C3S powder. -e number of microbes added was
calculated based on the volume of the suspension.-e amount
of microorganism suspension added was equal to mixing
water. -e water–cement ratio was 0.45, the curing temper-
ature was 20± 0.5°C, relative humidity was 65± 5%, the CO2
concentration was 0.012mol/L, and the curing time was 7 d.
-e schematic diagram of the test process is shown in Figure 4.

2.3. Characterization Methods

2.3.1. Characterization of Crystal Form and Phase Content by
QXRD. QXRD was used to quantitatively analyze the crystal
form and phase content of cement components. In the XRD
quantitative analysis process, in order to reduce the data error,
obtaining a higher-quality XRD map was necessary. During
fitting the map, the number of the phases selected was
gradually increased, so that the error was reduced. In addition,
the preferred orientation of the phase was adjusted until the
fitting map was similar to the one tested. -e QXRD pattern
was collected using a D8-Discover diffractometer (Brook,
Germany) with a target source of CuKα, voltage and current of
40 kV and 30mA, scan range of 10°–90°, and step size of 0.002°,
0.35 seconds per step. Quantitative analysis was performed by
Bruker’s Topas Version 4.2 software [10], and a monoclinic
structure of C3S described by Nishi [11] was used. In the
process of quantitative analysis, Rwp was used as an indicator
of the degree of software fitting and was also the standard of
accuracy of the results. In this study, the values of Rwp were
between 8.11 and 11.04, which was less than 15. -erefore, the
results of Topas 4.2 calculations were credible [10].

When preparing test samples, the C3S hardened paste
was measured and sized the upper layer of the test piece
within 7mm by using a caliper. -e label was marked every
1mm, and then the sample was polished with a file. Multiple
measurements were taken to ensure the evenness of the
hardened paste and the accuracy of the sampling depth.
During samples preparation, all errors did not exceed
0.1mm. -e schematic diagram is shown in Figure 5. -e
powder sample obtained was further ground and then
immersed in absolute ethanol solution for 3 days to arrest
hydration and then dried in a vacuum oven at 60°C for 3
days. Before the test, α-Al2O3 with a mass fraction of 10%
was added as an internal standard and uniformly mixed.

2.3.2. Quantitative Analysis of the Content of CaCO3 and
Ca(OH)2 at Different Depths. TG was used to determine the
Ca(OH)2 and CaCO3 content in the samples.-e equipment
used was Netzsch STA 449 F3. 5–10mg of sample powder
was placed in a Pt/Rh crucible and heated to 1000°C at 10K/
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min in an N2 atmosphere. -e mass percentages of Ca(OH)2
and CaCO3 were calculated from the weight loss rate in the
thermogravimetric curve. -e analysis methods of TG curve
mainly included “tangent method” and DTG. Younsi [12]
pointed out that the Ca(OH)2 content measured by the
“tangent method” was about 20% lower than the actual
value, so the analysis method used in this study was DTG.

-e sample preparation for TG test was similar to that
for XRD test, besides that no α-Al2O3 was added in TG.

2.3.3. EBSD-EDS Characterizing Phase Content. For EBSD
imaging, the reaction of C3S with water during hydration
made the average number of atoms much lower than that of
the unhydrated C3S particles, so a strong difference of gray-
scale was obtained between unreacted (anhydrous) and re-
action products (hydrates). Based on the entropy

maximization of the GLH curve, image processing was per-
formed by image processing software (Image-Pro Plus 6.0) to
extract the area fraction of the gray value. Regarding the
processing of the image: first, the threshold of the entropy
maximization of the GLH curve was obtained from plurality of
images, and then a binary grayscale range image was obtained
corresponding to the C3S hardened paste. In addition, the
microscope was operated at an acceleration voltage of 15 kV.
Images of each sample were collected at magnifications of
250× (20 fields), 500× (30 fields), and 1000× (50 fields).

Before the test, the samples were impregnated with
epoxy resin and polished, and then the equipment was
sprayed with carbon 360 nm using the equipment LEICA
ACE600 and then photographed by using a backscattered
scanning electron microscope.

2.3.4. FT-IR Qualitative Characterizing Phase. FT-IR was
frequently used to characterize functional groups in samples.
-e principle was that when the sample was irradiated with
infrared light with a continuously changing frequency, the
molecules absorbed radiation at certain frequencies, so that
the intensity of the transmitted light in the absorption region
was weakened. -e infrared spectrum was obtained by re-
cording the relationship between the percentage transmit-
tance of infrared light and the wave number or wavelength.
-e device model used during the test was Nicolet iS10, with
a spectral range of 500 cm−1–4000 cm−1 and the resolution
better than 0.4 cm−1. -is method was mainly used for the
characterization of Ca(OH)2 and CaCO3.
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Table 1: Chemical composition of C3S samples by XRF analysis.

Oxide CaO SiO2 MgO Al2O3

Content (%) 75.07 24.60 0.15 0.07
Total (%) 99.89
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Figure 3: -e growth curve of Paenibacillus (pH� 12).

Table 2: Paenibacillus medium.

Nutrients Liquid medium (g/L)
Sucrose 10.0
Na2HPO4·12H2O 2.50
MgSO4 0.50
CaCO3 1.00
KCl 0.15
(NH4)2SO4 0.50
Yeast extract 0.30
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3. Results and Discussion

3.1. Characterization of Crystal Form and Phase Content by
QXRD. XRD test was performed on mineralized and car-
bonized samples at different depths. -e results within about
1mmof the surface layer are shown in Figure 6. Among them,
B was the mineralization group and C was the carbonization
group (the same applies hereinafter). From the figure, there
was a significant difference in the peak intensity near 29.4°,
and by comparing the crystal forms, it was analyzed as calcite,
indicating that the crystallinity of CaCO3 within 1mm of the
surface layer of the mineralized group was better than that of
the carbonized group. In addition, it could be seen from the
figure that there was no peak at 18.4° within 0-1mm of the
surface layer, indicating that the Ca(OH)2 was completely
mineralized or carbonized in the previous period.

-rough Topas software, quantitative analysis of XRD
patterns of T-C3S hardened paste at different depths is
shown in Figure 7. As shown in Figure 7, the residual
amount of C3S in the mineralization group samples was
lower than that of the carbonization group at different

depths, indicating that the addition of microorganisms
promoted the hydration of C3S. It was known from the
literature that the decrease in C3S content in mineralized
samples might be related to bacteria as nucleation sites and
then promote hydration.-e above tests showed that QXRD
could be used to characterize the degree of hydration of
cement-based materials and perform phase analysis.

3.2. Quantitative Analysis of the Content of CaCO3 and
Ca(OH)2. TG test was performed at different depths within
surface layer of the mineralization group and the carbon-
ization group, and the curve is shown in Figure 8. By an-
alyzing and calculating the TG curve in Figure 8, the content
of Ca(OH)2 and CaCO3 at different depths was obtained, as
shown in Figure 9. It could be seen that CaCO3 in the
mineralized group was higher than that in the carbonized
group, which indicated that themineralization promoted the
formation of CaCO3. From the curve of Ca(OH)2 in Fig-
ure 9, it was concluded that within 4mm of the surface layer,
the content of Ca(OH)2 was lower than the carbonization
group. -is was due to Ca(OH)2 mineralized to CaCO3. In
4–7mm, the content of Ca(OH)2 in the mineralized group
was higher than that in the carbonized group, that is, the
mineralization promoted the hydration of C3S, and more
Ca(OH)2 was produced, which was consistent with the
results of QXRD. In addition, from Figure 8, the weight loss
of themineralized group and the carbonized group at 1000°C
was slightly different within the range of 0–2mm, the weight
loss of the mineralized group was slightly higher than that of
the carbonized group. -e reason was that mineralization
promoted the reaction between CO2 and Ca(OH)2, so the
weight loss rate of the mineralized group was high.
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3.3. EBSD-EDS Characterization of the Content of the Phases.
By cutting the samples longitudinally and then performing
BSE shooting at different magnifications, as shown in Fig-
ure 10. -e magnification used in this test was ×250 for
statistics and ×1000 for analysis.

At a magnification of ×250, more than three photos were
taken. -e software Image-Pro Plus 6.0 was used to analyze
the grayscale of photos. Figure 11 shows the grayscale
distribution of BSE images under this test conditions.
Combining the energy spectrum and the literature, it could
be seen that the first peak corresponds to the pore, the
second peak corresponds to the phase C-S-H, the third peak
corresponds to the phase of Ca(OH)2 and CaCO3, and the
fourth peak corresponds to the unhydrated particles. -e
threshold was further determined according to Figure 12.

From Figure 12, it was concluded that the Ca/Si in
region I was about 3, which was unhydrated C3S; in region
II, the Si content was close to 0, which was Ca(OH)2 and
CaCO3. From Figure (c), it could be concluded that the
grayscale values at I, II, and III were greatly different when
passing through different grayscale areas at the line
scanning, and the grayscale values changed greatly at the
connection points. Combining the gray distribution of the
whole picture, area I was unhydrated C3S, area II was
Ca(OH)2 and CaCO3, and area III was C-S-H and some
pores.

Combining the above methods, rendering was per-
formed at different gray values, as shown in Figure 13.

Combined with the literature, it was calculated that the
C3S content of the surface layer of the mineralization group
within the range of 0-1mm was 11.30± 1.64%, and the
content of Ca(OH)2 and CaCO3 was 67.34± 1.49%. -e
porosity was 21.36± 2.19%; the C3S content in the 0-1mm
surface layer of the carbonization group was 14.1± 1.24%,
and the content of Ca(OH)2 and CaCO3 was 60.17± 1.19%.
-e porosity was 25.73± 1.98%. -e above data showed that
microbial mineralization promoted the hydration of T-C3S,
which was consistent with the QXRD test results. In addi-
tion, the mineralization of microorganisms reduced the
porosity of the surface layer.

3.4. FT-IR. In the T-C3S hardened paste of the minerali-
zation group and the carbonization group, a small amount of
samples was taken at different depths for FT-IR testing. -e
results are shown in Figure 14.

In Figure 14, the vibrational peak at a wavelength of
3443 cm−1 represents –OH, and the vibrational peak at a
wavelength of 713 cm−1, 874 cm−1, and 1797 cm−1 represents
CO3

2−. It could be seen that within 0–3mm, the peak value
of the sample in the mineralization group at 874 cm−1 was
more obvious than that of the carbonization group. It reflects
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that the addition of microorganisms promoted the forma-
tion of CaCO3 to some extent.

3.5. Comparisons. By combining the four characterization
methods of QXRD, TG, EBSD, and FT-IR, the mor-
phology, phase content, porosity, and main functional
groups of cement-based materials with microbial min-
eralization could be obtained. QXRD, TG, and EBSD
could quantitatively characterize the phases, while the
results of FT-IR were qualitative. Because of the good
fitting effect of QXRD results on crystal, it could be used to

quantify the content of C3S. However, the fitting results of
Ca(OH)2 were lower which actually were due to its
amorphous phase. TG could accurately determine the
contents of Ca(OH)2 and CaCO3 according to the loss of
combustion.

Different phases could be distinguished according to the
gray value by EBSD. -e quantitative results of C3S content
in the mineralized surface obtained by comparing EBSD and
QXRD are shown in Table 3. It could be seen that for the C3S
content within 0-1mm of the surface layer of the miner-
alization group and the carbonization group, the results
obtained by the two characterizationmethods were relatively
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(a) (b)

Figure 10: BSE image of the surface layer of the mineralization group (a) and carbonization group (b) (0∼1± 0.3mm).
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Figure 13: Color rendering of the EBSD picture based on the gray value.
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consistent, indicating that the data obtained by both char-
acterization methods were reliable.

4. Conclusions

QXRD, TG/DSC, BSE, and FT-IR were used to study the
effect of microbial mineralization on the hydration process
of C3S and microstructure of hardened C3S pastes. -e
results showed that microbial mineralization promoted the
hydration of T-C3S. QXRD and EBSD/ESD could accurately
characterize the content of C3S, and the differences between
the two characterization methods were minute. -e content
of Ca(OH)2 and CaCO3 at different depths of the sample
could be exhaustively analyzed by TG/DSC, and FT-IR could
qualitatively characterize the content of CaCO3.
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Fabrication of a prototype direct drive steam turbine using locally available materials provides a means to supply power and
process heat for off-grid areas, which are not accessible due to rugged terrain.)e use of solar power technologies to provide clean
power and heat will mitigate environmental pollution and global warming that are caused by combustion of fossil fuels and other
carbon-based power sources. )e energy density of fossil fuels is higher than that of nonconcentrated solar power, which makes
them a better option compared to nonconcentrated solar power sources. )e high cost of steam thermal turbines and the limited
technical skills on utilization of local materials for steam turbine construction have hampered the realization of potential of
producing both small- and large-scale power in Africa.)e design of the single-stage blade wheel system solar thermal turbine was
done using AutoCAD 2010. )e blades were made from encapsulated rice husk particle boards, and the steam casing was made
from 0.0015 galvanized black iron sheet. Compensation for more stages was done by sending the fluid exiting from the turbine into
the solar collector for reheating. It was coupled to a single-phase generator and gearbox. )e rotor was made of galvanized iron
tube. )e turbine’s average efficiency was obtained as 61.6% and average isentropic efficiency was 55.3%. )e combined gearbox
and generator approximate efficiency was 54.7%. Locally available heat transfer fluids were used for solar thermal collection. )e
prototype turbine was designed to produce 500W of power. It had a heat rate ratio of 0.08. )e turbine inlet conditions were as
follows: average temperature of 112.8°C, average pressure of 2.7×105Nm−2, average enthalpy of 3156 kJ/kg, and average steam
flow rate of 243.3 kg/hr. Outlet conditions were as follows: outlet average temperature of 97.3°C, average steam flow rate of
102.0 kg/hr, average pressure of 1.20×105Nm−2, and enthalpy of 2103 kJ/kg. With use of 6M sodium chloride solution, the
turbine inlet conditions were as follows: enthalpy of 3789.1 kJ/kg at a pressure of 3.0×105Nm−2 and its enthalpy at exit was
2346.3 kJ/kg at a pressure of 1.05×105m−2 which can provide process heat and power for off-grid areas.

1. Introduction

Adverse climatic change and environmental pollution are
among the key issues of international interest due to the
products of combustion from fossil energy resources and
biomass-based materials, which cause global warming and
pollution. Renewable energy technologies hold the solutions
in mitigation of environmental pollution and climatic
change, since they are of great significance in alleviating the
pollution and climate change crisis.

Due to concerted industrialization endeavors, especially
by developing countries, the demand for power in the world,
in fact, is overwhelming. )e energy demand, which has
been increasing continuously throughout the years, is
making development of renewable power technologies to be

a necessity rather than an option, which indeed has been
pushing towards depletion of the fossil fuels. Presently,
renewable energy accounts for 18.2% of global energy
consumption while the remaining 79.5% is obtained from
oil, gas, and coal and 2.2% being produced from nuclear
energy [1]. Specifically, in comparison with typical SEGS,
solar plants that employ PTCs are well recognized and the
technology is promising [2]. )e greenhouse gases such as
carbon (IV) oxide and carbon (II) oxide produced during
combustion of the said materials increase the global tem-
perature, making development of concentrated solar power
and the paradigm change from conventional carbon-based
fuels to renewable energy sources a stringent necessity. In
addition to combustion, Jackson et al. [3] found that fossil
fuel burning together with cement manufacturing release
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about 90% of all carbon (IV) oxide emissions from human
activities. Decarbonization via solar energy was predicted as
the only major way to deal with the environmental and
economic challenges caused by climate change [4]. )e
energy demand increases with increasing world population,
and nowadays, the renewable energy technologies can
provide process heat besides providing power.)e enhanced
demand for clean power and decarbonization has further
exacerbated the energy security problem [5]. )e economic,
environmental, and safety factors are considered in deciding
the type of energy source for utilization to produce power
and process heat, considering the diverse needs of policy
direction, which depends on whether a country has prior-
itized manufacturing industries and products processing or
not. According to Kalogirou [6], among alternative energy
sources, solar energy investment needs to be prioritized even
though the initial cost of installation is higher. In terms of
economic viability, established that solar energy systems
provide electricity that is much cheaper than conventional
energy supplied from fossil fuels and biomass besides the
solar energy not emitting pollutants which are produced by
the latter. In ordinary circumstances, carbon-based energy
sources such as coal are preferred and more appealing,
compared to nonconcentrated solar sources due to their
higher energy densities, making them to be used more often
for power production using boilers. However, research on
renewable energy reveals that solar power is the most fa-
vorable resource [7] where an analytic hierarchy process
model was studied. Besides, recent research has established
that power production by use of screw expander technology
can produce good efficiency at low to medium heat source
temperatures [2]. In this study, 12.6% and 17.8% of maxi-
mum solar thermal power efficiency and exergetic effi-
ciencies, respectively, were obtained. )e screw expander
technology consists of a rotary type positive displacement
device which is characterized by absence of high-velocity
working fluids, yet it is efficient enough to meet power
demand. Back pressure steam turbines can be used for
producing process heat in addition to power generation.
Mechanical energy from steam was used for moving a rotor
which was coupled to stator in a magnetic field. Use of the
back pressure steam turbines has an advantage of being
upgradable to cogenerate power and process heat in in-
dustries with high process heat demand such as tea pro-
cessing industries while on the other hand, they can produce
power for extraction of minerals such as copper. In an effort
to produce cost-effective energy, 900MW steam turbine
cycle for off-design operation, using flue gases, was used to
produce steam that increased the efficiency of the power
plant by a large margin [8]. Multiple stage steam turbines,
which operate on the principle of Rankine cycle, ensures that
the steam discharge releases most of the thermal power
before exiting the turbine. A convectional, ideal Rankine
cycle operates between pressure of 30 kPa and 6MPa at inlet
temperatures of about 550°C. During design of steam tur-
bine, if the interblade phase angle is between −45° and +90°,
stall flutter was recorded to have a probability of occurrence
[9]. )e ratio of actual power generated by a turbine to the
power which would be generated by an ideal turbine

corresponds to the thermodynamic efficiency. An increase in
efficiency of a steam turbine by 1% for 500MW capacity led
to minimal carbon (IV) oxide gas emissions to the envi-
ronment [10]. To generate industrial power, multistage
steam turbines are used to meet the demand, since the steam
expansion takes place at all the stages, resulting in large
energy conversion. However, steam turbines are not as
competitive as screw expanders when the net power demand
is smaller than 2MW and for low grade heat sources [11]. A
study showed that steam turbines produce about 90% of all
electrical power used in United States of America [12]. In a
study of solar systems, the input to any solar system was
established to comprise of exergy [13]. )e solar power
intensity, which varies with time of day, determines the
power output from solar power conversion technology
device, and nowadays, renewable energy sources are char-
acterized by low temperatures and low heat values, which
have attracted increasing interest owing to their high ac-
cessibility amounts for exploitation. Process heat has much
demand in industries such as agricultural produce pro-
cessing, where materials produced are processed. In India,
70% of energy in form of thermal energy is used for ap-
plications below 250°C. A study on determination of envi-
ronmental pollution from sea vessels traffic, by assessment of
production and scattering of exhaust emitted by ships, when
in manoeuvring mode and when in switching mode from
heavy sulphur residual fuel to low sulphur distillate fuel oil,
in the interest of mitigating sea environment pollution,
creates interest in reducing pollution in the sea [14]. In this
study, the fraction of sulphur (IV) oxide gas pollutant
emission due to port activities of Naples city is nearly 40%
which is substantial. In this regard, renewable energy
technologies become necessary for pollution and climate
change mitigation.

2. Materials and Methods

2.1.TurbineFabrication. )emeans of fabrication of turbine
was carried out by use of design guidelines by Jawad [15]. In
this study, a single casing unit was fabricated using 2mm
thick galvanized black sheets. )e rotor was coupled to a
generator and gear box. It was fabricated using 1.5mm thick
galvanized iron tube. )e solar thermal collector and heat
exchanger were designed, fabricated, and tested [16,17].

)e following factors were used in blade design: blade
material, centrifugal bending stress, and load and dynamic
pressure. )e blade strength and vibration characteristics
were tested using the blade trip timing process [18]. )e
fabricated turbine was a direct drive turbine with a single-
stage blade wheel system as shown in Figure 1. )e turbine
blades were synthesized from rice husks and cassava ad-
hesive particle board which were encapsulated with 2mm
aluminium casing [19]. )e particle boards were synthesized
in a study on synthesis of particle boards without use of
harmful formaldehyde chemical [20]. )e blades produced
from the particle board had the following dimensions: 0.015
m thickness, radius of 0.02m, 0.8 kg weight, and 0.7m
length. )e steam was expanded in a nozzle inside the
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turbine. Euler’s turbine equation which is shown in equation
(1) was used in the blade design [21].

V � h1+ +
V2

1
2g

− h2 −
V2

2
2g

−
U

g
Wθ1 − Wθ2( 􏼁, (1)

where h1 and h2 are the enthalpies of steam at entrance and
exit, respectively, V1 and V2 are tangential absolute velocity
components of fluid at inlet and exit, respectively, W is
relative velocity,U is internal energy, and g denotes the state
of the fluid. )e design layout was made by using AutoCAD
2010.)e turbine bearings were of diameter of up to 340mm
with L/D ratios of 0.4 to 0.21. )rush bearings were used for
shaft bearings. )e turbine was designed to produce a rotor
speed of 2800 rpm. It was machined to make provisions for
contours and connection parts. Each end had a bearing, seal
for gland, and a coupling area. Machining of axial grooves
for the blades was made on the rotor. )e steam turbine was
connected to a single gear box coupled to a single-phase
generator. In the study conducted by Zachos et al. [22], the
finite element method was used for the structural design of
the blade. Static analysis and thermal analysis were used
during the blade design. )e blades were fabricated indi-
vidually and attached to the wheel disc. )e moving blade
tips were connected to a cover band which acted as a lab-
yrinth that was fabricated, and it braced themoving blades to
reduce the vibrations. )e radial clearance was 0.3m. )e
rotor was balanced both statically and dynamically after
assembly of the blades.)e rotor balancing was done at a low

speed of 500 rpm with weight adjustments made in two
planes, one at each end of the rotor. Provision was made to
vary screwed plugs in tapped holes. Four pedestals were
fabricated from galvanized iron rods of 1mm diameter and
0.3m length. )ey supported the turbine via the bearings in
a fixed axial relationship.

Each blade was balanced individually before assembly. In
the static balancing, the weight was displaced parallel to
rotor axis until the blade balanced. In this study, the mass
axis did not coincide with the rotational axis during the
dynamic balancing. )e balance was achieved by cutting
away or addition of material from the rotor. Drilling,
milling, and addition of material were done by bolting and
welding of the balance weights at various points to achieve
balance. )e rotor was tested at speeds ranging from
500 rpm to 3000 rpm.

)e galvanized iron tube rotor was of good creep re-
sistance and withstood high temperature and had high
fracture toughness. )e bores of bearings were elliptical to
provide geometry for hydrodynamic lubrication. Circular
bores were machined with shims in horizontal split. Only
one shaft bearing was used on the shaft line. During op-
eration, oil was poured manually into the bearing via lead-in
ports at two diametrically opposite points on the horizontal
center line.

)e rotating component consisted of a solid single-piece
integrally forged rotor with hydrodynamic tilting pad
bearings and flexible element couplings. )e rotor had an

Steam from collector

Particle board blades

Steam exit to collectorSteam exit to collector

Rotor generator
coupling

Figure 1: Single-stage blade system of the back pressure steam turbine.
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overlay welding of the batter passes and the final overlay
welds were done using the SAWprocess [23].)e nozzle end
diameter was 0.001m such that the flow of steam through the
nozzle was an adiabatic expansion. A control valve was
threaded to the nozzle to control steam flow into the turbine.
)e nozzles were fabricated such that the cross section varied
from 0.008m to 0.001m, and they were put at an angle of 30°
to the blade. )e angle used compared well with US Patent
number US 3452132 [24].

Instead of using stages, the fluid exiting from the turbine
was fed back into the turbine after reheating through the solar
heat collector.)e rotor design depended on the flow path and
the size of inlet which was 0.001m.)e half pieces were bolted
together, and rubber seals were put in between the half cases to
prevent leakage of steam from the steam chamber. )e gen-
erator bearings had L/D ratios of 0.45 to 1.82.

)e turbine efficiency η was tested using different heat
transfer fluids and was determined using equation (3) [25].

2.2. Turbine Performance Characteristics. )e following
performance characteristics of the turbine were determined:
turbine isentropic efficiency (using equation (4)), steamflow rate
(kg/hr), inlet pressure (Nm−2), outlet pressure (Nm−2), inlet
temperature (°C), outlet temperature (°C), and net heat rate (J/
W). )e generator/gear box used had an efficiency of 54.7%.

)e proportion of flash steam, Sf, was determined by
setting the charging pressure by use of pressure control
valve, and the discharge pressure was measured using the
pressure gauge. Equation (2) was used to calculate the
proportion of flash steam (Sf) with use of steam tables [26].

Sf �
hf1 P1( 􏼁􏼐 􏼑 − hf2 P2( 􏼁􏼐 􏼑

hfg2 P2( 􏼁
, (2)

where hf1 is the specific enthalpy of saturated water at inlet,
hf2 is the specific enthalpy of saturated water at outlet,
and hfg2 is the latent heat of saturated steam at outlet at
respective pressures and temperatures. Steam tables (su-
perheated and saturated) were used in the determination of
the proportion of flash steam. )e heat coefficients of steam
at various temperatures were obtained from steam tables
[27].

)e efficiency, ηth in equation 3, with respect to enthalpy
of the heat transfer fluids, is each at a time and at different
conditions of pressure and temperature, where Hout is
the output enthalpy of the heat transfer fluid and Hin is the
input enthalpy of the heat transfer fluid expressed as a
percentage:

nth � 1 −
Hout

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

Hin
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌
, (3)

where Hin and Hout are the enthalpy input and output,
respectively.

)e isentropic efficiency of the steam turbine was ob-
tained using

ηT �
H1 − H2

H1 − H∗2
, (4)

where H1 is the enthalpy of high pressure inlet steam, H2 is
the actual enthalpy of exhaust low pressure steam, and H∗2 is
the pressure of the exhaust low pressure steam assuming
isentropic expansion. )e magnitudes of enthalpy were
obtained by use of saturated and superheated steam tables
with respect to pressures and temperatures of operation.

Energy input _Ei was determined using equation (5)
which is a product of mass flow rate of steam, _mi, and the
enthalpy at entry, _hi , of the steam [28]:

_Ei � _mi × _hi. (5)

)e energy output _Eo was determined by use of the
product of mass flow rate of steam at exit, _mo, and the
enthalpy at exit, _h0, as shown in the following equation [28]:

_Eo � _mo × _ho. (6)

)e heat rate of the steam turbine was determined as a
ratio of the net heat input and the turbine power as shown in
the following equation:

heat rate �
heat input

turbine power
. (7)

2.3. Heat Transfer Fluid Performance. )e heat transfer
fluids, namely, 6M sodium chloride solution, 4m sodium
chloride solution, 2M sodium chloride solution, unused
engine oil, used engine oil, vegetable oil 2, and vegetable oil
1, were passed through a parabolic trough solar concentrator
and then into heat exchanger with water as the secondary
fluid [16,17]. )e fabricated back pressure steam turbine was
used for producing process steam and power. )e steam
from the collector via the heat exchanger was fed into the
turbine input pipe where it expanded at the blades and exited
at the outlet pipe. )e temperature was measured using
thermocouple sensors fixed at the inlet and the output of the
steam turbine. Pressure was measured using steam pressure
gauges with probes inside the inlet and outlet pipes of the
steam turbine. )e steam flow rate was measured using
digital mass flow rate meters fixed at the inlet and outlet of
the steam turbine. )e enthalpy of the steam entering and
leaving the steam turbine was determined using the su-
perheated and saturated steam tables. )e solar power in-
tensity was measured using the solar power meter. )e
temperature of the heat transfer fluids was measured before
and after exiting the solar collector. )e secondary fluid
which was water conducted solar thermal heat from heat
transfer fluids. )e heat exchanger was used to produce the
steam which was fed into the turbine.

3. Results and Discussion

3.1. Steam Turbine Characteristics. )e performance char-
acteristics of the fabricated turbine were as follows: average
isentropic efficiency of 55.3%, average cycle power output of
450.8W, maximum power output of 498.2W, generator/
gear box efficiency of 54.7%, power/heat ratio of 0.08, inlet
pressure of 3.60×105Nm−2 to 2.5×105Nm−2, average inlet
temperature of 112.8°C, average outlet temperature of

4 Advances in Materials Science and Engineering



98.8°C, average inlet steam flow rate of 239.6 kg/hr, average
outlet pressure of 1.20×105Nm−2 to 1.087×105Nm−2, and
average outlet steam flow rate of 102 kg/hr.

In a study of AC generators, the torque was converted to
power with efficiency higher than 90% [29]. )e efficiency
was higher than the one recorded in this study due to the
better conductivity nature of the heat transfer fluid used. In
addition, the efficiency in this study was lower due to the
variations in the solar power intensity during the solar
thermal collection.

)e screw expander device achieved a high efficiency of
75%, where a couple of twin helical screw rotors, male and
female rotors, are fixed on the parallel axis and bound to the
case [2], compared to other steam conversion devices. )is
was also the case in this study, where the efficiency was lower
due to the difference in the technologies used.

Table 1 shows the average efficiencies of the turbine with
respect to the heat transfer fluids. )e differences observed
on the efficiencies tabulated are due to the variances of the
solar thermal heat conducted by the fluids as they, re-
spectively, flowed through the solar collector [17]. )e salt
solutions conducted more solar thermal heat compared to
vegetable oil fluids and the engine oils lay in between. )e
unused engine oil conducted more heat compared to the
used engine oil. Hence, the efficiencies of the heat transfer
fluids ranged from 61.5% to 41.15%.

In US patent number US 3452132 A, 300°C of super-
heated steam and a manifold pressure of magnitude of
1.0×1010Nm−2 were impinged asymmetrically on the yarn
at an angle of 30°C, which was the angle that produced the
highest power [30]; this was in order to produce industrial
heat. In the endeavor to improve performance of steam
turbine, it was established that to meet industrial power
demand, a high speed turbine of 45000 rpm and a small
blade span of length 200×10−6m would be required for

optimum efficiency [31]. In this study, process heat and
power were cogenerated.

3.2. Turbine Performance with Heat Transfer Fluids. )e
average enthalpy at inlet of the 6M sodium chloride solution
was 3789.1 kJ/kg at a pressure of 3.01× 105Nm−2, and the
enthalpy at exit was 2346.3 kJ/kg at a pressure of
1.05×105Nm−2. Table 2 shows the inlet and outlet en-
thalpies of the other heat transfer fluids under the same
conditions as the 6M sodium chloride solution.

Turbine efficiency was found to range from 65% for small
turbines to 90% for bigger commercial ones [32]. In this
study, the highest temperature of steam entering the turbine
was an average of 120°C and the temperature of the fluid
leaving the turbine was 98.0°C for an average output of 487W.

Figure 2 shows the variation of steam flow rate and
power output for the heat transfer fluids at an average solar
power intensity of 1103.8Wm−2. At 479W, 6M sodium
chloride solution produced 298 kg/hr of steam at a tem-
perature of 112C and at a pressure of 1.24×105Nm−2.
Vegetable oil 1 produced power of 336.3W which produced
steam flow rate of 68.9 kg/hr at a temperature of 97.5°C and a
pressure of 1.04×105Nm−2. )e steam flow rate was higher
for the sodium chloride solutions while it was lower for
vegetable oils as shown in Figure 2. )is was because the
vegetable oils absorbed less solar heat as they passed through
the collector compared to the inorganic salt solutions and
the engine oils. )e unused engine oil produced higher
steam flow rate compared to the used engine oil. )is was
because the used engine contained impurities, hence the
lower steam flow rate.)e performance of the engine oils lay
in between the performance of the salt solutions and the
vegetable oils. )e mass flow rate of the secondary heat
transfer fluid increased with the intensity of solar power

Table 1: Average turbine efficiency for respective heat transfer fluids.

Heat transfer fluid Average turbine efficiency (%)
6M sodium chloride solution 61.5
4M sodium chloride solution 61.05
2M sodium chloride solution 58.6
Water 54.8
Unused engine oil 53.5
Used engine oil 49.6
Vegetable oil 2 47.5
Vegetable oil 1 41.15

Table 2: Inlet and outlet enthalpies of heat transfer fluids.

Heat transfer fluid Enthalpy at inlet
(kJ/kg)

Enthalpy at exit
(kJ/kg)

4M sodium chloride solution 3527.6 2211.3
2M sodium chloride solution 3456.3 2176.1
Unused engine oil 3377.4 2099.7
Used engine oil 30301.7 1812.4
Vegetable oil 2 27548.2 16921.3
Vegetable oil 1 2404.6 13,875.6
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intensity. )e measurement of power output and respective
average steam flow rates were determined at an average solar
power intensity of 1103.8Wm−2. In this study, the rotor was
rotating at 2800 rpm which compared well with a rotor in a
study which was carried out by Misek and Kubin [33] which
rotated at 3000 rpm.

It was found that the generator must rotate at constant
synchronous speed which is in tandem with the frequency of
the power source [34] which was in tandemwith the findings
in this study.

4. Conclusion

Steam turbines, utilizing the power from the sun, can
provide process heat and electrical power in off-grid areas,
which are inaccessible due to rugged terrain. Local tech-
nology and materials have the potential of sustainability
and in fact can be utilized for improving the energy de-
mand locally. However, the heat transfer fluids need to be
fortified against degradation to reduce the cost of pro-
duction of the process heat and power. )e steam that was
exiting from the turbine at temperatures of an average of
109.0°C was used to heat the feed water, flowing into the
absorber in the collector, and it was reheated by the
collector before reentry into the turbine. )e highest ef-
ficiency of the turbine was 61.6%, with respect to the 6M
sodium chloride solution, which achieved the highest
enthalpy. )e turbine operation conditions show that the
turbine in this study can be upgraded to produce small
scale industrial power and process heat. Improvement of
temperatures of operation of the heat transfers fluids so
that they degrade at higher temperatures and can lead to
higher process heat and power production. In addition,
increasing the thermal conductivity of the heat transfer

fluids would increase the inlet steam enthalpy leading to
increased process heat and power available for various
industrial uses. )e stepped up output can be used to run a
medium industrial plant such as a fruits processing factory
and mineral extraction industry.

Nomenclature

_m: Mass flow rate (kg/h)
ηth: Efficiency with respective to enthalpy, %
ηT: Isentropic efficiency, %
_E: Energy flow rate (J/s)
_hi: Enthalpy flow rate (J/kg)

Abbreviations
rpm: Rotations per minute
L/D: Length to diameter ratio
SAW: Submerged arch welding
US: United States of America
NaCl: Sodium chloride solution
W: Relative velocity in velocity triangle
SEGSs: Solar thermal electricity generating systems

Subscripts
1 and 2: Inlet and outlet streams
θ1 and θ2: Inlet and outlet velocity triangle angles
g: Gas
h: Enthalpy
in: Inlet
out: Outlet
f: Flash
U: Internal energy
V: Tangential absolute velocity components.
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+e steppedmagnetofluid seal is an effectivemethod for improving the pressure ability of ordinary magnetofluid seals (OMS) with
large clearance. At present, the research on stepped magnetofluid seal with less than 0.4mm small clearance has not been carried
out yet. +e equivalent magnetic circuit design of converging stepped magnetofluid seal (CSMS) with small clearance has been
carried out and verified bymagnetic field finite elementmethod based on the CSMS theory andmagnetic circuit theory.+e effects
of the width of the axial seal position, the height of the radial seal position, the number of the pole tooth in the axial seal position,
and the number of the pole tooth in the radial seal position on the theoretical pressure ability of the CSMS are investigated by
numerical simulation. +e calculation results are analyzed and discussed. +e results show that the magnetic flux leakage at the
junction of the permanent magnet and pole piece causes the higher pressure ability of the CSMS structure designed by the
equivalent magnetic circuit method than that calculated by the magnetic field finite element method. When the width of the axial
seal position is greater than the height of the radial seal position and the number of pole teeth in the axial seal position is less than
the number of pole teeth in the radial seal position, the CSMS has the best effect. Compared with OMS with small clearance, CSMS
has greater advantages.

1. Introduction

Magnetofluid is a kind of advanced intelligent material,
which has become the research object of many researchers
because of its stable and special properties [1]. Magnetofluid
seals technique is a new kind of sealing method. In contrast
to ordinary sealing, magnetofluid sealing has many strength
points such as no wear, no leakage, no contamination, and
lasting service life [2]. +erefore, magnetofluid seals are
widely used in dynamic seals, isolation seal, and environ-
mental seal [3–5].

At present, lots of research studies focus on OMS with
less than 0.4 mm small clearance. Urreta and Mkubik et al.
analyzed the sealing effect of two kinds of magnetofluid
with different particle sizes to improve the pressure ability
and to reduce friction torque and apply them to the
spindle of high-precision machine tool [6, 7]. Zhang et al.

studied and analyzed the influence of volume fraction of
magnetofluid, magnetic field parameters, geometrical
parameters, and different ester magnetofluids on the
sealing ability of OMS [8]. Wang and Zhao et al. studied
the mechanism of OMS and obtained the influence of
temperature on the sealing performance of magnetofluid
[9, 10]. Szczech et al. carried out numerical simulation and
experimental verification on the influence of magnetofluid
volume, permanent magnet volume, polar tooth shape,
and temperature on the sealing pressure performance
[11, 12]. But it is difficult for OMS to work in large
clearance environment. Parmar designed static and dy-
namic seal tests with large radial clearance (0.7 mm) and
verified its performance. Yang et al. proposed a new type
of stepped magnetofluid seal used for large clearance
condition [13]. +e pressure capabilities of converging
and diverging stepped magnetofluid seals were researched
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by numerical and experimental method, respectively, and
were compared to that of the OMS. +e results show that
pressure ability of the stepped magnetofluid seal is better
than that of the OMS [14, 15]. However, the existing
stepped magnetofluid seals are aimed at the working
environment of large clearance, and the study on CSMS
under small clearance working condition has not been
carried out yet.

+is paper studied the CSMS with small clearance based
on the CSMS with big clearance. +e sealing structure of
CSMS with small clearance and two magnetic sources is
designed by the equality magnetic circuit way, and the
pressure ability reliability of its structure designed by the
equality magnetic circuit way is verified by the magnetic field
finite element method. +e effects of the axial seal position
width, the radial seal position height, and the numbers of the
pole teeth in the axial and radial seal position on the the-
oretical pressure capabilities of CSMS with small clearance
have been investigated which can provide a theoretical basis
for designing CSMS with small clearance and higher sealing
performance.

2. Materials and Methods

Figure 1 is a schematic diagram of CSMS structure with
small clearance and two magnetic origins. Its equivalent
magnetic circuit is shown in Figure 2.

+e magnetic field generated by the permanent magnet
limits the magnetofluid to the seal position, and the mag-
netic field force acting on the magnetofluid is used to resist
the pressure difference between two ends of the structure, so
as to achieve the purpose of blocking the leakage channel.

As usual, the Bernoulli equation of magnetofluids can be
shown (S. Parmar et al., 2018):

P +
1
2
ρfV

2
+ ρfgh − μ0 􏽚

H

0
MdH � C, (1)

where g is the gravitational acceleration; h is the reference
height; V is the density; M is the magnetization of mag-
netofluids; P is the total pressure of magnetofluids; ρf is the
velocity; μ0 is the vacuum permeability; H is the external
magnetic field strength; and C is the constant. In general, the
composite pressure ability of magnetofluid static seal is
easier to understand in the following equation [14]:

ΔP � μ0Ms 􏽘

N

i�1
H
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max − H

i
min􏼐 􏼑 � Ms 􏽘

N

i�1
B

i
max − B

i
min􏼐 􏼑.

(2)

In (2), Ms and N are the saturation magnetization of the
magnetofluid and the number of pole teeth; Hi

min, Hi
max,

Bi
min, and Bi

max are the minimum and maximum magnetic
field strengths and the minimum and maximum magnetic
inductions in the sealing position formed between the ith
pole tooth and the stepped shaft, respectively.

+e formula for theoretical pressure ability of CSMS is as
follows:

ΔPcmax � 􏽘
N

i

Pia + λPir( 􏼁, (3)

where Pia and Pir are the pressure abilities of the magne-
tofluid seal in the axial and in the radial seal positions
formed by the stepped shaft and the ith pole piece. If Pia is
less than Pir, then λ is 1, otherwise 0. +e value of Pia and Pir
can be calculated by equation (2).

+e magnetic circuit devise of parallel CSMS includes
two assumptions: first, ignoring magnetic leakage; second,
ignoring edge effect. According to Kirchhoff’s first law of
magnetic circuit, it can be concluded that

􏽘 ϕi � 0. (4)

And it can be obtained that

ϕ2 � ϕ1 + ϕ3, (5)

where ϕ1, ϕ2, and ϕ3, respectively, are the magnetic flux
passing through pole piece at high pressure side, middle pole
pieces, and pole piece at the atmospheric side.

ϕ1 � 3B
1
g1S

1
g1 + 5B

1
g2S

1
g2, (6)

where B1
g1 and B1

g2, respectively, are the magnetic flux
densities in the first axial seal position and radial seal po-
sition formed by stepped shaft and pole teeth of the first pile
piece. S1g1and S1g2are, respectively, the magnetic flux densities
in the first axial seal position and radial seal position formed
by stepped shaft and pole teeth of the first pile piece.

ϕ2 � 3B
4
g1S

4
g1 + 5B

6
g2S

6
g2, (7)

where B4
g1 and B6

g2, respectively, are the magnetic flux
densities in the first axial seal position and radial seal
position formed by stepped shaft and pole teeth of the first
pile piece. S4g1 and S6g2are, respectively, the magnetic flux
densities in the first axial seal position and radial seal
position formed by stepped shaft and pole teeth of the first
pile piece.

ϕ3 � 3B
7
g1S

7
g1 + 5B

11
g2S

11
g2, (8)

where B7
g1 and B11

g2, respectively, are the magnetic flux
densities in the first axial seal position and radial seal
position formed by stepped shaft and pole teeth of the first
pile piece. S7g1 and S11g2 are, respectively, the magnetic flux
densities in the first axial seal position and radial seal
position formed by stepped shaft and pole teeth of the first
pile piece.

ϕm2 � Bm2Sm2 � ϕ3 � 3B
7
g1S

7
g1 + 5B

11
g2S

11
g2, (9)

where ϕm2, Bm2, and Sm2, respectively, are the flux, flux
density, and annular area of the second permanent magnet
at the atmospheric side.

According to Kirchhoff’s second law, the magnetic po-
tential of the permanent magnet at the atmospheric pressure
side can be expressed as follows:
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(10)

where Hm2 and Lm2, respectively, are the magnetic field
strength and the length of the second permanent magnet.Rp3,
Ra2, and Rm2, respectively, are the magnetic resistances of the
third pole piece, the second step, and the second permanent
magnet. R4

t1 and R4
g1, respectively, are the reluctance of the

fourth polar tooth in the axial seal position and the fourth seal
position in the axial seal position. R6

t2 and R6
g2, respectively,

are the reluctance of the sixth polar tooth in the axial seal
position and the sixth seal position.

When (9) is multiplied by (10), the volume of permanent
magnet can be calculated as follows:

Vm2 � Sm2 Lm2 �
F2ϕm2

Bm2Hm2
. (11)

In order to increase the utilization rate of permanent
magnet, permanent magnet should work at their maximum
magnetic energy product:

Vm2 � Sm2 Lm2 �
F2ϕm2

(BH)max
. (12)

When (9) is divided by (10), the following formula can be
obtained:
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. (13)

When (12) is multiplied by (13), the cross-sectional area
of the permanent magnet can be calculated as follows:
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When (12) is divided by (13), the length of the permanent
magnet can be calculated as follows:

Lm2 � F2

�����������
Bm2

(BH)maxHm2

􏽳

. (15)

Because the magnetic permeability of pole pieces and
shaft is much greater than that of air and permanent magnet,
the magnetic resistance of pole piece and shaft can be
neglected in calculating the length of permanent magnet.
+e length of the permanent magnet can be calculated by the
following expression:
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(16)

According to the known demagnetizing curve and
magnetic circuit parameters of permanent magnet, the
length and cross-sectional area of permanent magnet can be
calculated, so as to ensure the maximum magnetic energy
product in the sealing position and improve the utilization
rate of permanent magnet.

If the sealing pressure resistance is required to be not less
than 7.5×105 Pa, the total magnetic induction intensity
difference is 16.6 T according to the theory of polymerized
magnetic fluid seal. According to Table 1 and (13) and (15),
the length and cross section of the permanent magnet can be
calculated. +e length is 4mm, and the cross section of the
permanent magnet 703.716mm2. +e structure parameters
of CSMS designed by magnetic circuit theory are shown in
Table 1.

To verify the reliability of CSMS with small clearance
devised by magnetic circuit theory and research, the effects
of the radial and axial seal positions and pole teeth numbers
on its pressure capabilities, the magnetic field finite element
method has been employed. Because of the symmetry of the
seal structure, the three-dimensional axisymmetric problem
of the CSMS is simplified to be a two-dimensional plane
model. In numerical simulation method, the program
ANSYS 15 was used. In the numerical simulations, an axially
symmetric model was adopted, as was the Dirichlet
boundary condition. +e physical environment of the
magnetofluid seal is created in the preprocessor of ANSYS
finite element analysis software. And because the magnetic
field strength in the sealing position produced by the per-
manent magnet is much more than that required by the
saturated magnetized magnetofluid, magnetization of the
magnetofluid will reach its maximum value. +e magnetic
permeability difference between the saturated magnetized
magnetofluid and the air is very small, so the magnetofluid
can be treated as air approximately.+e coercivity of Nd-Fe-
B permanent magnet is 1.356∗106A/m. +e magnetofluid
is an oil-based fluid and the saturation magnetization is
30.7 kA/m. +e corresponding material attributes are given
to each component. +e magnetic field computation was
performed by use of intelligent mesh with precision 1. +e
Dirichlet boundary condition is applied, and the magnetic

Permanent magnet Pole piece Step shaft Radial sealing position

Magnetofluid

Axial sealing position

N NS S

Leakage direction

Figure 1: CSMS with small clearance. +e enlarged area on the
right side of the sketch shows the terms axial and radial seal po-
sitions used in the article.
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flux density distributions in the radial and axial seal posi-
tions could be gained by the ANSYS solver.

3. Results and Discussion

3.1. Reliability of CSMSDesigned byMagnetic CircuitMethod.
+rough the above numerical analysis, magnetic flux density
distribution in the sealing position of CSMS is shown in
Figure 3 and the distribution of the magnetic force line is
shown in Figure 4.

It can be seen from Figure 3 that the maximummagnetic
flux density passing through the pole teeth of themiddle pole
piece is obviously greater than that passing through the pole
teeth of the other two pole pieces because of the magnetic
field strength in the middle pole piece generated by two
magnetic sources.

According to (2) and (3) and magnetic flux density
distribution as shown in Figure 3, the theoretical pressure
ability of the CSMS should be 6.9∗105 Pa which is smaller
than the required value of the magnetic circuit design and
the error is 8%. +is proves the reliability of CSMS designed
by the magnetic circuit. +e main reason of error is that the
magnetic flux leakages occur at the junctions of permanent
magnets and pole piece as shown in Figure 4.

3.2. Effect of Sealing Position Height and Width on CSMS.
When the size of the axial seal position is 0.1mm, the
magnetic field distribution in the small sealing position of

CSMS with different radial seal position heights is shown in
Figure 5.

It can be seen from Figure 5 that the magnetic flux
density in the axial seal position enlarges slowly and the
magnetic flux density in the radial seal position reduces with
the increase of the radial seal position height. +e reason for
this change is that the increase of the radial seal position
height will enlarge the magnetic resistance of the radial seal
position which causes the increase of the magnetic resistance
of the whole magnetic circuit and the decrease of the
magnetic flux of the whole magnetic circuit. According to
the magnetic circuit theory, the increase of the magnetic
potential of the radial seal position is far less than the in-
crease of its magnetic resistance. Hence, magnetic flux
density in the radial seal position reduces as the radial seal
position height enlarges. On the other hand, the magnetic
resistance of the axial seal position remains unchanged when
the axial seal position width remains unchanged. +e
magnetic potential of the axial seal position enlarges with the
increasing height of the radial seal position. +erefore, the
magnetic flux density in the axial seal position enlarges
slowly with the increasing height of the radial seal position.

When the size of the radial seal position is 0.1mm, the
magnetic field distribution in the small sealing position of
CSMS with different axial seal position weight is shown in
Figure 6.

It can be seen from Figure 6 that the magnetic flux
density in the radial seal position enlarges slowly and the

Table 1: +e parameters of converging stepped magnetofluid seal with small clearance.

Item Value
Inner radius of the 1/2/3 pole piece (mm) 21/17/13
Outer radius of the 1/2/3 pole piece (mm) 30
Length of the 1/2/3 pole piece (mm) 5.3
Pole tooth number of the 1/2/3 pole piece in the axial seal position 3
Pole tooth number of the 1/2/3 pole piece in the radial seal position 5
Axial seal position width (mm) 0.1
Radial seal position width (mm) 0.1
Width of pole tooth (mm) 0.3
Slot depth (mm) 0.8
Slot width (mm) 0.7
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Figure 2: +e equivalent magnetic circuit.
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magnetic flux density in the axial seal position reduces with
the increase of the axial seal position height. +e reason for
this change is that the increase of the axial seal position
height will increase the magnetic resistance of the axial seal
position which causes the increase of the magnetic resistance
of the whole magnetic circuit and the decrease of the
magnetic flux of the whole magnetic circuit. According to
the magnetic circuit theory, the increase of the magnetic
potential of the axial seal position is far less than the increase
of its magnetic resistance. Hence, the magnetic flux density
in the axial seal position reduces as the axial seal position
height enlarges. On the other hand, magnetic resistance of
the radial seal position remains unchanged when the radial
seal position width remains unchanged. +e magnetic po-
tential of the radial seal position enlarges with the increasing
height of the axial seal position. +erefore, the magnetic flux
density in the radial seal position enlarges slowly with the
increasing height of the axial seal position.

According to (2) and (3) and the magnetic field distri-
butions as shown in Figures 5 and 6, the effects of the radial
and axial seal positions on the pressure capabilities of CSMS
and the comparison of the pressure capabilities between the
CSMS and the OMS under different seal positions can be
obtained as shown in Figures 7 and 8.

From Figure 7, it can be seen that when the radial seal
position height is 0.1mm and the axial seal position width is
greater than or equal to the radial seal position height, the
theoretical pressure ability of the CSMS reduces with the
increasing width of the axial seal position. +e reason is that
when the pressure ability of CSMS in the axial seal position is
less than that in the radial seal position, the theoretical
pressure ability of the seal structure is the sum of the
pressure ability of the CSMS in the axial and the radial seal
positions according to the theory of seal structure. Although
the magnetic flux density in the axial seal position reduces
with the increase of the height of the axial seal position and
the magnetic flux density in the radial seal position enlarges
slowly with the increase of the height of the axial seal
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Figure 5: Magnetic field distribution with different radial sealing
position heights. gr: radial sealing position height.
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Figure 3: Magnetic field distribution.

Figure 4: Distribution of the magnetic force line.
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Figure 6: Magnetic field distribution with different axial sealing
position widths. ga: axial sealing position width.
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position as shown in Figure 6, the decrement of magnetic
flux density in the axial seal position is much larger than the
increment of magnetic flux density in radial seal position. So,
the theoretical pressure ability of CSMS reduces with the
increasing width of axial seal position.

When the radial seal position height is 0.2mm which is
within the range of the axial seal position width, the the-
oretical pressure ability of the CSMS enlarges firstly and then
reduces with the increase of the axial seal position width.
+is is because when the axial seal position width is less than
the radial seal position height, the pressure ability of the
CSMS in the axial seal position is greater than that in the
radial seal position. According to the theory of the CSMS,
the theoretical pressure ability of the CSMS depends only on
the pressure ability of CSMS in the axial seal position. It
means that the CSMS in the radial seal position does not
work. When the axial seal position is greater than or equal to
the radial seal position, the pressure ability of CSMS in the
axial seal position is less than that in the radial seal position;
the theoretical pressure ability of the CSMS is the sum of the
pressure ability of the CSMS in the axial and the radial seal
positions according to the theory of CSMS. And the re-
duction of magnetic flux density in the axial seal position is
much less than that in the radial seal position when the axial
seal position equals the radial seal position as shown in
Figure 6. +erefore, the theoretical pressure ability of the
CSMS enlarges firstly as the axial seal position enlarges. And
the decrement of magnetic flux density in the axial seal
position is much larger than the increment of magnetic flux
density in radial seal position when the axial seal position
width is larger than the radial seal position height. So, the
theoretical pressure ability of CSMS reduces with the in-
creasing width of axial seal position.

When the radial seal position is 0.3mm, which is within
the range of the axial seal position, the theoretical pressure
ability of the CSMS structure initially reduces with the in-
creasing axial seal position width, followed by an increase

upon which it begins to decrease once again. +is is because
when the axial seal position width is less than the radial seal
position height, the pressure ability of the CSMS in the axial
seal position is greater than that in the radial seal position.
According to the theory of the CSMS, the theoretical
pressure ability of the CSMS depends only on the pressure
ability of CSMS in the axial seal position. It means that the
CSMS in the radial seal position does not work. And it can be
seen from Figure 6 that the magnetic flux density in the axial
seal position reduces with the increase of the height of the
axial seal position, so the theoretical pressure ability of the
CSMS reduces first with the increase of the axial seal position
width. When the pressure ability of CSMS in the axial seal
position is less than that in the radial seal position with
increasing width of axial seal position, the theoretical
pressure ability of the CSMS is the sum of the pressure ability
of the CSMS in the axial and the radial seal positions
according to the theory of CSMS. And the reduction of
magnetic flux density in the axial seal position is much less
than that in the radial seal position when the axial seal
position equals the radial seal position as shown in Figure 6.
+erefore, the theoretical pressure ability of the CSMS en-
large secondly as the axial seal position enlarge. Although the
magnetic flux density in the axial seal position reduces with
the increase of the height of the axial seal position and the
magnetic flux density in the radial seal position enlarges
slowly with the increase of the height of the axial seal po-
sition as shown in Figure 6, the decrement of magnetic flux
density in the axial seal position is much larger than the
increment of magnetic flux density in radial seal position. So,
the theoretical pressure ability of CSMS reduces lastly with
the increasing width of axial seal position.

From Figure 7, it can be seen that when the radial seal
position height is 0.4mm and the axial seal position width is
less than or equal to the radial seal position height, the
theoretical pressure ability of the CSMS reduces firstly and
increases lastly with the increasing width of the axial seal
position. +e reason is that when the axial seal position
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width is less than the radial seal position height, the pressure
ability of the CSMS in the axial seal position is greater than
that in the radial seal position. According to the theory of the
CSMS, the theoretical pressure ability of the CSMS depends
only on the pressure ability of CSMS in the axial seal po-
sition. And it can be seen from Figure 6 that the magnetic
flux density in the axial seal position reduces with the in-
crease of the height of the axial seal position, so the theo-
retical pressure ability of the CSMS is decreasing firstly with
the increasing width of axial seal position. +e theoretical
pressure ability of the CSMS is the sum of the pressure ability
of the CSMS in the axial and the radial seal positions
according to the theory of CSMS when the axial seal position
width and radial seal position height are equal. +erefore,
the theoretical pressure ability of the CSMS enlarges lastly
with the increasing width of axial seal position.

Figure 8 shows that when the radial seal position is 0.1mm
and the axial seal position is greater than or equal to the radial
seal position, the pressure ability of the CSMS is much greater
than that of the OMS.+e smaller the axial seal position is, the
larger the pressure ability difference between them is. When
the axial seal position is 0.1mm, the pressure ability of CSMS
is about 1.5 times that of OMS. +e reason is that when the
radial seal position is 0.1mm and the axial seal position is
greater than or equal to the radial seal position, the pressure
ability of CSMS in the axial seal position is less than that in the
radial seal position; the theoretical pressure ability of the
CSMS is the sum of the pressure ability of the CSMS in the
axial and the radial seal positions according to the theory of
CSMS. However, only the CSMS in the radial seal position
plays a role for ordinary pressure seal, so the pressure ability of
the CSMS is much greater than that of the OMS.

3.3. Effect of Pole Tooth Number on CSMS. When the
number of pole teeth in the axial seal position is 1, the
magnetic field distribution in the small-sealing seal position
of CSMS with different number of pole teeth in the radial
seal position is shown in Figure 9.

It can be seen from Figure 9 that the magnetic flux
density in the radial and axial seal positions reduces with the
increasing width of the pole tooth number in the radial seal
position.+e reason for this change is that the increase of the
number of pole teeth in the radial seal position will decrease
the total magnetic resistance of the pole tooth in the radial
seal position which causes the decrease of the total magnetic
resistance of the magnetic circuit and the decrease of the
magnetic potential. According to the magnetic circuit the-
ory, magnetic flux density of the axial seal position reduces
as the number of pole teeth in the radial seal position en-
larges. On the other hand, when the magnetic resistance in
the radial seal position reduces and the magnetic resistance
in the axial seal position remains unchanged, the total
magnetic flux of the pole tooth magnetic resistance through
the radial seal position enlarges relatively, but because the
number of pole teeth in the radial seal position enlarges, the
total magnetic flux enlarges much faster than that in the pole
tooth in the radial seal position. Hence, the magnetic flux
density in the pole tooth of the radial seal position reduces.

When the number of pole teeth in the radial seal position
is 3, the magnetic field distribution in the small sealing seal
position of CSMS with different number of pole teeth in the
axial seal position is shown in Figure 10.

It can be seen from Figure 10 that the magnetic flux
density in the radial and axial seal positions reduces with the
increasing width of the pole tooth number in the radial seal
position.+e reason for this change is that the increase of the
number of pole teeth in the axial seal position will decrease
the total magnetic resistance of the pole tooth in the axial
seal position which causes the decrease of the total magnetic
resistance of the magnetic circuit and the decrease of the
magnetic potential. According to the magnetic circuit the-
ory, magnetic flux density of the radial seal position reduces
as the number of pole teeth in the axial seal position enlarges.
On the other hand, when the magnetic resistance in the axial
seal position reduces and the magnetic resistance in the
radial seal position remains unchanged, the total magnetic
flux of the pole tooth magnetic resistance through the axial
seal position enlarges relatively, but because the number of
pole teeth in the axial seal position enlarges, the total
magnetic flux enlarges much faster than that in the pole
tooth in the axial seal position. Hence, the magnetic flux
density in the pole tooth of the axial seal position reduces.

According to (2) and (3) and magnetic field distributions
as shown in Figures 9 and 10, the effects of the pole tooth
number on CSMS radial and axial seal positions on the
pressure capabilities of CSMS and the comparison of the
pressure capabilities between the CSMS and the OMS under
different pole tooth number can be obtained as shown in
Figure 11 and 12.

From Figure 11, it can be seen that when the number of
pole teeth in the axial seal position is 1, the theoretical
pressure ability of the CSMS enlarges with the increasing
number of pole teeth in the radial seal position.+e reason is
that when the number of pole teeth in the axial seal position
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Figure 9: Magnetic field distribution with different teeth number
in the radial sealing position. Nr : radial teeth.
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is less than or equal to the number of pole teeth in the radial
seal position, the pressure ability of CSMS in the axial seal
position is less than that in the radial seal position, the
theoretical pressure ability of the CSMS is the sum of the
pressure ability of the CSMS in the axial and the radial seal
positions according to the theory of CSMS. And the increase
of total difference of magnetic flux density is much larger
than the decrease of magnetic flux density with the increase
of the number of pole teeth in radial seal position as shown
in Figure 9, so the theoretical pressure ability of CSMS
enlarges with the increase of the number of pole teeth in
radial seal position.

When the number of pole teeth in the axial seal position
is 2, the theoretical pressure ability of the CSMS enlarges
with the increase of the number of pole teeth in the radial
seal position. +is is because when the number of pole teeth
in the axial seal position is larger than the number of pole
teeth in the radial seal position, the pressure ability of the
CSMS in the axial seal position is greater than that in the
radial seal position. According to the theory of the CSMS,
the theoretical pressure resistance of the CSMS depends only
on the CSMS pressure resistance ability in the axial seal
position. It means that the CSMS in the radial seal position
does not work. When the number of pole teeth in the axial
seal position is less than or equal to the number of pole teeth
in the radial seal position, the pressure ability of CSMS in the
axial seal position is less than that in the radial seal position;
the theoretical pressure ability of the CSMS is the sum of the
pressure ability of the CSMS in the axial and the radial seal
positions according to the theory of CSMS. And the increase
of total difference of magnetic flux density is much larger
than the decrease of magnetic flux density with the increase
of the number of pole teeth in radial seal position as shown
in Figure 9, so the theoretical pressure ability of CSMS
enlarges with the increase of the number of pole teeth in
radial seal position.

When the number of pole teeth in the axial seal position
is 3, the theoretical pressure ability of the seal structure
reduces first and then enlarges with the increase of the
number of pole teeth in the radial seal position. +is is
because when the number of pole teeth in the axial seal
position is larger than the number of pole teeth in the radial
seal position, the pressure ability of the CSMS in the axial
seal position is greater than that in the radial seal position.
According to the theory of the CSMS, the theoretical
pressure resistance of the seal structure depends only on the
CSMS pressure resistance ability in the axial seal position. It
means that the CSMS in the radial seal position does not
work. So the theoretical pressure ability of the CSMS reduces
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with the increase of the number of pole teeth in the radial
seal position. When the number of pole teeth in the axial seal
position is less than or equal to the number of pole teeth in
the radial seal position, the pressure ability of CSMS in the
axial seal position is less than that in the radial seal position;
the theoretical pressure ability of the CSMS is the sum of the
pressure ability of the CSMS in the axial and the radial seal
positions according to the theory of CSMS. And the increase
of total difference of magnetic flux density is much larger
than the decrease of magnetic flux density with the increase
of the number of pole teeth in radial seal position as shown
in Figure 9, so the theoretical pressure ability of CSMS
enlarges with the increase of the number of pole teeth in
radial seal position.

Figure 12 shows that when the number of internal pole
teeth in the axial seal position is 2, the pressure ability of the
CSMS is much greater than that of the OMS. When the
number of pole teeth in the radial seal position is 3, the
pressure resistance of the CSMS is about 1.6 times that of the
OMS. +e reason is that when the number of pole teeth in
the axial seal position is less than or equal to the number of
pole teeth in the radial seal position, the pressure ability of
CSMS in the axial seal position is less than that in the radial
seal position; the theoretical pressure ability of the CSMS is
the sum of the pressure ability of the CSMS in the axial and
the radial seal positions according to the theory of CSMS.
However, only the CSMS in the radial seal position plays a
role for OMS, so the pressure ability of the CSMS is much
greater than that of the OMS.

4. Conclusions

By comparing the results of finite element analysis and
magnetic circuit design, the reliability of magnetic circuit
design is verified. At the same time, the result of magnetic
circuit design is slightly larger than that of finite element
analysis. +e main reason is the existence of magnetic
leakage. In order to improve the accuracy of magnetic circuit
design, materials with high magnetic resistance can be se-
lected in areas where the magnetic circuit does not pass
through. +e pressure ability of CSMS with small clearance
depends not only on the number of pole teeth in the axial
seal position and the axial seal position, but also on the
number of pole teeth in the radial seal position and the radial
seal position. When the number of pole teeth in the axial seal
position is less than or equal to the number of pole teeth in
the radial seal position, the pressure ability effect of the
CSMS is better than that of the situation in which the
number of pole teeth in the axial seal position is smaller than
the number of pole teeth in the radial seal position. When
the axial seal position is bigger than or equal to the radial seal
position, the pressure ability effect of the CSMS is better than
that of the opposite situation. Compared with OMS with
small clearance, CSMS has greater advantages.

Data Availability

+e data in the supplementary file is the text file obtained
from the analysis of ANSYS 15. +e magnetization curve of

the magnet is measured by the magnetometer. +e model in
the paper is imported into ANSYS, the material parameters
are input, the grid is divided, and a path is defined after
solving. +e magnetic induction intensity can be mapped to
the curve. And output data in text format ga, gr, nr, and na in
the file name, respectively, represent the axial sealing po-
sition width, the radial sealing position height, the radial
teeth number, and the axial teeth number.+e first column s
is the leakage path length, and the second column A is the
magnetic induction intensity at the current point corre-
sponding to s. +e following are the steps of data processing.
+e first step is to find out the peaks and troughs of the curve
and calculate the difference between each peak and troughs.
In the second step, according to the model and the formula
in this paper, the corresponding difference is calculated to
get the total magnetic induction strength difference of the
seal. +e third step is to multiply the total magnetic in-
duction difference and the saturation magnetization of the
magnetic fluid to obtain the total pressure resistance of the
seal.
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Supplementary Materials

+e data in the supplementary file are the text files obtained
from the analysis of ANSYS. +e magnetization curve of the
magnet is measured by the magnetometer. +e model in the
paper is imported into ANSYS. +e material parameters are
input, the grid which is divided, and a path which is defined
after solving. +e magnetic induction intensity can be
mapped to the curve, and the output data are in the text
format. ga, gr, nr, and na in the file names, respectively,
represent the axial sealing position width, the radial sealing
position height, the radial teeth number, and the axial teeth
number. In the first column, s is the leakage path length, and
in the second column, A is the magnetic induction intensity
at the current point corresponding to s.+e following are the
steps of data processing: the first step is to find out the peaks
and troughs of the curve and calculate the difference between
each peak and trough. In the second step, according to the
model and the formula in this paper, the corresponding
difference is calculated to get the total magnetic induction
strength difference of the seal. +e third step is to multiply
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the total magnetic induction difference and the saturation
magnetization of the magnetic fluid to obtain the total
pressure resistance of the seal. (Supplementary Materials)
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