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ABSTRACT

The tunnel drainage pipes located in karst areas are oftentimes subject to crystallization and clog-
ging derived from the calcification in groundwater, which would result in poor tunnel drainage
during operation as well as subsequent issues such as cracking of the lining structure and seepage/
leakage caused by rising levels of groundwater. To address the issue of crystallization in tunnel
drainage pipes located in karst areas, we have examined the patterns of CaCO, crystallization taken
place in tunnel drainage pipes based on the intensity of the magnetic field, rate of water flow, and
pipe materials. We have adopted the control variable method according to laboratory model exper-
iments, X-ray diffraction, and scanning electron microscopy, and we have drawn reference from the
principle of magnetic descaling applied in industry. Our research findings indicate that the mass
of crystals in the drainage pipes would experience gradual increases and tend to stabilize with the
test cycle, whereas the total mass of such crystals would decrease first before increasing with the
intensity of the magnetic field. In addition, the mass of crystals was measured to be the smallest
when the intensity of the magnetic field amounted to 0.2 T, whereas the rate of scale inhibition
amounted to 30.78% of the crystal mass in the pipes without the magnetic field. Results of the micro-
morphological analysis indicate that under the magnetic field, the CaCO, crystals have been through
the transition of its form from stable calcite to loose and unstable aragonite given that they are sub-
ject to the molecular orientation effect. The mass of crystals in the experimental pipes was found to
increase in accordance with the test cycle and the increase of the water flow rate. In addition, under
the intensity of the magnetic field amounting to 0.2 T, the final maximum mass of crystals in the pipe
experienced a decline of 30.54% compared with that in the pipe under normal conditions. Judging
from the experimental results, the materials applied in the steel-plastic composite pipe could, bet-
ter address the issue of the weak magnetic field in some areas of the pipe to some extent, but they
were unable to play a critical role in inhibiting crystallization. In general, the crystallization was
found to be inhibited in those drainage pipes under the magnetic field, and the mass of crystals
was to decrease correspondingly. Through this study, we aim to lay a foundation for the design,
construction and remediation for applying the magnetic fields into the inhibition of crystallization
in tunnel drainage pipes located in karst regions.
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1. Introduction

As the infrastructure related to highway transportation
experienced robust growth in China, tunnels have increas-
ingly been built in karst areas, accounting for an evidently
larger proportion. The groundwater in karst areas is rich
in Ca* and HCO;, and is capable of generating CaCO, pre-
cipitates under certain hydrodynamic conditions (the spe-
cific formula of reaction is specified as Eq. (1)), leading to
the crystallization and clogging of CaCO, in drainage pipes
during the operation of tunnel building in karst areas [1,2].
In addition, such crystallization and clogging take place in
tunnel drainage pipes in karst areas could result in higher
water pressure, leading to seepage/leakage and lining crack-
ing in tunnels. Along with the corrosion caused by karst
groundwater, they might lead to catastrophic consequences
derived from secondary lining penetration [3,4].

Ca* +2HCO; — CaCO, { +CO, T+ H,0 ¢))

Numerous studies have been carried out on the issue
of crystallization and clogging of CaCO, in tunnel drainage
pipes. Liu et al. attached flocking to the inner wall of drain-
age pipes for polyvinylidene chloride (PVC), and through
the drainage experiments, they found that due to the peri-
staltic movement of villi, CaCO, crystals became less likely
to adhere, thereby effectively preventing the crystallization
and clogging from occurring in PVC drainage pipes [5-8].
A studied the effect imposed by numerous water-filling states
on crystallization under varying alkaline conditions [9].
Applied a unique material into drainage pipes so as to min-
imize the crystal precipitation [10]. Examined the effects
imposed by several tube materials, such as PVC and polytet-
rafluoroethylene (PTFE), on the accumulation and precipi-
tation of crystals [11]. Based on their study and analysis of
mechanisms as well as experiments, found that crystalliza-
tion and clogging taken place in tunnel drainage pipes is
closely linked with shotcrete [12-15]. To reduce the amount
of dissolved calcium by 65% compared to that of normal
mix concrete by optimizing the mix proportion of shotcrete
[16]. Conducted the statistical analysis on a large number
of tunnels located in France that are plagued with the issue
of calcite precipitation, and found that the issue was linked
with the lining materials and geometry of tunnels [17].
Studies on CaCO, crystals, which are commonly known as
scale in daily life, began relatively late in the field of tunnel
building. Nevertheless, numerous studies have been carried
out on addressing the issue of scale in industrial water, thus
providing a reference for the treatment of crystallization and
clogging taken place in tunnels [18-20]. Commonly used
methods of scale prevention and control include physical
and chemical approaches, biological approaches, and inte-
grated approaches. Commonly used physical methods of
descaling include the magnetic, electric and ultrasonic treat-
ment approaches [21]. In general, the magnetic treatment
can be divided into two categories, namely, the permanent
magnet treatment and the high-frequency electromagnetic
treatment [22]. Carried out the research on scale inhibition
and removal by adopting permanent magnets in the tex-
tile field [23]. In addition, the rate of crystallization scaled

up, but the amount of adhesion on pipe walls decreased
by 25.6% [24-28]. The relationship between the mag-
netic induction intensity and the amount of scale through
experiments, and put forward the concept of the “thresh-
old of magnetic induction for scaling” [29]. Through the
experimental study, found that the magnetic treatment
would contribute to the reduction of the scaling rate of
the circulating cooling water in power plants by 96% [30].
The research results indicate that the magnetic field could
alter the reaction process between the ions that form crys-
tals in solution as well as the type of crystals formed,
whereas the magnetic field could lead to the transition of
the crystal form of CaCQO, from calcite to aragonite [31-34].
To sum up, we have found that magnetic fields could be
used to treat scale in such areas as industrial water circu-
lation. However, few studies have been conducted on the
use of magnetic fields for preventing crystallization from
taking place in tunnel drainage pipes. In this study, we
have adopted the control variable method to examine the
patterns of crystallization in tunnel drainage pipes based
on the intensity of the magnetic field, the rate of water flow
and the drainage pipe material through laboratory model
experiments. In addition, we have analyzed the optimal
intensity of magnetic field for scale inhibition so as to lay
a foundation for the design, construction and application
of permanent magnets in preventing crystallization from
taking place in the tunnel drainage pipes in karst areas.

2. Experiment
2.1. Objective and concept

To gain insights into the patterns of crystallization taken
place in tunnel drainage pipes under the action of perma-
nent magnets, we have carried out the design on labora-
tory simulation experiments to study the effects imposed
by three factors (namely, the intensity of the magnetic
field, rate of flow and pipe material) on the crystallization
of CaCO, in tunnel drainage pipes, and we have analyzed
the effects imposed by the magnetic field of the perma-
nent magnet on preventing and eliminating crystals under
varying influencing factors. Subsequently, we have identi-
fied the optimal parameters of the magnetic field accord-
ing to its impact on crystallization and clogging in tunnel
drainage pipes. We have first conducted experiments on
the intensity of the magnetic field to obtain the optimal
magnetic field before examining the flow rate and pipe
material under the optimal magnetic field.

2.2. Materials and apparatus

Materials adopted in the experiment mainly include
high-strength tegular permanent magnets (with a length of
10 cm), analytical calcium chloride (CaCl,)), analytical pure
sodium bicarbonate (NaHCO,), a water pump (with a head
of 3 m), a water tank, smooth PVC pipes with a diameter
of 50 mm, steel-plastic composite pipes, matching straight
connectors, elbow connectors and ball valves. The appa-
ratus utilized in the experiment mainly include an ultra-
pure water machine, a drying oven, measuring cylinders,
Gauss meters, and a high-precision electronic balance.
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2.3. Design parameters

The parameters adopted in the experiment mainly
include the intensity of the magnetic field, spacing of per-
manent magnet, rate of water flow, and material of drainage

pipes.

2.3.1. Intensity of magnetic field and spacing of
permanent magnets

The magnetic field inside the experimental pipes was
generated by high-strength tegular permanent magnets
with an inner diameter of 50 mm. The intensity of the
magnetic field was found to increase at a gradually declin-
ing rate as the number of magnets increased, whereas the
magnetic field was approximately linear with the num-
ber of magnets ranging between 0.1 and 0.4 T (Table 1).
Therefore, the intensity of the magnetic field selected for
the laboratory model experiments amounted to 0.0, 0.1,
0.2, 0.3 and 0.4 T, respectively.

The experimental findings indicate that a smaller spac-
ing between the permanent magnets would result in a
more uniform distribution of the magnetic field. However,
the magnet spacing is not advised to be overly narrow
given that the interactive force would exist between the
magnets. Judging from our measurements and experi-
ments several times, the magnetic field was rather stable
when the spacing between the permanent magnets ranged
between 8 and 10 cm. Therefore, we have eventually
opted for the magnet spacing of 10 cm. The layout of the
experimental pipes is illustrated in Fig. 1.

2.3.2. Water flow rate

In this study, we have adopted the pump with a
head of 2.5 m. We have controlled the flow rate in the
pipe mainly through the valve at the outlet of the pump.

Table 1

During the preliminary pre-test study, we have found
that the maximum flow rate amounted to approximately
700 mL/s under circumstances of the full pipe flow.
Therefore, we have opted for parameters of the flow rate
with a distribution ranging between 0 and 700 mL/s in
the experiment. Subsequent to our holistic review, we
have opted for the rate of 150 mL/s as the increment to
obtain four levels of parameter values for the flow rate,
namely, 150, 300, 450, and 600 mL/s.

2.3.3. Drainage pipe material

Since iron features a high magnetic permeability and is
easily magnetized to review certain magnetic properties,
we have selected pipe materials commonly used as tun-
nel drainage pipes in this study, namely, PVC pipes and
steel-plastic composite pipes with iron cores, which are
commonly available in the market.

2.4. Experimental setup

The experimental setup is illustrated in Fig. 2. The solu-
tion used in the experiment was a freshly prepared solution
of saturated calcium bicarbonate (Ca(HCO,),). While pass-
ing through the pump, the solution was dependent on the
ball valve for the control of the flow rate. Subsequently,
the solution flowed through the experimental section and
eventually returned to the tank. Varying levels of inten-
sity of magnetic field could impose different effects on
the solution, and thus we have conducted each set of
experiments on the intensity of magnetic field separately
in a tank, so as to avoid mutual interference. In addition,
the intensity of magnetic field that we have selected for
the experiments on the flow rate and pipe material have
shown consistency; therefore, we have placed the four
sets of experimental pipes in the same experimental setup.

Relationship between the number of magnets and the magnetic field intensity

Number of permanent Magnetic field Number of permanent Magnetic field
magnets strength (mT) magnets strength (mT)
1 112.8 4 384.6
2 206.8 5 440.6
3 295.5 6 455.8
Permanent
magnets  py( pipe
- - |
[ | [ T
5¢cm ‘ 10cm 10cm | 10cm ! 5cm
e 40cm

Fig. 1. Schematic diagram of the test pipe section.
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Fig. 2. Schematic diagram of the test device.

In addition, we have adopted four sets of control groups
with the same flow rate and without a magnetic field.

2.5. Experimental period

The experimental period lasted for 56 d and was
divided into eight cycles, each lasting for 7 d, for measure-
ments of the crystal mass. Subsequent to each cycle, we
have removed the experimental pipe from the setup and
dried the pipe to a constant mass. In addition, we have
ensured that the air was cooled to room temperature and
weighed the pipe by using the electronic balance and record,
and we have reconnected the pipe to the experimental
setup for the next experimental cycle.

3. Results and discussion

The mass of crystals refers to the difference between
the mass of the drainage pipe subsequent to the drying
in a cycle and the original mass. To assess the inhibition
effect imposed by the intensity of magnetic field on crys-
tallization in the drainage pipes, we have calculated the
rate of crystallization inhibition for each experimental
cycle based on Eq. (2).

o="1"" 4 100% @)

m,

where m, and m, refer to the masses of the crystals from
the control group (without application of the magnetic
field) and the experimental group (with application of the
magnetic field), respectively, at a certain moment in time.

3.1. Intensity of magnetic field

We have utilized a normal PVC pipe during the exper-
iment with a flow rate of 450 mL/s and an experimental
period lasting for 56 d. Judging from Fig. 3, the crystal mass
of the control group (i.e., the group without the magnetic
field) was smaller than that of the experimental group (i.e.,
that with the magnetic field) on Day 7, contributing to the

PVCelbow Permanent Research pipe

PVC elbow pipe Permanent magnets

PVC adapter

Ball valve

Water pump

; Unicom device

(b) Flow and pipe test device diagram

maximum difference of 0.40 g in the crystal mass. In addi-
tion, the ¢ value of each experimental group was less than
0, indicating that the magnetic field could impose a promo-
tion effect on crystallization during the early stage of the
experiment. This result was mainly derived from the fact
that anions and cations in the solution moved in opposite
directions under the magnetic field. Correspondingly, they
would collide with each other on a more frequent basis,
contributing to the formation of a large quantity of CaCO,
crystals within a short period of time after the anions and
cations entered into the magnetic field. When the inten-
sity of magnetic field amounted to 0, the mass of crystals
in the drainage pipes would basically experience linear
increases with time. When the intensity of magnetic field
exceeded 0, the growth rate of the crystals in the drainage
pipes would experience gradual declines with time. The
contributing factor behind is that under a magnetic field,
CaCQ, is prone to form loosely structured aragonite instead
of densely structured calcite, and it would become harder
for it to adhere to the drainage walls so as to form crystals.
In particular, after Day 42, the growth rate of crystals in
the experimental group at the intensity of magnetic field
of 0.4 T experienced abrupt increases, possibly because the
growth of crystals contributed to the increased friction of
the inner wall of the drainage pipe, facilitating the adher-
ence of crystals to the wall. By comparing this group with
other experimental groups, we have found that the crystal
masses in each of the cycles and at the end of the experi-
ment were measured to be minimal when the intensity of
magnetic field amounted to 0.2 T, and were measured to be
maximal when the intensity of magnetic field amounted to
0.4 T. The crystallization inhibition was found to achieve
an optimal effect when the intensity of magnetic field
amounted to 0.2 T, whereas the corresponding crystal mass
amounted to 1.53 g lower than the final crystal mass in the
pipe without the magnetic field, leading to a rate of crys-
tallization inhibition of 30.78%. At an intensity of magnetic
field of 0.4 T, the crystal growth was substantially enhanced,
whereas the crystal mass increased by 9.46% compared
with that in the pipe without the magnetic field. Our
research findings indicate that the magnetic field would
impose an inhibiting effect on CaCO, crystallization when
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Fig. 3. Relationship between crystallization amount and anti-crystallization efficiency of drainage pipe and test time.

the intensity of magnetic field fell within a certain range, drainage pipes under varying levels of intensity of mag-
while imposing a promotion effect on CaCO, crystallization  netic field. Judging from Fig. 4, the crystals in the drain-
when the intensity of magnetic field was excessively high. age pipes under varying levels of intensity of magnetic

We have carried out the X-ray diffraction (XRD) anal-  field have shown basically the same diffraction patterns.
ysis to evaluate the composition of the crystals in the The XRD spectra of the crystals in each experimental
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Fig. 4. XRD analysis pattern of crystals (a) 0 T, (b) 0.1 T, (c) 0.2 T, (d) 0.3 T, and (e) 0.4 T.
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pipe have shown a peak, with a maximum intensity at
20 of 29°, whereas the corresponding 26 values for cal-
cite, aragonite, and vaterite CaCO, crystals amounted to
29°, 26°, and 46°, respectively, indicating that the crystals
were mainly composed of calcite. No evident peak has
been formed at 20 of 26° or 46°, indicating that there was
an extremely low content of aragonite and vaterite in the
crystals, which was basically in consistence with the com-
position of the crystalline materials measured in the field.
Since the magnetic field could not alter the crystal form or
morphology of the CaCO, product, the magnetic field have
imposed an impact on crystallization mainly by inhibiting

the formation of CaCO,. In addition, given that the arago-
nite under the magnetic field was formed in a loose and
unstable state, it could be easily washed away under the
water flow, whereas the remaining crystals were calcite.

We have analyzed the microscopic morphology of the
crystals formed under varying levels of intensity of mag-
netic field through the scanning electron microscopy (SEM)
approach to examine the effects imposed by the magnetic
field on the crystal form of CaCO,.

In Fig. 5, we have illustrated the SEM images of the
crystals for each experimental group at a magnification of
2,000X. The crystals in the pipes without the magnetic field

(e)

Fig. 5. SEM scanning results of crystals (a) 0 T, (b) 0.1 T, (c) 0.2 T, (d) 0.3 T, and (e) 0.4 T.
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mostly featured a regular cubic shape with varying sizes of
grain, and were tightly packed with no evident gaps. When
the intensity of magnetic field amounted to 0.1 T, some of
the crystals in the experimental pipes commenced to show
irregular shapes with rough edges and corners. In addi-
tion, gaps were found to exist between crystals, leading to
the reduced compactness. When the intensity amounted
to 0.2 T, the crystals basically featured an irregular spher-
ical shape, and overall, the crystals featured small sizes
of grain and were loosely arranged. When the intensity
amounted to 0.3 T, the crystals featured irregular spheri-
cal and cubic shapes, and they were interlaced and loosely
arranged; in the meantime, numerous grains of small sizes
were attached to the surface of crystals. When the intensity
amounted to 0.4 T, a portion of the crystals were restored
to a regular cubic shape, with crystal grains of small sizes
attached to the surface. Judging from the SEM images, the
standard calcite featured a regular cubic shape, whereas
the aragonite and vaterite featured an irregular spherical
or striped shape, revealing the tendency of calcite crystals
to being transformed into aragonite or spherulite under the
magnetic field. Under such circumstance, the intensity of
magnetic field could alter the shape, size of grains and the
compactness of the CaCO, crystals.

3.2. Water flow rate

Based on the experiments of crystallization in the drain-
age pipes under varying levels of intensity of magnetic
field, we have carried out experiments of crystallization
in the pipes under different rates of water flow at a mag-
netic field intensity of 0.2 T. Fig. 6 shows the variation pat-
tern of the crystal growth in the pipes under varying flow
rates. In each experimental cycle, the mass of crystals in
the pipes would increase correspondingly as the flow rate
increased. After 65 d at a magnetic field intensity of 0.0 and
0.2 T, the experimental group under a flow rate of 600 mL/s
featured a crystal mass of 5.49 and 3.93 g, respectively, in

the drainage pipe, which amounted to 25.16% and 53.35%
more than that under a flow rate of 150 mL/s. Judging from
Fig. 6, at a magnetic field intensity of 0.2 T in the exper-
imental cycle of 7 d, the rate of crystallization inhibition
would increase as the rate of water flow rate decreased.
For instance, the optimal effect of inhibition under a flow
rate of 150 mL/s amounted to 18.18%, while merely a minor
promotion effect was imposed on crystallization in drain-
age pipes under a flow rate of 450 mL/s. This research
result was derived from the promotion effect imposed by
the magnetic field on the formation of CaCO, in the short
term, whereas under the flow rate of 450 mL/s, a large
quantity of crystals were already generated before the flow
rate grew larger, accounting for the insufficient hydrody-
namic force. On Day 56, under the magnetic field in the
drainage pipe, the rate of crystallization inhibition would
first increase before declining as the flow rate increased.
Compared to the mass of crystals in the pipe without a
magnetic field, the final mass of crystals in the pipe that
were subject to a magnetic field under flow rates of 150,
450, and 600 mL/s decreased by 12.29%, 30.54% (which
is deemed to achieve the optimal effect of crystallization
inhibition), and 28.41%, respectively, indicating the poten-
tial presence of a certain threshold of flow rate. When the
threshold is surpassed, the effect imposed by the magnetic
field on crystallization inhibition would diminish instead
of growing with the increase of the flow rate. The reason
behind is that when the flow rate was low, the magnetic
field played a dominant role in inhibiting crystallization
by altering the morphology of CaCO,, and thus the loosely
arranged crystals in the magnetic field could be discharged.
Under such circumstances, the tightly arranged crystals in
the pipes without a magnetic field would be merely sub-
ject to a minor impact. On the other hand, when the flow
rate was sufficiently large, the crystals in the pipes without
a magnetic field could be discharged with the water flow,
and thus the flow rate would play a dominant role in this
case.
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Fig. 6. Variation of crystallization amount and anti-crystallization efficiency of drainage pipe with test time under different flow rates.
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3.3. Drainage pipe material

According to the numerical simulation, we have exam-
ined the effects imposed by the intensity and spacing of the
permanent magnets on the distribution of magnetic field,
as illustrated in Fig. 7. Inevitably, parts of the pipe were
found to feature a relatively low level of magnetic field
intensity (e.g., zones B and C) between two sets of perma-
nent magnets, thereby contributing to the non-uniform dis-
tribution of magnetic field intensity in the pipe. However,
it is infeasible to enhance the intensity of magnetic field
of these two parts to a significant extent by increasing
the magnetic field intensity of the permanent magnets or
by narrowing their spacing. Given that iron can be easily
magnetized to feature certain magnetic properties, we have
adopted steel-plastic composite pipes with iron interlayers
and ordinary PVC pipes during the experiment. In addition,
we have opted for the magnetic field intensity of 0.2 T and
the flow rate of 450 mL/s.

The experimental results are illustrated in Fig. 8.
Overall, the final mass of crystals in the steel-plastic com-
posite pipe was merely slightly larger (by 3.42%) than that
in the ordinary PVC pipe, whereas the mass of crystals did
not decrease subsequent to the magnetization of the inter-
layer in the steel-plastic composite pipe. The research result
is potentially because such magnetization by the perma-
nent magnets failed to reach a level that could affect CaCO,
crystallization. Therefore, the inhibition effects of the two
types of pipe materials on CaCO, crystallization did not
differ with each other to a significant extent.

4. Conclusions

We have carried out laboratory experiments to study the
patterns of crystallization in tunnel drainage pipes at varying
levels of magnetic field intensity (0, 0.1, 0.2, 0.3, and 0.4 T),
under varying flow rates (150, 300, 450, and 600 mL/s), and
with the use of different sorts of pipe materials (PVC and

permanent

magnet .
The drain

(a)
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steel-plastic composite). Through our research, we have
drawn the following conclusions:

e In a certain range of intensity of magnetic field, the mag-
netic field could play an inhibition role on the CaCO,
crystallization, whereas an excessively large intensity
of magnetic field could impose a promotion effect on
the CaCO, crystallization. The crystallization inhibition
was able to achieve an optimal effect at a magnetic field
intensity of 0.2 T, whereas the corresponding final mass
of crystals amounted to 1.53 g less than that in the pipe
without a magnetic field, indicating a rate of crystalliza-
tion inhibition rate reaching 30.78%.

e Calcite crystals tended to be transformed into aragonite
or vaterite under a magnetic field, and the intensity of
magnetic field could alter the shape, size of grains and
compactness of CaCO, crystals.

4.0

—=—PVC tube
—&— Steel-plastic composite pipe

el b
= =
T T

Amount of crystalization (g)
bt
=

1 1 1 1 1 L L L

0 7 14 21 28 35 42 49 56
The test cycle (d)

Fig. 8. Growth trend of crystallinity in different pipe tests.
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In a certain range of flow rates, the descaling rate tended
to increase as the flow rate grew larger. In addition, when
the flow rate reached a certain threshold, the rate of
crystallization inhibition would cease to increase as the
flow rate increased.

During the experiment on varying pipe materials, mag-
netization of the interlayer of the steel-plastic compos-
ite pipe failed to facilitate the reduction of the mass of
crystals. Therefore, the inhibition effects imposed by the
two pipe materials (PVC and steel-plastic composite)
on CaCQO, crystals were not discrepant to a significant
extent.
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