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The crystal blockage of tunnel drainage pipe seriously affects the smoothness of
the whole drainage system. Therefore, it is very important to effectively prevent
crystal plugging in tunnel drainage system to ensure the safety and stability of
lining structure during tunnel operation. Based on the macro force and dis-
placement characteristics of villus, the optimization of villus diameter and villus
length of flocked drainage pipe at low flow rate was studied by numerical simu-
lation. The results show that: there is a difference of 1-2 orders of magnitude
between the 3-D displacements of the bottom villus and one order of magnitude
between the 3-D displacements of the side villus of the flocked drainage pipe; with
the increase of villus length, the 3-D displacement of villus increased parabola and
with the increase of villus diameter, the 3-D displacement of villus decreased
gradually; the results show that the first and third principal stresses of the bottom
villus increase linearly with the increase of villus length, while the first and third
principal stresses of the side villus increase parabola with the increase of villus
length; when the flow rate is 2 cm/s, the diameter of villus is 0.6 mm and the length
of villus is 20 mm.
Flocking drainage pipe anti crystal plugging technology fills the blank of tunnel
drainage pipe anti crystal plugging research. This technology can reduce the
maintenance cost of tunnel drainage system during operation, and ensure the safe
and normal operation of the tunnel.
Keywords: tunnel, crystal plugging, flocking drainage pipe, Villus,

principal stress, 3-D displacement

Introduction

By the end of 2019’s, there were 19067 highway tunnels operating on the Chinese
mainland, including 1175 super long tunnels and 4784 long tunnels. In the process of tunnel
operation, various types of problems gradually appear, including lining leakage, fig. 1, and
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lining cracking, fig. 2, caused by crystal plugging of the tunnel drainage system, fig. 3, in karst
areas [1]. At present, in light of the problem of crystal plugging of tunnel drainage systems,
only high-pressure gas (water) or excavation can be used for dredging, both of which are ex-
pensive and seriously affect the normal operation of a tunnel [2].

Figure 1. Cracked lining Figure 2. Water box at Figure 3. Crystal blockage
a leak in the lining of a drainage pipe

To consider the problem of crystal clogging of tunnel drainage systems, this study
focused on crystal composition analysis, analysis of the factors influencing the crystals, and
crystal prevention and treatment techniques. The main component of the crystals in tunnel
drainage pipes is insoluble calcium carbonate [3-5], and the calcium in the crystals comes
mainly from the underground water [3, 6] and the cement in the shotcrete [7]. The main factors
influencing crystallization plugging include the CO, partial pressure, flow rate, temperature,
pH value, ion species, and concentration [8, 9]. The amount of crystallization in the drainage
pipe increases with increasing pH value, and the calcium carbonate crystals are spindle shaped.
The larger the pH value is, the smaller the grain size is, the more uniform the grain size is, and
the more compact the accumulation is [10]. Hydrophobic treatment of the concrete base and the
polyvinyl chloride pipe wall with protective coating can reduce the adhesion of calcium car-
bonate crystals [11, 12]. By optimizing the concrete materials and the mixtures proportions,
reducing the contact between the groundwater and concrete, preventing CO, from entering the
tunnel drainage pipe, adding appropriate amounts of fly ash to the shotcrete, and taking other
measures, the formation of crystals can be effectively reduced [9, 13]. The crystals in drainage
pipes are mainly insoluble calcite, and the phase transition from aragonite to calcite can be
prevented by triblock copolymers, PEG-b-PAA-b-PS — poly (ethylene glycol)-block-poly
(acrylic acid)-block-poly (styrene), [14, 15]. In the presence of biopolymers, the relative va-
terite content increases with the application of ultrasonic treatment [16]. Ultrasonic treatment
makes the aggregated calcium carbonate crystals more brittle [17]. The crystal structure of the
calcium carbonate is changed from calcite to aragonite by green corrosion inhibitor RS1600
[18]. The cleaning solvents of single-molecule carboxylic acid organic acid reagent and pol-
ymeric carboxylic acid organic acid reagent with concentrations of 2000 ppm and dichromate
indexes of 17.71% can effectively remove karst crystals from drainage systems on the premise
of ensuring green environmental protection [19]. Based on the natural phenomenon, Liu et al.
[20-24] put forward the technology of flocking drainage pipe to prevent crystal clogging from
the structure of drainage pipe. At the same time, a large humber of indoor tests and numerical
simulation were carried out, and some useful results were obtained [25].
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These studies have promoted research on the crystal blockage problem in tunnel
drainage systems. In order to further study the anti-crystallization mechanism of flocked
drainage pipe, this paper takes the stress and displacement characteristics of villus on the wall
of flocked drainage pipe under the action of groundwater as the control standard, and analyzes
the stress and displacement characteristics of typical villus on the bottom and side of flocked
drainage pipe when the groundwater flow rate in the drainage pipe is 2 cm/s by using ANSYS
fluid structure coupling software. At the same time, the diameter and length of villus are ana-
lyzed. The flocking parameters of villus drainage pipe were optimized by numerical simulation.

Numerical simulation

In the numerical simulation, three kinds of villus diameter (0.6 mm, 1.0 mm, and 1.4
mm) and four kinds of villus length (5 mm, 10 mm, 15 mm, and 20 mm) were set. Combined
with the field investigation results, the flow rate of 2 cm/s [22, 23] was set, and the villus was
distributed at the bottom and side of the drainage pipe. The villus parameters of the drainage
pipe were optimized from two aspects of stress and displacement by using ANSYS fluid
structure coupling calculation module.
The ANSYS fluid structure coupling analysis steps are as follows:
— Fluid-flow (fluent) and static structural module are interrelated, mainly for the calculation of
geometric model and calculation results.
— Geometric modeling (Design) [26].
— Mesh generation of geometric model.
— Flow field analysis and calculation (including velocity setting, boundary condition setting,
and calculation model setting, etc.).
— Mesh generation of solid structure (villus).
— Boundary condition setting of solid structure, mainly setting fixed constraint at the bottom
of villus.
— Import flow field calculation results (mainly pressure exerted by flow field) for calculation.
— Export calculation results. The calculation results are as follows.

Results and discussion

Analysis of force and displacement characteristics of
typical villus

Two typical positions of villus at the bottom, fig. 4(a) and side fig. 4(b), of drainage
pipe were selected for analysis. The diameter of villus was 0.6 mm and the length of villus was
5mm.

Figure 5 is the 3-D displacement nephogram of the villus at the bottom of the flocking
drainage pipe. It can be seen from the nephogram that:

— The maximum displacement of the villus in the X-direction is 3.6693-10** m, which is
distributed at the side of the villus bottom and overlaps with the peak along the villus length
direction; the maximum displacement of the villus in the Y-direction is 1.7528-102 m,
which is mainly distributed at the upstream side of the villus top, and the cross-section is cut
into three sections along the villus length direction according to the velocity; the maximum
displacement in Z-direction of villi is 2.1425-10** m, which is mainly distributed at the top
of the villi; along the length direction, the velocity region is cylindrical with different
lengths.
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— The spatial displacement is mainly in Z-direction, that is, in the process of groundwater
flow, the displacement of villus along the flow direction is the main control displacement,
and the displacement in X-direction perpendicular to the groundwater flow direction is the
smallest.
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Figure 4. Villus position of flocked drainage pipe; (a) bottom and (b) side
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Figure 5. Cloud chart of villus displacement at the bottom of flocking drainage pipe;
(a) displacement in X-direction, (b) displacement in Y-direction, (c) displacement in Z-direction, and
(d) the 3-D displacement
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Figure 6 is the stress nephogram of the villus on the side of the flocked drainage pipe.
It can be seen from the graph that the first principal stress of the villus is 1025.1 Pa, and the third
principal stress is —1032 Pa. The maximum stress occurs on the upstream and downstream side
of the villus along the water flow direction in the drainage pipe.
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Figure 6. Nephogram of principal stress of villus on the side of drainage pipe;
(a) first principal stress of villus and (b) third principal stress of villus

Optimization analysis of force and displacement of villus

Figure 7 is the curve of the three-way displacement of the villus at the bottom of the
flocklng drainage pipe with the villus length. It can be seen from the figure that:
Under different diameters, the X-direction displacement of the villus suddenly increases
with the villus diameter when the villus length is greater than 15 mm, and the mutation of
the villus with the diameter of 0.6 mm is the largest, and the mutation of the villus with the
diameter of 1.4 mm is the smallest.

— The Y-direction displacement of villi increased gradually with the increase of villi diameter
in different diameters; the increase rate of villi with diameter of 0.6 mm increased when the
length was more than 10 mm, and the villi with diameter of 1.0 mm and 1.4 mm still in-
creased slowly.

— Under different diameters, the Z-direction displacement of villi gradually increased with the
increase of villi diameter; the increase rate of villi with diameter of 0.6 mm became larger
when the length was greater than 10 mm, and increased in a smooth parabola; the villi with
diameter of 1.0 mm and 1.4 mm still increased slowly.

— With the increase of villus diameter, the 3-D displacement of villus decreased gradually.

Figure 8 is the curve of three-way displacement of villus on the side of flocking
dralnage pipe with the change of villus length. It can be seen from the figure that:
Under different diameters, the three-way displacement of villus gradually increases with the
increase of villus diameter, in which the villus with diameter of 0.6 mm changes in a smooth
parabola, and the villus with diameter of 1.0 mm and 1.4 mm increases slowly.

— With the increase of villus diameter, the 3-D displacement of villus decreased gradually; the
3-D displacement of villus with diameter of 0.6 mm was about 2-10 times of that of villus
with diameter of 1.0 mm and 1.4 mm.

Figure 9 is the curve of the force on the bottom villi of the flocking drainage pipe
changing with the length of the villi. It can be seen from the figure that with the increase of the
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length of the villi, the first and third principal stresses of the villi all change linearly, and the
change slope when the diameter of the villi is less than 10 mm is less than that when the di-
ameter of the villi is more than 10 mm. When the villus diameter is 0.6 mm, the first and third
principal stresses are about 3-5 times of those when the villus diameter is 1.0 mm and 1.4 mm.
The curves of the first and third principal stresses are approximately mirror images.
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Figure 7. Variation trend of 3-D displacement of villus at the bottom of flocked drainage pipe
with villus length; (a) displacement in X-direction, (b) displacement in Y-direction, and

(c) displacement in Z-direction
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Figure 8. Variation trend of three direction displacement of side villus of flocked drainage pipe
with villus length; (a) displacement in X-direction, (b) displacement in Y-direction, and
(c) displacement in Z-direction
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Figure 9. Nephogram of principal stress of villus at the bottom of drainage pipe;
(a) first principal stress of villus and (b) third principal stress of villus
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Figure 10. Nephogram of principal stress of villus on the side of drainage pipe;
(a) first principal stress of villus and (b) third principal stress of villus

Figure 10 is the curve of the force on the side villus of the flocked drainage pipe
changing with the villus length. It can be seen from the figure that with the increase of the villus
length, the first and third principal stresses of the villus increase approximately in a parabola.
When the villus diameter is 0.6 mm, the first and third principal stresses are about 3-5 times of
those when the villus diameter is 1.0 mm and 1.4 mm. The curves of the first and third principal
stresses are approximately mirror images.

Conclusions

e The results show that there is a difference of 1-2 orders of magnitude between the 3-D
displacements of the villus at the bottom of the flocked drainage pipe and 1 order of mag-
nitude between the 3-D displacements of the villus at the side. The Z-direction displace-
ment along the water flow direction in the drainage pipe is the largest, which is the main
control displacement and occurs at the top of the villus. With the increase of villus length,
the 3-D displacement of villus increased in parabola. With the increase of villus diameter,
the 3-D displacement of villus decreased gradually.

e The results show that the first and third principal stresses of the bottom pile increase line-
arly with the increase of pile length, and the principal stresses of the side pile increase pa-
rabola with the increase of pile length. The maximum principal stress occurs at the position
where the bottom of fluff contacts with the pipe wall, and distributes along the upstream
and downstream sides of the water flow in the drainage pipe. With the increase of villus
diameter, the first principal stress decreases and the third principal stress increases.

e To sum up, based on the macro force and displacement characteristics of villus, when the
flow rate is 2 cm/s, the villus diameter of 0.6 mm and villus length of 20 mm are the best
parameters for flocking drainage pipe.
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