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Abstract: Crystalline pipe plugging in tunnel drainage systems is one of the causes of tunnel lining
cracking and water leakage. Therefore, effective prevention of crystalline pipe blockage in tunnel
drainage systems is very important to ensure the safety and stability of the lining structure during
tunnel operation. Combined with the theories of fluid mechanics, structural mechanics and basic
physics, the flocking and anti-blocking mechanism of drainage pipe was comprehensively analyzed
by using the method of mathematical modeling, including: (1) the calculation expression of average
velocity of the flocked section of a flocked drainage pipe v = Q/(C1 − C2(r + r′)) and the calculation for-
mula of flowing water pressure under the action of groundwater Fw = KAγQ2/(2g(C1 − C2(r + r′))2);
(2) the flow velocity v0 in the flocked drainage pipe shall meet v2 < 4gπrlτ1/γKA, crystals will be
attached to the fluff and the crystals will maintain dynamic balance; (3) the flow velocity v0 in the
flocked drainage pipe shall meet v2 ≥ 4gπrlτ1/γKA, crystals will not adhere to the fluff and the
flocked drainage pipe will remain unobstructed. The research on the mechanism of preventing
blockage of flocking drainage pipes fills the gap in research theory in this regard, contributes to the
popularization and application of blocking prevention technology of flocking drainage pipes, reduces
the maintenance cost during operation of tunnel drainage systems and ensures the safe and normal
operation of tunnels.

Keywords: anti-blocking of flocking drainage pipe; drainage pipe blockage by crystals; mechanism;
mathematical modeling; tunnel

1. Introduction

As of the end of 2020, there were 21,316 highway tunnels in China, including 1394 extra-
long tunnels and 5541 long tunnels [1]. However, with the operation of the tunnels, various
types of damage have gradually appeared, especially lining leakage (Figure 1) and cracking
(Figure 2) caused by the crystallization-induced blockage of the drainage system of the
tunnel in the karst area (Figure 3) [2], which seriously affects the safety of the tunnel lining.
At present, a tunnel drainage system blockage caused by crystals can only be dredged by
high-pressure gas (water) [3] or excavation, which is costly and affects the normal passage
of the tunnel.

To make the lining structure of the tunnel safe and stable, it is necessary to ensure
the effective and smooth operation of the drainage system of the tunnel. Therefore, it is
necessary to prevent the occurrence of crystallization-induced pipe blockage in the drainage
system in advance. In view of the problem of crystallization blockage in the tunnel drainage
system, the current focus is mainly on three aspects: the analysis of crystal composition, the
analysis of crystallization influencing factors and the technology to prevent crystallization.
The main component of the crystalline material of the tunnel drain pipes is insoluble
rectangular calcium carbonate crystals [4–6] such as calcite crystal, and the calcium element
in the crystal is derived from the groundwater [4,7] in the tunnel and the cement [8] in
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the shotcrete. The main influencing factors of crystallization-induced blockage include
CO2 partial pressure, flow velocity, temperature, pH, ion type and concentration [9,10].
In addition to the thickness of the diffusion boundary layer (DBL), hydrodynamic factors
such as liquid flow velocity and liquid level height as well as the friction coefficient of
the interior wall of drainage pipes also have an important impact on the precipitation
and crystallization rate of drainage pipes in the karst area [11]. The amount of crystal in
the drain pipe increases with the increase in pH value, but is affected by the coupling of
the pH and the water filling state of the drainage pipe. The calcium carbonate crystals
are mainly spindle shaped. The higher the pH value, the smaller the grain size, and the
denser the accumulation [12]. The use of protective coatings to hydrophobicize the concrete
base surface and the wall surface of the polyvinyl chloride (PVC) pipe can reduce the
attachment of calcium carbonate crystals [13,14]; the generation of crystals can be effectively
reduced by optimizing the concrete and concrete mix ratio, reducing the contact between
groundwater and concrete, preventing CO2 from entering the tunnel drainage pipe, and
adding appropriate fly ash to shot concrete [10,15]. PEG-b-PAA-b-PS, (poly(ethylene
glycol)-block-poly(acrylic acid)-block-poly(styrene)) can prevent the phase transition from
vaterite to calcite [16]. In the presence of biopolymer, the relative content of vaterite
increases with the application of ultrasonic treatment [17]; ultrasonic treatment makes the
aggregated calcium carbonate crystals more fragile [18]. RS1600, a green corrosion inhibitor,
changes the crystal structure of calcium carbonate from calcite to vaterite [19]. A cleaning
solvent of organic acid reagents of single molecule carboxylic acid with a concentration
of 2000 ppm and a dichchromate index of 17.71% and polymerized carboxylic acid can
effectively remove karst crystals in a drainage system under the premise of ensuring
environmental protection [20]. Through a large number of 1:1 indoor model tests and
numerical simulation analyses, Liu et al. studied the feasibility and reliability of the anti-
blocking mechanism of flocking drainage pipes from the macro perspective, and obtained
some good flocking parameters [21–25]. However, the anti-blocking mechanism of flocking
drainage pipes is not very mature, and further research is needed.

Figure 1. Water receiver at lining leakage.

Figure 2. Cracking of the tunnel lining.
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Figure 3. Tunnel drainage pipe blockage by crystals.

Based on the above research results, combined with the relevant knowledge of basic
physics and mechanics, this paper discusses the mathematical expression of the anti-
blocking mechanism of flocking drainage pipes using the mathematical modeling method,
which provides theoretical support for the anti-blocking mechanism of flocking drainage
pipes.

2. Method
2.1. Average Flow Velocity of Flocking Drainage Pipe Section

Due to the existence of fluff in the flocking drain pipes, the local velocity of the
flocking section differs from that of the non-flocking section, but it still follows the most
basic physical law. The schematic diagram of the average flow velocity of a flocking
drainage pipe section is shown in Figure 4.

Figure 4. The average flow velocity of a flocking drainage pipe section.

According to the definition of the average flow velocity of a flocking drainage pipe
section, the equation is:

Q =
∫

A
udA =

∫
A

vdA = v
∫

A
dA = vA, (1)

or
v =

Q
A

, (2)

where

• Q—Rate of flow;
• u—Flow velocity at a point in the pipe;
• Sectional area of water in the pipe;
• v—Average flow velocity in the pipe section.
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2.2. Rule of the Flow Velocity Distribution of Flocking Drainage Pipe

It is generally believed that the flow velocity presents a parabolic distribution on the
vertical surface, and its curve equation is as follows [26]:

V = Vmax(h/H)n, (3)

where

• V—flow velocity at any depth of vertical surface;
• Vmax—flow velocity of water surface;
• H—water depth;
• h—water depth at any point;
• n—constant, which was determined by the nature of water flow and the interior wall

of the drainage pipe.

Figure 5 shows the flow velocity distribution curve and the joint force focus position
of flowing water pressure at different n values (shown by the arrow).

Figure 5. The flow velocity distribution curve and the joint force focus position of flowing water
pressure: (a) n = 0; (b) n = 1; (c) n = 1/2. [26].

3. Results and Discussion
3.1. Analysis of the Flow Velocity of Flocking Drainage Pipes

Assuming mountain size A, tunnel size B and drainage pipe size C, then C < B < A
and C << A. The groundwater level in the mountain is stable in most cases, and the water
flow in the tunnel drainage pipe is very small compared with the groundwater in the entire
mountain. According to the definition of the flow field, the groundwater flow field in the
tunnel drainage pipe can be regarded as a constant flow. The existence of fluff changes the
local water crossing section dimension of the flocking drainage pipe, so the groundwater
flow field in the tunnel drainage pipe is non-uniform flow. In conclusion, the groundwater
flow field in the tunnel drainage pipe is a constant and non-uniform flow.

For flocking drainage pipes, the average flow velocity of the section of the non-flocked
part can be calculated according to Formula (2). The existence of fluff changes the local
water crossing section dimension of flocking drainage pipe, so the equation for its average
flow speed needed to be deduced. The average flow velocity of a flocking drainage pipe
section was deduced according to the basic principle of Equation (2), and the calculation
diagram is shown in Figure 6.

Area of4OAB:

A1 =

√
R2 − (R− H)2 · (R− H) (4)

Area of the fluff of the water crossing section:

A2 = 2r · l · N, (5)

N =
θ

α
− 1 (6)
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Figure 6. The average flow velocity of the flocking drainage pipe section.

Area of arc corresponding to θ:

A =
πR2θ

360
(7)

Water crossing area of the flocking drainage pipe section:

A3 = A− A1 − A2 (8)

The following equation was derived from the geometric relationship in the calculation
diagram:

θ = 2arccos(
R− H

R
) (9)

Equations (3)–(6) were substituted into Equation (8) to obtain:

A3 =
πR2

180
arccos(

R− H
R

)−
√

R2 − (R− H)2 · (R− H)−
[

2
α

arccos(
R− H

R
)− 1

]
· 2rl (10)

Then, Equation (10) was substituted into Equation (2), and the average flow velocity
of the flocking drainage pipe section was obtained:

v =
Q

πR2

180
arccos( R−H

R )−
√

R2 − (R− H)2 · (R− H)−
[

2
α

arccos(
R− H

R
)− 1

]
· 2rl

, (11)

where

• v—average flow velocity of flocking drainage pipe section (mm/s);
• Q—groundwater flow in flocking drainage pipe (mL/s);
• R—radius of flocking drainage pipe (mm);
• H—cross-section height of groundwater in flocked drainage pipe (mm);
• α—flocking circular spacing of flocked drainage pipe (◦);
• r—radius of fluff of flocking drainage pipe (mm);
• l—length of fluff of flocking drainage pipe (mm); N—amount of fluff of flocking

drainage pipe section.

It was assumed that the crystal fluff under water was covered by crystals during the
movement of groundwater, and the thickness of crystal was r′. Therefore, we only needed
to replace the r in the above Equation (11) with (r + r′), and simplify the constant term in
the equation according to the mathematical modeling theory to obtain:

v =
Q
A3

=
Q

C1 − C2(r + r′)
(12)

As can be seen from the above Equation (12), when the groundwater flow was constant,
the greater the r′, the smaller the area of the water crossing section, and the greater the v. It
was consistent with the distribution law of a 2D flow field of flocking drainage pipes by Liu
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et al. [24]. Through a simple mathematical transformation of Equation (12), the equation
between the thickness of crystal and the flow velocity of the flocking drainage pipe section
was obtained.

r′ =
(C1 −Q/v)

C2
− r (13)

3.2. Analysis of the Fluff Stress of Flocking Drainage Pipe

Referring to the General Specifications for Design of Highway Bridges and Culverts
issued by the Ministry of Transport of the People′s Republic of China in 2015 [27], the
equation of the flowing water pressure in the flocking drainage pipe was:

Fw = KA
γv2

2g
, (14)

where

• FW—standard value of flowing water pressure (kN);
• γ—unit weight of groundwater (kN/m3);
• v—average flow velocity of flocking drainage pipe section (m/s);
• water resistance area by fluff (m2),
• A = 2rl, g—acceleration of gravity, g = 9.81 m/s2;
• K—coefficient of fluff shape, which was 0.8 for round fluff, 1.3 for rectangular fluff.

Equation (12) was substituted into Equation (14) to obtain the equation of flowing
water pressure at the fluff in the flocking drainage pipe:

Fw = KA
γQ2

2g(C1 − C2(r + r′))2 (15)

It can be seen from the above formula that the amount of crystal on the fluff of the
flocking drainage pipe is inversely proportional to the flowing water pressure of the fluff.
When the crystals increase, the flowing water pressure on the fluff becomes greater; when
the crystals decrease, the flowing water pressure on the fluff decreases.

3.3. Analysis of the Interaction between the Fluff, the Crystal and the Groundwater

During the movement of groundwater in the flocking drainage pipe, the easily crys-
tallized anions and cations in the water form crystals, which gradually adhere to the pipe
wall and the fluff. When the water pressure is greater than the adhesion force between
the crystals and the fluff, the crystals are shed from the fluff. When the water pressure is
greater than the adhesion force between the crystals and less than the adhesion between
the crystals and the fluff, some of the crystals fall off.

The adhesion force between the crystal and the fluff:

F1 = 2πrl · τ1 (16)

The adhesion force between the crystals:

F2 = 2π(r + r′)l · τ2, (17)

where

• τ1—adhesion force between the crystal and the fluff (kN/m2);
• τ2—adhesion force between the crystals (kN/m2);
• r′—fixed thickness of crystal on the fluff (m).
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(1) When the flowing water pressure was greater than the adhesion force between the
crystals and the fluff, namely:

KA
γv2

2g
> 2πrl · τ1, (18)

and through simple transformation, we obtained:

v2 >
4gπrl · τ1

γKA
(19)

That is, when the squared value of test flow velocity in the field was greater than the
calculated value of the right side of Equation (19), the crystals will not adhere to the fluff,
but will flow out of the pipe with groundwater or adhere to the pipe wall.

(2) When the water pressure is greater than the adhesion force between the crystals and
less than the adhesion between the crystals and the fluff, namely:

2π(r + r′)l · τ2 < KA
γv2

2g
< 2πrl · τ1 (20)

and through simple transformation, we obtained:

4gπ(r + r′)l · τ2

γKA
< v2 <

4gπrl · τ1

γKA
(21)

That is to say, when the square value of the flow velocity is between the calculated
value on the left side of Equation (19) and that of the right side of Equation (21), some of the
crystals will be attached to the fluff, and but the remaining crystals would fall from the fluff
under the effect of groundwater. By substituting the calculation results of Equation (13)
into Equations (19) and (21), we determined the status of crystal on a single piece of fluff in
the flocking drainage pipe.

3.4. Analysis of the Changing Law of Crystals in Flocking Drainage Pipes over Time

By using Equation (21), the changing law of r′ over time is obtained.

(1) When the initial velocity v0 met v2 ≤ 4gπ(r + r′)l · τ2

γKA
, the crystals began to

increase. When the r′ increased, the v gradually increased to v2 =
4gπ(r + r′)l · τ2

γKA
, and

the amount of crystal on the fluff remained unchanged.
Assuming that the crystallization velocity of crystal on the fluff was constant, namely

dr′

dt
= α1

and by finding the derivative of both sides of Equation (12) to t, we obtained:

dv
dt

=
Q

(C1 − C2(r + r′))2C2
dr′

dt

=
QC2α1

(C1 − C2(r + r′))2 =
C2α1v2

Q

Through transformation, we obtained:

dv
v2 =

C2α1dt
Q
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By finding the integral of the both sides of the above equation simultaneously, we
obtained: ∫ dv

v2 =
∫ C2α1dt

Q
,

−(1
v
− 1

v0
) =

C2α1t
Q

,

−1
v
=

C2α1t
Q
− 1

v0

Finally, we obtained:

v(t) =
1

(
1
v0
− C2α1t

Q
)

(22)

By substituting Equation (13) into the above equation, we obtained the equation
between the amount of crystal on the fluff and the time:

r′(t) =
(C1 −

Q
v(t)

)

C2
− r =

(C1 −Q(
1
v0
− C2α1t

Q
))

C2
− r (23)

To solve the tf in the steady state, make v2 =
4gπ (r + r′)l · τ2

γKA
.

Then, v =

√
4gπ(r + r′)l · τ2

γKA
=

1

(
1
v0
− C2α1t

Q
)

.

We obtained t f =
Q

C2α1

(
1
v0
−
√

γKA
4gπ(r + r′)l · τ2

)
.

In summary:

When t < tf, r′(t) =
(C1 −Q(

1
v0
− C2α1t

Q
))

C2
− r.

When t ≥ tf, r′(t) =
(C1 −Q(

1
v0
−

C2α1t f

Q
))

C2
− r.

(2) When the initial velocity v0 met
4gπ (r + r′)l · τ2

γKA
< v2 <

4gπrl · τ1

γKA
, some of the

crystals fell from the fluff under the effect of groundwater. When the r′ decreased, the

v gradually decreased to v2 =
4gπ(r + r′)l · τ2

γKA
, and the amount of crystal on the fluff

remained unchanged.
Assuming that the falling off velocity of crystals on the fluff was constant, namely

dr′

dt
= −α2

and by finding the derivative of both sides of Equation (12), we obtained:

dv
dt

=
Q

(C1 − C2(r + r′))2C2
dr′

dt

=
−QC2α2

(C1 − C2(r + r′))2 =
−C2α2v2

Q

Through transformation, we obtained:

dv
v2 =

−C2α2dt
Q
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By finding the integral of both sides of the above equation simultaneously, we
obtained: ∫ dv

v2 =
∫ −C2α2dt

Q
,

−(1
v
− 1

v0
) =
−C2α2t

Q
,

1
v
=

C2α2t
Q

+
1
v0

Finally, we obtained:

r′(t) =
(C1 −

Q
v(t)

)

C2
− r =

(C1 −Q(
1
v0
− C2α1t

Q
))

C2
− r (24)

By substituting Equation (13) into the above equation, we obtained the equation
between the number of crystals on the fluff and the time:

r′(t) =
(C1 −

Q
v(t)

)

C2
− r =

(C1 −Q(
1
v0

+
C2α2t

Q
))

C2
− r (25)

To solve the tf in the steady state, we make v2 =
4gπ(r + r′)l · τ2

γKA
.

Then, v =

√
4gπ(r + r′)l · τ2

γKA
=

1

(
1
v0

+
C2α2t

Q
)

.

We can obtain t f =
Q

C2α2

(
− 1

v0
+

√
γKA

4gπ(r + r′)l · τ2

)
.

In summary:

When t < tf, r′(t) =
(C1 −Q(

1
v0

+
C2α2t

Q
))

C2
− r.

When t ≥ tf, r′(t) =
(C1 −Q(

1
v0

+
C2α2t f

Q
))

C2
− r.

(3) When the initial velocity v0 met v2 ≥ 4gπrl · τ1

γKA
, all crystals fell from the fluff.

When t > 0,
r′(t) = 0

That is, no crystal would attach to the fluff.

4. Conclusions

Through theoretical analysis and derivation, the conditions and operation time of
crystal attachment and falling off in the flocking drainage pipe were obtained. The main
conclusions were as follows:

(1) When the groundwater velocity v0 in the pipe met v2 ≤ 4gπ(r + r′)lτ2/γKA, crystals
were attached to the fluff. When the running time of groundwater in the drainage
pipe was t > (Q/C2α1)((1/v0) − (γKA/(4gπ(r + r′)l·τ2))1/2), the crystals attached to the
fluff, maintain dynamic balance.

(2) When the groundwater velocity v0 in the pipe met 4gπ(r + r′)lτ2/γKA < v2 < 4gπrlτ1/γKA,
crystals were still attached to the fluff. When the running time of groundwater in the
drainage pipe was t > (Q/C2α2)((−1/v0) + (γKA/(4gπ(r + r′)l·τ2))1/2), the crystals attached
to the fluff, maintaining dynamic balance.
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(3) When the groundwater velocity v0 in the pipe met v2 ≥ 4gπrlτ1/γKA, crystals did not
adhere to the fluff.

(4) The adhesion between crystals and fluff and between crystals of the flocking drainage
pipe needs to be determined by more in-depth experimental research, so as to improve
the calculation model of the flocking anti-crystallization blocking mechanism of
drainage pipes.
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