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Abstract: With the increasing operation time of tunnels, the drainage system cannot fulfil its proper
function as a result of the deterioration of traditional waterproof and drainage systems (TWDS), such
as the blockage of drainage blind pipes and the failure of drainage boards. Therefore, the lining
bears a high water pressure and even causes disasters such as tunnel leakage and lining cracking.
An effective solution to mitigate these issues is to adjust the tunnel drainage scheme. In view of
this, a composite waterproof and drainage system (CWDS) is proposed in this paper. To verify
the effectiveness of the proposed system, a series of model experiments were conducted to study
the change law of the seepage field of two drainage systems under different blockage conditions.
The study results showed that longitudinal blind pipe blockage caused a more significant increase
in water pressure than circular blind pipe blockage. In the case of blind pipe blockage, the water
pressure of the TWDS tunnels rise rapidly, while the CWDS tunnels could effectively drain and
reduce pressure.

Keywords: road tunnel; hydraulic deterioration; waterproof and drainage system; model test;
field test

1. Introduction

The rapid development of tunnel engineering is now facing different problems, such
as lining cracking, water leakage, and invert stability. Among these problems, how to deal
with groundwater has always been a challenge in tunnel engineering [1–4]. Groundwater
exists in every tunnel construction and operation stage, and many disasters in tunnel
construction and operation are related to groundwater activities, including mud pumping,
invert uplifting, water leakage, and so forth [5–7].

The tunnel waterproof and drainage system is an important structure for the timely
drainage of water from the tunnel, to ensure the safe operation of the tunnel. There are two
main types of drainage prevention systems; one is an undrained system and the other is
a drained system. Waterproof lining can increase the external water pressure, while the
drainage system can reduce it [8,9]. In some Nordic countries such as Sweden and Norway,
most of the tunnels are rock tunnels and therefore single shell linings are widely used.
The waterproof and drainage system of a rock tunnel is composed of shotcrete and anchor
bolts [10–12]. Most mountain tunnels in Japan are drained to reduce water pressure behind
the lining, which contains a waterproof board between two linings, a longitudinal drain
pipe, circular drain pipe, central drain, manhole and so on [13,14]. In China, the tunnel
waterproofing and drainage systems are similar to those used in Japan, where composite
liners are designed to improve the safety and durability of the structure. Geotextiles and
geocomposites are used as filter and drainage layers. Blind drainage pipes are also used to
collect and drain groundwater to reduce water pressure in the lining, while geomembranes
are used for waterproofing [15–19].

However, as the operating time increases, the drainage performance of the drainage
layer will gradually deteriorate [20–22]. In addition, the waterproof board often breaks
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due to the quality of the tunnel construction. Once the waterproof board is broken, the
groundwater will enter the gap between the waterproof board and the secondary lining.
The groundwater will leak along the weak links, such as lining cracks and construction
joints [23–25]. The photos in Figure 1 show typical examples of leakage in operational
tunnels. The resulting water leakage will not only affect the service life of the tunnel but
will also affect driving safety and bring long-term troubles to traffic and maintenance. It
is foreseeable that as more and more tunnels are put into use and their operational life
also increases, the problem of blocked waterproof and drainage systems will become more
widespread and more difficult to treat.
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Therefore, effectively controlling the water pressure behind the lining caused by
clogging and reducing the probability and harm degree of water disaster is extremely
important, and a reasonable waterproof and drainage system is one effective solution. In
view of this, many scholars have implemented the water pressure distribution law of the
drainage system and the mechanical properties of external water pressure on the lining by
theoretical analysis, numerical simulation, and field tests [16,26–36]. To ensure the smooth
flow of the drainage systems, a series of optimization measures have been adopted in
Chinese road tunnels, including additional drainage pipes, new anti-crystallization water
stops, and anti-crystallization drainage pipes [37]. Fan, Zhu [38] studied the damage mode
of lining under high water pressure and proposed an optimized drainage tunnel structure.
Li, Liu [19] proposed a novel bottom-to-up drainage system and verified the performance of
the system through a series of numerical simulations. In order to reduce the external water
pressure on the lining of the submerged tunnel, a novel drainage system was proposed,
and its effectiveness was verified by the analyzed water pressure and volume [39]. Ll,
Jy [40] conducted a series of experimental studies of conventional drainage systems and
optimized drainage systems using 3D printed models for tunnel invert anomalies, and the
results showed that the optimized drainage system could prevent these anomalies. Stripple,
Bostrom [41] aimed to address the shortcomings of the traditional drainage systems and
proposed a Rockdrain system, which is easy to install and relative cheap. Then, the
technical, environmental, and economic aspects of the Rockdrain system were evaluated,
and the effectiveness of the system was verified by field speed measurements.

In this paper, considering the shortcomings of the traditional waterproof and drainage
system, a composite waterproof and drainage system is proposed in which a clog-resistant
drainage board is added between the waterproof board and the second lining. When the
blind drainage pipe is clogged, the new drainage board can still drain in time to reduce
the water pressure. This paper first introduces the detailed design and advantages of the
composite drainage system, then compares and analyzes the different drainage systems in
the case of blockage, through a series of scale model tests. The study results can be used as
a reference for designing and optimizing tunnel drainage systems in water-rich areas.
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2. Drainage and Waterproof System
2.1. Traditional Waterproof and Drainage Systems in China

In China, most road tunnels excavated by the conventional drill and blast method
are equipped with a drainage system to reduce the risk of groundwater, therefore in this
section, the drainage system will be discussed in the scope of conventional drill and blast
tunnels. The drainage system is set up between the initial support and the secondary
lining. A typical drainage system includes blind drainage pipes, a central ditch, waterproof
boards, and sealing strips. After the excavation is completed, the initial support is initially
waterproofed, and water seeping from the surface of the initial support is collected in a
blind drainage pipe and eventually discharged from the tunnel through a central drainage
ditch. The waterproof board and sealing strip are used to prevent groundwater from
leaking into the lining.

2.2. Deterioration of Traditional Waterproof and Drainage System

In principle, the existing waterproof and drainage system is well established, with
waterproofing, drainage, and water-stopping measures. As shown in Figure 2a, ground-
water flows into the tunnel through the fissures in the surrounding rock, is converged
into the blind drainage pipe, and is finally discharged from the tunnel through the central
drainage ditch. If the drainage system works as expected, there will not be high water
pressure. However, the drainage material is prone to squeeze deformation under the sup-
port pressure [15,20]. Figure 2c shows the water leakage caused by the clogged drainage
system of section A. The clogging of soil particles and chemical crystallization leads to local
blockages in the drainage system during the operational period [22,42–46]. This causes
deterioration of the drainage system and can lead to the lining being subjected to excessive
water pressure, which can cause damage to the lining. In addition, the waterproof board is
easily broken due to improper construction operation.
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In summary, due to the reasons mentioned above, the drainage system deteriorates
over years of tunnel operation, which eventually leads to tunnel leakage, cracking of the
lining, and other disasters.

2.3. Design of Composite Waterproof and Drainage System

In view of the blockage of the blind drainage pipe and the cracking of the waterproof
board, an optimized composite waterproof and drainage system is proposed. Figure 3
shows the optimized waterproof and drainage system structure diagram. A capillary-type
drainage board is added between the tunnel waterproof board and the secondary lining,
based on the existing tunnel drainage system. This drainage material has been proven
to have drainage and anti-clogging capabilities and is applied to slopes, retaining walls,
and tunnel engineering in China [47–50]. The end of the drainage board is embedded in a
prefabricated slotted longitudinal blind pipe, and the slotted joints are sealed with structural
adhesive. The slotted longitudinal blind pipe is connected to the existing longitudinal blind
drainage pipe via a tee pipe to form a complete drainage system, so that an additional and
efficient drainage channel is created.
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The CWDS has the following advantages:

1. Traditional tunnel drainage blind pipes are prone to clogging. The capillary drainage
board used behind the lining has an excellent anti-clogging ability to ensure the
smoothness of the drainage system.

2. When the traditional waterproof and drainage system leaks because there is no
drainage channel between the waterproof board and the secondary lining, if the
lining surface is grouted and blocked, the groundwater will cross-flow between the
waterproof board and the secondary lining and seep from another weak link. The
composite drainage system is different from the traditional waterproof and drainage
system in that the water seepage point on the lining surface can be directly sealed by
grouting when the tunnel leaks. Because there is a drainage channel behind the lining,
the water seepage will enter the drainage system through the drainage channel. Due
to the additional drainage path behind the lining, the water seepage will be discharged
through the drainage channel, which will significantly reduce the difficulty and cost
of the current tunnel leakage treatment.
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3. Model Test Preparation
3.1. Similarity of Scaled Model Test

The core purpose of the model test is to study the change in the seepage field of the
drainage system under different blockage conditions. This study focuses on the under-
ground seepage field and the water pressure of the lining. The water pressure is mainly
related to parameters such as tunnel diameter, water head height, and the permeability
coefficient of the surrounding rock-support system. It is not so dependent on the physical
and mechanical properties of the surrounding rock, lining, and other materials, so the
permeability coefficient of similar materials is controlled as the index [26,40].

According to the second similarity theorem, the dimensional analysis method is used
to determine the similarity ratio of the model test, and factors such as economy and
operability are considered. The geometric similarity ratio αl = 40, permeability coefficient
similarity ratio αk = 1, and weight similarity ratio αγ = 1 are determined, and the detailed
parameters are shown in Table 1.

Table 1. The similarity ratios of the materials.

Parameter Symbol Formula Ratio Unit

Dimension l αl 1:40 m
Weight γ αγ 1:1 N/m3

Permeability coefficient k αk 1:1 m/s
Water pressure P αP = αγαl 1:40 kPa

Time t αt = αl/αk 1:40 s
Discharge Q αQ = α2

l /αk 1:1600 m3

3.2. Reduced-Scale Model Setup

The model test system is composed of a seepage model box, removable lining structure,
data acquisition device, and drainage acquisition device. The dimension of the seepage
model box is 0.6 m × 1.6 m × 2.1 m (length × width × height), as shown in Figure 4.
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The seepage model box was welded using a stiffened steel plate with a thickness of
10 mm. The round glass cover plate and tunnel lining are placed in the model box and
connected to the model box by bolts. In order to prevent leakage at the joint, the sealant
was applied to the joint, and the glass plate was tightly connected to the model box by
means of an O-ring and bolts.

The test was conducted in the engineering background of a highway tunnel in
Ningbo, Zhejiang Province. A shallowly buried Class 5 surrounding rock was selected,
and its drainage system included circular blind tubes, longitudinal blind tubes, and
drainage plates.
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For drainage systems, similar materials such as blind pipes, drainage boards, and
other materials are difficult to simulate comprehensively due to their small size. Therefore
similar materials need to meet the drainage and waterproof function first and the similarity
ratio as much as possible. The diameter of the circular blind pipe was 3 mm, and the
diameter of the longitudinal blind pipe was 5 mm, with the two connected by a tee joint.
The waterproofing board was made of a plastic membrane, and the drainage board was
made of a capillary-type drainage board with a width of 1.25 cm, according to similar
proportions. The details of the system are shown in Figure 5.
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To meet the similarity ratio of the permeability coefficient, the similar material of the
surrounding rock was 70~120 mesh quartz sand.

For the initial support of similar material, woven geotextile with flexibility and perme-
ability was used with reference to the research results. It was determined that the permeability
coefficient of single-layer woven geotextile was in the range of 3.47 × 10−4~4.29 × 10−4 cm/s.
Therefore, multi-layer woven geotextile was superimposed to meet the similar ratio of
permeability coefficient.

The initial support used a woven geotextile as a similar material, which only meets
the similarity ratio of the permeability coefficient and does not bear the load, so that the
water pressure and the pressure of the overlying surrounding rock all act on the secondary
lining. As the secondary lining is regarded as an impermeable structure, therefore only the
geometric similarity ratio must be satisfied. According to the geometric similarity ratio, the
lining model had a width of 28 cm, a height of 21.75 cm, a thickness of 1.25 cm, a circular
blind pipe spacing of 25 cm, and a drainage board spacing of 12.5 cm.

3.3. Test Procedures and Instrumentation

The water pressure test was carried out with miniature pore water pressure gauges
from Kingwood Company, which are waterproof, small in size, and resistant to interference,
with a range of 30 kPa and an accuracy of 0.1 kPa. The pore water pressure gauges were
arranged on the outer side of the lining at the arch crown, the waist, the side wall, the foot,
and the inverted bottom in eight characteristic parts, with two monitoring Sections, 1 and 2.
Section 1 (S1) is where the circumferential blind pipe is located, and Section 2 (S2) is located
in the middle of the two circumferential blind pipes, 5 m away from Section 1. The tunnel
drainage was recorded by a scaled water tank and an electronic balance. The measurement
details are shown in Figure 6.
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3.4. Test Conditions

As listed in Table 2, tests were carried out to compare the seepage of the TWDS
and CWDS tunnels under different blockage conditions, and the blockage degree of the
blind pipe was changed by adjusting the cross-sectional area of the plug. For the TWDS
tunnel, the waterproof board was complete, and there was no drainage board between
the waterproof board and the secondary lining. In contrast, for the CWDS tunnel, the
waterproof board was preset with cracks, and the drainage board was set between the
waterproof board and the secondary lining. The schematic diagram of the test is shown in
Figure 7.

Table 2. Working conditions.

Working Conditions Description

Case 1 All four drainage outlets are not blocked.

Case 2
The drainage outlets 1 and 3 are not blocked, while the blockage degree

of drainage outlets 2 and 4 increases incrementally, from 0, 25%, 50%,
75% to finally, 100% blockage.

Case 3
The drainage outlets 3 and 4 are not blocked, while the blockage degree
of drainage outlets 1 and 2 increases incrementally from 0, 25%, 50%, 75%

to finally, 100% blockage.

Case 4 The blockage degree of all four drainage outlets increases incrementally
from 0, 25%, 50% to finally, 75% blockage.
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According to the test working conditions, the detailed test procedure was as follows:

(1) The precast tunnel components, such as the drainage pipe, the drainage board, the
initial lining, the secondary lining, etc., were installed.

(2) The model box was incrementally filled with sand, layer by layer, and the height of
each layer was 20 cm.

(3) The water pressure gauges were placed at the predetermined points and connected to
the data logger. Before the seepage test, the data acquisition system was debugged,
and the numerical value of the water pressure gauge was calibrated and zero-adjusted.

(4) After reaching the initial seepage field, the test started. The test results were recorded
after the tunnel drainage, and the water pressure values of each measuring point were
found to be stable.

4. Test Results
4.1. Discharge

This test simulated the changes in the seepage field of a TWDS tunnel and a CWDS
tunnel at the 50 m water head. For the convenience of analysis, all values of the test results
were converted into the original scale value according to similar ratios. The discharge of the
drainage pipe and the drainage plate was collected and recorded, respectively. The drainage
condition and volume of the tunnel in the final state are shown in Figure 8. The assembled
drainage system worked well and drained smoothly. For the TWDS tunnel, the groundwa-
ter flowed through the circular blind pipe, and the longitudinal blind pipe was eventually
discharged from the drainage outlet. It can be seen that when the drainage system was
unblocked, the drainage volume was 15.4 m3/(m d), whereas when the drainage system
was blocked, the drainage volume under cases 2, 3, and 4 was 9 m3/(m d), 9.3 m3/(m d)
and 7.0 m3/(m d), respectively. When the drainage system was 75% blocked, the drainage
volume still reached 45% of case 1, which showed that the decrease in drainage volume
was not in equal proportion. In other words, a partial blockage of the drainage system
caused a decrease in drainage volume, but the magnitude was not significant, and only
when the drainage system was almost completely blocked did the drainage volume de-
crease significantly.
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For the CWDS tunnel, the additional drainage board was also smooth. Due to the
additional drainage board, the drainage volume of the CWDS tunnel was larger. When
the drainage system was smooth, the tunnel was mainly drained by the blind drainage
pipe. When the drainage pipes were clogged, the additional drainage boards gradually
took effect and the flow rate gradually increased.
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4.2. Distribution of Water Pressure

Figure 9 shows the external water pressure distribution of the two drainage systems
at the groundwater level of 50 m in the final state.
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When the drainage system was unblocked (case 1), the TWDS and CWDS water
pressure distribution laws were similar. The water pressure is related to the water head
height, and the water pressure value at the invert was the largest, reaching 295.8 kPa at
S2 of the TWDS. The outlet was set at the arch foot, so the water pressure was the lowest;
only 40% of the hydrostatic pressure. The water pressure value of S1, where the circular
blind pipe was located, was smaller than that of S2. This indicates that the installation of a
circular blind pipe behind the lining can significantly reduce the water pressure, but the
influence of the range is limited and can only reduce the water pressure value within a
certain range of the circumferential direction. A reasonable design of the drainage blind
pipe can effectively reduce the overall water pressure outside the lining. When comparing
the two different drainage systems, the water pressure values were close. It could be seen
that under unblocked drainage conditions, the TWDS could effectively reduce the water
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pressure; however the effect of the CWDS with the addition of a drainage board behind the
lining was not apparent at this time, other than as a safety guarantee.

The water pressure distribution pattern was significantly altered when the drainage
system was blocked on one side (case 2). In this case, the left drainage outlet normally
drained, while the right drainage outlet was completely blocked. It was seen that when
the drainage system was blocked on one side, the water pressure distribution of the two
systems was different. Taking S2 as an example, the water pressure at the invert of the
CWDS was 300.9 kPa, while that of the TWDS increased to 428.4 kPa. The water pressure
distribution of the CWDS was similar to a “bulb” shape, and the water pressure reduction
at the arch feet on both sides was the most obvious. The water pressure was only 40% of the
hydrostatic pressure. Comparing the monitoring results of S1 and S2, the water pressure in
S1 was smaller, which indicates that even if the longitudinal blind pipe is partially blocked,
the circular drainage blind pipe can still discharge water and thus reduce the water pressure
on the lining.

In case 3, the two drainage outlets of S1 were completely blocked. After the circular
blockage, the water pressure distribution pattern of the two drainage systems was similar,
and the water pressure was symmetrically distributed. The difference was that the water
pressure value of the CWDS was only 50% of the hydrostatic pressure, which was about
25% lower than that of the TWDS, and the preset drainage board behind the liner played a
good drainage pressure relief function after the circular blind pipe blockage. For the TWDS,
the water pressure in S2 reached 397.8 kPa, and the water pressure in S1 was 392.7 kPa.
The water pressure value in S1 was close to that in S2, which means that the circular blind
pipe behind the lining entirely lost its drainage function and could not reduce the water
pressure in the circumferential range. Compared with the one-side blind pipe blockage
(case 2), the increase in water pressure caused by the blockage of the circumferential blind
pipe was relatively small, indicating that the blockage of the circumferential blind pipe
changed the groundwater infiltration path. However, it could still eventually converge into
the longitudinal blind pipe and discharge into the tunnel through other paths.

In case 4, the blockage degree of the blind pipe was 75%. By adjusting the water outlet,
the drainage cross-section area of the blind pipe was only 25% of that in case 1. It could
be seen that the water pressure behind the lining of the TWDS increased dramatically
when compared with the unblocked drainage system, where the water pressure at each
characteristic point increased by about 75%, and the water pressure at the invert of S2
reached 459.0 kPa, which was close to the hydrostatic pressure. The water pressure value
at the drainage outlet was the smallest. The water pressure at the drainage outlet of the
TWDS tunnel was about 350 kPa, while the water pressure at the drainage outlet of the
CWDS tunnel was only about 180 kPa, which reduced the water pressure by about 50%.
It showed that the additional drainage board behind the lining is only used as a safety
guarantee when the drainage is unblocked, and once the blind pipe is blocked, the drainage
board can effectively reduce the water pressure behind the lining and play a good drainage
pressure discharge function.

4.3. Evolution of Water Pressure

Figure 10 shows the external water pressure evolution of the two drainage systems
with increasing blockage degrees. In order to facilitate the analysis, the characteristic points
located at the arch crown, foot, and invert of S1 were selected.

For tunnels with the TWDS, the values of the water pressure were much larger and the
increase in water pressure induced by drainage blockage varied in a non-linear manner. For
example, at the top measurement point in case 2, the water pressure increased from 186 kPa
to 206 kPa when the blockage degree increased from 0 to 50%, while the water pressure
reached 296 kPa when the blockage degree increased further to 100%. This non-linear
variation was related to the pipe diameter of the drain as well as the discharge volume. The
water flow did not completely fill the pipe. The change in water pressure was caused when
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the blockage caused a reduction in the pipe area and the water flow filled the entire pipe
cross-section.
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For tunnels with the CWDS, the water pressure change caused by increasing the
blockage level from 0 to 25% was not obvious, indicating that a slight blockage would not
cause a change in water pressure. However, with the increase of blockage degree, the water
pressure of the CWDS tunnel also had a certain increase, but the water pressure was much
smaller than the TDWS tunnel. In working condition 4, when the blockage degree was 75%,
the water pressure at the arch foot was 194 kPa, which was only 55% of the TWDS tunnel.
It was seen that the CWDS can effectively control the external water pressure.

5. Conclusions

In this study, a composite waterproof and drainage system with an additional drainage
board was proposed. To compare the performance of the drainage system in terms of
drainage and pressure reduction, the seepage field of different drainage modes was investi-
gated through a series of model tests. Based on the results of the model tests, the following
conclusions were obtained:

(1) The decrease of drainage volume due to blockage of the drainage system is not linear;
a partial blockage will cause a decrease in drainage volume, but the magnitude is
not significant.

(2) Installing a circular blind pipe behind the lining can significantly reduce the water
pressure, but the influence of the range is limited and can only reduce the water
pressure value within a certain range of the circumferential direction. A reasonable
design of the drainage blind pipe can effectively reduce the overall water pressure
outside the lining.

(3) Compared with the one-side blind pipe blockage, the increase of water pressure
caused by the blockage of the circumferential blind pipe was relatively small, indi-
cating that the blockage of the circumferential blind pipe changes the groundwater
infiltration path. However, it can still eventually converge into the longitudinal blind
pipe and discharge into the tunnel through other paths. The effect of the longitudinal
blind pipe on the water pressure is greater than that of the circumferential blind pipe,
and the water pressure on the lining is greater when the longitudinal blind pipe is
blocked on one side.

(4) In the case of unblocked drainage, as TWDS can effectively reduce the water pressure,
the effect of the CWDS with the addition of a drainage board behind the lining is not
obvious, and it is only used as a safety guarantee at this time. Once the blind pipe is
blocked, the drainage board can effectively reduce the water pressure on the lining.
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