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Abstract: Freeze-thaw damage is a typical distress incurred in road and railway engineering in cold
regions. Concrete waterproofing layer is commonly used in high-speed railway tracks to prevent
the penetration of surface water, however, it cracks easily under thermal stress, especially in cold
regions. Recently solutions have been proposed to increase the waterproofing layer’s cracking
resistance by using asphalt layers. Nonetheless, the use of emulsified asphalt as well as dense-graded
asphalt mixture were not effective enough. To improve the effectiveness, in this study, mastic asphalt
was designed for application as the waterproofing layer on the subgrade surface of high-speed railway
tracks in cold regions. The overall performance of mastic asphalt was preliminarily evaluated by
laboratory tests, then a 200-m test section was constructed for field validation in northeastern China as
part of a new high-speed railway line, and water content sensors were placed inside the subgrade to
monitor the performance of the mastic asphalt waterproofing layer (MAWL). The subsequent field
investigation and monitoring data during the two years operation showed that MAWL dramatically
outperformed the conventional concrete waterproofing layer in terms of waterproof performance.
Plenty of serious cracks were found in the conventional concrete waterproofing layer, but only
a limited number of local cracks were observed in MAWL. As a result, MAWL keeps the water
content of subgrade at a stable level. In addition, MAWL showed relatively high stability during
the two years investigation period, and no obvious deterioration was observed in the test section.
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1. Introduction

Freeze-thaw damage of subgrade is a typical cause of deterioration of road and railway structures
in cold regions. The accumulation of freeze-thaw cycles reduces subgrade strength and causes
uneven deformation, thus increasing train-induced dynamic force and vertical displacement of
the structure [1,2]. With the fast development of high-speed railway in China and the extension
of high-speed railway networks to cold regions, avoiding freeze-thaw damage of high-speed railway
subgrade is of crucial importance to ensure track stability and reduce maintenance costs.

Subgrade water content is one of the key factors affecting freeze-thaw damage [3]. Penetration
of surface water increases the water content of subgrade and worsens its freeze-thaw damage [4].
The waterproofing layer paved on the subgrade surface of slab track systems is typically used
for the purpose of improving the drainage of surface water and avoiding water penetration into
subgrade [5]. The concrete waterproofing layer is commonly used in existing high-speed railway lines
in China, however, field investigation shows that it cracks easily in winter, especially in cold regions [6].
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Consequently, the cracks result in a poor waterproofing performance of the concrete waterproofing
layer and provide paths for surface water to penetrate.

The better flexibility and permeability of asphalt materials offers the possibility to improve
the waterproof performance of railway track systems [7]. Asphalt mixtures are widely used in
pavement engineering as well as waterproofing projects. Meanwhile, it has also been successfully
applied in railway structures. Worldwide experience has shown that the use of asphalt materials can
offer a good alternative in modern railway construction [8,9]. At present, the application of asphalt
layers in railway track systems can be classified into three categories, namely asphalt sub-ballast layer
in the ballast railway track, asphalt supporting layer in the ballastless railway track, and the asphalt
waterproofing layer in the slab track. The asphalt sub-ballast layer positioned between the ballast
and the subgrade is the most popular structure form among them, which has been practically used
in many countries [10]. An asphalt layer of 12–15 cm is used in both normal-speed and high-speed
ballast track in Italy, France, Spain, and the United States [11–18]. While, in Japan, a 5 cm asphalt
layer is employed to enhance the carrying capacity of ballast track. It is reported that the asphalt
sub-ballast layer can provide a waterproofing layer effectively reduce train-induced pressure in
the subgrade, thus increase subgrade stability [19]. Asphalt ballastless track is mainly applied in
Germany and Japan [20]. Germany developed asphalt ballastless tracks by placing sleepers directly on
the asphalt roadbed; during the past decades, a series of asphalt ballastless track systems, including
ATD (Asphalttragschicht mit Direke Auflagerung—asphalt rail span with direct support), SATO
(Studiengesellschaft Asphalt Oberbau—study group for asphalt superstructure), and Getrac systems,
have been developed and applied in practical railway lines [21,22]. Asphalt layers have also been
used as upper roadbeds in slab tracks to mitigate train-induced vibration, as well as to improve
the waterproofing performance in Japan [19].

In the recent years, with the fast development of high-speed railways in China, the asphalt
waterproofing layer has been developed as a novel drainage solution of slab track [23,24]. In 2005,
a dense-graded asphalt mixture was used in the Beijing high-speed railway test track as the waterproofing
layer, but plenty of cracks were found after several years of operation, and insufficient compaction and
poor cracking resistance were reported to be the main reasons. Then the emulsified asphalt slurry seal
was tested in Beijing–Tianjin express railway in 2008, but this test failed as well due to serious raveling
and stripping of the seal [6]. Qiu et al. developed impermeable asphalt concrete for application on
the subgrade surface of the slab track, and it was tested in the Wuguang high-speed railway. Yang et al.
designed Railway Asphalt Concrete (RCA) and its good dynamic performance was proved through
full-scale dynamic models in the laboratory. Nevertheless, both of the asphalt concrete types were
designed for slab tracks in warm regions but not in cold regions [25].

Based on the experiences mentioned above, the use of asphalt layer in railway tracks helps
to reduce train-induced vibration, improve waterproof performance, and increase stability of
the subgrade, however, due to poor workability and insufficient cracking resistance, the asphalt
mixture used in sub-ballast layer cannot meet the requirements of the waterproofing layer in the slab
track. Mastic asphalt is a type of asphalt mixture extensively used as waterproofing on flat roofs.
As the mastic asphalt is reasonably fluid at the processing temperature, it can be applied to form
a dense and continuous layer covering flat, sloped or curved surfaces without compacting. In addition,
due to great deformation capacity, mastic asphalt mixture shows strong cracking resistance at low
temperatures. Therefore, mastic asphalt mixture could potentially be applied as a waterproofing layer
on the subgrade of railway track.

In this paper, mastic asphalt mixture was designed and applied in the waterproofing layer, which
is paved on the shoulder and the middle area between track slabs. Firstly, the mastic asphalt mixture
was designed and evaluated in the laboratory, then a 200-m test section was constructed as part
of a real high-speed railway line in northeastern China, and finally, field investigation results and
monitoring data over the two years of operation were analyzed and compared with conventional
concrete waterproofing layers.
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2. Material Design and Evaluation

2.1. Materials

In this study, polymer-modified asphalt and crushed basalt were used to design mastic asphalt.
The TAFPACK-Super (TPS) additive produced by Taixu Transportation Technology Co., Ltd. (Xi’an,
Shaanxi, China), which can effectively improve cracking resistance and overall durability of asphalt
mixture, was used in this study, and the content of TPS was 2% by mass. Performance of
the polymer-modified asphalt used in this study is shown in Table 1, and the requirements from
China Technical Specifications for Construction of Highway Asphalt Pavement [26] are listed as well.
All the indexes were tested according to China Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering [27], and the requirements were set for asphalt pavement in cold
regions. Basalt aggregate helps to enhance stripping resistance at the same time. Gradation also plays
a key role in mixture performance improvement. Based on existing studies, the nominal maximum
size of 10 mm was selected, so as to achieve good waterproofing performance. The selected gradation
for mastic asphalt is shown in Figure 1. The stone-oil ratio was fixed at 8.5%.

Table 1. Tested indexes of asphalt.

Indexes Test Results Requirements

Penetration (25 ◦C, 5 s, 100 g), 0.1 mm 104 >80
Penetration index (PI) 0.60 ≥−0.8
Ductility at 5 ◦C, cm 72.8 ≥40

Softening point (R & B), ◦C 83 ≥50
Dynamic viscosity at 135 ◦C, Pa·s 1.771 ≤3

Figure 1. Gradation of mastic asphalt.

2.2. Laboratory Tests

In the high-speed railway track system, the waterproofing layer performs the role of preventing
surface water from penetrating into the subgrade. During its service life, the asphalt waterproofing
layer is subjected to not only temperature load, but also random pedestrian load and other possible
loads. Therefore, mastic asphalt mixture used for the waterproofing layer is required to have adequate
cracking resistance and high-temperature stability, as well as impermeability. At the same time,
workability is another critical factor affecting mastic asphalt performance—good workability ensures
high construction quality of the waterproofing layer.
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2.2.1. Specimen Preparation

Oven-heated aggregate, asphalt, and filler were first mixed in a Marshall mixing pot, then
the mixture was transferred to a small mastic asphalt cooker and mixed for about two hours at
a constant temperature, ranging from 200–240 ◦C. The fresh asphalt mastic mixture taken from
the cooker was directly used for a Lueer fluidity test. The prepared asphalt mastic mixture was also
poured into steel molds to cast 300 mm × 300 mm × 50 mm dimension slabs, and asphalt-concrete
composite slabs of 300 mm × 300 mm × 100 mm dimension, of which the 50 mm-thick concrete slab
was cast in advance and tack coat was also prepared. After being cooled to room temperature, for
different testing purposes, the completed thin asphalt mastic slabs and thick composite slabs were
cut into 250 mm × 35 mm × 30 mm beams and 50 mm × 50 mm × 64 mm blocks. At the same time,
part of the 300 mm × 300 mm × 50 mm asphalt mastic beams were retained to perform a rutting test.
Figure 2 shows the casting of asphalt mastic slabs and completed specimens.

Figure 2. Samples prepared for laboratory tests: (a) beams for bending test; (b) slabs for permeation
and rutting test; (c) composite cube samples for the shear test; and (d) slant shear test device.

2.2.2. Lueer Fluidity

The Lueer fluidity test was adopted to evaluate workability of mastic asphalt [28]. The test device
for the Lueer test is shown in Figure 3. To perform the test, first the prepared mastic asphalt was
poured into the barrel, then a 995 g hammer was released to penetrate into mastic asphalt at specific
temperatures, and the time taken for the hammer to drop 5 cm into the mastic asphalt was measured.
This time was finally recorded as the fluidity of mastic asphalt at testing temperature. In this study,
the fluidity was tested at 210 ◦C.
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Figure 3. Apparatus for Lueer test.

2.2.3. Permeation Test

Waterproofing is the most important function of the asphalt waterproofing layer, therefore,
the permeability of asphalt mixture is very critical in the selection of material. Air void of asphalt
mixture is closely correlated with its waterproof performance. Generally, the asphalt mixture turns to
be impermeable when its air void is less than 3%. The permeation test is the typical test method for
assessing the permeability of asphalt mixture, where the tested permeability coefficient can directly
characterize permeability of asphalt mixture. In this study, permeation test was carried out on the slab
specimen of mastic asphalt, and air void was also measured using Marshall specimens.

2.2.4. Low Temperature Bending Test

Thermal cracking under low temperature is the main problem leading to the poor waterproof
performance of conventional concrete waterproofing layers. Cracking of mastic asphalt is also critical
to its overall waterproofing performance and durability. The three-point bending beam test was
conducted to evaluate mastic asphalt cracking resistance at low temperature, with a test temperature
of −10 ◦C. As shown in Figure 2a, beam samples with the dimension of 250 mm × 35 mm ×
30 mm were prepared and tested with the universal testing machine (UTM) produced by IPC Global
(Melbourne, VIC, Australia). The test was displacement-controlled with a speed of 50 mm/min. During
the test, the maximum load and the corresponding mid-span deflection were recorded, accordingly;
the maximum tensile strain on the bottom of the beam could be calculated.

2.2.5. Rutting Test

Asphalt mixture is a type of typical temperature-sensitive material, the stiffness of mastic asphalt
decreases as temperature increases in summer. Dynamic stability (DS) in the rutting test is usually
adopted as a basic index of deformation resistance of asphalt mixture at a certain temperature. High
DS of asphalt mixture indicates good performance of resistance to permanent deformation at high
temperatures. Considering the climate conditions in cold regions, the rutting test in this study was
performed on mastic asphalt samples under the temperature condition of 40 ◦C. The samples prepared
for the rutting test are shown in Figure 2b. Other procedures and conditions were performed according
to Standard Test Methods of Bituminous Mixtures for Highway Engineering [27]. The contact stress
was 0.7 MPa, and the speed of the wheel passing over the center of the sample was 42 cycles per
minute. The deformation–time curve was recorded automatically during the test, and the DS value
could be calculated accordingly.

2.2.6. Interface Bond Strength Test

In order to ensure sufficient bonding strength between the concrete base plate and mastic asphalt,
the slant shear test were conducted on composite samples shown in Figure 2c. The block samples and
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test device are shown in Figure 2c and d respectively. In the slant shear test, the block samples were
sheared along the surface with a slant angle of 45 ◦, which enables the application of both normal and
shear stresses and keeps their ratio constant during testing [29]. The slant shear test was performed at
25 ◦C, the representative working temperature of asphalt mastic waterproofing layer, the maximum
load was recorded at the end of the test and shear strength could be calculated accordingly.

2.3. Test Results and Discussion

The results of all laboratory tests are listed in Table 2. It should be noted that the listed
requirements are proposed on the basis of previous work and asphalt pavement specification.
The requirements specified for asphalt pavement in cold regions in China Technical Specifications
for Construction of Highway Asphalt Pavement [26] were referenced. The Lueer fluidity of designed
mastic asphalt at 210 ◦C is 10.5 s. In light of previous works [30,31] and practical experience, this fluidity
value allows the fresh mastic asphalt filter into interface during construction and prevents overflow at
the same time.

Air voids of asphalt mixtures are closely related to its waterproof performance. Studies showed
that the asphalt mixture becomes impermeable when its air void is less than 3% [32]. The tested air void
of the designed mastic asphalt is 1.8%, which is sufficient to ensure good impermeability of the mastic
asphalt. The permeability coefficient is another index that is commonly used to directly characterize
the impermeability of asphalt concrete, the permeability coefficient value obtained from repeated
permeation test, namely 3 mL/min, also indicates the excellent impermeability of the designed mastic
asphalt mixture.

Failure strain in the three-point bending test and dynamic stability in the rutting test are typical
indexes used to characterize cracking resistance and high-temperature stability of asphalt mixtures,
respectively. As shown in Table 2, the tested values of mastic asphalt fully meet the requirements for
pavement asphalt mixture. However, given that the waterproofing layer is only paved on the shoulder
and the middle area between track slabs, and mastic asphalt waterproofing layer (MAWL) is not used
as a supporting layer under track slab, the working environment for MAWL is much more favorable
than asphalt mixture in road pavement. Therefore, the designed mastic asphalt can completely
satisfy the requirement of the waterproofing layer of slab track in terms of cracking resistance and
high-temperature stability.

Table 2. Results of laboratory tests.

Test Methods Index (Unit) Tested Value Requirements

Lueer test Fluidity (s) 10.5 5–40
Air voids Air void (%) 1.8 -

Permeation test Permeability coefficient (ml/min) 3 -
Three-point bending beam test Failure strain (−10 ◦C, µε) 5641 >3000

Rutting test Dynamic stability (times/mm) 2548 >2000
Slant shear test Shear strength (25 ◦C, MPa) 2.01 -

Results of the shear test reveal the bond strength between asphalt waterproofing layer and
concrete base plate. Debonding of the interface is one of the main distresses reducing serviceability
and durability of slab track systems [33]. The interface bonding between the asphalt waterproofing
layer and the concrete base plate is required to be strong enough to secure the structural integrity
and durability of the slab track. At present, there are no requirements specified for interface bonding
between the asphalt layer and the concrete layer in the slab track structure, so the requirements for
asphalt layer-concrete layer interface in pavement structure are referenced in this study to evaluate
the interface bonding strength. The work of Benchler [21] showed that, due to better dispersion of
stress, the train-induced structural stress under the slab track is much lower than that in pavement
structure caused by vehicle load. The test results showed that the tested shear strength between asphalt
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waterproofing layer and concrete (2.01 MPa) is comparable to the bond strength between structure
layers in asphalt pavement [34,35]. Therefore, the bonding strength was considered to be sufficient to
resist possible shear stress caused by train load.

3. Construction of Test Section

In October 2014, a 200-m test section of slab track with an asphalt waterproofing layer was
constructed in northeastern China. Figure 4 shows the layout of MAWL on subgrade surface
of high-speed railway track. The test section was implemented as part of the Harbin–Qiqihar
passenger-dedicated line under the support of China Academy of Railway Sciences (CARS) and
China Railway Corporation. The Harbin–Qiqihar passenger-dedicated railway line is the second
high-speed railway line located in an extremely cold region in China; the first is the Harbin–Dalian
high-speed railway line, which was completed in 2012. In the standard of China, namely the Technical
Specifications for Construction of Highway Asphalt Pavement, the climate regions of asphalt pavement
are divided according to the annual extreme minimum temperature. The region with the extreme
minimum temperature lower than −37 ◦C is defined as extremely cold region, and the region with
the extreme minimum temperature between −37 ◦C and −21 ◦C is defined as the cold region. Figure 5
shows the annual weather averages of the test site based on 30 years of statistics, where the extreme
minimum temperature drops to −37.9 ◦C in January, which already enters the range of extremely cold
(<−37 ◦C). The design speed of the test section is 250 km/h, and it was finished at the end of 2014
and has been in operation since August of 2015. The construction of the test section aims to validate
the feasibility of the asphalt waterproofing layer under practical train load and environment conditions.

Figure 4. The layout of mastic asphalt waterproofing layer (MAWL) on subgrade surface of high-speed
railway track.

Figure 5. Annual weather averages of the test site.
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3.1. Material Preparation and Paving

The mastic asphalt applied in the test section was produced on the basis of laboratory design.
Mastic asphalt was firstly mixed in a mixing plant at the temperature of 180–200 ◦C, then the initially
mixed mastic asphalt was transferred to the mastic asphalt cooker for secondary mixing and
transportation to the construction site. The temperature of the mastic asphalt cooker was controlled
within the range of 200–240 ◦C, and the asphalt mastic was mixed at low speed in the cooker for at
least 40 min. At the same time, to avoid aging of the asphalt, the mixing time was limited to no more
than 4 h.

Due to small construction volume as well as a limited working face, the MAWL in the test section
was paved utilizing small construction machinery. The prepared fresh mastic asphalt was first taken
from the cooker to a large transfer hopper, then it was lifted to the worksite and mastic asphalt was
released to the working face. Finally, the mixture was leveled to get a uniform thickness and smooth
surface, as shown in Figure 6.

For quality control in the site, fluidity was adopted as the controlling index, and the Lueer test
was performed on every truck of prepared mastic asphalt. Meanwhile, the field permeation test was
performed after construction, and air voids were also measured on the cores drilled from completed
MAWL. The results of field tests are shown in Table 3. The fluidity values varied slightly with different
trucks, but they were always well controlled within the allowable range. Both of the air voids and
permeability coefficient were smaller than that of laboratory tests, indicating good construction quality
of the test section.

Table 3. Results of field tests.

Test Methods Index (Unit)
Tested Value

Requirements
Field Laboratory

Lueer test Fluidity (s) <20 10.5 5–40
Air voids of cores Air void (%) <1.13 1.8 -

Field permeation test Permeability coefficient (mL/min) <1 3 -

Figure 6. Construction process (a) and competed surface (b) of mastic asphalt waterproofing layer
(MAWL).

3.2. Joints Treatment

Because the MAWL is discontinuous along the cross section of slab track system, good bonding
of construction joints between the asphalt layer and concrete track slab is critical for stability and
durability of the whole waterproofing system. The train-induced vibration may cause frequent shearing
motion between the asphalt layer and track slab. To further prevent the failure of the interface during
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its service life, a series of measures, including cross slope controlling and asphalt binder grouting,
were implemented during the construction process. Cross slope of the asphalt waterproofing layer was
strictly controlled at 4%, so as to assure good surface drainage and prevent possible moisture-induced
damage. A V-shaped groove was cut in the area of joints after paving of the asphalt waterproofing
layer, then the groove was cleaned and carefully grouted with hot asphalt binder. Figure 7 shows
the grooving process and grouted joint.

Figure 7. Joint treatment process: (a) V-shaped groove; and (b) and grouted joint.

3.3. Water Content Monitoring System

During the construction process, a large number of water content sensors were placed inside
the subgrade at a depth of 0.25 m (from the top surface of subgrade) to monitor the variation of
water content after completion. The water content sensor used in this study was a frequency domain
reflectometry (FDR) moisture sensor, by which the dielectric constant of the surrounding soil can be
obtained through measuring the operating frequency of an oscillating circuit, whereby the volumetric
water content can be measured indirectly. Figure 8a shows the photo of the FDR water content sensor
used in this study. A data collecting system designed by CARS, as shown in Figure 8b, was adopted to
collect monitoring data, and a solar panel was installed to power the system as well as the sensors.
Two monitoring cross sections were set within the MAWL test section, and one monitoring cross
section was set in an adjacent normal section (with concrete waterproofing layer) as well. As shown in
Figure 9, for each monitoring cross section, water content sensors were separately buried beneath line
center and the inner edge of slab track. The data collecting system records water content automatically,
then the recorded data can be instantly delivered to the server in the laboratory.

Figure 8. (a) Frequency domain reflectometry (FDR) water content sensors; and (b) data collecting system.
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Figure 9. The layout of water content sensor in test section and normal section (cross Section 1–3)

4. Field Validation

4.1. Investigation of Surface Condition

Two field investigations were carried out since the completion of the test section, in November of
2015 and August of 2017, respectively. Field investigations aimed to evaluate the serviceability
of MAWL. Thermal cracking and construction joint failure due to weak bonding are the main
distresses resulting in poor waterproofing performance of the waterproofing layer, therefore, cracking
and construction joint failure of the test section were mainly investigated in comparison with
the conventional concrete waterproofing layer. Due to security reasons, the field investigations
were carried out at midnight, during which no trains were scheduled on the high-speed railway line.
All the visible cracks of MAWL within the 200 m test section were measured and recorded, including
its width and length. The number of construction joint failure spots was also recorded. At the same
time, a field investigation was also conducted on an adjacent 200-m normal section.

The investigation results show that lateral thermal cracking is the major distresses of both mastic
asphalt and concrete waterproofing layers. In the meantime, cracks are more frequently observed on
the shoulder than the middle area between track slabs. The majority of the cracks in mastic asphalt
layer are short cracks developed from the outside edge of the shoulder, and they usually occur at
the position above the construction joints of the concrete side slope (Figure 10). The expansion of
construction joints, which is caused by the contraction of the concrete side slope, results in cracking of
the waterproofing layer, while the cracks in the concrete waterproofing layer are mostly long cracks
that cut through the whole cross section.

Figure 10. Typical cracking of (a) mastic asphalt waterproofing layer; and (b) concrete waterproofing layer.
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The features of cracks measured in two field investigations are shown in Figure 11. Details,
including length, width, and number of cracks within the mastic asphalt waterproofing layer, are
listed. Cracks in the 200 m of normal concrete waterproofing layer are shown in the figure as well.
In the field investigation of November 2015, the majority of cracks in the test section were shorter than
60 cm, and their width varied from 0.5 mm to 2.0 mm, while, for the normal section, the total number
of recorded cracks within 200 m was much higher than that of the test section, and half of the cracks
cut through the whole cross section of waterproofing layer (250 cm long). The results of the field
investigation in August 2017 indicate that the distribution of cracks in the test section is roughly
the same as that of 2015, some of the cracks even turn out to be narrower and shorter, benefitting from
the self-healing property of asphalt mixture. However, the number of cracks in the 200-m normal
section increased sharply from November 2015 to August 2017, and all the cracks recorded in August
2017 cut through the cross section of waterproofing layer. Moreover, after two years of operation,
most part of the construction joint between MAWL and concrete base maintained in good condition
(Figure 12a), only several local cracks resulted by debonding were found, as shown in Figure 12b.

Figure 11. Features of cracks measured in two times of field investigations: (a) November 2016; and (b)
August 2017.

Figure 12. Status of construction joint after two years of operation: (a) construction joint in good
condition; and (b) local debonding of construction joint.

4.2. Subgrade Water Content Monitoring Results

The variation of subgrade water content during two years after construction was recorded through
buried water content sensors. All the sensors were buried in the depth of 0.25 m from the top of
the subgrade, and the layout of water sensors is shown in Figure 9. As the surface water relies on
precipitation, the precipitation data acquired from the local weather station are shown in Figure 13 for
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reference. Figure 13 shows the subgrade water content variations in the line center, left and right side
of slab track of three different cross sections, namely cross Sections 1–3.

As the test section is located in a seasonally frozen area, the water content of subgrade is influenced
by two factors, namely the freezing of water and penetration of surface water. The subgrade water
content remains at a low level during winter, due to partially frozen subgrade water, and it increases
to a relatively high level after thawing in spring, then the value is mainly affected by penetration of
surface water. There is an obvious difference between subgrade water content variation of the test
section and the normal section. From the field monitoring data, the subgrade water content in both
cross sections of test section is much more stable than the subgrade water content of the cross section in
the normal section, indicating better waterproofing performance of MAWL. Meanwhile, the data from
line center are always more stable than the data from slab side, which is consistent with the results of
field investigation, that is, there are fewer cracks in the middle area than in the shoulder.

The waterproof performance of the concrete waterproofing layer obviously deteriorates over time.
The increase and extension of cracks reduce its capability of preventing surface water penetration,
thus it becomes easier for the surface water to penetrate into subgrade after raining, and it also takes
longer time for the seepage water to get out of subgrade via evaporation. As shown in Figure 14,
for concrete waterproofing layer in normal section, the amplitude of fluctuation of subgrade water
content in 2016 became larger than that of 2015, indicating that subgrade water content became more
sensitive to precipitation in the past two years. It is necessary to point out that the measured water
content of right side of cross Section 3 is obviously higher than the other two lines, which is caused by
the special position of the sensor. As shown in Figure 15, a water groove was built right over the water
content sensor in the right side of cross Section 3, and, unfortunately, a cutting-through crack was
found on the bottom of the grove. Therefore, the surface water will be collected into the water grove in
rainy days, which facilitates the water penetration through the crack, resulting higher subgrade water
content than the other two cross sections.

The overall behavior of MAWL in the test section was much better than concrete waterproofing
layer in the normal section. The subgrade water content in most monitoring points of the test section
always remained at a stable level during the two years of the monitoring period. The mastic asphalt
waterproofing layer showed good waterproofing performance in both winter and summer days.
However, cases of deterioration were also found in the test section. On the right side of cross Section 1,
as shown in Figure 14c, the subgrade water content increased slightly after heavy rains in 2015, while
the fluctuation became larger in 2016. To find the causes, a closer examination was done around this
area during the field investigation in August 2017, and construction joint failure was determined to be
the main reason. Overall, on one hand, the investigation results suggest good performance of MAWL
in the slab track system; on the other hand, this would suppose that further observation of the test
section is needed to evaluate the stability of MAWL. The continued filed investigation is also required
to evaluate the long-term deterioration caused by climatic factors [36,37].

Figure 13. Precipitation data obtained from the weather station near the test section.
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Figure 14. Monitoring data of subgrade water content: (a) the line center; (b) left side of the line; and
(c) right side of the line.



Appl. Sci. 2018, 8, 667 14 of 16

Figure 15. Crack on the bottom of the water groove.

5. Conclusions

In this paper, mastic asphalt was designed and practically validated for application as
a waterproofing layer on the subgrade surface of high-speed railway tracks in cold regions. The overall
performance of mastic asphalt mixture was first evaluated by laboratory tests, then a test section
of MAWL was constructed as part of real high-speed railway line, and water content sensors were
placed inside the subgrade of test section to monitor the performance of MAWL. Based on the field
investigation results and monitoring data during the two years of operation, the following conclusions
can be drawn:

• Application of mastic asphalt significantly improves the waterproof performance of waterproofing
layer beside the slab track system, and therefore helps to reduce freeze-thaw damage;

• MAWL outperforms conventional concrete waterproofing layer due to better cracking resistance,
the observed cracks in MAWL are mostly short cracks caused by the expansion of construction
joints in the concrete side slope;

• MAWL showed relatively high stability during the two years of investigation period, no obvious
deterioration was observed in the test section;

• Construction joint failure is the key problem of existing discontinuous MAWL in slab track system,
and further study is still needed to improve existing practices.
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