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Abstract Mud pumping in subgrade beds under ballastless
tracks will deteriorate the dynamic performance of infras-
tructure under railway lines, reduce the smoothness of the
railway lines, and seriously affect the comfort and safety of
the trains. Due to their good mechanical properties, two-
component polyurethane materials can be used for grouting
to treat the fouling problems caused by ballastless track
mud pumping. To develop a polyurethane formula suit-
able for the treatment of ballastless track mud pumping, we
first performed indoor experiments to investigate the
mechanical properties and gelation time of polyurethane
elastomers synthesized with different raw material com-
position ratios, to determine an optimal composition ratio
of the raw materials. Then, we conducted a dynamic field
test to verify the remediation effect of the polyurethane
material fabricated according to the design ratio. The
results showed that polyurethane grouting material with the
selected design ratios improved the contact characteristics
between the surface layer of the subgrade bed and the base
plate in the area, coordinating the dynamic response
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between the track structure and the subgrade bed. Thus, the
obtained polyurethane grouting material could be used to
renovate mud pumping areas of ballastless tracks with a
good treatment effect.

Keywords Ballastless track - Mud pumping - Two-
component polyurethane - Proportioning design - Field
dynamic test

1 Introduction

By the end of 2020, the total operating mileage of high-
speed railways in China reached 39,000 km, with ballast-
less tracks being the main track structure type due to their
excellent integrity, superior durability, and good strength
properties. High-speed railways are subjected to fast trav-
eling speeds and intensive operating conditions. Under the
coupling effect of long-term dynamic loading from trains
and natural forces, the materials used for expansion joints
in the base plates (support layer) and the side joints
between the base plates and the subgrade closure layer
have experienced performance degradation [1]. These
materials have gradually cracked, forming water seepage
channels, and water from the track surface has penetrated
into the surfaces of the subgrade bed along this channel.
Repeated impacts due to traffic loading have also generated
excess pore water pressure along the contact interface
between the surface layer of the subgrade bed and the base
plate. Under the action of excess pore water pressure [2],
fine particles in the surface layer of the subgrade bed will
flow out of the track surface along the seepage channel, as
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shown in Fig. 1a, resulting in mud pumping in the subgrade
bed grouting, deteriorating the dynamic performance of
subgrade structure [3], reducing the smoothness of the
railway line [4], and seriously affecting the comfort and
safety of the trains. Figure 1b shows the mud pumping of a
ballastless track subgrade during operation.

Due to the differences between ballastless track struc-
tures, traditional rectification measures for the foundation
beds of ballasted tracks are not applicable to ballastless
tracks. Chemical grouting [5] has engineering advantages
such as convenient operation, less construction disturbance,
a short construction time, and high curing strength [6]. It
has been widely used in highway engineering, water con-
servation dam engineering, building structure reinforce-
ments, underground engineering, and other fields [7-12]. It
was then introduced into the field of railway engineering
[13—-15]. Polyurethane elastomers are mainly synthesized
from raw materials such as polyisocyanates, oligomer
polyols, and chain extenders, in which the polyisocyanate
reacts with the chain extenders, forming the hard segments,
while the oligomer polyols form the soft segments, and the
soft and hard segments are alternatively arranged in the
chain [16, 17]. Considering the superior mechanical prop-
erties of polyurethane elastomers, polyurethane grouting is
one of the main effective engineering methods for treating
mud pumping of ballastless tracks. Although some studies
have found that harmful gases can be produced during the
preparation and synthesis of polyurethane [18, 19], we
noted that many types of components are used for poly-
urethane synthesis, and these components are not equally
harmful. The polyurethane used to treat the mud pumping
of ballastless track subgrade beds mainly includes iso-
cyanate, soft polyether polyol, hard polyether polyol, 1,4-
butanediol, and xylene. Among them, methylene poly-
phenyl polyisocyanate (PAPI), which is non-toxic and
harmless, is often used as isocyanate. Many studies (e.g.,
[20]) have shown that polyurethane elastomers have better
corrosion, water, and fatigue resistance than polyurethane
foams. In addition, polyurethane elastomers have excellent
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flame-retardant performance, and are even capable of self-
extinguishing after ignition.

Polyurethane grouting is widely applied in highways,
housing construction, and underground engineering. Poly-
urethane grouting materials have been investigated exper-
imentally and/or theoretically from many aspects,
including material synthesis and modification [21-23],
mechanical and macroscopic properties [24-28], the evo-
lution mechanism of macro-mechanical properties and
microstructure characteristics [29-32], and the diffusion
mechanism and expansion characteristics of polymer grout
[33-37]. However, existing studies have mainly focused on
the engineering backgrounds of water conservation, struc-
ture lifting, and foundation treatment and reinforcement.
These applications are considerably different from the
treatment of ballastless track mud pumping. Furthermore,
in these studies, the components of the polymer materials
and the studied variables were relatively simple, and the
effects of different material components on the mechanical
properties of polyurethane elastomers were not considered.

In this work, we conducted laboratory tests to study the
evolution of compressive, tensile, and bonding strengths of
polyurethane elastomers under the effects of different
material components. On this basis, the optimal ratio of a
polyurethane elastomer suitable for the treatment of mud
pumping in subgrade beds under ballastless tracks was put
forward. In addition, we performed in situ dynamic tests to
verify the efficacy of the proposed polyurethane elastomer
grouting treatment.

2 Proportion design of polyurethane grouting
materials

Remediation work is generally arranged during twilight
operations, that is, from 12:00 am to 4:00 am (a total of
4 h), to ensure the normal operations of the existing high-
speed railway lines. Therefore, the special grouting med-
ium environment and operating time limit pose significant

Fig. 1 Mud pumping: a mechanism of mud pumping; b mud pumping of a ballastless track during operation
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challenges for material performance. For example, the
material should have a suitable viscosity, good injectabil-
ity, and the ability to flow through fine cracks. Also, the
material should also have good early strength, a short
curing time, and the ability to form a high-strength elas-
tomer. Lastly, the material should exhibit good bonding
performance and be able to bond firmly with the surface
layer of the subgrade bed and the base plate (supporting
layer), forming a sandwich layered structure. Currently,
theoretical research on polymer grouting for the fouling
treatment of ballastless track foundation beds lags behind
engineering applications. Furthermore, there have been no
systematic reports on material performance parameter
index requirements and test methods, and normative doc-
umentation is lacking.

The mechanical properties of polyurethane elastomers
are mainly provided by the isocyanates and polyols.
Polyols constitute the soft segments of the polyurethane
molecular chain, providing good toughness and ensuring
that the polyurethane elastomer exhibits good elastic
deformation properties. Isocyanate reacts with alcohol to
form strongly polar and rigid urethane groups, which form
the hard segments of the polyurethane chain, endowing the
elastomer with compressive and tensile strength. The active
hydrogen molecules in the chain-extending cross-linking
agent react with the isocyanate groups, producing a cross-
linking chemical reaction. This reaction affects the poly-
urethane elastomer structure system, causing the poly-
urethane to form a chain or networked structure, which
improves the distribution of the soft and hard segments in
the polyurethane elastomer, as well as the mechanical
properties and damage resistance of the polyurethane
elastomer [38, 39]. Solvents, which can promote chemical
reactions between the components, are the main additives
in polyurethane synthesis, while chain-extending cross-
linking agents and solvents are the main components that
affect the viscosity and gel time of the polyurethane slurry.

Considering the above analysis, the design of the poly-
urethane ratio must consider the effects of multiple

Table 1 Physical properties of PM200

components; however, each component will have a dif-
ferent degree of influence on the mechanical properties of
the elastomer. Therefore, the single-factor test method was
adopted in this study. In this method, the contents of polyol
and isocyanate were set as the preferred factors, while the
quantities of the other components were left unchanged.
First, the optimal ratio between polyols and isocyanate
content was determined by analyzing the test results. By
using chain-extending cross-linking agent and solvent
content as variables, the determined design ratio was tes-
ted, and an optimal ratio of polyurethane grouting material
suitable for ballastless track mud pumping treatment was
proposed.

2.1 Raw material selection and polyurethane
synthesis

2.1.1 Raw materials

In this study, the polyurethane grouting material was
mainly composed of isocyanate, hard polyether polyols,
soft polyether polyols, a chain extension cross-linking
agent, and a solvent. There are many types of isocyanates,
and toluene diisocyanate (TDI), diphenylmethane diiso-
cyanate (MDI) and polymethylene polyphenyl isocyanate
(PAPI) are the most commonly used for polyurethane
production. Among these, PAPI has high functionality and
a low acid value. As a result, the reaction and curing speeds
will be faster when polyurethane is processed with PAPIL
The molecular structure of PAPI contains multiple benzene
rings, endowing the PAPI-fabricated polyurethane material
with higher strength. Thus, PM200 PAPI was selected in
this study, and the basic physical performance indices are
shown in Table 1. Hard polyether polyol has a low
molecular weight and dense branched chains, giving the
polyurethane high hardness and deformation resistance
properties, while soft polyether polyol can increase the
elasticity of the polyurethane, enhance the elongation at
break, and improve its resistance to plastic deformation.

Mass fraction of NCO (%) Density (g/cm3)

Viscosity (mPa-s)

Acidity (%) Average functionality

30.5-32.0 1.22-1.25

150-250

< 0.03 2.6-2.7

The density and viscosity are measured at 25 °C

Table 2 Basic physical properties of polyether polyols

Type of polyol Material (mg KOH/g) Moisture Viscosity (25 °C) pH K* concentration (mg/kg) Functionality
(mPa-s)

Soft polyether polyol 25-29 < 0.05% < 7000 6-9 NA

Hard polyether polyol 112 + 3.5 < 0.05% 100-200 5-7 <3
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Table 3 The purity of main materials for synthetic polyurethane

Serial no. Material Product standards
1 PM200 Industrially pure
2 Soft polyether polyol Industrially pure
3 Hard polyether polyol Industrially pure
4 1,4-butanediol Industrially pure
5 Xylene Analytically pure

The basic physical performance indices of the two types of
polyether polyols are shown in Table 2. The main role of a
chain extender cross-linker is to extend the molecular
chain, increase the relative molecular weight of poly-
urethane, and improve the functionality of the polyurethane
polymer, giving the cured product better strength, heat
resistance, and creep resistance. Chain extenders can be
divided into alcohols and amines, and among these, ethy-
lene glycol and 1,4-butanediol are the most commonly used
chain extenders. Thus, 1,4-butanediol was selected in this
study. The main functions of a solvent are to reduce vis-
cosity and improve the injectability of the slurry, and many
types of solvents are used in polyurethane synthesis. The
solvent selection should be determined according to factors
such as the similarity of the solubility parameters (SP)
between the polyurethane molecules and the solvent,
polarity similarity, and the volatilization rate of the solvent
itself. In this study, we used xylene as the solvent. The
purities of the main materials used for polyurethane syn-
thesis are shown in Table 3, where the analytical purity was
99.7%, and industrial purity was about 90%.

2.1.2 Polyurethane formulation

The preparation process for the polyurethane samples
fabricated in this study is shown in Fig. 2. First, the soft
polyether polyol and hard polyether polyol were stirred
evenly at specific proportions to form a mixed alcohol
solution. Then, an appropriate amount of PM200, 1,4-bu-
tanediol, and xylene were evenly mixed, and the slurry was

Polyether polyol A

Mixed polyol

Polyether polyol B

Fig. 2 The synthesis process of polyurethane
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gelled to form the polyurethane elastomer. The test was
also produced according to the preliminary test experience
of the research groups in [40, 41].

2.2 Experimental methods
2.2.1 Compression performance test

In this work, the selected sample size was 20 mm x 20
mm X 20 mm, according to the standard Epoxy resin
grouting material for concrete cracks (JC/T1041-2007)
[42]. The polyurethane grouting material was prepared as
described in Sect. 2.1.2, and then poured into 20 mm X
20 mm x 20 mm cubic test molds, placed in a tempera-
ture control box for 24-48 h, and then demolded. The
ambient temperature in the temperature control box was set
to 23 °C, and the relative humidity was 50%. The prepared
samples are shown in Fig. 3a. Three samples were made
for each sample group, and the average of the test results
was used as the basis for analysis.

As shown in Fig. 3b, in this study, we used a universal
testing machine for compression testing, according to the
Resin casting body performance test method (JB/T 2567-
2008) [43], where the controlled loading rate was 5 mm/
min. Then, the pressure load was gradually applied until
the sample broke, and the selected peak point in the sample
stress—strain curve was used as the ultimate value to
measure the compressive strength of the sample. To mea-
sure the elastic modulus, the hierarchical loading rate was
controlled at 2 mm/min, and the maximum load was 50%
of the failure load of the sample. The elastic modulus of the
sample was calculated according to Eq. (1):

H x AF
c — ) 1
B% x AH (1)
where E. is the modulus of elasticity (MPa), H is the
original height of the sample (mm), AF is the load incre-
ment (N), B is the sample width (mm), and AH is the

vertical deformation increment that corresponds to the load
increment AF (mm).

[ 1,4-butanediol ] H']:I [ Xylene ]

&
)

Polyurethane
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Fig. 3 Polyurethane compression test: a samples for compression test; b electronic universal testing machine

2.2.2 Tensile performance test

The tensile test was conducted according to JB/T 2567-
2008 standard, and the sample preparation process and
maintenance methods were the same as those stated in
Sect. 2.2.1. The formed samples are shown in Fig. 4a. A
universal testing machine was used to test the tensile
properties of the polyurethane elastomers, as shown in
Fig. 4b. During the installation of each sample, the center
axis of the sample was aligned with the center lines of the
upper and lower clamps of the universal testing machine,
and the tensile loading rate was set to 10 mm/min. Tension
was then applied to the sample at a uniform speed. When
the sample broke, the test was stopped, and the peak point
in the stress—strain curve from the tensile test was read as
the ultimate tensile strength of the sample. Then, the
elongation at break of the sample was calculated according
to Eq. 2, and the average value of the samples was used as
the basis for analysis. Equation 2 is given by

AL
&= —F (2)

Fig. 4 Tensile test of the polyurethane elastomer: a samples for
tensile test; b sample fixing

@ Springer

where ¢, is the elongation at break of the sample (%), AL is
the elongation at break of the sample (mm), and L is the
length of the sample (mm).

2.2.3 Bonding performance test

The bonding performance test was conducted according to
the Epoxy grouting resin for concrete crack (JC/T 1041)
and Technical specification of injection materials for
repair of cracks in concrete (G/T 333) standards. First, two
concrete test blocks 100 x 100 x 100 mm in size were
prepared, and then a 15-mm-thick layer of polyurethane
grouting material was poured between the two test blocks,
forming a sandwich sample after curing, as shown in
Fig. 5a. To test the effects of wet and dry environments on
the bonding strength of the polyurethane grouting material,
the cured concrete test block was soaked in water for one
day, and then the polyurethane grouting material was
poured between the test blocks to create the samples.

.4 “.... -] Polyurethane

H 1 Tension

Fig. 5 Bonding performance test of the polyurethane elastomer:
a samples for bonding test; b intelligent bonding strength tester

Rail. Eng. Science (2022) 30(2):204-220
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An HC-6000C intelligent bonding strength tester was
used to conduct the bonding strength tests, as shown in
Fig. 5b, and the tensile loading rate was 100 N/s.

2.2.4 Gel time and viscosity tests

Grouting treatment to resolve ballastless track mud
pumping is an operation that is performed during twilight
hours. Thus, the limitations of the grouting medium envi-
ronment and working time require that the polyurethane
grouting material has good fluidity and a fast gel time.
According to the standard Test method for unsaturated
polyester resin (GB/T 7193-2008) [44], we used a vis-
cometer to test the viscosity and gel times of the poly-
urethane grouting material, as shown in Fig. 6. When
testing the gel time, in this work we started timing from the
moment the AB polyethers were mixed, and stopped timing
when the viscosity reached 50 Pa-s. At this point, the
recorded time was the polyurethane grouting gel time.

2.3 Analysis of test results

2.3.1 Evolution of the mechanical properties
of the polyurethane elastomers with different polyol
mixing ratios

Soft and hard polyether polyols were mixed to make the
polyols, and to determine their optimal mass ratio, we used
the single-factor test method. The mass ratios of soft and
hard polyether polyols were set as variables, and the
quantities of the other components were fixed to generate
the polyurethane elastomer. In this experiment, four mass
ratios were designed, i.e., 4:1, 3:1, 2:1, 1:1, and 1:2. Fig-
ures 7, 8, and 9 show the compression, tensile, and adhe-
sion performance test results of the polyurethane
elastomers with different polyol mixing ratios, respec-
tively. Figures 7 and 8 show that the different polyol

Fig. 6 Viscometer

Rail. Eng. Science (2022) 30(2):204-220

35 T T T 60
—nm— Compressive strength
—A— Compressive deformation 155
30 -
150 ;\?
fg 25 - oz
- 45 —
< 1 5
0 =
§ 20 - 140 £
5 ;
i A
151 35
130
10 1 n 1 n 1 n 1 n 1

1:2 1:1 2:1 3:1 4:1
Polyol mixing ratio
Fig. 7 Compressive strength and deformation of the polyurethane

elastomers with different polyol mixing ratios (mixing ratio = quality
of soft polyether polyols/quality of hard polyether polyols)

120
18 s Tensile strength
—4— Tensile deformation
16 1110
A S
T 14 =
% = 4100 g
g 121 2
an <
§ 10 ’ 1% g
n [ =
A o
8 180
6 =
1 n 1 n 1 n 1 n 1 70

1:2 1:1 2:1 3:1 4:1

Polyol mixing ratio

Fig. 8 Tensile strength and deformation of the polyurethane
elastomers with different polyol mixing ratios

35

V) Dry bond 32
30 Wet bond 3.1

I
K=}

IS

25 2

N

)
Y
S

Bonding strength (MPa)
o

MIHMHLOHIHIHHHiomy

MMM

AMMHHHMIMIM

%
3:1

Polyol mixing ratio

% %

1:

0.0 Z

= [T
~ (T

—_
—_

2:

_
&

Fig. 9 Bonding strength results of the polyurethane elastomers with
different polyol mixing ratios

@ Springer



210

Z. Huang et al.

mixing ratios significantly influenced the strength and
deformation properties of the polyurethane elastomers.
When the polyol mixing ratio did not exceed 3:1, the
compressive and tensile strengths of the polyurethane
elastomer increased rapidly and approximately linearly as
the amount of soft polyether polyol in the polyol increased.
The corresponding compression and tensile deformation
results also showed a linear growth trend. When the polyol
mixing ratio exceeded 3:1, that is, when the soft polyether
polyol content in the polyol exceeded 75%, the strength of
the polyurethane elastomer decreased rapidly, and the
deformation rate decreased sharply. When the mass ratio of
soft to hard polyether polyol was 1:2, the compressive
strength of the polyurethane elastomer was 13.6 MPa, and
the tensile strength was 6.3 MPa. When the mass ratio of
soft to hard polyether polyol was 2:1, the compressive
strength of the polyurethane elastomer was 25.6 MPa, and
the tensile strength was 13.7 MPa. Thus, the soft polyether
polyol had more of an effect on the mechanical properties
of the polyurethane elastomer. When the polyol mixing
ratio was 3:1, the strength and deformation values of the
polyurethane elastomer reached their peak. At this point,
the compressive strength was 30.2 MPa, the compressive
deformation rate was 56.8%, the tensile strength was
17.8 MPa, and the tensile deformation rate was 113.5%.
Compared to the minimum strength performance parame-
ters, the compressive strength increased by 2.4 times, and
the compressive strength increased by 2.1 times.

The polyol in the test consisted of a blended system
composed of soft and hard polyether polyols, which had
typical particle dispersion characteristics [45]. The soft
polyether polyol was a grafted polyether polyol that con-
tained rigid vinyl monomers, copolymers, or self-polymers,
such as styrene and acrylonitrile. This type of polyol gave
the synthesized polyurethane elastomer a polyether matrix
main chain. Its flexibility also ensured that the poly-
urethane elastomer had good tensile strength, compression
resistance, and elastic deformation performance. Therefore,
as the amount of soft polyether polyol increased, the
mechanical properties of the polyurethane elastomers
gradually improved; however, with an excessive amount of
soft polyether polyols, the number of rigid polymer parti-
cles in the elastomer increased, the flexibility decreased,
and the probability of brittle failure increased. This
weakened the mechanical properties of the product.

Figure 9 depicts a histogram of the bonding strength
results of the polyurethane elastomer with different polyol
mixing ratios. In accordance with the aforementioned law,
as the content of soft polyether polyol in the polyol
increased, the bonding performance of the polyurethane
elastomer gradually increased. When the ratio was 3:1, the
material reached its peak value. At this point, the dry
bonding strength of the polyurethane elastomer was

@ Springer

3.2 MPa, and the wet bonding strength was 2.4 MPa.
When the mixing ratio exceeded 3:1, the bonding perfor-
mance of the polyurethane elastomer rapidly decreased.
Thus, the bonding performance of the polyurethane elas-
tomer was better in the dry environment than in the wet
environment. This was because during synthesis of the
polyurethane elastomer in the wet environment, isocyanate
reacted with water, and some of the molecular bonds were
broken, forming urea and amino radicals, and CO, was
released. However, the weak polarity of the amino and urea
groups reduced the adhesive strength of polyurethane
elastomer, and the produced CO, was not completely dis-
charged, which increased the cell diameter and its volume
ratio in the elastomer; thus, reducing the adhesive strength
of the polyurethane elastomer. The above analysis indi-
cated that when the polyol mixing ratio was 3:1, the syn-
thesized polyurethane elastomer exhibited superior
mechanical properties.

2.3.2 Effect of isocyanate content on the mechanical
properties of the polyurethane elastomer

Figures 10 and 11 show the compression and tensile per-
formance test results of the polyurethane elastomer with
different isocyanate contents. The figures show that the
relationship curve between isocyanate content (PM200
content), strength, and deformation had a three-stage
characteristic. (1) The first stage was characterized by
increased strength and decreased deformation rate, where
during the manufacturing of polyurethane elastomers, the
isocyanates and polyols were mixed through chemical
reactions, forming urethane groups with strong polarity and
rigidity. This mixture constituted the hard segments in the
molecular chain of the polyurethane elastomer. With an
increase in PM200 content, the number of generated
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Fig. 10 Compressive strength and deformation of the polyurethane
elastomers with different isocyanate contents
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Fig. 11 Compressive strength and deformation of the polyurethane
elastomers with different isocyanate contents

urethane groups increased rapidly, the amount of hard
segments in the polyurethane elastomer molecular chain
increased sharply, and the proportion of soft molecular
segments chain decreased; thus, flexibility declined.
Therefore, the strength of the polyurethane elastomer
improved; however, the elastomer’s resistance to defor-
mation was reduced. When the content of PM200 was 90 g,
the strength of the polyurethane elastomer reached its
maximum, with a compressive strength value of 36.8 MPa
and tensile strength value of 22.8 MPa. (2) In the second
stage, the strength and deformation rates decreased syner-
gistically. As the content of PM200 further increased and
polyol content was limited, the chemical cross-linking
reaction of isocyanates and polyols was not complete. As a
result, a few isocyanates remained, and the molecular
structures followed the remaining content changes gradu-
ally, which weakened the strength and deformation resis-
tance abilities of the synthesized polyurethane elastomer.
Deformation resistance declined faster than during the first-
stage attenuation rate. (3) The third stage consisted of
performance retention. Rigid molecular chain content in
the synthesized polyurethane elastomer became saturated,
and the molecular structure was reconstructed. Therefore,
the strength and deformation abilities of the polyurethane
elastomer gradually stabilized.

Figure 12 shows a bonding strength bar graph of the
polyurethane elastomers with different isocyanate (PM200)
contents. As the content of PM200 increased, the bonding
strength of the polyurethane elastomer and concrete grad-
ually increased. When the content of PM200 was 90 g, the
polyurethane elastomer exhibited the best bonding
strength, and the wet bonding strength reached 2.4 MPa,
and the dry bonding strength reached 3.5 MPa. When the
content of PM200 exceeded 90 g, the bonding strength of
the polyurethane elastomer decreased with increasing

Rail. Eng. Science (2022) 30(2):204-220
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different isocyanate contents

isocyanate content. The increase in PM200 content pro-
moted molecular cross-linking and increased the propor-
tion of polar groups in the molecular chain. Therefore, the
bonding strength of the polyurethane elastomer improved.
In the humid environment, the bonding strength of the
polyurethane elastomers was evidently weaker than in the
dry environment. This result was consistent with the
analysis in the previous section. According to the test
results in this section, isocyanate content had a greater
impact on the mechanical properties of the polyurethane
elastomer. In addition, an optimal value was found.
Specifically, with 90 g of isocyanate, the synthesized
polyurethane elastomer exhibited the best mechanical
properties.

2.3.3 Influence of chain-extending cross-linking agent
content on the physical and mechanical properties
of the polyurethane elastomer

Figures 13 and 14 show the gel time and elastomer strength
properties of the polyurethane grouting with different chain
extender contents. These two figures indicated that the gel
time and strength of the polyurethane slurry were affected
by 1,4-butanediol content, and compared to the strength,
1,4-butanediol content had more of an effect on the gela-
tion time of the polyurethane slurry. With increased 1,4-
butanediol content, the gel time of the polyurethane slurry
decreased linearly, and the decrease was greater, while the
2 h compressive strength and 2 h tensile strength values of
the polyurethane elastomer increased at a uniform rate.
With 20 g of 1,4-butanediol content, the polyurethane
slurry required 36 min to cure to form the elastomer, and
its 2 h compressive strength and 2 h tensile strength values
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were 5.8 MPa and 3.4 MPa, respectively. With 35 g of 1,4-
butanediol, the gel time was shortened by 9 min, and the
curing time was 27 min. Thus, the 2 h compressive
strength of the elastomer increased by 217% to 12.6 MPa,
and the 2 h tensile strength value increased by 276% to
9.4 MPa. The above phenomenon was attributed to the
increase in glycol chain extender content, which acceler-
ated the intermolecular cross-linking reaction rate, released
more heat, shortened the curing time of the polyurethane,
and increased the speed of strength formation. For the
bonding strength of the polyurethane elastomer, the
increase in 1,4-butanediol content promoted the cross-
linking reaction rate, shortened the curing time, and
enabled the material to quickly strengthen. With 27 g of
1,4-butanediol content, the dry bonding strength of the
prepared elastomer was 3.7 MPa and the wet bonding
strength was 2.6 MPa. Thus, the bonding strength of the
polyurethane elastomer decreased with increasing 1,4-bu-
tanediol content.

Figure 15 shows the influence of the chain extender
(1,4-butanediol) content on the compressive/tensile
strength (7 d) and deformation of the polyurethane elas-
tomer. The glycol chain extender was flexible and with a
small steric hindrance, which was beneficial for improving
the degree of hydrogen bonding between the molecular
chains, such as amino and urea groups [46]. With an
increasing amount of 1,4-butanediol, the urea bonded
amino groups and the ether groups in the soft segment
became more active, and the number of generated hydro-
gen bonds increased. However, this increased the hardness
of the molecular chain. By contrast, the specific gravity of
the segments promoted the molecular interactions between
the soft and hard segments. Therefore, as shown in Fig. 15,
the strength and deformability of the polyurethane elas-
tomer gradually increased for seven days with increasing
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Fig. 13 Gel time and strength of the polyurethane elastomer with
different cross-linking agent contents
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1,4-butanediol content. The hydrogen bonding effect was
the best when 1,4-butanediol content was increased to
27 g, and the 7-day strength and deformation ability
properties of the prepared elastomer reached their maxi-
mum values. Thus, the compressive strength was
37.8 MPa, and the compressive deformation rate was
63.1%. The tensile strength value was 24.1 MPa and the
tensile deformation rate was 98.3%. When 1,4-butanediol
content exceeded 27 g, there was an excessive amount of
hard segments, and the soft and hard segments in the
molecular chain were unevenly distributed. This reduced
the intermolecular cross-linking effect, which weakened
the mechanical properties of the polyurethane elastomer.
Therefore, the optimal content of 1,4-butanediol was 27 g.
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Fig. 15 Influence of chain extender (1,4-butanediol) content on the
7 d strengths and deformations of the polyurethane elastomer
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2.3.4 Effect of solvent (xylene) content on the physical
and mechanical properties of the polyurethane
composite

The effects of the different xylene contents on the gel time
and viscosity of the polyurethane composite are shown in
Fig. 16, showing that the gel time and viscosity were
greatly affected by the xylene content. As the xylene
content increased, the gel time of the polyurethane grouting
material decreased rapidly. When the xylene content was
0 g, the gel time of the polyurethane composite was
49 min, and when the xylene content was 25 g, the gel time
was shortened to 30 min, which was a decrease of about
39%. Then, as the xylene content increased, the gel time of
the polyurethane composite increased again. Therefore, the
xylene solvent increased the gelation reaction rate of the
polyurethane slurry so that it cured and formed in a shorter
amount of time; however, when xylene content was too
high, xylene solvation was excessive, which increased
intermolecular fluidity. Thus, considering the gel time, the
optimal amount of xylene was 25 g, and at this point, the
gel time of the polyurethane composite was 30 min. Fig-
ure 16 shows that the viscosity of the polyurethane com-
posite decreased with increasing xylene content, but the
rates of decrease were different. When xylene content
increased from 0 to 25 g, the viscosity decreased from
1440 to 287 mPa-s; thus, the rate was evidently faster.
When xylene content was greater than 25 g, the change
was smaller.

Figure 17 shows the changes in 2 h compressive and 2 h
tensile strengths and gel time of the polyurethane elastomer
with different xylene contents. Figure 18 shows the chan-
ges in bonding performance and gel time of the poly-
urethane elastomer with different xylene contents. From
Fig. 17, when xylene content did not exceed 25 g, although
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Fig. 16 Gel time and viscosity of the polyurethane composites with
different xylene contents
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the 2 h compressive and 2 h tensile strengths of the poly-
urethane elastomer improved, the differences were not
large. When xylene content exceeded 25 g, the 2 h com-
pressive and 2 h tensile strengths of the polyurethane
elastomer showed a relatively noticeable decline. Thus,
appropriate xylene content improved the uniformity of the
chemical reactions between the components and promoted
the cross-linking between the soft and hard molecular
chains, which improved the mechanical properties of the
polyurethane elastomer. However, when xylene content
was too high, excessive compounding reactions resulted in
uneven distributions of the soft and hard molecular chains.
This reduced the toughness of the polyurethane elastomer,
increasing its brittleness, and decreasing its mechanical
properties. Figure 18 also verifies the above points. The
analysis showed that the optimal content of xylene was
25 g, and at this content value, the gel time of the
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polyurethane elastomer was 30 min, the 2 h compressive
strength was 38.2 MPa, the 2 h tensile strength was
28.5 MPa, the dry bonding strength was 3.7 MPa, and the
wet bonding strength was 2.7 MPa.

2.3.5 Proposal on proportioning of polyurethane material
for mud pumping of ballastless track

Analysis of the test results showed that when polyethers A
and B were mixed at a mass ratio of 3:1 to produce a 200 g
polyol mixture, with isocyanate content of 90 g, chain-
extending cross-linking agent (1,4-butanediol) content of
27 g and solvent (xylene) content of 25 g, the synthesized
polyurethane elastomer had the best physical and
mechanical properties. Although polymer materials have
been used for the treatment of mud pumping in subgrade
beds under ballastless tracks, theoretical research progress
has been slow and inadequate, with unclear performance
parameters of the related materials and a lack of normative
documentation. According to the Chinese high-speed
railway ballastless track line maintenance rules (trial)
[47], polymer materials can be used to repair the expansion
joints of track slabs and base plates, support layer cracks,
and address mortar delamination in joints and other issues.
By synthesizing the requirements for material properties
according to this rule in Refs. [37, 38], we proposed a
series of material performance parameters, which were
compared with the properties of the polyurethane materials
synthesized in this work, as shown in Table 4.

Table 4 Performance comparison of the polyurethane material

3 Dynamic tests using polyurethane
for the treatment of mud pumping of ballastless
tracks

Grouting was performed on-site in the area of intercity
railway mud pumping to verify the efficacy of the proposed
polyurethane material ratio. The material ratio was
designed according to methods described in Sect. 2.3.5,
and the material performance is shown in Table 4. Mud
pumping in the subgrade bed was treated according to the
following procedures: (1) A quick-setting polymer mortar
was used to seal the side seams of the base plate and the
enclosed roadbed layer, forming a closed grouting space.
(2) Then, along the longitudinal direction of the line, the
track slab was connected, and holes were drilled at an angle
of 45° along the seam of the base plate to the depth of the
surface of the bed. The hole diameter was 10 mm and the
hole spacing was 60 cm. The holes were drilled 5 cm deep
into the surface of the bed to ensure the filling degree of the
grouting, as shown in Figs. 19 and 20. (3) The grouting
pipe was installed and connected with a high-pressure air
pump. High-pressure air flushing was performed to the
bottom of the base plate to wash away the accumulated
water and mud between the base plate and the surface layer
of the bed. (4) Finally, the grouting machine was connected
to the grouting pipe, and the configured polyurethane
grouting was poured into the hopper of the grouting
machine. The grouting pressure was adjusted to about
0.2 MPa, and grouting operations commenced. Figure 21
illustrates the on-site grouting operations, where the
grouting pressure did not exceed 0.4 MPa. Before and after
grouting, a dynamic driving test was conducted on the test
section to compare and analyze the dynamic responses of
the track structure before and after the renovation, and to

Parameter Unit Measured value Limit value [37, 38, 44]
Viscosity mPa-s 287 < 300

Gel time min 30 <30

Tensile strength

2h MPa 7.5 >6

7d MPa 22.9 > 20

Compressive strength

2h MPa 10.3 >6

7d MPa 36.3 > 30

Bonding strength

Dry bonding MPa 3.6 > 3.0

Wet bonding MPa 2.7 > 2.0

Compression failure deformation rate % 60.5 N

Tensile elongation at break % 94.3 -
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Fig. 19 Sketch of the grouting treatment section

|, 600 | 600 || 600 | 600 | 600 | 600 |
1 1 1 i 1 1 1

g
‘

Gro utlng p ipe

Fig. 20 Layout of the grouting points

examine the treatment effects of the designed polyurethane
material.

3.1 Test program

Representative cross sections were selected from the mud-
flushing section of an intercity railway, with sensors
installed for testing, and the line was a CRTSI slab bal-
lastless track. CA-YD-117 piezoelectric accelerometers
and dynamic piezoelectric displacement meters were
placed on the outer edge of the top surface of the track
plate, the outer edge of the top surface of the base plate,
and the top surface of the enclosed roadbed layer (near the
base plate), as shown in Fig. 22. A DH5922 dynamic
acquisition instrument was used for data acquisition. Dur-
ing the test period, a CRH2C electric multiple unit (EMU)
was run on the line, where the marshaling form was 8MS8T,
with a total of 16 sections. The total length of the train was
401.4 m, with a bogie center distance of 17.5 m, wheelbase
of 2.5 m, and an average axle load of 14 t. During the test,
the train speed was about 250 km/h.

Rail. Eng. Science (2022) 30(2):204-220

Fig. 21 Layout of the grouting points: a hole layout and drilling;
b grouting pipe placement; ¢ grouting; d track after grouting

3.2 Test result analysis
3.2.1 Acceleration

Acceleration is the main indicator for analyzing structural
vibration responses, and its value affects the comfort and
safety of train operations. Figure 23 shows the vibration
acceleration—time history curve of each structural layer of
the ballastless track subgrade at different train speeds,
before and after the foundation bed was strengthened by
grouting.

Figure 23 shows evident peaks in the acceleration—time
history curves of each structural layer, and each peak
corresponded to the acceleration response of the structural
layer when a single bogie of the EMU passed by. Between
the adjacent peaks, the acceleration value response rapidly
decayed; however, the attenuation interval was very short.
There were also more noticeable loading and unloading
processes when the train passed the test point. Before
grouting, the acceleration amplitude ranges of the top
surfaces of the track slab, base slab, and enclosed roadbed
layer were 4.59-5.36 m/s?,  1.85-2.21 m/s?, and
0.92-1.17 m/s*, respectively. After grouting, the amplitude
ranges for each structural layer were significantly reduced,
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Fig. 22 Layout of the dynamic test sensors: a schematic of sensor arrangement; b sensors installed on site

and the acceleration amplitude ranges of the top surfaces of
the track slab, base slab, and shoulder were 2.85-3.59 m/
s, 0.81-1.12 m/s?, and 0.56-0.81 m/s?, respectively.

The acceleration values for each structural layer before
and after grouting were calculated, and the average distri-
butions of vibration acceleration amplitudes for each
structural layer before and after grouting are shown in
Fig. 24. Figure 24 shows that the average vibration accel-
eration amplitude value for each structural layer was sig-
nificantly reduced after polyurethane grouting treatment.
The average vibration acceleration amplitudes at the top
surfaces of the track slab, base slab, and shoulder were
reduced from 4.59 (before grouting) to 3.27 m/s” (after
grouting), from 1.97 (before grouting) to 0.95 m/s* (after
grouting), and from 1.04 (before grouting) to 0.69 m/s
(after grouting), which corresponded to decreases of
28.8%, 52%, and 33.6%, respectively. Therefore, after
grouting reinforcement of the ballastless track was com-
plete, the void area was filled and the contact state was
more uniform, which significantly changed the connection
between the bottom of the base plate and the contact layer
of the surface layer of the subgrade bed, enhanced the
transmission performance of the vibration waves between
the layers, and restored the supporting effect of the sub-
grade to the ballastless track structure and the effect of
vibration energy consumption.

3.2.2 Dynamic displacement

Vibration displacement is a vital indicator for evaluating
the dynamic response performance of ballastless track
structures, and it reflects the degree of dynamic effects of
traffic load on the structure under the track. Excessive
dynamic displacement can seriously affect the smoothness
and stability of the train, and even the safety of train
operations. Figure 25 shows the dynamic displacement—
time history curve of the top surface of the base plate of the
test section before remediation. The W-shaped waveform
in the figure shows the loading and unloading processes of
the top surface of the base plate at the test position as the
bogie wheels passed by. As shown in the figure, when the

@ Springer

train passed the test section, the dynamic displacement
curve drifted. After the seam was cut on the spot, obser-
vations under the base plate showed a clear seam between
the surface of the bed and the base plate. The base plate had
poor contact with the surface of the base bed, and the
power transmission was not smooth. The dynamic dis-
placement of the base plate as a rigid material and the
surface of the flexible base bed was inconsistent, which
caused large vibration displacement fluctuations of the
upper track structure. This phenomenon posed a significant
hidden danger to driving safety.

The average value of the dynamic displacement ampli-
tude for each structural layer of the ballastless track before
and after grouting was calculated according to the test data,
and the vibration displacement distribution of each struc-
tural layer in the ballastless track is drawn in Fig. 26. The
figure shows that designing polyurethane for treating the
mud-flushing section of the foundation bed could effec-
tively improve the dynamic response distribution of the
track structure. Before the renovation, the average dynamic
displacement amplitude values at the top surfaces of the
track slab, base slab, and enclosed subgrade layer were
0.61 mm, 0.28 mm, and 0.06 mm, respectively. The
dynamic displacements of the structural layers showed
large differences, where the dynamic displacement of the
top surface of the enclosed subgrade layer was almost zero,
which showed that the contact between the track structure
and the surface of the subgrade was very poor. The vertical
dynamic transmission path was interrupted between the
base plate and the surface layer of the subgrade bed. When
the actual train passed over the test section, the car body
shook noticeably and the safety of train operations was at
risk. After grouting with the designed polyurethane mate-
rial, the average dynamic displacement amplitude values at
the top surfaces of the track slab and the base plate
decreased to 0.36 mm and 0.18 mm, resulting in decreases
of 41% and 35.7%, respectively. The average dynamic
displacement amplitude value at the top surface of the
enclosed layer of the roadbed increased to 0.15 mm,
reflecting an increase of 150%. Moreover, the average
difference in the dynamic displacement amplitude of each
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Fig. 23 Dynamic responses in the flushing section: a track surface before grouting; b track surface after grouting; ¢ base plate surface before
grouting; d base plate surface after grouting; e shoulder surface before grouting; f shoulder surface after grouting

structural layer after grouting treatment decreased, that is,
the dynamic displacement of each structural layer was
more coordinated. The average amplitude distribution of
the dynamic displacement of each structural layer after
grouting was relatively close to the dynamic measurement
data of the ballastless track with intact subgrade beds in the
literature [3]. The test data showed that the polyurethane

Rail. Eng. Science (2022) 30(2):204-220

with the appropriate design ratio exhibited good fluidity
and could fill the gaps between the fillers on the surface of
the bed, filling the seam between the surface of the bed and
the contact interface of the base plate. It could also restore
the integrity of the bed surface and improve the gap
between the bed surface and the base plate. The contact
characteristics between the plates promoted the formation
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Fig. 24 Distribution of the mean acceleration amplitude values
before and after grouting in each structural layer of the ballastless
track
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Fig. 25 Base plate dynamic displacement—time history curve

of a good dynamic response coordination mechanism
between the ballastless track and the surface of the sub-
grade bed, and the designed polyurethane material exhib-
ited a good remediation effect.

4 Conclusions

Polyurethane materials can be used to treat mud pumping
in subgrade beds under ballastless tracks. To propose the
proportioning of polyurethane materials, indoor material
tests were first carried out, and then on-site dynamic tests
were performed to verify the grouting effect of the pro-
posed polyurethane. The main conclusions were as follows:
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Fig. 26 Comparison of dynamic displacement amplitude values of
each layer of the ballastless track before and after grouting

)

2)

3)

“4)

The mixing ratios of different polyols significantly
influenced the strength and deformation of the
polyurethane elastomer. As the amount of polyether
polyol A increased, the mechanical properties of the
polyurethane elastomer gradually improved. How-
ever, with an excessive amount of polyether, the rigid
polymer particles in the elastomer increased, flexibil-
ity decreased, the probability of brittle failure
increased, and the mechanical properties of the
elastomer became weaker.

The relationship curve between isocyanate (PM200)
content, strength, and deformation exhibited three-
stage characteristics. As the content increased, the
strength of the polyurethane elastomer increased, and
the deformation rate decreased. The adhesive strength
of the polyurethane elastomer also increased and then
decreased with increasing isocyanate (PM200) content.
With increasing 1,4-butanediol content, the gel time of
the polyurethane slurry decreased linearly, and the
decrease was relatively large. The 2 h compressive and
2 h tensile strengths of the polyurethane elastomer
increased at a uniform rate. Also, the strength and
deformation of the polyurethane elastomer and 1,4-
butanediol content increased and then decreased.
When 1,4-butanediol content was within a certain
range, the content increase promoted the cross-linking
reaction rate, which shortened the curing time of the
polyurethane slurry and allowed it to strengthen faster.
As a solvent, xylene increased the gelation reaction
rate of the polyurethane slurry, allowing it to cure and
form in a relatively short amount of time. However,
with excessive amount, xylene was solvated in
excess, which increased intermolecular fluidity. Thus,
in terms of setting time, there was an optimal amount
of xylene dosage.
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(5) Through a single-factor control variable experiment,
the optimal mass ratio among polyether A, polyether
B, PM200, 1,4-butanediol, and xylene was
150:50:90:27:25. The gelation time of the polyur-
ethane elastomer prepared according to this ratio was
30 min, where the compressive strength after 2 h was
10.3 MPa, the tensile strength after 2 h was 7.5 MPa,
the dry bonding strength was 3.6 MPa, the wet
bonding strength was 2.7 MPa, and the elongation
at break was 94.3%.

(6) The dynamic field test showed that the contact
characteristics between the surface layer of the
subgrade bed and the base plate improved after
grouting treatment of the subgrade bed under the
ballastless track with the designed proportion of
polyurethane grouting. As a result, the coordination of
the dynamic response between the track structure and
the subgrade bed was restored, ensuring the safety
and comfort of line operations, and with a good
application effect.

In this study, although the proportion of polyurethane
materials suitable for the treatment of mud pumping in the
subgrade bed under ballastless tracks was proposed, and it
exhibited a good field application effect, the dynamic
performance and durability of the material are still
unknown. Therefore, in a follow-up study, more compre-
hensive research will be needed to provide a basis for the
application of polyurethane materials in the treatment of
mud pumping.
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