
PLOS One | https://doi.org/10.1371/journal.pone.0332219  October 6, 2025 1 / 24

 

 OPEN ACCESS

Citation: Guo L, Wang B, Zhang B, Yang Z, 
Zhou L, Zhong Y (2025) The mechanism 
of seepage prevention of polymer grouting 
repair for longitudinal cracks in reconstructed 
and expanded pavement. PLoS One 20(10): 
e0332219. https://doi.org/10.1371/journal.
pone.0332219

Editor: Anwar Khitab, Mirpur University of 
Science and Technology, PAKISTAN

Received: September 17, 2024

Accepted: August 27, 2025

Published: October 6, 2025

Copyright: © 2025 Guo et al. This is an open 
access article distributed under the terms of 
the Creative Commons Attribution License, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided the 
original author and source are credited.

Data availability statement: All date within the 
manuscript itself.

Funding: This research was funded by the 
Central Plains Technology Innovation Leading 
Talent Project, grant No.234200510014; 
National Natural Science Foundation of China, 

RESEARCH ARTICLE

The mechanism of seepage prevention of 
polymer grouting repair for longitudinal cracks  
in reconstructed and expanded pavement

Lin Guo1,2, Baolin Wang 2,3*, Bei Zhang4, Zhaoxu Yang5,6, Lin Zhou4, Yanhui Zhong4

1  Henan Transport Investment Testing and Certification Co., Ltd., Zhengzhou, China, 2  Henan 
College of Transportation, Zhengzhou, China, 3  Henan Jiaoyuan Engineering Technology Group Co., 
Ltd, Zhengzhou, China, 4  School of Water Conservancy and Transportation, Zhengzhou University, 
Zhengzhou, China, 5  The Key Laboratory of Road and Traffic Engineering, Ministry of Education, Tongji 
University, Shanghai, China, 6  Henan Transport Investment Group Co., Ltd., Zhengzhou, China 

* wangbaolin7@126.com

Abstract 

A key challenge in highway reconstruction and expansion projects is to reduce lon-

gitudinal cracking at the junction of old and new roadbeds, which is a critical issue 

in the maintenance of transportation infrastructure. Polymer grouting technology, a 

non-excavation method for hidden subgrade defects, leverages material self- 

expansion properties to fill voids, enhance load-bearing capacity, and bond structural 

layers while providing seepage control—enabling rapid repair of longitudinal pave-

ment joints. This study investigates the seepage characteristics of polymer-grouted 

longitudinal joints in reconstructed pavements by simulating post-repair infiltration 

behavior under rainfall conditions. The results elucidate the anti-seepage efficacy of 

polymer grouting, offering theoretical and practical insights for efficient longitudinal 

joint treatment in highway expansion projects.

Introduction

After pavement construction, under the combined effects of repeated traffic loads and 
natural factors like rainfall, a series of distresses often emerge within just two or three 
years of service [1–2]. These include cracks, spalling, and loosening. In the case of 
widened or reconstructed pavements, such issues are particularly prone to occur at 
the joints between old and new pavement sections. When exposed to rainfall, these 
structural damages can significantly affect the pavement’s mechanical properties and 
seepage behavior [3–4]. Therefore, studying the seepage characteristics of longitudi-
nal pavement joints is of great importance.

The study of seepage characteristics of pavements containing longitudinal joints 
has always been an important topic of concern in the field of traffic engineering and 
geotechnical engineering, especially in the areas of pavement drainage performance, 
stability of road base and environmental protection. Based on this, scholars at home 
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and abroad have carried out investigations on the seepage mechanism, and in 
the middle of the 19th century, Darcy [5] In the mid-19th century, Darcy carried out 
experiments on seepage in sandy soil. He studied the flow law of water in porous 
media (such as sandy soil) through a series of rigorous experiments, and based on 
the results of the experiments, he proposed Darcy’s law which describes the rela-
tionship between the water permeability and hydraulic gradient under the conditions 
of laminar flow, and the result is of great significance in many fields, such as hydrol-
ogy, soil mechanics and so on. Subsequently, Richards [6] Based on Darcy’s law, he 
carried out a large number of seepage experiments and proposed a control equation 
for unsaturated water movement, which is now widely used in the study of seepage 
characteristics of saturated-unsaturated soils.J. R. Philip [7–8] Extensive simulation 
studies based on the Richards equation have given solutions to the full nonlinear 
unsaturated flow equation for the infiltration problem on a plane hillslope of a homo-
geneous isotropic soil with uniform initial water content, with minor modifications and 
simplifications for two simple types of hillslope anisotropy.

Based on the development of seepage theory, scholars gradually realize that 
rainwater infiltration caused by road cracks is the key factor affecting road stability. 
In terms of research on disease development characteristics: Zou, Y. [9] taking cold 
region highways as the main research object, the development law of cracks on cold 
region highways under the influence of freezing and thawing was analyzed. Wang, H. 
[10] summarized the forms of diseases in the renovation and expansion of highways, 
and believed that longitudinal joints at junctions are the main diseases in the reno-
vation and expansion of highways. Combined with the strength of road structures, 
he analyzed the causes of crack diseases. Chen, G. H. [11] conducted extensive 
research on engineering cases, analyzed the possible forms and characteristics of 
diseases that may occur in the widening of old roadbeds, and proposed correspond-
ing control methods. Han, F. F. [12] taking the highway renovation and expansion 
project as an example, focuses on analyzing the causes of longitudinal joints in the 
road surface at the joint position of the renovated and expanded highway, and pro-
poses a control plan during construction.

In terms of studying the impact of rainwater infiltration on roadbed stability, Ma, N. 
Z. [13] constructed a numerical analysis model for road reconstruction and expansion 
in mountainous and hilly areas, studied the influence of continuous rainfall on the 
seepage field of reconstructed and expanded roadbeds, and believed that continuous 
infiltration was the direct factor leading to instability of reconstructed and expanded 
roadbeds. Yue, J. W. [14] analyzed the strength changes of roadbed soil after rainwa-
ter infiltration and summarized the damage and failure laws of soil caused by water 
infiltration. The study focuses on the high fill roadbed of the underlying coal bearing 
strata in Lan, G. G. [15] with a particular emphasis on analyzing the disaster process 
caused by rainwater infiltration on the slope of the fill roadbed, and exploring the 
destructive law of rainwater on the stability of the fill roadbed slope.

From the above research, it can be seen that rainwater infiltration along road 
cracks can lead to roadbed instability. Therefore, based on the unsaturated seepage 
theory, this paper establishes two-dimensional numerical models of the reconstructed 
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pavement under different working conditions with the help of finite element software, simulates the rainfall infiltration pro-
cess before and after the repair of pavement cracks with high polymer grouting, researches the change rule of the internal 
pore water pressure, volumetric water content and transient saturated zone of the embankment with the time of rainfall, 
and compares and analyses the seepage characteristics of the embankment under different working conditions, so as to 
reveal the anti-seepage mechanism of longitudinal joints of the pavements reconstructed by high polymer grouting. The 
seepage control mechanism and seepage control effect of longitudinal joints of road surface.

1.  Saturated-unsaturated seepage principle

When studying the seepage of embankment slopes under rainfall conditions, special attention needs to be paid to the inter-
action of groundwater flow in the saturated and unsaturated zones within the slope. During rainfall, rainwater will gradually 
infiltrate into the soil, and part of the soil close to the ground surface may reach saturation quickly due to rainfall, while with 
the increase of depth, the water in the soil pores gradually decreases, forming a non-saturated zone, which is therefore 
known as the saturated-unsaturated seepage problem [16]. Saturated-unsaturated seepage still follows Darcy’s law of 
non-constant seepage within the soil, and the partial differential equation takes the form of equation (1) as follows [17]:
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Where: h is the total head height in the rock fissure; and kx, ky is the permeability coefficient in the x and y directions; w is 
the source-sink term; mw is the specific water capacity; ρw is the water density; g is the acceleration due to gravity; and t is 
time.

For unsaturated seepage calculations, the permeability coefficient of a geotechnical body is closely related to the volu-
metric water content of the saturated soil and the matrix suction, and a soil-water characteristic curve is commonly used to 
describe this relationship. Although Darcy’s law is still applicable when dealing with problems related to unsaturated soils, 
its permeability coefficient is no longer a fixed value, but is closely related to the matrix suction of the soil or the volumetric 
water content of the soil body [18]. Prediction methods for soil-water characteristic curves rely heavily on experimental 
point data, to which existing models are fitted. A common method used in the past to determine the infiltration coefficient 
was to use the classical Van Genuchten model [19]. Numerical fitting was carried out with the model expression:
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Where: θ is volumetric water content; θs is residual water content; θr is saturated water content; Ks is saturated permeabil-
ity coefficient; m, n are shape parameters of soil-water characteristic curve.

2.  Tests on the impermeability characteristics of polymer materials

According to relevant literature [20–21] According to the literature, the self-consolidating skin formed by the polyurethane 
polymer grouting material after construction can effectively isolate the intrusion of external water, which greatly enhances 
the waterproof performance of the material. At the same time, its internal structure is also very unique. Up to 95% of the 
closed pores are in the form of high-strength interconnected walls, and it is because of this special closed pore structure 
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that the polyurethane polymer grouting material shows excellent impermeability, with a permeability coefficient as low as 
10−8 cm/s. Therefore, in order to more intuitively explore and study the permeability characteristics of the polymer material, 
this section carries out the test of the permeability resistance of the polymer material.

2.1  Test methods

High polymer material is a kind of rigid polyurethane foam, so this section adopts the test method of permeability in 
JC/T 998–2006 Spray Polyurethane Rigid Foam Insulation Material. According to the standard, the specimen size of 
the permeability test is 100 × 100 × 30 mm, and three specimens are tested as a group and the value is taken as the 
test result. Since this method is similar to the method and principle of the variable head permeability test, this sec-
tion adopts the formula of the variable head permeability test to calculate the permeability coefficient of the polymer 
material:

	
K =

a · L
A · t

ln
(
h1
h2

)

	 (4)

Where: is the permeability coefficient (cm/s); is the cross-sectional area of the test tube (cm2); is the height of the test 
block cm) is the cross-sectional area of the test block cm); is the test time (s); is the head value at the beginning cm); is 
the head value at the end (cm).

2.2 Experimental process

(1)	 Preparation of specimens: the polymer specimens obtained by grouting in a steel mould of 100 × 100 × 100 mm will be 
cut into the dimensions required for the permeability test, i.e., 100 × 100 × 30 mm, with the same density of three spec-
imens in each group (see Fig 1), and four densities, i.e., four groups, are set up, respectively, as 0.32 g/cm3, 0.41 g/
cm3, 0.50 g/cm3, 0.59 g/cm3;

(2)	 Place the prepared specimen horizontally and place a glass tube with a diameter of 20 mm and a length of 1100 mm 
vertically on its upper surface, mark the height of the glass tube at 1000 mm, and seal the gap between the glass tube 
and the specimen with a n

Fig 1.  Preparation of specimens.

https://doi.org/10.1371/journal.pone.0332219.g001

https://doi.org/10.1371/journal.pone.0332219.g001
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2.3  Impermeability properties of polymers at different densities

After cutting the specimen, comparing the degree of solution infiltration at different densities, it can be seen that: the 
smaller the density of the specimen, the deeper the infiltration; as the density increases, it can be seen that the interior of 
the specimen is more dense and the porosity of the material is smaller, making it difficult for aqueous solutions to infiltrate, 
thus indicating that the high-density material has a better resistance to infiltration. The following figure shows the more 
obvious results in each group (see Figs 2–8).

All the test results are summarised in Table 1 below. According to Fig 9. It can be seen more intuitively: with the 
increase in density, the specimen penetration depth gradually decreases. For the density of 0.59 g/cm3 specimen, the pen-
etration depth is only 0.1 mm, which is almost negligible. According to the trend of the curve it can be seen that when the 
density increases to a certain value, the depth of the material penetration tends to be 0; with the increase in density, the 

Fig 2.  Marking heights.

https://doi.org/10.1371/journal.pone.0332219.g002

Fig 3.  Sealing the gap.

https://doi.org/10.1371/journal.pone.0332219.g003

https://doi.org/10.1371/journal.pone.0332219.g002
https://doi.org/10.1371/journal.pone.0332219.g003
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permeability coefficient of the specimen also decreases. density increases, the permeability coefficient of the specimen 
also decreases. The density of the commonly used polymer material is 0.3 g/cm3, and the corresponding permeability 
coefficient is only 1 × 10−8 cm/s, which is consistent with the existing conclusion.

The fitted equation for the depth of penetration of an aqueous solution in a polymer as a function of density is shown in 
equation (5) below:

	

{
y = 0.03017x–3.16446

R2= 0.95469 	 (5)

Fig 4.  Adding the solution.

https://doi.org/10.1371/journal.pone.0332219.g004

Fig 5.  Density of 0.32 g/cm3.

https://doi.org/10.1371/journal.pone.0332219.g005

https://doi.org/10.1371/journal.pone.0332219.g004
https://doi.org/10.1371/journal.pone.0332219.g005
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Through the polymer material water absorption test and impermeability test can again confirm the foaming non-water 
reaction two-component polyurethane material is a kind of impermeable material, the internal material is not easy to 
absorb water and has good impermeability performance, but also for the following under the rainfall conditions of polymer 
grouting repair longitudinal joints in the pavement to provide a basis for the research.

Fig 6.  Density of 0.41 g/cm3.

https://doi.org/10.1371/journal.pone.0332219.g006

Fig 7.  Density of 0.50 g/cm3.

https://doi.org/10.1371/journal.pone.0332219.g007

Fig 8.  Density of 0.59 g/cm3.

https://doi.org/10.1371/journal.pone.0332219.g008

https://doi.org/10.1371/journal.pone.0332219.g006
https://doi.org/10.1371/journal.pone.0332219.g007
https://doi.org/10.1371/journal.pone.0332219.g008
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3.  Finite element modelling

In order to study the changes of slope seepage field under different rainfall events and pavement conditions, an artificial 
slope model is set up for the reconstructed and expanded asphalt pavement structure in this section. In order to better 
analyse the repair effect of polymer grouting, the finite element model is set up with three working conditions, namely, the 
reconstructed pavement, the cracked pavement, and the repaired pavement using polymer grouting.

3.1  Model dimensions

In order to consider the change of seepage field of the pavement under rainfall conditions, the road base structure was 
simplified appropriately (see Fig 10), which consists of 18 cm asphalt concrete surface layer, 54 cm cement stabilised 

Table 1.  Test results of permeability of polymers with different densities.

grade Density (g/cm3) Depth of penetration (mm) Median (mm) Permeability coefficient (cm/s)

A1 0.32 1 1 1 × 10−8

A2 1.2

A3 1

B1 0.41 0.5 0.5 0.5 × 10−8

B2 0.5

B3 0.6

C1 0.50 0.3 0.3 0.3 × 10−8

C2 0.2

C3 0.3

D1 0.59 0.1 0.1 0.1 × 10−8

D2 0.1

D3 0.1

https://doi.org/10.1371/journal.pone.0332219.t001

Fig 9.  Fitted depth of infiltration of aqueous solutions in polymers at different densities. 

https://doi.org/10.1371/journal.pone.0332219.g009

https://doi.org/10.1371/journal.pone.0332219.t001
https://doi.org/10.1371/journal.pone.0332219.g009
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crushed stone base layer, and 14.28 m soil base from the top to the bottom. The total width of the reconstructed pavement 
is 32 m. The slope ratio of the side slopes is 1:1.5, and the foot of the slope extends outward for 10 m.

For the pavement with longitudinal joint condition and grouting repair condition, the longitudinal joint and grouting posi-
tion are set at the junction of old and new surface layer, the depth is through the surface layer and the base layer, and the 
width is 2 cm. In order to facilitate the analysis and observation of the change rule of seepage characteristics at different 
positions, two monitoring points are selected for analysis in this section, namely: the top of the soil base under the longi-
tudinal joint ①, and the monitoring point at the right edge of the soil base ②. Considering the symmetrical structure of the 
pavement, 1/2 model is taken for numerical calculation and analysis, as shown in Fig 11.

Fig 12 shows the calculation model under the condition of containing longitudinal joints. The model mesh division 
adopts quadrilateral & triangular cells, the mesh size is 0.5 m, the global total of 2612 nodes, 2502 cells. The cell setting 
and meshing of the model for the other two conditions are the same as above.

3.2  Parameter selection

Using the indoor test results in Chapter 2, combined with the structural material parameters of previous experimental 
studies [22], the corresponding parameter values were selected according to the needs of the thesis analysis. The values 
of the parameters of each structural layer of the model are shown in Table 2.

Fig 10.  Slope model of the reconstructed pavement (unit: m).

https://doi.org/10.1371/journal.pone.0332219.g010

Fig 11.  Longitudinal seam and monitoring section setup.

https://doi.org/10.1371/journal.pone.0332219.g011

https://doi.org/10.1371/journal.pone.0332219.g010
https://doi.org/10.1371/journal.pone.0332219.g011
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Using the built-in sample function of the software, the soil-water characteristic curve of the residual slope accumulation 
can be simulated and fitted based on the measured data or known soil physical property parameters. Next, based on the 
fitted soil-water characteristic curve, the Van Genuchten model can be applied to further derive the infiltration function 
curve of the unsaturated region inside the soil body, as shown in Fig 13 and 14 From the following figures, it can be clearly 
seen that there is a significant non-linear connection between the matrix suction of the soil body and its volumetric water 
content and permeability coefficient.

3.3  Boundary conditions

The bottom and two sides of the model are set as impermeable boundaries, and the unit flow boundary transformed from 
the rainfall intensity boundary is imposed on the model surface. According to the rainfall class classification in China, this 
paper selects the daily average rainfall of 30 mm/d under heavy rainfall class as the flow boundary imposed on the slope 
surface, and the rainfall lasts for 3 days. The initial pore water pressure distribution in the calculated steady-state seepage 
field is used as the starting condition for the next transient analysis (Table 3).

For the calculation case of pavements containing longitudinal joints, the perimeter of the crack is set as a constant 
head boundary, and the infiltration rate at the crack is based on the surface water infiltration rate test results of the old 
pavement, using the requirements of the Highway Drainage Design Code [23]. Since cracks are the main pathway for 
water infiltration into the interior of the pavement structure, the theory proposed by Ridgeway et al. advocates using the 
infiltration rate of cracks or joints as a measure [24] The design infiltration rate of surface water for asphalt pavements 
where cracks exist at the location of the surface layer is specified as 0.625 cm3/h/cm2, and the infiltration is calculated 
based on the number of cracks according to the following equation (6):

	 Qi=IaB+kPB	 (6)

Table 2.  Selection of parameters for road base pavement materials.

Makings Permeability coefficient (m/s) Saturated moisture content Residual moisture content

Bituminous concrete surface 1.5 × 10−6 0.08 0.01

Cement stabilised
aggregates

1.22 × 10−6 0.15 0.065

Soil foundation 3.3 × 10−7 0.2 0.053

polymer 1 × 10−10 – –

https://doi.org/10.1371/journal.pone.0332219.t002

Fig 12.  Model meshing.

https://doi.org/10.1371/journal.pone.0332219.g012

https://doi.org/10.1371/journal.pone.0332219.t002
https://doi.org/10.1371/journal.pone.0332219.g012
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Where: Ia is the design infiltration rate of surface water per square metre of cracked asphalt pavement (m3/d/m2); kp is the 
infiltration rate of surface water to the surface of uncracked pavement per square metre.

4.  Characterisation of seepage in longitudinal joints of reconstructed pavements under rainfall 
conditions

4.1  Pore water pressure

From the above Fig 15 can be seen: the existence of cracks in the pavement state, rainwater will be along the cracks 
penetrate into the pavement inside, with the increase of rainfall time, the pore water pressure at the cracks is a droplet-like 
slowly downward diffusion, in the third day and the pore water pressure contour within the soil base through. In the initial 

Fig 13.  Soil-water characteristic curve.

https://doi.org/10.1371/journal.pone.0332219.g013

Fig 14.  Penetration function curve.

https://doi.org/10.1371/journal.pone.0332219.g014

https://doi.org/10.1371/journal.pone.0332219.g013
https://doi.org/10.1371/journal.pone.0332219.g014
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state, the pore water pressure inside the roadbed decreases gradually from top to bottom, and the pore water pressure in 
the upper part is negative, i.e., unsaturated state, and rainwater is more easily infiltrated, while it is positive in the middle 
and lower parts of the soil base, indicating that the middle and lower layers are in a saturated state and there is a negative 
substrate suction force. The longer the rainfall time, the more water enters into the roadbed, and the greater the increase 
in pore water pressure. As can be seen from the above figure, the pore water pressure at the top of the soil base in the ini-
tial state is in the range of −67 kPa ~ −57 kPa, the pore water pressure rises to the range of −9.6 kPa ~ 0 kPa during 1 day 
of rainfall, and the maximum pore water pressure at the top of the soil base reaches 0 kPa ~ 9.6 kPa after 2 and 3 days of 
rainfall, which indicates that the existence of cracks enables rainwater to infiltrate into the interior of the soil base directly, 
and the pore water pressure at the top of the soil base is affected by rainfall. The pore water pressure at the top of the soil 
base is greatly affected by rainfall, and the pore water pressure at the top of the soil base has reached a positive value 
on the 2nd day of rainfall, indicating that the place is already in a saturated state at this time, and there exists a negative 
matrix suction.

From Fig 16, it can be seen that the pore water pressure inside the pavement at the initial moment gradually decreases 
from bottom to top, and with the increase of rainfall time, the rainwater continues to infiltrate and the pore water pressure 
contour keeps moving upwards, in which the pore water pressure value at the side slopes rises to a greater extent, and 
the change is more obvious compared with the pore water pressure at the grouting place.

According to the above analysis, it can be found that the pore water pressure inside the soil base is mainly in the lon-
gitudinal joints and slopes, which are more obviously affected by rainfall, so in order to more intuitively analyse the repair 
effect of the longitudinal joints of the high polymer grouted pavements, the longitudinal joints of the pavements, grouted 
pavements and intact pavements under the simulation results of the monitoring points ①② are compared and analysed, as 
shown in the following Fig 17.

From Fig 17 (a) above, the changes of pore water pressure with rainfall time at monitoring point ① under different 
working conditions can be seen: in the pavement intact condition, the pore water pressure at the point almost does not 
change with the rainfall time, and the whole is at the level of −60 kPa; for the longitudinal joints containing pavements, the 
pore water pressure at the point shows a trend of rapid increase and then smooth and unchanged, and with the increase 
in rainfall time, the maximum pore water pressure reaches −4.1 kPa. Reached −4.1 kPa, indicating that the point is close 
to saturation; longitudinal joints of the pavement by polymer grouting, the pore water pressure at the point increases 
slowly with the increase in rainfall time, and the longitudinal joints can be seen in comparison with the overall pore water 
pressure decreased significantly, and close to the intact condition, at the end of the rainfall when the pore water pressure 
reaches a maximum of −50.3 kPa, and the longitudinal joints of pavement with the maximum compared to the decline 
of 46.2 kPa, thus the pore water pressure at the point shows a trend of rapid increase and then smooth unchanged. 
46.2 kPa. It can be seen that the pore water pressure at the longitudinal joint position after polymer grouting is greatly 
reduced, which makes the matrix suction inside the soil base increase greatly, so that the stability of the pavement can be 
improved.

From Fig 17(b) above, it can be seen that the pore water pressure at monitoring point ② under different conditions 
changes with rainfall time: the trend of pore water pressure at this point under the three conditions is generally similar, 
and it increases with the increase of rainfall time. Comparing the pore water pressure under the three conditions, it can 
be seen that the pore pressure of the intact pavement is larger than that of the grouted pavement and larger than that of 
the pavement with longitudinal joints, and the pore water pressure under the three conditions reaches −17.7 kPa, −18.2 

Table 3.  Classification of rainfall in the country.

Degree of rainfall Drizzle Rainy Heavy rain Storms Torrential rain Extremely heavy rainstorm

Daily rainfall (mm) <10 10 ~ 25 25 ~ 50 50 ~ 100 100 ~ 250 >250

https://doi.org/10.1371/journal.pone.0332219.t003

https://doi.org/10.1371/journal.pone.0332219.t003
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Fig 15.  Pore water pressure distribution for different rainfall durations. (a) Initial moment. (b) Rainfall duration 1 day. (c) Rainfall lasts 2 days. (d) 
Rainfall lasts 3 days.

https://doi.org/10.1371/journal.pone.0332219.g015

https://doi.org/10.1371/journal.pone.0332219.g015
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Fig 16.  Pore water pressure distribution in grouted pavements under different rainfall durations. (a) Initial moment. (b) Rainfall duration 1 day. (c) 
Rainfall lasts 2 days. (d) Rainfall lasts 3 days.

https://doi.org/10.1371/journal.pone.0332219.g016

https://doi.org/10.1371/journal.pone.0332219.g016
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Fig 17.  Variation of pore water pressure with time at each monitoring point under different working conditions. (a) Monitoring point ①. (b) Moni-
toring point ②.

https://doi.org/10.1371/journal.pone.0332219.g017

https://doi.org/10.1371/journal.pone.0332219.g017
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kPa and −19.3 kPa respectively after the rainfall lasts for 3 days, which is caused by the fact that the monitoring point 
is located in the side slope position, and the pore water pressure of this point is affected by the level of the pore water 
pressure of the intact pavement in the rainfall condition. Under the rainfall condition, for the intact pavement, the point is 
subject to the double role of rainwater runoff and vertical infiltration of rainfall, while for the longitudinal joint pavement and 
grouted pavement, part of the pavement rainwater will be infiltrated along the longitudinal joints to the soil base, therefore, 
the amount of infiltrated rainwater at the side slopes will be reduced, which will make the pore water pressure at the point 
under the intact condition the largest value.

In summary, after the longitudinal joint pavement is repaired by using polymer grouting technology, the pore water pres-
sure at different locations of the pavement under rainfall conditions is reduced to a certain extent, and the effect is most 
obvious at the longitudinal joints, which can improve the speed of the reduction of matrix suction of the pavement under 
rainfall conditions, and thus slow down the phenomenon of pavement collapse and slope landslides. Generally speaking, 
the pore water pressure value after grouting repair is relatively close to that of the intact pavement, indicating that the 
seepage characteristics based on pore water pressure after polymer grouting repair are improved to a great extent com-
pared with that before grouting, although the same effect as that of the intact pavement cannot be achieved completely.

4.2  Pore water pressure

From Fig 18 above, it can be seen that with the increase of rainfall time, the volumetric water content at the longitudinal 
joints and slopes changes the fastest and reaches the saturation state first. Rainfall, rainfall along the road to the longi-
tudinal joints and slopes at the seepage, coupled with the slope by the direct infiltration of rainfall caused by the slope at 
the volumetric water content changes, on the other hand, with the continuous infiltration of rainfall, longitudinal joints at 
the volumetric water content in the form of raindrops continue to diffuse downward, so that the volumetric water content 
around the longitudinal joints is also increasing, and in a relatively short period of time to reach the state of saturation, 
which can be seen that the longitudinal joints have a great influence on the change of volumetric water content of the 
road surface. This shows that the existence of longitudinal joints has a great influence on the change of volumetric water 
content of pavement.

From Fig 19 above, it can be seen that the initial moment of volumetric water content in the soil base structure layer 
presents from the bottom to the top the change rule of gradual decrease. This phenomenon is due to the soil base in the 
long-term rainfall conditions at the bottom of the continuous accumulation of water, resulting in the lowest layer of the 
volumetric water content tending to be saturated, and the upper layer of the soil due to the gravity of the rainwater con-
tinues to infiltrate the lower layer of the volumetric water content and the lower layer of the smaller compared to the. With 
the increase of rainfall time, it can be seen that the volumetric water content at the slope changes are more obvious. The 
larger the rainfall volume at the slope, the larger the volumetric water content. On the second day of rainfall at the surface 
of the slope is close to the saturated water content, and with the continuous infiltration of rainfall at the slope, the soil base 
is also slowly affected by the influence of the slope. The volumetric water content increases, the contour line continues to 
move upward. After grouting the longitudinal joints of the pavement, it is difficult for rainwater to infiltrate through the sur-
face of the road, and the excess rainwater that is difficult to be discharged from the pavement will also flow to the slope, 
so that the volumetric water content at the longitudinal joints is almost insignificantly changed with the amount of rainfall, 
and only small changes occur between the contact surfaces of the structural layers.

From Fig 20 (a), the change of volumetric water content with rainfall time at monitoring point ① under different working 
conditions, it can be seen that: the volumetric water content at this point almost does not change with rainfall time under 
the condition of intact pavement, and the whole is at the level of 0.076; when there is a longitudinal joint in the pavement, 
the volumetric water content at this point changes a lot, and it shows that with the increase of rainfall time the volumetric 
water content at this point increases rapidly firstly and then stably, and the trend of no change is stable, and rainfall lasts 
until day 3, when this point reaches the maximum value of 0.185. When rainfall continues for the 3rd day, the volumetric 
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Fig 18.  Distribution of volumetric water content for different rainfall durations. (a) Initial moment. (b) Rainfall duration 1 day. (c) Rainfall lasts 2 
days. (d) Rainfall lasts 3 days.

https://doi.org/10.1371/journal.pone.0332219.g018

https://doi.org/10.1371/journal.pone.0332219.g018
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Fig 19.  Distribution of volumetric water content of grouted repaired pavements under different rainfall durations. (a) Initial moment. (b) Rainfall 
duration 1 day. (c) Rainfall lasts 2 days. (d) Rainfall lasts 3 days.

https://doi.org/10.1371/journal.pone.0332219.g019

https://doi.org/10.1371/journal.pone.0332219.g019
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water content at the point reaches a maximum value of 0.185, compared with the intact pavement increased by 0.109, 
and is close to the saturated water content. At this time the location of the soil body tends to be saturated. Pavement 
longitudinal joints by high polymer grouting after the point of the volumetric water content showed a slow increase in the 

Fig 20.  Variation of volumetric water content with time at each monitoring point under different working conditions. (a) Monitoring point ①. (b) 
Monitoring point ②.

https://doi.org/10.1371/journal.pone.0332219.g020

https://doi.org/10.1371/journal.pone.0332219.g020
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trend, and the whole and the intact pavement is close to the end of the rainfall the point of the volumetric water content 
reached a maximum value of 0.09, compared with the longitudinal joints containing the pavement maximum reduced by 
0.095, which can be seen in the longitudinal joints after the high polymer grouting the volumetric water content at the 
location of the location of a large degree of reduction in the soil base is in a non-saturated state, pavement The stability of 
the pavement is relatively improved.

From the above Fig 20 (b) different conditions of the monitoring point ② at the volumetric water content with rainfall 
time changes can be seen: the point in the three conditions of the volumetric water content change trend is similar, with 
the increase in rainfall time increases continuously, and the intact condition of the volumetric water content of the whole 
is greater than the grouted pavement is greater than the longitudinal joints in the pavement. In the rainfall of the three 
conditions of the maximum volumetric water content of 3 days, respectively, was 0.132. 0.131, 0.129, The reason for this 
phenomenon is that the monitoring point is located at the slope, which is subject to both runoff and vertical infiltration 
of rainfall for the intact pavement under rainfall conditions, whereas part of the rainfall on the road surface will infiltrate 
along the longitudinal joints or high polymer grouted joints to the interior under the other two conditions, which reduces 
the amount of rainfall infiltration at the monitoring point compared with the intact pavement. This reduces the infiltration of 
rainwater at this monitoring point compared to the intact pavement, resulting in a smaller volumetric moisture content than 
the intact pavement.

Through the above various analyses on the volumetric water content after grouting and repairing pavement longitudi-
nal joints under rainfall conditions, it can be concluded that: the seepage characteristics of the pavement based on the 
volumetric water content after polymer grouting and repairing pavements have a certain gap with the intact pavements 
and can not reach the same level as that of the intact pavements, but there is a great degree of improvement compared to 
the longitudinal joints pavements, which has the most significant effect on the longitudinal joints. The maximum volumetric 
water content is reduced by 0.095% compared to that of the longitudinal joints pavement. Compared with the longitudinal 
joint pavement, the maximum volumetric water content is reduced by 0.095, and this kind of repair effect can slow down 
the disappearance of matrix suction within the soil body to a certain extent, avoiding the occurrence of various pavement 
diseases or slope disasters due to the saturation of volumetric water content.

4.3  Transient saturated zone and water table

Under the action of rainfall or drainage rain mist, the surface of the slope is the first to appear a certain area of saturated 
area, which is the transient saturated zone [25] The area is the transient saturated zone. Under the influence of rainfall, 
the saturation of the soil body increases with the infiltration of rainwater, while the transient saturated zone area also 
becomes larger, and produces a certain amount of transient water pressure. With the continuous growth of the saturated 
zone range, the depth and breadth of its influence increases synchronously, according to literature [26] According to the 
literature, the expansion of the transient saturated zone inside the slope will greatly affect the mechanical equilibrium state 
of the slope, and once it exceeds the carrying capacity of the slope itself, it is likely to trigger the slope instability phenom-
enon, which will ultimately lead to landslides and other geological disasters.

From Fig 21, it can be seen that: with the increase of rainfall time, the groundwater level rises continuously, and the 
transient saturated zone appears at the longitudinal joints of the road surface and the side slopes, and the transient 
saturated zone increases continuously with the increase of rainfall time. As can be seen from the figure, on the first day 
of rainfall, due to the small amount of rainfall, rainwater infiltration was only in the surface layer, so the demarcation line 
of the transient saturated zone appeared in the surface layer of the road surface and side slopes; on the second day of 
rainfall, due to the continuous infiltration of rainwater at the longitudinal joints, the longitudinal joints around the position of 
the location of the two droplet-shaped transient saturated zone, side slopes also appeared in the transient saturated zone 
of a smaller area; after three days of rainfall, due to continuous infiltration of rainwater, around the longitudinal joints and 
slopes, the transient saturated zone of the longitudinal joints and the slope also appeared. After 3 days of rainfall, due to 
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the continuous infiltration of rainwater, the transient saturated zone around the longitudinal joint and at the slope becomes 
larger, and the transient saturated zone at the foot of the slope has a relatively larger extension range. According to the 
above analysis, it can be seen that the existence of longitudinal joints on the pavement transient saturated area and 
groundwater level changes have a certain impact. With the continuous increase in rainfall, the transient saturated area 
of the area will continue to grow, thus making the pavement substrate suction decreased, which ultimately will lead to the 
phenomenon of slope instability.

The following figure shows the transient saturated zone and the variation of groundwater level with rainfall time after 
polymer grouting the longitudinal joints of the pavement.

From Fig 22, it can be seen that with the increase of rainfall time, the longitudinal joint pavement repaired by grouting 
first appeared on the surface of the slope with a small transient saturated zone, the transient saturated zone under the 
action of continuous rainfall slowly became larger, and along the slope showed a trend of gradual decrease in the area 
from the bottom to the top. By comparing with Fig 3.7 the change of transient saturated zone of pavement containing 
longitudinal joints, it can be seen that the transient saturated zone at the longitudinal joints disappeared after the poly-
mer grouting, and it mainly appeared at the side slopes. On the 3rd day of rainfall, it can be seen that a small transient 
saturated zone was generated at the rightmost edge of the subgrade, which was due to the large difference between 
the permeability coefficient of the subgrade and the soil base, resulting in the difficulty of rapid infiltration of rainwater 
into the lower layer of the soil base at this location, thus making the rainwater pile up and generate a transient saturated 
zone here. Groundwater level inside the pavement does not change significantly with the increase of rainfall time, mainly 
showing a small increase in the trend of change. In order to more intuitively analyse the transient saturated zone and the 
change of groundwater level after polymer grouting, the following is a comparison of the changes at the slope under differ-
ent pavement conditions during three days of rainfall.

From Fig 23, it can be seen that the area of transient saturated zone under the three conditions at the slope on the 3rd 
day of rainfall does not differ much, in which a small transient saturated zone appears at the edge of the base layer for 
both longitudinal joint pavement and grouted pavement, and the area of transient saturated zone at the foot of the slope of 
the grouted repaired pavement decreases to a certain extent compared with that of longitudinal joint pavement and is not 
very much different from that of the intact pavement. From Fig 24, it can be seen in the rainfall to the third day, containing 

Fig 21.  Transient saturated zone and water level changes in longitudinal joint pavements for different rainfall durations. (a) Rainfall over 1 day. 
(b) Rainfall over 2 days. (c) Rainfall over 3 days.

https://doi.org/10.1371/journal.pone.0332219.g021

https://doi.org/10.1371/journal.pone.0332219.g021
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longitudinal joint pavement groundwater level is higher than the grouted pavement higher than the intact pavement, and 
longitudinal joint pavement groundwater level height and the other two conditions of the largest difference. Through the 

Fig 23.  Distribution of transient saturated zones at 3 days of rainfall.

https://doi.org/10.1371/journal.pone.0332219.g023

Fig 24.  Distribution of groundwater levels at 3 days of rainfall. 

https://doi.org/10.1371/journal.pone.0332219.g024

Fig 22.  Transient saturated zone and water level changes in grouted pavement for different rainfall durations. (a) Rainfall over 1 day. (b) Rainfall 
over 2 days. (c) Rainfall over 3 days.

https://doi.org/10.1371/journal.pone.0332219.g022

https://doi.org/10.1371/journal.pone.0332219.g023
https://doi.org/10.1371/journal.pone.0332219.g024
https://doi.org/10.1371/journal.pone.0332219.g022
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above analysis, it can be concluded that after rainfall for a certain period of time, the effect of polymer grouting to repair 
longitudinal joint pavement is not obvious in the distribution of slope transient saturated zone, which is mainly reflected 
in the longitudinal joints at the repair and seepage characteristics of the improvement of the reason is mainly due to the 
grouting of the isolation of rainwater from the longitudinal joints of the infiltration so as to avoid the longitudinal joints at 
the production of transient saturated zone, and secondly, also makes it difficult for rainwater to seepage to the soil base 
through the longitudinal joints, which leads to the rise of groundwater level. Groundwater level rises, so the polymer grout-
ing also shows a certain improvement and repair effect on the two seepage characteristics of transient saturated zone and 
groundwater level.

5. Conclusions

(1)	 In the pavement with longitudinal joints, rainwater will penetrate into the pavement along the longitudinal joints. With 
the increase of rainfall time, the pore water pressure at the longitudinal joints spreads downward slowly in the form 
of water droplets, and the maximum pore water pressure at the top of the soil base occurs close to the longitudinal 
joints and is close to 0. The magnitude of the change of the pore water pressure in longitudinal joints after grouting is 
relatively small and the maximum pore water pressure at the top of the soil base occurs in the side slopes, and the 
maximum pore water pressure close to longitudinal joints decreases by 46 2 kPa compared with that of pavements 
with longitudinal joints. The maximum pore pressure near the longitudinal joint decreased by 46.2 kPa compared with 
the pavement with longitudinal joint.

(2)	When there is a longitudinal joint in the pavement, with the increase of rainfall time, the volumetric water content 
at the longitudinal joint and the slope changes at the fastest speed, the first to reach the saturation state, and the 
maximum volumetric water content at the top of the soil base appeared near the longitudinal joint, with the value of 
0.185; the volumetric water content at the longitudinal joint with the change of rainfall is almost insignificant after the 
high-polymer grouting and the whole is close to that of the intact pavement. The maximum volumetric water content 
was 0.09, which was reduced by 0.095 compared with the maximum value of the pavement containing longitudinal 
joints.

(3)	 Compared with the longitudinal joint pavement during 3 days of rainfall, the transient saturated zone at the longitudinal 
joint disappeared after polymer grouting, and the area of transient saturated zone at the slope did not differ much in 
different working conditions, in which a small transient saturated zone appeared at the edge of the subgrade for both 
longitudinal joint pavements and grouted pavements, and the area of transient saturated zone at the foot of the slope 
of the grouted pavements decreased to a certain extent compared with the longitudinal joint pavement and the area 
of transient saturated zone at the foot of the slope of the grouted pavement decreased to a certain extent and did not 
differ much from that of the intact pavements. The difference is not significant. The groundwater level of the longitudi-
nal jointed pavement is higher than that of the grouted pavement and higher than that of the intact pavement, and the 
change of the groundwater level of the grouted pavement is closer to that of the intact pavement.

Author contributions

Conceptualization: Zhaoxu Yang, Yanhui Zhong.

Data curation: Baolin Wang, Lin Zhou.

Formal analysis: Lin Guo, Baolin Wang.

Funding acquisition: Baolin Wang, Bei Zhang, Yanhui Zhong.

Writing – original draft: Baolin Wang, Bei Zhang, Lin Zhou.



PLOS One | https://doi.org/10.1371/journal.pone.0332219  October 6, 2025 24 / 24

References
	 1.	 Deng K, Wang D, Fang Q. Fracture Energy Test Method and Influencing Factors of Asphalt-Aggregate Interface. Journal of South China University 

of Technology (Natural Science Edition). 2023;51(8):12–20.

	 2.	 Cui X, Xiao H, Xu H. Effects of subgrade differential settlement on dynamic response of vehicle and damage behavior of slab track. Alexandria 
Engineering Journal. 2024;109(000):715–25.

	 3.	 Xu Y, Shi XX, Yao YS. Performance assessment of existing asphalt pavement in China’s highway reconstruction and expansion project based on 
coupling weighting method and cloud model theory. Applied Sciences. 2024;14(13):5789.

	 4.	 Cristiano S. The “price” of saved time, the illusion of saved fuel: life-cycle assessment of a major highway expansion. Journal of Cleaner Produc-
tion. 2022;344:131087.

	 5.	 Darcy H. Determination of the Laws of Flow of Water through Sand. Les Paris: Fontaines Publiques DE La Ville De Dijon. Victor Dalmont; 1856.

	 6.	 Richards LA. Capillary conduction of liquids through porous mediums. Physics. 1931;1931:315–33.

	 7.	 Philip JR. The theory of infiltration. Sorptivity and algebraic infiltration equations. Soil Seience. 1957;84:257–64.

	 8.	 Philip JR. Hillslope infiltration: planer slope. Water Resource Res. 1991;27(6):1035–40.

	 9.	 Zou Y. Research on the freeze-thaw and longitudinal crack evolution laws of asphalt pavement subgrade in cold regions. Harbin Institute of Tech-
nology. 2022.

	10.	 Wang H, Nie W. Correlation analysis and evaluation of pavement diseases and structural strength in the renovation (expansion) of highways. 
Guangdong Highway Transportation. 2020;2020(4):7–12.

	11.	 Chen GH. Analysis of common diseases in the widening of old roadbeds. Engineering Construction and Design. 2023;(6):77–9.

	12.	 Han FF. Analysis of the Causes and Preventive Measures of Longitudinal Joints in the Road Surface at the Splicing Position of the Expanded 
Expressway. Traffic World. 2024;2024(4):45–7.

	13.	 Ma NZ, Jian DL, Dai YL. Numerical simulation of continuous rainfall seepage in road reconstruction and expansion of roadbeds in mountainous 
and hilly areas. Highway Transportation Technology. 2016;33(9):8–19.

	14.	 Yue JW, Dou DF, Kong QM. Study on water infiltration damage and destruction of roadbed soil under rainfall conditions. Journal of Henan Univer-
sity (Natural Science Edition). 2024;2024(3):361–70.

	15.	 Lan GG, Xu HN, Qiu ZL. Disaster mechanism and treatment technology of high fill roadbed slopes in underlying coal bearing strata. Journal of 
Shijiazhuang University of Economics. 2022;(3):45–52.

	16.	 Fu HY, Zeng L, Jiang ZM. Development of transient saturated zone on highway slopes under rainfall conditions. China Highway Journal. 
2012;25(3):59–64.

	17.	 Gu YC. Principles and Applications of Seepage Calculation. Beijing: China Building Material Industry Press. 2000.

	18.	 Zhou YL, He Q, Li M. Stability analysis of unsaturated soil slopes under different rainfall conditions considering seepage-stress coupling. Journal of 
Chongqing Jiaotong University (Natural Science Edition). 2023;42(8):57–63.

	19.	 Van Genuchten MT. A closed form equation for prediction of the hydraulic conductivity of unsaturated soils. Soil Science Society of America Jour-
nal. 1979;44(5):892–8.

	20.	 Zhang C, Pan W, Fang HY. Research progress on structural characteristics and compressive properties of polyurethane foam grouting repair mate-
rials. Materials Guide. 2024;38(3):229–42.

	21.	 Lu ZX, Li HX, Tian CJ. Determination of structural properties of polyurethane foam cytosol. Polymer Materials Science and Engineering. 
1995;2(2):86–91.

	22.	 Xing HF, You C. Numerical simulation study on seepage characteristics of roadbed pavement under rainfall. Construction Technology. 
2020;49:1302–5.

	23.	 Highway Drainage Design Code. Ministry of Transport of the People’s Republic of China. JTG/T D33-2012.

	24.	 Su WX. Analysis of water seepage in cracks of pavement structure based on unsaturated flow. Shanxi Construction. 2010;36(7):275–6.

	25.	 Yan H, Zhang CY. Analysis of the effect of rainfall on seepage pattern and stability of embankment slopes. Geotechnical Foundation. 
2022;36(5):743–6.

	26.	 Frederlund DG.; Laharzo H. Unsaturated soil mechanics. Chen Zhongyi, Zhang Zaiming, Chen Guijiong, Translation. Beijing: China Construction 
Industry Press, 1997: 392–447.


