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Abstract. Highway water damage refers to severe natural disasters where trans-
portation infrastructure such as roads and bridges are damaged by heavy rain or
floods. Approximately two-thirds of China's land is threatened by highway water
damage each year, resulting in significant economic losses. Disaster prevention
and mitigation for highway water damage are crucial aspects of highway con-
struction and maintenance. However, the disaster management strategies are of-
ten not well-targeted, and there is a lack of corresponding emergency repair tech-
nologies. Therefore, it is essential to effectively categorize types of highway wa-
ter damage, conduct in-depth research on their destruction mechanisms based on
hydraulics, sediment dynamics, and fluid mechanics, and develop emergency re-
pair technologies. In a broad sense, highway water damage refers to a series of
engineering damage phenomena occurring along highways under the influence
of climate, hydrology, geological factors, and human activities, with water not
being the only cause.
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1 Introduction

Highway water damage encompasses all disaster phenomena caused by both internal
and external forces that damage highways. Specifically, highway water damage refers
to the loss of normal functionality of highway engineering structures directly caused by
rainfall and floods. Highway subgrade loss is a typical disaster resulting from water
damage. In this paper, the primary disaster-causing factors for highway subgrade loss
in plain and hilly areas are heavy rain and floods. The highway, including the road
surface and subgrade, serves as the bearing structure, with the highway area acting as
the disaster environment. Highway subgrade loss disasters occur frequently, are widely
distributed, and have severe impacts, often erupting during the flood season. They cause
direct economic losses amounting to hundreds of billions of dollars annually. Accurate
classification and in-depth research on subgrade loss disasters are crucial for effectively
preventing and controlling these disasters. The post-evaluation method was first intro-
duced in the United States.
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In the 21st century, significant research has been conducted on the mechanisms of
flood damage, calculation methods, and protective measures for highway water dam-
age. Several scholars have studied highway flood damage from various perspectives.
Shen Bo and others conducted investigations into flood damage related to highway
small bridges, culverts, drainage, and energy dissipation facilities '), performed scour-
ing tests 131, and researched flood damage prevention and control measures . Sun Jin
and Tian Weiping addressed scour water damage problems along river roadbeds and
protection structures using model tests 171, Qin Jun et al. conducted a hazard evaluation
of slope water damage on the Zhouzhi section of National Highway 108 and investi-
gated slope water damage disasters in the same section . Wang Xing and Gao Jianjun
studied water damage repair technologies for subgrades®'%), Jain A. K., Jha A. K., and
Shivanshi performed a comparative study exploring ways to improve the performance
of subgrade soil ''l. Kishor R., Singh V. P., and Srivastava R. K. used rice husk ash to
mitigate expansive highway soil "2, Martinez-Gomariz et al. assessed potential flood
damage to roads "3 Zhou et al. proposed a flood risk assessment for the Chinese road
network U, Lu X. et al. studied mitigating flood impacts on road infrastructure and
transportation !,

Despite these significant contributions, several research gaps remain. First, there is
limited comprehensive research addressing the mechanisms of subgrade loss in both
plain and hilly areas, particularly under the influence of heavy rains and floods. While
many studies focus on specific areas or types of damage, few examine subgrade loss
mechanisms across varying terrains.

This study aims to fill these gaps by providing a comprehensive analysis of highway
subgrade loss in both plain and hilly areas, focusing on mechanisms, preventive strate-
gies, and the integration of modern technologies to improve highway resilience against
water damage.

2 Main Characteristics of Highway Subgrade Loss

To analyze the causes of subgrade loss disasters, it is essential to begin with the classi-
fication of subgrade forms. Typical cross-sectional forms of subgrades include embank-
ments, cuttings, and combined cut-and-fill subgrades. An embankment is a subgrade
entirely constructed from earth or rock fill, whereas a cutting is a subgrade excavated
from the original ground surface. When the cross-slope of the original ground is steep
and the subgrade is wide, one side of the subgrade requires filling while the other side
necessitates excavation, resulting in a semi-fill and semi-cut subgrade. This paper fo-
cuses on two types of subgrades that are particularly prone to subgrade loss disasters:
submerged embankments and cuttings on steep slopes along rivers. Submerged em-
bankments, commonly found along rivers or in floodplains, are vulnerable to damage
from external forces, gravity, buoyancy, and seepage-induced dynamic water pressure,
especially during flood seasons. The fluctuation of water levels can severely impact
embankments, causing significant damage. In hilly areas, where the terrain is not par-
ticularly flat, the semi-fill and semi-cut subgrade form is often chosen, especially along
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rivers. Heavy rains can lead to floods, and when the water level rises, the subgrade's
interior may be hollowed out, posing a danger to traffic.

In the above embankment, the seepage effect makes the soil body of the roadbed
seepage, resulting in danger, in the process of seepage the roadbed is slowly destroyed,
the water seeping out of the roadbed from the clear water gradually becomes turbid,
indicating that the soil body in the water is gradually increasing the number of small
particles, indicating that the seepage channel is gradually widened resulting in the ac-
celerated loss of small particles of the soil body, and the main body of the roadbed and
the outside of the water flow through the body. Concentrated seepage and drastic in-
crease of water seepage in the roadbed are all manifestations of seepage damage. The
following is a brief description of the basic characteristics of roadbed failure disasters:

High frequency of occurrence. Most highway subgrade failures are caused by con-
tinuous heavy rainfall. In both plain and hilly areas, the annual flood season spans from
April to September, during which total rainfall reaches its yearly maximum. The inci-
dence of subgrade failures is particularly high from June to August.

Rapid Onset and Short Duration. Highway water damage primarily results from sud-
den heavy rainfall, leading to high water flow rates. These intense flows can cause im-
mediate scouring and impact on highways, bridges, and culvert structures, directly re-
sulting in highway destruction due to subgrade loss.

Severe Economic and Social Impacts. Subgrade failures not only damage transpor-
tation infrastructure but also lead to significant economic losses, hinder regional devel-
opment, and disrupt social stability.

High Recurrence Rate. Despite various prevention and control measures imple-
mented by different departments to reduce the probability of subgrade failures, it re-
mains impossible to completely eliminate their occurrence.

High Randomness. The timing and location of subgrade loss disasters are random.
Numerous factors influence road defects, and their complex interrelationships make it
impossible to predict when and where these disasters will occur.

3 Causes of Permeable Subgrade Loss

High-fill embankments are particularly susceptible to damage from heavy rainfall and
flooding-induced scouring, which are primary causes of roadbed destruction. The de-
structive impact is not limited to the direct effect of water flow on the roadbed slope.
Flowing water erodes significant amounts of sediment from both the top and base of
the slope, leading to scouring that alters the slope's height and angle. Under the influ-
ence of gravity, these alterations result in the deterioration of the roadbed itself. In hilly
areas, highway subgrade loss disasters manifest as missing roadbeds in both flooded
and embankment sections.

This paper focuses on studying the causes of roadbed loss disasters in hilly areas and
explores emergency repair techniques. Although the terrain in hilly regions is relatively
gentle compared to mountainous areas, heavy rainfall during flood seasons can cause
varying degrees of highway water damage. To thoroughly investigate the mechanisms
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and repair methods for roadbed loss, this study categorizes roadbed loss in hilly areas
into two types of disasters:

Road Surface Overhang: Caused by partial loss of the roadbed.

Road Interruption: Resulting from the total loss of the roadbed.

By examining these two categories, the paper aims to provide a comprehensive un-
derstanding of roadbed loss mechanisms and effective repair strategies to mitigate the
impact of such disasters in hilly regions.

The adverse consequences of highway water damage disasters typically include the
destruction of roadbeds, pavements, bridges, supporting and retaining structures, and
other infrastructure components. These disasters lead to economic losses, pose risks to
human life, disrupt traffic, and have other negative social impacts. The roadbed is a
critical component of the highway; when roadbed failure occurs, the functionality of
the highway is significantly affected. This paper primarily analyzes factors that de-
crease shear strength and ultimately lead to roadbed failure, such as infiltration-induced
latent erosion effects, reduced roadbed stability due to infiltration water pressure within
the soil, and pipe surge flow.

3.1 Subgrade Changes Under Seepage

During the scouring of road embankments by water, the lower footing soil of the road-
bed is eroded. This type of disaster primarily affects the roadbed and pavement struc-
ture. In severe cases, it can cause the road panel to overhang or result in the complete
loss of sections of the roadbed. If the lower part overhangs, the bearing capacity of the
road surface is reduced, potentially leading to partial fractures of the road panel and
causing major traffic accidents. Missing sections of the road can block pedestrian and
vehicular traffic during disasters, hindering emergency rescue efforts.

When the dynamic water pressure generated by subsurface seepage is less than the
effective gravity of the soil, and the hydraulic gradient is below the critical hydraulic
gradient, fine particles in the soil are carried away by water through the pore spaces
between larger particles. Over time, this process forms cavities in the soil, leading to
its degradation and a reduction in strength, which compromises the roadbed and affects
traffic safety. Submerged seepage is a significant factor affecting the stability of slopes
and roadbeds. Water infiltration increases the mass of the soil, reduces its shear
strength, raises pore water pressure, and produces dynamic water forces on the soil
body. Rising water levels generate buoyancy. Seepage can occur under almost all cli-
matic conditions and in various soils, making it widely distributed. Many scholars in
geology, geomorphology, geography, and soil and water conservation have conducted
research on seepage. The stability of slopes and roadbeds decreases when water flows
through them, and the factor of safety is lower when water levels change or during
rainfall, making roadbed instability more likely. Phenomena such as pipe surges are
among the causes of roadbed collapse, with water being a primary factor inducing such
deficiencies.
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In recent years, failures have occurred due to insufficient knowledge of seepage flow
or improper treatment of groundwater. Therefore, studying the characteristics and ac-
tual distribution of the seepage flow field is of great significance in guiding engineering
practice. The main ways seepage flow acts are:

Water Level Changes: Sudden rises and falls in water level cause unsteady seepage,
producing pore water pressure that undermines the stability of the roadbed. The water
content and bulk weight of the geotechnical body increase, altering the mechanical
properties of the roadbed and affecting its stability.

Rainfall Infiltration and Surface Runoff: These lead to the formation of localized
saturated seepage zones on the surface of the slope and unsaturated seepage zones be-
low, reducing the stability of the foundation. As shown in Figure 1 and Figure 2.

YHi;:h water level

 Low water level

Fig. 1. After the failure of the embankment

o Water level

Fig. 2. The state of the fill road embankment after failure

The damage caused by infiltration to the roadbed can be divided into overall damage
and local damage. Overall damage pertains to the stability of the roadbed against land-
slides under the action of seepage; thus, the effect of water seepage on the soil must be
considered in overall stability analysis. Local damage due to seepage mainly involves
concentrated seepage points of groundwater in weak parts of the roadbed. Seepage oc-
curring in different directions, at various heights, and at different seepage points can
produce varying degrees of phenomena such as seepage, pipe surges, runoff, and con-
tact scour.

A roadbed is usually a geotechnical structure formed by excavating or filling the
natural ground surface in accordance with the design alignment and cross-section of the
route. The road surface consists of layered structures paved with various mixes on the
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top surface of the roadbed where vehicles travel. The roadbed and road surface are the
main components of road engineering. For lower-grade highways, such as Class III and
IV highways, the strength requirements for the road surface and roadbed are lower.
Field observations have found that roadbed deficiencies mostly occur in low-grade
highways. In these cases, the roadbed surfaces are mostly constructed using crushed
stone and soil pavements, which are easily affected by rainfall. Seepage into the road-
bed soil forms various types of water—capillary water, pore water, and film water. A
long-term wet environment reduces the strength of the roadbed, especially during the
flood season.

Roadbed damage and pavement damage interact with each other. Pavement damage
does not only occur during the flood season and is not a short-term process. Therefore,
when studying roadbed deficiencies, we focus on the damage mechanism of the road-
bed soil. We divide the roadbed into two parts from bottom to top: the footing soil and
the upper part of the roadbed soil. The footing soil is subjected to erosion by water flow
and flooding, and the upper soil undergoes shear sliding along the failure surface under
its own weight.

The roadbed is subjected to water action as water levels rise and fall, and water flow
changes over time. The process can be divided into the following three stages:

First Stage: The water rises from both sides of the embankment and soaks into it.
When the water level on one side rises, water seeps into the embankment from both
sides. The water pressure within the embankment can be beneficial for stability. How-
ever, the soaking of water saturates the soil and reduces its shear strength, which is
unfavorable for stability.

Second Stage: Water seeps from the upstream side to the downstream side due to
the large difference in water levels. This creates a water level gradient within the em-
bankment, forming an infiltration pressure (dynamic water pressure) directed down-
stream. This infiltration pressure adds a thrust force to the downstream slope, which
can be beneficial for stability against downstream sliding.

Third Stage: As the river recedes, water flows down and seeps outward from within
the embankment. The dynamic water pressure now points to both sides of the embank-
ment slope. When the river level drops rapidly, the soil inside the embankment remains
highly saturated and has low shear strength. If the soil is clayey, the pore water cannot
be discharged outward in time, which can significantly reduce the stability of the em-
bankment and lead to collapse and sliding. The sudden fall of floodwater represents the
most unfavorable situation. As shown in Figure 3.

Fig. 3. Damage diagram
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3.2 Study on Seepage-Induced Particle Movement

Under the action of seepage, particles in the soil begin to move—particularly fine par-
ticles in sand or sandy soil layers. These fine particles can be carried away by water
flow through the gaps between coarser particles, eventually forming erosion channels.
This paper investigates the conditions under which particle movement begins, the crit-
ical seepage velocity required to initiate particle movement in various directions, and
the relationship between this velocity and factors such as the apparent viscosity of the
seepage, soil cohesion, and pore wall radius. As shown in Figure 4.
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Fig. 4. Damage diagram

A
e:2cli—ya+2c2(l—ya) (1)

a

where:

¢, -Influence coefficient of particle shape;

¢, -influence coefficient of soil compactness;

Where: will be, defined as follows

Ly 1]
A, =| ——dy—| —dy )
Yo x(y) Lw x(y)
1
B, = 1—dy 3)
Yo x(y)

where:
) -content of particles smaller than a certain particle size;

), -content of loose particles, corresponding to the bounding particle size;

-2 A
2¢,+1+2¢, B’

a

(4)

0

If only a hypothetical soil body consisting of skeletal particles is considered, the
porosity should be
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_e+ya
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where:
€ -Pore ratio;

), -content of loose particles;

The pores of which can be described using the capillary model in the figure below,
where the minimum and maximum diameters can be expressed as respectively:

dmax = 1 N 86dmin

(6)
&, D
dmin —— —a "h (7)
31-n,) o
In the formula:
C -Shape factor of the soil particles;
D, -effective particle size of skeleton particles;
AS,
D,=Q2—5" ®

where:

AS, -mass content of the first grain group in the skeleton particles;

D, -representative particle size of the first grain group;

It can be observed that the minimum particle size dmind {min}dmin of the skeleton
void may be smaller than the limiting particle size d0d_0d0. This implies that loose
particles may not always be displaced from the soil. Loose particles that can be moved
out are referred to as movable particles, while those that cannot be removed are termed
blocking particles. Therefore, the occurrence of pipe surges depends on the presence
and quantity of movable particles within the soil.

3.3  Study of the Initiation Rate of Seepage Phenomena

When vertical seepage, the particles in the soil are assumed to be circular particles, in
the direction of seepage upward, such as if the soil particles in the soil with a radius of

r want to start, it is assumed that the particle gravity of the soil is }, and the gravity

of the wateris ¥, , and it is assumed that the adhesion between the fine particles and

pore bibs in the soil is €, and in the critical start-up condition conforms to the equation:

c+F, =G, )
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d2
y =67[,UI"|:VO {I—Ej—v} (10)

4
Ozgﬂ.r3(7/s_yw) (11)

Where

Where:

FT-drag force between particle and viscous wall, kN;
GO-underwater gravity, kN;
7 -radius of fine particles, m;

¥V, -gravity of fine particles, kN/m3;
V., -gravity of water, kN/m3;

H -apparent coefficient of viscosity of the particle-fluid system;
V,, -flow velocity of the fluid at the center of the circular tube, m/s;

V -velocity of axial movement of fine particles, m/s;
D -radius of the circular tube, m;

d —Vertical distance from the center of fine particles to the center of the tube, m;
Then we can get

d’ 4
c+67r,ur{v0 [I_Fj_v}zgﬂﬁ(% ~7.) (12)
2 2
=y (l—-—)—[Z—(v — — 13
v vO( DZ) [911,[ (}/S yw) 67[/,ll’] ( )

which can be known d +7 =D to bring it into
Then we can get

2Dr—r*_ 2r?

v :VO(T)_E(K —7,)+

14
6mur (14

Thus, the critical seepage velocity required to initiate particle movement is related
to the apparent viscosity coefficient of the seepage, soil cohesion, and the cross-sec-
tional radius of the pore space. For movement to occur, the seepage must overcome
both the gravitational forces acting on the fine particles and the cohesive forces between
the particles and the pore walls.

For horizontal seepage, to achieve the start-up speed should satisfy

T=F (15)
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T=c+otan@ (16)

G:—Oziﬂl’3(7s —j/w) (17)
s 3s

Where:
@ -Angle of internal friction of fine particles and collodion, °;

¥, -heaviness of fine particles, kN/m?;

7., -heaviness of water, kN/m’;

O -shear strength at fine particles and pipe wall, MGa;

d2
E =67Z'ILU"|:VO (I—FJ—V:| (18)
In Eq:

The variables are the same as in the above equation
Then we can get

T=c+otanp=F, (19)
d2
6mur vo[l—FJ—v =c+otang (20)
d*  c+otang
v=v,(1— - 21
ol D? ) 6rur @b
d +r =D will be brought into the equation
2Dr—r? c  2ri(y,—y,)tan
V:VO( ) _( + (}/s yw) (p) (22)

D’ 6mur ou

If there is no cementation between the fine particles and the pipe wall, then the co-
hesion € is zero and only the friction f = Gtan¢@' between the pipe wall and the

fine particles needs to be overcome to start i.e.
F,=G, tan o' 23)

Where:
@' -Angle of internal friction in the loosely packed state, °;
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F =6mur {vo {1 —Z—zj - v} (24)
4
fzgmf (y,—y,)tang' (25)

then it is sufficient to satisfy f = F

dz)_2ﬁ(n-vw)wn¢'

v=v,(l-— 26
(1= o 2o
Bring d +7 =D toeq:
2Dr—r*_ 2r’(y. -y )tang'
- )— (y, —7,)tang 27

D’ ou

For vertically downward seepage, the cohesion between fine particles and the pipe
wall, in the critical start-up state, binds the pores within the soil skeleton, which can be
represented by a capillary model of the pore cross-section. According to limit equilib-
rium theory, the conditions that need to be satisfied for this movement to occur are as
follows:

G,+F =c (28)

cm3 (v, =7,) = 6mur| v, 1‘; —v (29)

d? c 27

v=v,(l-—) - ——(y, - 30
0( D2 ) [67Z'IL[]" 9[[[ (ys yw)] ( )
which can be known to bringd +7 = D into
2Dr—r*_ 2r° c

v=( )+%(7@—7W)— €2))

D? 6

If the coarse particles in the soil particles have a high cementation strength or if the
seepage forces are low, a stable framework can still be formed without being destroyed.
However, if the bond strength between the particles is low or the seepage force is high,
the coarse particles exceed the critical velocity and start up, resulting in the destruction
of the soil.
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4 Conclusion

(1) The research provided a detailed calculation of critical velocities at which particle
movement within the subgrade begins, which is fundamental to understanding erosion
processes and the onset of damage.

(2) The analysis showed that movable particles contribute to the creation of erosion
channels, while blocking particles determine the threshold for further subgrade stabil-
ity. These interactions influence the overall failure mechanisms.

(3) Remaining issues and further Research, further studies should focus on how fluc-
tuating water levels, soil composition, and seepage duration affect the subgrade. The
dynamic relationship between these factors under real-world conditions requires deeper
exploration.
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