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Abstract: Highway waterfall ice hazards usually happen in cold regions. However, minimal research
has addressed this so far due to its multidisciplinary nature. In this study, ground water monitoring
tests were conducted for 2.5 years to study the relationship between ground water level changes and
waterfall ice hazards. To explore the internal factors that lead to highway waterfall ice, gradation tests,
penetration tests, and freezing tests were conducted which revealed that coarse-grained particles
can enhance the permeability of aquifers. Further, volume expansion of free water freezing in a
closed system is the main reason for pore pressure increasing aquifers in research areas. Furthermore,
to understand the formation mechanism of highway waterfall ice further, a mathematical model of
saturated coarse-grained soil at the state of phase transition equilibrium was obtained. This indicates
that the essence of the aquifers’ freezing (coarse-grained soil) in the waterfall ice area is the freezing
of closed water. Finally, based on the abovementioned findings, the formation process of waterfall
ice is defined as three stages: The drainage obstruction stage, the soil deformation stage, and the
groundwater gushing stage, respectively. This definition can provide significant guidance on further
research that focuses on prevention of highway waterfall hazards.
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1. Introduction

Underground aquifers are always disturbed during highway construction in cold regions.
This disturbance is obvious during cutting excavation. More precisely, weak interfaces appear
during excavating, and ground water squeezes out from these weak interfaces due to the pressure
raise induced by the soil freeze. Then, it spreads over the road, and the freeze happens under negative
air temperature. These ice blocks are called highway waterfall ice in the field of highway engineering.
Highway waterfall ice, together with frost heave damage and snow blockage, are difficult issues when
considering highways in cold regions [1–3]. High-grade highways in the northern part of China have
always been damaged by waterfall ice [4,5]. The hazards have mainly presented traffic isolation and
casualties induced by traffic accidents. To ensure the traffic flows, millions of RMB have been spent by
the Chinese government for de-icing the highways [6,7]. Furthermore, the expansion of waterfall ice
can last a considerable amount of time so that road maintenance workers have to work day and night.

Although there are research and engineering practices based on the study of waterfall ice,
the research process is still slow [8,9]. The reason is that the study of highway waterfall ice is complex
and multidisciplinary [10]. Considering the factors that affect the development of waterfall ice, only a
few researchers have combined the indoor and outdoor experiments with theoretical analysis [11].
When referring to the formation mechanism of waterfall ice, the contraction of the underground cross
section, and the increase of hydraulic pressure, which is caused by the compaction of subgrade soil,
have been always considered as the main factors by scholars. There are also studies that considered
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frost depth increases that result from excavating during construction leading to highway waterfall ice
hazards [12–14]. All of these viewpoints are reasonable, and the main reason for the difference is that
the research purposes of these studies are different, and, in addition, the location of the research is
different. However, there are insufficient systematic studies on the micro-formation mechanism of
waterfall ice [15].

As the study of waterfall ice can also be defined as researching the mechanical properties and the
interaction mechanism between groundwater and soil, the research methods of subgrade frost heaving
can also be adopted to study waterfall ice [16–18]. According to Fourier’s law, Darcy’s law, and energy
conservation law, many scholars have deduced the calculation model of the coupling effect of the
temperature field, humidity field, and stress field in pavement structure systems [19–23]. Although
these models explain the frost heaving mechanism of soil to some extent, they are not suitable for a
theoretical analysis of waterfall ice. To explore the law of frost heaves, indoor and outdoor experiments
have been conducted in recent years [24]. The general law of subgrade freezing damage has been
discovered by many scholars based on in-situ investigations, thawing and freezing tests, and the law
of capillary water rising [17,25]. Furthermore, some scholars have obtained many enlightening results
by analyzing the microstructure differences of soils under freeze-thaw conditions by scanning electron
microscopy (SEM) [26]. Nevertheless, these studies always focus on the freeze process under the
function of capillary action. Therefore, with regard to waterfall ice which is caused by the flowing out
of ground water, these test results are not applicable. In addition, with the development of numerical
simulation technology, more and more scholars use numerical simulations to simulate the change of
the soil temperature field, pore water migration and frost heave deformation [27,28]. Some significant
macroscopic factors that lead to highway frost damage can be shown, but the generation mechanism
and key parameters are far away from actual determination during simulations due to the complexity
and variability of the internal structure of the soil. Moreover, based on the uncertainty analysis theory,
some scholars also produced some interesting works [29].

This work chose Tongchuan-Huangling Expressway in China as a research site, and groundwater
monitoring was undertaken at the place where waterfall ice hazards are prone to happen. Then,
the relationship between ground water level changes and the scale of waterfall ice were analyzed.
Following this, penetration tests and freezing tests were conducted in laboratories using in-situ soil,
and a mathematical model of waterfall ice was established. Finally, the development process of the
highway waterfall was discussed.

2. In-Situ and Indoor Experimental Investigation

Negative temperature, ground water, and the permeability of soil are basic factors that affect the
scale of highway waterfall ice. The climate type of the research site belongs to the Monsoon Climate of
Medium Latitudes. The negative temperature of the research site (Tongchuan-Huangling Expressway)
can last several months during winter, and rainfall is seasonal. According to the site investigation,
the soil composition of this area includes three layers (i.e., humus soil, crushed stone, and bed rock)
from top to bottom. In addition, the topography along the expressway is mainly hills, and groundwater
is abundant with its shallow buried depth. Therefore, highway waterfall ice hazards always happen.
The soil composition and waterfall ice hazards are shown in Figure 1.
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Figure 1. The soil composition and waterfall ice hazards of the research site (a) Soil composition (b) 
Large-scale highway waterfall ice (c) Facing wall dehiscence induced by waterfall ice (d) Highway 
waterfall ice extended to the road surface. 

2.1. Ground Water Monitoring Results 

The formation of highway waterfall ice is closely related to the change of the ground water 
level. In this study, eight monitoring sites at Tongchuan-Huangling Expressway were selected to 
conduct groundwater monitoring tests. The temperature and frozen depth change of 
Tongchuan-Huangling expressway is shown in Figure A1. To obtain ground water change statistics, 
two drill holes were assigned at each monitoring site. The information regarding drill holes is shown 
in Table 1. The ground water monitoring began when cutting started to excavate, and lasted 2.5 
years. The Ground Water Level Monitoring System ZKGD2000-MB was adopted to conduct 
groundwater monitoring, and the details of the system are shown in Figure 2. The locations of 
monitoring sites are shown in Figure 3. The monitoring results are shown in Figure 4. 

 

Figure 1. The soil composition and waterfall ice hazards of the research site (a) Soil composition
(b) Large-scale highway waterfall ice (c) Facing wall dehiscence induced by waterfall ice (d) Highway
waterfall ice extended to the road surface.

2.1. Ground Water Monitoring Results

The formation of highway waterfall ice is closely related to the change of the ground water level.
In this study, eight monitoring sites at Tongchuan-Huangling Expressway were selected to conduct
groundwater monitoring tests. The temperature and frozen depth change of Tongchuan-Huangling
expressway is shown in Figure A1. To obtain ground water change statistics, two drill holes were
assigned at each monitoring site. The information regarding drill holes is shown in Table 1. The ground
water monitoring began when cutting started to excavate, and lasted 2.5 years. The Ground Water
Level Monitoring System ZKGD2000-MB was adopted to conduct groundwater monitoring, and the
details of the system are shown in Figure 2. The locations of monitoring sites are shown in Figure 3.
The monitoring results are shown in Figure 4.
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Figure 3. Location of monitoring sites [31].

Table 1. Information of drilled holes.

Monitoring
Site Code Name Longitude Latitude Elevation

(m)

Ground
Water Burial

Depth (m)

Lithological
Description of Aquifer

Goumen
G-1

35◦20′44.7′′ N 108◦58′07.7′′ E
1321 3.10 Strong Weathered

sandstone
G-2 1319 2.46 Silty clay

Xianshen
X-1

35◦21′56.9′′ N 108◦59′22.7′′ E
1255 9.71 Sandy cobble layer

X-2 1248 7.08 Strong weathered
conglomerate

Mawang
M-1

35◦22′35.0′′ N 109◦00′03.5′′ E

1238 6.52 Strong weathered
conglomerate

M-2 1231 1.25 Strong weathered
sandstone

Jiaozhai
J-1

35◦24′36.8′′ N 109◦01′05.3′′ E

1197 1.58 Strong weathered
sandstone

J-2 1204 5.23 Strong weathered
sandstone

Liuzhuang
L-1

35◦27′08.3′′ N 109◦02′54.7′′ E

1125 3.29 Strong weathered
sandstone

L-2 1106 3.96 Strong weathered
mudstone

Qianzhuang
Q-1

35◦29′39.4′′ N 109◦04′18.9′′ E
1094 1.14 Strong weathered

mudstone
Q-2 1087 1.52 Sandy cobble layer

Jiezhuang
J-3

35◦32′18.9′′ N 109◦07′40.6′′ E

889 5.08 Strong weathered
sandstone

J-4 881 2.30 Strong weathered
sandstone

Changxi
C-1

35◦33′54.2′′ N 109◦10′03.0′′ E

993 4.46 Strong weathered
sandstone

C-2 985 5.71 Strong weathered
mudstone
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Figure 4. The groundwater monitoring results of drilled holes.

The groundwater monitoring results show that the trend of groundwater level changes of G-1,
G-2, M-1, M-2, and J-4 are the same, and the decline and rise of groundwater shows a repeated trend.
The reason for this phenomenon is that the ground water level of these test sites is sensitive to rainfall.
Therefore, it decreased rapidly due to little rainfall in winter, then, it increased again after heavy
rainfall in summer. This type of groundwater level change contributes considerably to the formation
of highway waterfall ice in early winter, because the ground water level and its pressure are still high
in this period, the scale of waterfall ice is expected to develop rapidly. In contrast, the scale of waterfall
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ice is expected to remain steady due to little rainfall in deep winter. The ground water level of X-1,
X-2, Q-2, J-1, J-2, C-1, and C-2 decreased rapidly after the excavation of cuttings, and then it remained
steady. The reason for this phenomenon is that the ground water level of these test sites is sensitive
to excavation, and cannot be recharged effectively after ground water levels decrease. Therefore,
the scale of highway waterfall ice is always small in these areas. The ground water level of Q-1, J-3
kept increasing during excavation, and kept steady afterwards. The reason is that the groundwater
balance was broken after excavation, and perched ground water in the upper part of the mountain
continued to flow to the hill foot. Highway waterfall ice in these areas is always difficult to eliminate
owing to the continuous supplement of perched ground water. The ground water level of L-1 also
increased during excavation, but it decreased after a year because the perched water supplement was
insufficient. The ground water level of L-2 did not change during monitoring, hence, waterfall ice
hazards did not happen in this area.

From monitoring the results and analysis, it can be seen that the ground water change that
results from cutting excavation is the main reason for highway waterfall ice hazards, and the area that
can easily get a seasonal rainfall supplement and perched ground water supplement suffers severe
waterfall ice hazards. The purpose of monitoring is to explore the relationship between the ground
water level change and highway waterfall ice hazards. In this way, an overall understanding of the
formation mechanism of highway waterfall ice can be obtained. Furthermore, the monitoring results
can give a significant reference on the route design of the expressway in the Tongchuan-Huangling
area. More specifically, the route design can avoid the area where the highway waterfall ice hazards
are prone to happen according to the ground water level change statistics. Moreover, it is also a new
method to evaluate the occurrence possibility of highway water fall ice hazards by using ground water
monitoring technology in groundwater-rich areas.

2.2. Laboratory Tests of In-Situ Soil

2.2.1. Gradation Tests and Penetration Tests

According to the above analysis, this study found that the occurrence of waterfall ice was closely
related to ground water level change. However, the scale of waterfall ice is directly determined by
the permeability of aquifers. Therefore, the gradation test and penetration test were conducted using
the soil of aquifers, which were taken from eight monitor sites at Tongchuan-Huangling Expressway.
The test equipment for the penetration tests is shown in Figure 5. The penetration test specimens were
taken from eight monitoring sites by using the core drilling method [32]. Most of the specimens had
difficulty keeping the cylindrical shape because of the high moisture content and the strong weathered
property. Furthermore, the soil was disturbed and filled the container before the penetration tests
because the diameter of the container (30 cm) was greater than the soil specimens (10 cm). According to
the Test Methods of Soils for Highway Engineering (JTG E40-2007) [33], the constant head permeability
test was adopted in this research. Before the penetration tests, the soil was put into the container
in layers (3 cm/layer), and compacted slightly to control the porosity ratio. After filling one layer,
the water-inflow switch opened to saturate the soil layer, and closed when the water level reached
the soil layer’s surface. Then, filling the layers stopped when the height of the soil was above the
piezometric hole 3–4 cm. After that, the air free water under the temperature of 20 ◦C was poured
into the container from the top to submerge the soil, and until it reached the position of the spilled
water hole. After that, the soil was saturated for 24 h before the tests. Then, the penetration tests were
conducted under the temperature of 20 ◦C. In this way, the hydraulic conductivity can be written as
k20. The tests results are shown in Table 2, among which the grain grade was divided into three groups
(fine grained group, medium grained group, and coarse grained group) for convenient analysis.



Sustainability 2019, 11, 4059 8 of 21Sustainability 2019, 11, x FOR PEER REVIEW 8 of 21 

 

Figure 5. The equipment for penetration tests (Chang’an University). 

Table 2. The test results of the gradation test and penetration test. 

Sampling Sites Mawang 
Chang

xi 
Jiaozhai Goumen Xianshen Liuzhuang Qianzhuang Jiezhuang 

Fine grained group/mm 
<0.1 14% 15% 12% 5% 9% 5% 4% 2% 

0.1–0.5 15% 8% 5% 9% 2% 5% 3% 3% 

Medium grained group/mm 
0.5–2 11% 8% 11% 9% 14% 11% 16% 9% 
2–5 11% 9% 13% 13% 4% 12% 4% 8% 

Coarse grained group/mm 
5–10 27% 54% 50% 56% 66% 48% 52% 65% 
10–20 22% 6% 9% 8% 5% 19% 21% 13% 𝒅𝟏𝟎/mm 0.083 0.079 0.091 0.25 0.105 0.23 0.81 1.27 𝒅𝟑𝟎/mm 0.57 2.13 2.69 4.34 5.19 4.86 5.54 6.14 𝒅𝟔𝟎/mm 6.61 6.81 6.74 7.11 7.34 7.51 8.15 8.70 

Uniformity coefficient 𝑪𝒖 79.64 86.20 74.07 28.44 69.90 32.65 10.06 6.85 
Curvature coefficient 𝑪𝒄 0.59 8.43 11.80 10.60 34.95 13.67 4.65 3.41 𝒌𝟐𝟎/(𝐜𝐦/𝐬) 0.037 0.094 0.187 0.214 0.279 0.335 0.54 0.688 

The results show that the medium-sized group’s weight percentage of eight sampling sites was 
fixed between 17% and 30%, and the variation range was relatively small from Table 2. Therefore, 
the effective grain diameter 𝑑ଵ଴ is determined by the fine grained group, and the constrained 
diameter 𝑑଺଴ is determined by the coarse grained group in these areas. Therefore, the effective grain 
diameter 𝑑ଵ଴ and the constrained diameter 𝑑଺଴ can be used as the measurement for the mass of fine 
grained soil and coarse grained soil, and then these two specific diameters can be used to study the 
relationship between them and hydraulic conductivity 𝑘ଶ଴. The results are shown in Figure 6. It can 
be seen that a proportional relationship exists between the specific diameters and hydraulic 
conductivity. According to the particle-size distribution of the aquifer’s soil as shown in Table 2, 𝑑ଵ଴ 
increases with the decrease of the fine grained group content, and 𝑑଺଴ increases with the increase of 
the coarse grained group content. Combining this with the proportional relationship between 
specific diameters and hydraulic conductivity, it can be seen that the permeability of the aquifer can 
enhance with the decline of fine-grained particles and the increase of the coarse-grained particles, 
and the possibility of the occurrence of highway waterfall ice may increase. 

Figure 5. The equipment for penetration tests (Chang’an University).

Table 2. The test results of the gradation test and penetration test.

Sampling Sites Mawang Changxi Jiaozhai Goumen Xianshen Liuzhuang Qianzhuang Jiezhuang

Fine grained
group/mm

<0.1 14% 15% 12% 5% 9% 5% 4% 2%
0.1–0.5 15% 8% 5% 9% 2% 5% 3% 3%

Medium grained
group/mm

0.5–2 11% 8% 11% 9% 14% 11% 16% 9%
2–5 11% 9% 13% 13% 4% 12% 4% 8%

Coarse grained
group/mm

5–10 27% 54% 50% 56% 66% 48% 52% 65%
10–20 22% 6% 9% 8% 5% 19% 21% 13%

d10/mm 0.083 0.079 0.091 0.25 0.105 0.23 0.81 1.27

d30/mm 0.57 2.13 2.69 4.34 5.19 4.86 5.54 6.14

d60/mm 6.61 6.81 6.74 7.11 7.34 7.51 8.15 8.70

Uniformity coefficient Cu 79.64 86.20 74.07 28.44 69.90 32.65 10.06 6.85

Curvature coefficient Cc 0.59 8.43 11.80 10.60 34.95 13.67 4.65 3.41

k20/(cm/s) 0.037 0.094 0.187 0.214 0.279 0.335 0.54 0.688

The results show that the medium-sized group’s weight percentage of eight sampling sites was
fixed between 17% and 30%, and the variation range was relatively small from Table 2. Therefore,
the effective grain diameter d10 is determined by the fine grained group, and the constrained diameter
d60 is determined by the coarse grained group in these areas. Therefore, the effective grain diameter
d10 and the constrained diameter d60 can be used as the measurement for the mass of fine grained soil
and coarse grained soil, and then these two specific diameters can be used to study the relationship
between them and hydraulic conductivity k20. The results are shown in Figure 6. It can be seen
that a proportional relationship exists between the specific diameters and hydraulic conductivity.
According to the particle-size distribution of the aquifer’s soil as shown in Table 2, d10 increases with
the decrease of the fine grained group content, and d60 increases with the increase of the coarse grained
group content. Combining this with the proportional relationship between specific diameters and
hydraulic conductivity, it can be seen that the permeability of the aquifer can enhance with the decline
of fine-grained particles and the increase of the coarse-grained particles, and the possibility of the
occurrence of highway waterfall ice may increase.
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2.2.2. Freezing Tests

The above tests indicate that the coarse grain group can enhance the permeability of soil, which
leads to highway waterfall ice hazards. In this section, freezing tests were carried out on saturated
coarse-grained soil and fine-grained soil separately to explore the formation mechanism of waterfall ice
further. The coarse-grained soil was taken from the area where waterfall ice hazards are the most serious,
and the typical fine silt of the research site was used as fine grained soil for the tests. The physical
characteristics of coarse-grained soil are as follows: Initial density ρ = 1.965 g/cm3, maximum dry
density ρd = 2.05 g/cm3, and optimum water contentω = 6.8%. The physical characteristics of fine
grained soil are as follows according to laboratory tests: Initial density ρ = 1.489 g/cm3, maximum
dry density ρd = 1.734 g/cm3, and optimum water contentω = 18.9%. The grain size composition of
coarse grained soil and fine grained soil are shown as Tables 3 and 4.

Table 3. The grain size composition of coarse-grained soil.

Grain size (mm) 10–20 5–10 1–5 0.1–1 0.05–0.1 <0.05

Weight percent (%) 5.8 30.5 45.3 16.4 1.3 0.7

Table 4. The grain size composition of fine-grained soil.

Grain size (mm) 0.05–0.1 0.01–0.05 0.005–0.01 <0.005

Weight percent (%) 14.8 45.7 32.2 7.3

The samples were saturated and consolidated under the pressure of 0.5 MPa before the tests,
and after that, the water content of fine grained soil and coarse grained soil were detected, which
were 39% and 20%, respectively. Then, the cylindrical specimens with the diameter of 10 cm and the
height of 15 cm were made, and the soil was compacted in layers (3 cm/layer). The vibrating wire
piezometers were installed into the samples (Figure 7) to test pore pressure. The samples were covered
by transparent insulating material without the bottom, and a water layer was at the top to simulate
ground water. The details of the experimental design is shown in Figure 7.
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The experiment procedure includes two stages as follows:

1. The samples were put into an incubator at the temperature of 1 ◦C, and lasts for 24 h.
2. The temperature of incubator was set to −10 ◦C, and began to freeze. The freezing direction

was from the bottom to the top. The waterproof thin film with good thermal conductivity was
covered at the bottom of the samples to prevent the water seeping from the bottom during
freezing. The incubator was opened and the frost-heaving ratio, pore pressure, and water
inflow volume were measured (by testing the volume change of water layer) quickly every
2 h. The frost-heaving ratio was measured by dial indicators. The initial volume of the water
layer was measured by using vernier caliper to measure the height, and calculated the volume
afterwards. The volume change of the water layer was also measured by vernier caliper. As the
soil samples were completely saturated during the tests, the downward water migration due to
gravity was neglected.

The test results are shown in Figure 8. From test results, it can be seen that the pore pressure
of saturated coarse-grained soil increased during freezing conditions, and decreased sharply after
reaching the maximum value (84 KPa in this test). The frost heaving ratio and the inflow volume of it
were almost zero during the freezing tests. The reason for the phenomena is that the process of free
water freeze happened in saturated coarse-grained soil during the freezing test.
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As the volume of free water increases after freezing, the expansive force induced by the volume
change can appear in a closed system, and the pore pressure of the part that do not freeze is expected
to increase. When considering water migration, during the freezing process from the bottom to the
top, the volume change of frozen free-water in coarse grained soil leads to increasing the free water
level above the freezing surface. Therefore, the downward reaction force emerges at the top of the
experimental container, then, the pore pressure of the test point increases. With the increase of the
frozen depth, the position of the vibrating wire piezometer gradually freezes. Therefore, the downward
reaction force cannot transfer to the position of the vibrating wire piezometer completely. Then,
the pore pressure decreases. The microscopic freezing process of saturated coarse grained soil is shown
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in Figure 9. Moreover, this frozen mode of free water in coarse-grained soil made the inflow volume
almost zero.
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As mentioned above, the process of free water freeze happened in saturated coarse-grained soil
during the freezing test. Therefore, the freezing process of the water in the coarse-grained soil is
independent of soil particles, and this process leads to the upward drainage of the part that do not
freeze. Although the whole tests were conducted in a closed system, and the drainage did not happen,
the water pressure did not apply to the soil particles. In contrast, the pressure applied to the top part
of the insulating material due to the potential drainage trend as shown in Figure 9. Therefore, if the
soil is kept static, the frost heave is not expected to happen. The frost heaving ratio, the pore pressure,
and the inflow volume of saturated fine-grained soil increased when it was freezing, and then kept
steady after reaching maximum values (3.2%, 127.8 Kpa, and 50 mL, respectively). The reason for the
phenomena is that the pore water in fine-grained soil belongs to weak-bound water, and moisture
migration from the top to the freezing front happened when it was freezing. This migration led to the
water content increasing near the freezing front. Therefore, the frost heaving happened. Furthermore,
the moisture migration also induced the water inflow and increased pore pressure. After the position
of the vibrating wire piezometer froze, the pore pressure induced by the weak-bound water was not be
influenced by the moisture migration, therefore, it kept steady. The restriction effect of the experimental
container may result in the appearance of steady stages of frost heaving and inflow volume.

Moreover, for saturated coarse grained soil, it can be seen from the test results that the decreasing
speed of the pore pressure was becoming slow when the freezing process conducted 30 h, and kept
stable at the end of the test. This means that at the end of the test, the position of the vibrating wire
piezometer was completely frozen, and no reaction force was transferred to the position of the vibrating
wire piezometer. Therefore, when the pore water around the vibrating wire piezometers was frozen,
the pore pressure of saturated coarse grained soil was approximately 13 KPa (40 h) as shown in Figure 8.
For saturated fine grained soil, the pore pressure kept stable when the freezing process was conducted
at 23 h. Further, after the position of the vibrating wire piezometer froze, the pore pressure induced
by the weak-bound water was not influenced by the moisture migration, therefore, it kept steady.
Hence, when the pore water around the vibrating wire piezometers was frozen, the pore pressure
of saturated fine grained soil was approximately 124 KPa. However, it can be seen that the sharp
decrease of the pore pressure of saturated coarse grained soil and the pore pressure stable stage of
saturated fine grained soil happened at the same time from the pore pressure curves. This phenomenon
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means that the freezing speed of saturated coarse grained soil and fine grained soil is almost the same.
More specifically, the freezing of the position of the vibrating wire piezometer happened at 23 h for
these two test specimens.

From the above tests, it can be seen that the coarse-grained soil has strong water permeability,
and it is the major aquifer’s soil in the area of waterfall ice hazards. Furthermore, if the drainage is
blocked, the pore pressure of coarse-grained soil increases rapidly. Considering actual engineering,
a frozen cutting surface can block the drainage of ground water, and then, the water pressure increases
and squeezes out from the weak surface, and waterfall ice forms. Therefore, the aquifer with saturated
coarse-grained soil is the internal condition that leads to highway waterfall ice.

3. Mathematical Model in Investigating Waterfall Ice

The percolation theory has the advantage of analyzing the frozen procedure of soil only focusing
on temperature and pressure [34]. This theory is usually adopted for research on saturated fine-grained
soil. Therefore, some theorems are reliable when establishing a mathematical model of saturated
fine-grained soil. In this study, the frozen model of saturated fine-grained soil was established first.
Following this, the freezing model of saturated coarse-grained soil was established based on the
fine-grained soil model.

3.1. Freezing Model of Saturated Fine-Grained Soil

The moisture migration happens in fine-grained soil during freezing conditions. The microcosmic
process of moisture migration is described only considering two-dimensional cases in Figure 10.
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Figure 10. The microcosmic process of moisture migration in fine-grained soil.

As shown in Figure 10, the water transfers from point A to Point B during freezing conditions.
The pressure and temperature of point A are described as PW(A) and T(A), respectively. The pressure
and temperature of point B are described as PW(B) and T(B), respectively. Generally, the hydraulic
conductivity Ka depends on the composition of soil particles and the temperature in soil. To simplify
the calculation, the hydraulic conductivity between point A and point B is assumed to be the same.
Point C at the freezing front, and the pressure is expressed as Pi, which is related to the overburden load.
To illustrate the effect of osmotic pressure on water migration, a simplified theoretical freezing model
of fine-grained soil was established as shown in Figure 11. The theoretical model consists of 4 parts:
Part A, part B, part C, and part D. The parts are separated by three semipermeable membranes, which
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are named S1, S2, and S3, respectively. Part A and Part B contains pure water, and the temperatures of
them are T(A) and T(B), respectively. The pressure of Part A and Part B are PW(A) and PW(B), respectively.
Part C contains the solution, and the concentration of it increases with the volume of the ice layer
increasing. Part D is fine-grained soil. To apply the thermodynamic equilibrium theory, the pressure of
the solution in Part C is assumed to keep balance with pure water in Part B. In this way, the osmotic
pressure Ψ(B) can be defined as Equation (1).

Ψ(B) = Pi − Pw(B) (1)
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The moisture migration of soil is induced by the pressure difference between Part A and Part B.
The volume of flow (Qw) can be described as Equation (2) based on Darcy’s Law:

Qw = −KaA
H2 −H1

L
= −KaAI = −KaA

ρgH2 − ρgH1

ρgL
= −KaA

PW(B) − PW(A)

ρgL
(2)

where ρ represents density, I represents the hydraulic gradient, and A represents inflow area.
Therefore, the rate of flow (qw) can be obtained as Equation (3):

qw = −Ka
PW(B) − PW(A)

ρgL
(3)

According to Equations (1) and (3), the osmotic pressure can be described as Equation (4):

Ψ(B) = Pi − PW(A) +
qwρgl

Ka
(4)

As the simplified theoretical model belongs to a closed system, when the ice layer and the solution
of Part-C are at the state of the phase transition equilibrium, the chemical potential of ice (µi) is equal
to the chemical potential of the solution (µs) according to the first law of thermodynamics. To keep this
balance, the change of µi is always equal to the change of µs as shown in Equation (5):

dµs(P,ψ, T) = dµi(P, T) (5)

where P represents the pressure, ψ represents osmotic pressure, and T represents temperature.
According to the second law of thermodynamics, the expressions of dµw and dµi are shown in

Equations (6) and (7):
dµi = VidP− SidT (6)
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dµs = VsdP−Vsdψ− SsdT (7)

where V represents the specific volume and S represents the specific entropy (ratio of heat absorbed
or released by the system to corresponding temperature). Vi represents the specific volume of ice,
Vs represents the specific volume of solution, Si represents the specific entropy of ice, and Ss represents
the specific entropy of solution.

The integrating Equation (5) from the initial state (P = P0, ψ0 = 0, and T = T0) to the end state (Pi,
ψ(B), and T(B)), the expression is shown in Equation (8):

y Pi,Ψ(B),T(B)

P0,ψ0,T0
VidP− SidT dpdψdT =

y Pi,Ψ(B),T(B)

P0,ψ0,T0
VsdP−Vsdψ− SsdT dpdψdT (8)

where P0 represents atmospheric pressure, T0 = 276k;
The calculation result of Equation (8) is obtained as shown in Equation (9):

(VS −Vi)(Pi − P0) − (SS − Si)(T(B) − T0) = VS
(
Ψ(B) −Ψ0

)
(9)

As mentioned above, ψ0 = 0, and the specific entropy change can be described as the ratio of the
internal energy change (Q) to the temperature of the phase transition as shown in Equation (10):

SS − Si = Q/T0 (10)

Therefore, by combining Equations (9) and (10), the expression of osmotic pressure Ψ(B) can be
obtained as shown in Equation (11):

Ψ(B) =
(Vs −Vi)

Vs
(Pi − P0) −

Q
VsT0

(T(B) − T0) (11)

when the phase transition keeps equilibrium, which means that the ice layers do not change, the rate
of flow qw = 0, and Equation (12) can be obtained by Equation (3):

PW(A) = PW(B) (12)

Then, by combing Equations (1), (11) and (12), the osmotic pressure at the state of phase transition
equilibrium (ψ(B)) can be obtained as shown in Equation (13):

ψ(B) =
(VS −Vi)

Vi

(
PW(A) − P0

)
−

Q
ViT0

(
(T(B) − T0

)
(13)

According to above analysis, the mathematical frozen model of saturated fine-grained soil is
obtained as shown in Equations (4), (11) and (13).

3.2. Freezing Model of Saturated Coarse-Grained Soil

There is no weak-bound water exists in saturated coarse-grained soil, therefore, the moisture
migration cannot happen during freezing conditions, which means that there is no osmotic pressure
(ψ(B) = 0) at the state of the phase transition equilibrium of saturated coarse-grained soil. At the same
time, although the percolation theory cannot be fully be applied to the saturated coarse grained soil,
the freezing process of saturated coarse grained soil and saturated fine grained soil both obey the first
law of thermodynamics and the second law of thermodynamics. Therefore, considering saturated
coarse grained soil or fine grained soil, the chemical potential of ice (µi) is always equal to the chemical
potential of the solution (µs) when the ice layer and the water are at the state of the phase transition
equilibrium in a closed system (This equation has nothing to do with the percolation theory). Therefore,
Equations (5)–(7) can also be applied to saturated coarse grained soil. However, to give physical
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meaning to equations (there is no mathematical expression to describe the phase transition equilibrium
of saturated coarse-grained soil), the frozen model of saturated fine-grained soil was established first
as shown in Equation (13). Although the model includes osmotic pressure ψ(B), it is a independent
variable during mathematical integral. Therefore, the mathematical model of Equation (13) can extend
to saturated coarse-grained soil when ψ(B) = 0 as shown in Equation (14).

PW(A) − P0

T(B) − T0
=

Q
[T0(VS −Vi)]

(14)

It can be seen that the formula does not include the parameters of the soil (Ka, L), and the osmotic
pressure ψ(B) = 0. Therefore, the freezing model of saturated coarse-grained soil in a closed system
cannot be influenced by the properties of the soil. Furthermore, it can be seen that Equation (14) is
highly similar to the Clapeyron equation as shown in Equation (15). The Clapeyron equation can be
applied to any pure substances at the state of the phase transition equilibrium.

dP
dT

=
Q

T∆V
(15)

In this way, the freezing model of saturated coarse-grained soil in a closed system is highly similar
to pure water in a closed system. When considering the formation process of highway waterfall ice,
from above analysis, it can be ensured that the essence of the aquifers’ freezing in the waterfall ice
area is the freezing of closed water. Then, the volume expansion due to freezing conditions increases
the pressure of closed water, which squeezes out from the weak interfaces and forms the waterfall
ice. This conclusion can give a primary reference for the discussion of the formation mechanism of
highway waterfall ice. That is, pure water freezing helps to analyze the formation progress of highway
waterfall ice.

4. Discussion of the Formation Mechanism of Highway Waterfall Ice

According to in-situ and indoor experimental investigations and the establishment of a
mathematical model, this study found that the saturated coarse-grained soil in a closed system
is the main factor that results in waterfall ice hazards. Consequently, to describe the formation
mechanism of highway waterfall ice clearly, the soil layer model was established, which includes
three layers, i.e., humus soil layer, saturated coarse-grained soil layer, and bedrock layer from top
to bottom. Based on this model, when excavation occurs during highway construction, the frozen
depth of the soil increases although aquifers are not exposed. This leads to the frozen depth of the
aquifer (saturated coarse-grained soil) deeper than before. Therefore, the pressure of the groundwater
increases, which has already been proved by the freezing tests mentioned in Section 3. According
to the pressure increasing procedure during freezing conditions, the formation process of waterfall
ice is defined as three stages (i.e., the drainage obstruction stage, the soil deformation stage, and the
groundwater gushing stage) as shown in Figure 12.

At the drainage obstruction stage, the drainage path is partly obstructed with the increasing
frozen depth. Hence, the pressure of the aquifer increases. The compaction process of the aquifer,
which results from construction of machines, is also a main factor that leads to pressure increases when
considering actual engineering. The groundwater flows to the weak area under this pressure.

At the soil deformation stage, with the increasing frozen depth, the drainage path of the aquifer
is completely blocked, and a closed system is formed. The pressure of the aquifer increases rapidly,
and the groundwater at weak area breaks through the humus soil layer and freezing under negative
temperature, which results in top soil deformation. When the volume of ice reaches its maximum
volume, the deformation of top soil also reaches its limit. Then, the ice stretches to the deformation soil
as shown in Figure 12. At the same time, water separates from the coarse-grained soil and moves to
the weak area constantly because of the increasing pressure.
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At the groundwater gushing stage, the ice breaks through the deformation soil. Then, the huge
expansive force generated by groundwater in a closed system fractures the ice block. After that,
the groundwater flows into the cracks, and becomes ice particles under negative temperature.
The cracks get larger due to the ice particle forming and the constant water inflow. With the increasing
groundwater flow volume and the crack development process in ice blocks, the cracks cross the ice
block completely, and groundwater flows out and becomes ice rapidly under negative temperature.
After that, a closed system is formed again, and the groundwater gushing stage happens again.
Therefore, a circulatory system is formed, and the volume of waterfall ice increases rapidly during
this circulation.

5. Conclusions

In this paper, areas that suffer serious highway waterfall ice hazards (Tongchuan-Huangling
expressway) were chosen to conduct ground water monitoring for 2.5 years. The relationship between
the ground water level change and waterfall ice hazards is revealed. After that, the gradation test
and penetration test of the aquifer soil, and the freezing test of typical saturated fine-grained soil
and coarse-grained soil were conducted. Following this, the mathematical model of investigating
waterfall ice was established. Finally, the formation mechanism of highway waterfall ice was discussed.
The following primary conclusions can be drawn:

(1) Ground water level change that results from excavation is the main reason for highway waterfall
ice hazards. Furthermore, the area that can easily get seasonal rainfall supplements, and the
mountainous regions where ground water is replenished by perched water after cutting excavation
suffers serious highway waterfall hazards. The monitoring results also provide significant
references for the route design of expressways in related area.

(2) A proportional relationship between the content of coarse-grained particles and the hydraulic
conductivity was obtained based on the gradation test and the penetration test using in-situ
aquifer soil of eight research sites. The results indicate that the content of coarse-grained particles
can significantly enhance the permeability of the aquifer, which is the internal factor that leads to
highway waterfall ice.

(3) According to the freezing tests of saturated fine-grained soil and coarse-grained soil, this study
found that, contrary to saturated fine-grained soil which showed obvious water migration during
freezing, the pore pressure of coarse-grained soil increased rapidly first, and decreased after
reaching the maximum value (84 KPa in this test). The frost heaving ratio and the inflow volume
were almost zero during the test. The test results indicate that the volume expansion of free
water freezing in a closed system is the main reason for pore pressure increasing the saturated
coarse-grained soil.

(4) The freezing model of fine-grained soil was established based on the percolation theory. After that,
the freezing model of saturated coarse-grained soil at the state of the phase transition equilibrium
was obtained using the freezing model of fine-grained soil. This indicates that the essence of the
aquifers’ freezing (coarse-grained soil) in the waterfall ice area is the freezing of closed water.

(5) The formation mechanism of waterfall ice was discussed based on the above-mentioned results.
The formation process of waterfall ice is defined as three stages (i.e., the drainage obstruction stage,
the soil deformation stage, and the groundwater gushing stage). This definition can give significant
guidance for further research that focuses on the prevention of highway waterfall hazards.
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