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Abstract. Gas is usually ignored in traditional studies of water movement processes in the vadose zone. 
However, a large number of simulation experiments show that gas is an important factor effecting water 
movement. In this paper, a two-dimensional sand tank model is built to observe the changes of gas 
pressure and negative pressure during rainfall events with different intensities and boundaries and 
investigate the interaction between gas and water to reveal the block effect of gas on water movement. 
The results show three main effects of gas affecting water infiltration. Firstly, the water infiltration causes 
the gas pressure increased, which results in the decrease of unsaturated hydraulic conductivity. Secondly, 
the gas will escape to surroundings even break through the overlying saturated layer if the infiltration 
causes the gas pressure to increase to a critical value. The movement of gas in the vadose zone is mainly 
in vertical under the condition of gas insulation boundary, while in both vertical and horizontal under the 
condition of gas exhaust boundary. Finally, according to the variations of gas pressure with depths in the 
central profile, the vadose zone is divided into three zones: gas escaping zone, gas pressure fluctuating 
zone and gas pressure fast-decreasing zone. 
Keywords: sand tank, rainfall intensity, gas pressure, infiltration, physical experiments, moisture content 

Introduction 
Gas flow is usually ignored in research into water movement processes in the vadose 

zone, and it is generally assumed that gas can freely discharge or invasive, so the gas 
pressure and atmospheric pressure are balanced (Peng, 2002). In fact, water movement 
in the vadose zone is the result of the mutual displacement of gas and water in the 
vadose zone pores, especially during events of heavy rainfall infiltration and pressured 
water infiltration. Water infiltration causes the gas to be constantly compressed under 
the weight of water and the gas cannot dissipate within a short time period, resulting in 
an increase in gas pressure and a reduction in the infiltration rate (Jarrelt, 1978; Lei, 
1988; Lu, 1994). 

It was found that the water infiltration rate was smaller under gas insulation 
conditions than under free exhaust conditions, and that gas will break through the 
overlying layer to escape when the pressure reaches a breakthrough value in the one-
dimensional soil column infiltration experiment (Wang, 1997). Others had also come to 
this conclusion (Peck, 1965; Toma, 1986; Grismerand, 1994. Weir and Kissling divided 
the soil column into three regions to describe the water phase and gas phase: an upper 
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layer, a transition layer and a lower layer. Water-gas phase interactions mainly occur in 
the transition layer, where the existence of gas will affect the water penetration 
coefficient. Peng et al. (2002) found that the water infiltration rate obviously declined 
when the air flow rate at the bottom of the soil column was controlled instead of 
exhausting freely in a one-dimensional two-phase flow experiment. The flow movement 
to ambient infiltration zone and surface is due to gas pressure persistent arise and gas 
displacement by water is the main characteristic in infiltration process (Lei, 2009). 
Ghosh et al. (2012) made an experimental investigation on vertical gas–liquid counter-
current two-phase flow and obtained nonlinear relationships between the developed 
flow regimes and input parameters. Jie et al. (2013) illustrated the essential of 
consideration of gas resistance. It was found that the calculated infiltration time 
considering gas resistance term in the stratified hypothesis model agrees with the 
measured value with low deviation degree and a very small fluctuation. Herrada et al. 
(2014) proposed a model to simulate infiltration into heterogeneous soils, with arbitrary 
initial water content distributions, subject to unsteady rainfall, and under the free 
draining condition. Li et al. (2015) obtained the results that the channel differential 
pressure on both sides brings obvious fluctuations when the liquid is infiltrated. It is the 
gas flow rate not the amount of liquid infiltration affects the fluctuation significantly in 
the amplitude of the pressure differential. Du et al. (2017) analyze the mechanisms of 
soil water and vapour transport in the desert vadose zone using the Hydrus-1D model. 
Xiao et al. (2018) created an artificial-intelligence system that identifies nanofluid gas-
liquid two-phase flow states in a vertical mini-channel. Min et al. (2018) investigated 
the groundwater recharge and seepage velocity in the deep vadose zone under typical 
irrigated agricultural land-use types. 

Most researchers focus on one-dimensional soil column infiltration experiments, 
studying the effect of the presence of gas in the vadose zone by controlling the air flow 
rate at the bottom of the column, with little consideration given to the existence of the 
overlying aquifer. Although pressure changes under infiltration conditions are analysed, 
the relationship between air pressure and moisture content are not presented. Research 
of two-dimensional problems of rainfall infiltration is relatively barely (Zhao, 2011). In 
this paper, based on a two-dimensional physical model, experiments are designed to 
investigate rainfall infiltration processes under conditions of four different rainfall 
intensities and two different boundaries. That the changes of gas pressure and the 
hydrodynamic filed under different rainfall intensities and boundaries are investigated. 
The gas pressure on the profile along the central line and at three typical points is 
chosen to make data analysis. The relationship between negative gas pressure and 
moisture content is also analysed. 

Methods 
Experimental equipment 

The experimental equipment comprises a sand tank, a rainfall simulator and a rainfall 
collector, shown in Figure 1. The size of the sand tank is 130 cm × 120 cm × 30 cm. 
The rainfall simulator is a plate with circular holes (diameter is 0.2 mm). The size of the 
rainfall simulator is 50 cm × 30 cm × 20 cm. 

The sand tank is the main body of the test device. It is made of a high-quality, water-
resistant wood-based material, with a metal box at the bottom forming the saturated 
zone. The tank is fitted with intake pipes, drainage pipes and piezometric tubes. 
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Because the tank is symmetrical, so 19 gas pressure sensors (measuring range: -
1000~1000 Pa; resolution: ±0.25% FS; manufacturer: Chang’an University and Huarui 
Transducer Technology Company) are installed in the front side of the sand tank, and 
17 negative pressure sensors (measuring range: 0~-50 kPa; resolution; ±0.25%FS; 
manufacturer: Chang’an University and Huarui Transducer Technology Company) are 
installed in the back side of the sand tank. The effective rainfall simulation zone is 
50 cm × 30 cm on the top of the setup. The experimental medium filled in the tank is 
silty sand. The joint parts of the device are well sealed to prevent water from flowing 
out of the device. Several air outlets with a diameter of 1 cm are installed at not only the 
left side but also the right side of the device for free exhaust. The origin of the 
coordinate system is at the left-bottom corner of the sand tank. The X axis increases 
positively to the right, and the Z axis increases positively upwards, so the coordinate of 
each pressure observation point is obtained. A markovian bottle is used to keep the 
phreatic level at 25 cm considering the base level at X axis. 

 

 
Figure 1. Schematic diagram of experimental setup 

 
 

Experimental design 
In order to analyze the affecting factors on water–gas phase flow migration law in 

the vadose zone, several different rainfall intensities and two different boundaries are 
set in the experiments. Two different boundaries are gas insulation condition and free 
exhaust condition. Gas insulation condition is that both the left and right boundaries of 
the sand tank model are closed and gas cannot be discharged (zero flux boundary). Free 
exhaust condition is that both the left and right sides of the sand tank model are partly 
open (flux boundary). The detailed experimental design is shown in Table 1. The 
rainfall duration is 30 min in each experiment. The groundwater level of saturated zone 
is kept at 25 cm. In each experiment, the negative gas pressure (matric potential) and the 
gas pressure and moisture content are measured and recorded continually. 
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Table 1. The experimental design 

Research content Boundary Rainfall intensity (cm/h)/ 
amount of rainfall (cm) 

Changes of the aerodynamic field 
Gas insulation condition 58/29 

Free exhaust condition 53/26.5 

Changes of the gas pressure with 
the depth 

Free exhaust condition 65/32.5 

Gas insulation condition 58/29; 40/20; 20/10 

Changes of gas pressure at typical 
points Gas insulation condition 78/39; 20/10 

Changes of the hydrodynamic 
field Gas insulation condition 58/29; 20/10 

Distributions of moisture content 
in the central profile Gas insulation condition 78/39; 20/10 

Relationship between the gas 
phase and the water phase Gas insulation condition 58/29; 20/10 

Experimental results 

Changes of the aerodynamic field under different boundaries 
Distributions of the gas pressure field with a rainfall intensity of 58 cm/h (gas 

insulation boundary, presented in grey solid lines) and 53 cm/h (free exhaust boundary, 
presented in grey dotted lines) at different rainfall durations are shown in Figures 2 and 
3 respectively. The time varying maximum gas pressure of the central profile at 
X = 60 cm under different boundary conditions are presented in Figure 4. 

 

 
Figure 2. Gas pressure distributions for a rainfall intensity of 58 cm/h (left: the rainfall 

duration is 5 min; right: the rainfall duration is 25 min; unit of gas pressure: Pa) 
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Figure 3. Gas pressure distributions for a rainfall intensity of 53 cm/h (left: the rainfall 

duration is 5 min; right: the rainfall duration is 25 min; unit of gas pressure: Pa) 
 
 

 
Figure 4. The time varying of the maximum gas pressure of the central profile at X = 60 cm 

under different boundary conditions 
 
 

Changes of the gas pressure with the depth 
Take the gas pressure at the central profile along X = 60 cm for example, the time-

varying relationships between the gas pressure and depth in the vadose zone under 
different rainfall intensities and rainfall durations are shown in Figure 5. The rainfall 
duration is 0, 11, 20, 26 min respectively for each line in each figure. 

 
Changes of gas pressure at typical points 

Three gas pressure observation points at different locations in the vadose zone are 
selected. The first point (1#) locates at the rainfall area. The second point (3#) locates at 
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the front of rainfall area and non-rainfall area. The third point (5#) locates at non-
rainfall area. The changes of gas pressure values of the above three points are plotted in 
Figure 6. 

 

 
Figure 5. Relationship between gas pressure and depth in the vadose zone for different rainfall 
intensities and different rainfall durations (a: rainfall intensity is 65 cm/h; b: rainfall intensity 

is 58 cm/h; c: rainfall intensity is 40 cm/h; d: rainfall intensity is 20 cm/h) 
 
 

 
Figure 6. Gas pressure variations with time at different observation points (1# point is located 

at the rainfall area; 3# point is located at the front of rainfall area and non-rainfall area; 5# 
point is located at the non-rainfall area) 
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The changes of gas pressure with time under different rainfall intensities are shown 
in Figure 7. It shows that the pressure fluctuates constantly around a mean value during 
a rainfall event. The mean value is 12.65 Pa when the rainfall intensity is 20 cm/h, while 
the mean value is 16.24 Pa when the rainfall intensity is 78 cm/h. The mean value of the 
pressure is greater when the rainfall rate is 78 cm/h than that when the rainfall rate is 
20 cm/h. This proves that rainfall intensity has an important effect on the changes in gas 
pressure in the vadose zone. 

 

 
Figure 7. Gas pressure variations with time in the vadose zone under different rainfall 

intensities 
 
 
Fluctuations in gas pressure are mainly related to unevenly distributed rainfall, 

surface disturbance, and the density of the experimental medium. These factors led to a 
change in the hydrodynamic field in the vadose zone, and to gas pressure fluctuations. It 
can be concluded that the water and gas phases are closely linked in the vadose zone 
and the mutual displacement processes should not be ignored. 

 
Changes of the hydrodynamic field 

The distributions of hydrodynamic fields under different rainfall intensities and 
different rainfall durations in the vadose zone are shown in Figure 8. 

Figure 8 shows the downward migration of moisture in the vadose zone for different 
rainfall intensities. The hydraulic heads become increasingly concentrated in the vertical 
direction below the rainfall area as the rainfall time increases. The water flow usually 
moves vertically between the rainfall area and the groundwater table, and water 
infiltration in the vertical is much quicker than the percolation in the horizontal. 

Contour plots of moisture content show the water infiltration process and the moving 
of wetting front. The figures showing the moving of the wetting front are presented in 
Figure 9 for rainfall durations of 5, 20, 30 min and 15 min after the rainfall event 
respectively. The figure shows the distribution of moisture content within the vadose 
zone during a rainfall event. The red solid line represents the position of wetting front, 
at which the moisture content is approximately 20%. In addition, the movement of the 
wetting front shows a semi-oval shaped outward expansion. It can be obtained that for a 
rainfall duration of 29 min, the penetration distance of the water flow in vertical is about 
50 cm, while the penetration distance in horizontal is only about 12 cm. This means the 
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vertical penetration of water flow is much larger than the horizontal penetration, which 
causes the differences of gas expansion and compression in the vertical and horizontal 
directions. The unevenly moving of wetting front in directions is one of the causes of 
complicated gas migration and gas pressure changes. 

Water flow infiltration rate (qi = dLi/dt, i = x, z) in the vertical and horizontal 
directions can be derived from the distance moved by a moisture peak at different times, 
shown in Figure 10 (line a and b). In addition, the surface infiltration flux is 78 cm/h. 
From Darcy’s law, the rate of water flow infiltration can be calculated. At the sand 
surface: 

 

  (Eq.1) 

 
where h0 and Kw0 are the hydraulic head and infiltration rate of the surface node 
respectively. The calculation results from Darcy’s law are shown in Figure 10 (line c). 

 

 
Figure 8. Distributions of hydrodynamic field for different rainfall intensities and different 

rainfall durations (unit of hydrodynamic field: cm) 
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Figure 9. Distributions of moisture content within the vadose zone at different times after the 

onset of rainfall (the rainfall duration is 30 min) 
 
 

 
Figure 10. Time series for the rainfall infiltration rates 
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From Figure 10, we can see that water infiltration rate in the vertical (qz) is 
significantly greater than that in the horizontal (qx), that is qz > > qx. The calculated 
vertical infiltration rate from Darcy’s law (Fig. 10, line c) is in accordance with the 
changing vertical infiltration rate derived from the movement of wetting front (Fig. 10, 
line a), but much larger. Early in the rainfall event, the flow infiltration rate is 
significantly greater than the saturated hydraulic conductivity Kws. As the vadose zone 
soil porosity gradually become saturated, the vertical infiltration rate decreases, 
ultimately tending to the saturated hydraulic conductivity Kws. The horizontal 
infiltration rate is much smaller throughout the rainfall event, and eventually tends to 
zero (Fig. 10, line b). 

 
Distributions of moisture content in the central profile at X = 60cm 

Negative pressure (matric potential) varies with moisture content. So the changes of 
negative pressure are a useful mean of indirect measurement of moisture content in the 
vadose zone. Water column height (in cm) is used to represent the values of the 
negative pressure. The changes of negative pressure with depths under conditions of 
different rainfall intensities and rainfall durations are shown in Figures 11 and 12. 

 
The relationship between the gas phase and the water phase 

Soil pores in the vadose zone are filled with either water or gas, so moisture 
migration resulting from rainfall infiltration is actually a mutual displacement process 
between the water and gas phases. The changes in moisture content cause the changes in 
gas pressure, while the negative pressure (matric potential) varies with moisture content, 
so there is a close relationship between air pressure, moisture content and negative 
pressure. The research of the relationship is important to understand the mechanisms of 
water and air migration in the vadose zone. 

The time series of air pressure and negative pressure under conditions of different 
rainfall intensities are shown in Figure 13. 

 

 
Figure 11. Changes of negative pressure with depths in the vadose zone for a rainfall intensity 

of 20 cm/h 
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Figure 12. Changes of negative pressure with depths in the vadose zone for a rainfall intensity 

of 78 cm/h 
 
 

 
Figure 13. Time series of gas pressure and negative gas pressure for different pressure 

measuring points under different rainfall intensities 
 
 

How the gas phase blocks water infiltration 
The impact of the gas on the moisture migration. The mutual displacement 

relationship between the water phase and gas phase in the vadose zone is an important 
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aspect of rainfall infiltration processes, and the blocking effect of the gas phase on water 
infiltration is particularly important. Using the groundwater recharge rate obtained from 
the rainfall infiltration experiments, Darcy’s law can be expressed as the following 
equation: 

 

 1 1i i
i

h hq K
z

     
 (Eq.2) 

 
where hi and hi-1 are the hydraulic head values for adjacent nodes near the groundwater 
table. 

The unsaturated permeability coefficient K(h) can be obtained from Equation 2. The 
changes of K(h) with the pressure at node i are shown in Figure 14. 

 

 
Figure 14. The relationship between the unsaturated permeability coefficient K(h) and gas 

pressure 
 
 
The response time of rainfall recharge. Define the response time of rainfall recharge 

as the period between the time at which the rainfall infiltrates into the vadose zone to 
the time at which the infiltrated water begins to recharge groundwater. This response 
time is closely related to rainfall duration, vadose zone lithology and structure, surface 
vegetation cover and groundwater depth. The changes of the response time under 
different rainfall intensities conditions are depicted in Figure 15. 

Discussion 

Changes of the aerodynamic field under different boundaries 
From Figures 2 and 3, it is found that the high pressure center, where the gas 

pressure increases quickly and the gas compression degree is the highest, is located just 
below the rainfall area, but not close to the groundwater table whether under the gas 
insulation boundary or free exhaust boundary. When the gas pressure increases to a 
critical level, the gas begin to escape to surroundings or even break through the 
overlying water layer to escape out of the sand surface as a result of the pressure 
gradient. Under gas insulation conditions, the gas cannot escape from the sides, and so 
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is eventually released from the sand surface. And the maximum pressure of the 
compressed gas is about 38 Pa after 29 min rainfall (Fig. 4). The gas movement is 
mainly in vertical. Under the free exhaust condition, the gas escapes from both sides of 
the tank and exchanges with the air outside exhibiting significant horizontal movement 
besides vertical movement. The maximum gas pressure is about 32 Pa after 29 min 
rainfall (Fig. 4). 

 

 
Figure 15. The changes of the response time under different rainfall intensities conditions 
 
 
From Figure 4, it can be seen that the maximum pressure is larger under the gas 

insulation condition than that under the free exhaust condition during rainfall 
infiltrating. Almost at the end time of the rainfall, the gas pressure reaches a critical 
value, after which the gas breaks through the overlying water layer and escapes, causing 
the pressure to reduce rapidly. After rainfall (from 40 to 180 min), the maximum profile 
pressure decreases much more rapidly under gas insulation condition than that under 
free exhaust boundary condition. In addition, the pressure values under gas insulation 
condition keep lower than that under free exhaust boundary condition after rainfall. The 
above results demonstrate that the degree of gas compression under the gas insulation 
condition is much greater than that under the free exhaust condition. The boundary has a 
significant influence on the gas migration in the vadose zone. 

 
Changes of the gas pressure with the depth 

The gas pressure fluctuates strongly but approximately follows an “S” type with the 
depth from the surface to the bottom of the vadose zone either under a gas exhaust 
boundary or a gas insulation boundary. The difference is the location of the lower 
turning point. The location is at 60 cm under a gas exhaust boundary while it is at 20 cm 
under a 20 cm. The “S” type relationship between the gas pressure and depth divides the 
vadose zone into three zones. Zone I (at about 0–20 cm) is the gas escaping zone, where 
is close to the sand surface. The gas pressure in this zone decreases with the depth very 
slowly and reaches a minimum value at the depth of 20 cm. This is because this area 
reaches near-saturated in a comparatively short time during a rainfall event and the gas 
is quickly displaced by water. Zone II (at about 20-40 cm for gas insulation boundary; 
at about 20-60 cm for gas exhaust boundary) is the gas fluctuating zone. In this zone, 
the gas pressure increases quickly with the depth and reaches a maximum value at the 



Meng et al.: Experimental study on the mechanism for water infiltrating into an air block area 
- 7850 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4): 7837-7853. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1704_78377853 
 2019, ALÖKI Kft., Budapest, Hungary 

depth of 40 cm (gas insulation boundary) or 60 cm (gas exhaust boundary). The 
maximum value decreases with the rainfall intensity. The reason is that the infiltrating 
flow advances rapidly in this zone, resulting in great changes in moisture content. The 
sustained infiltrating flow causes the gas resistance. And the downward movement of 
wetting front causes the gas compressed, so the gas cannot dissipate in time. Zone III 
(40–80 cm for gas insulation boundary; 60-80 cm for gas exhaust boundary) is the gas 
pressure fast-decreasing zone. In this zone, the gas pressure decreases with the depth. 
The flow tends to be steady due to the large infiltration distance and the reduced 
infiltration rate. Gas here slowly dissipates and escapes in the effect of the wetting front. 
Only a small amount of gas is transported to the groundwater table. The turning point 
illustrates that the gas movement does not only occur in the vertical direction but also in 
the horizontal direction. The turning point is where the gas is compressed and 
dissipated. The increase of gas pressure prevents the water from infiltrating and causes a 
lower hydraulic conductivity. 

 
Changes of gas pressure at typical points 

Figure 6 shows that the gas pressure fluctuates with time continuously around a 
mean value, exhibiting peaks and troughs. This is because the water infiltration causes 
gas to be constantly compressed during rainfall events. The increase in pressure causes 
the gas to break through the overlying water layer, which forms a pore channel. Then 
the pressure begins to decay rapidly and the pore channel is quickly re-occupied by 
water. This process repeats in the whole infiltration process, so the gas pressure in the 
vadose zone is not increasing or decreasing continuously, but in a state of fluctuation. 
The shape of the gas pressure time series curve shows that the changes of gas pressure 
in the vadose zone is similar with the fluctuations of the atmospheric pressure (Li, 
2010). Pore channels form in the vadose zone and connect with the outside atmosphere, 
so the gas pressure changes are primarily related to the ambient atmospheric 
fluctuations. This result is consistent with the phenomenon described by Buckingham 
(1904), who considered that fluctuations in gas pressure in the vadose zone were related 
to changes in the near-surface atmospheric pressure. Massmann (1992) explained the 
near-surface atmospheric pressure fluctuations in detail. Massmann believed that the 
main causes of it were firstly the effect of heat conduction and gravity, and secondly the 
regional scaled weather conditions. 

 
Distributions of moisture content in the central profile at X = 60 cm 

The results (Figs. 11 and 12) show that saturation state can be reached near the 
surface in a short period of time. At the onset of a rainfall, the moisture content is 
approximately the saturated moisture content and the negative pressure head is small. 
As the rainfall continues, the water-gas front moves downwards and the moisture 
content increases and the negative pressure head decreases. After the rainfall event, 
groundwater in the vadose zone is transported downwards under the influence of 
gravity. The negative pressure shows the trend of larger values at the lower depth and 
smaller values at the deeper depth. 

 
Analysis of the relationship between the gas phase and the water phase 

The results (Fig. 13) show that the air pressure and negative pressure fluctuates with 
time: the negative pressure increases (negatively) with the air pressure increases, and 
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vice versa. The increase in gas pressure at a point in the unsaturated zone indicates the 
entry of gas into pores near that point and the discharge of water from the pores. This 
corresponds to a decrease in the moisture content at that point, and a consequent 
increase in negative pressure. Similarly, a decrease in pressure indicates the entry of 
water into a pore near that point, following the discharge of gas from the pore, which 
corresponds to a decrease in negative pressure because of the increase in moisture 
content. 

 
Analysis of how the gas phase blocks water infiltration 

The curve in Figure 14 shows that the unsaturated permeability coefficient varies 
with gas pressure following the empirical relationship (K(h) = 0.1993e–0.1004P). It is 
clear that the increase of the gas pressure results in the reducing of the unsaturated 
permeability coefficient during a rainfall event. It illustrates that increasing pressure 
will strongly attenuate the flow infiltration rate. For example, when the gas pressure 
reaches 270 Pa, the unsaturated permeability coefficient of water decreases from 
0.22 cm/min to 0.03 cm/min. The effect of the gas phase on the unsaturated 
permeability coefficient gradually becomes weakened with the gas pressure increases, 
and the curve becomes flattened. Although this relationship does not provide a clear 
quantification of the relationship between gas pressure and the unsaturated permeability 
coefficient, it does clearly demonstrate how the increasing pressure has a blocking 
effect on the water flow, resulting in the water infiltration rate reduction. 

Figure 15 shows that the response time decreases as rainfall intensity increases. The 
greater the rainfall intensity, the faster the flow infiltration rate, and the shorter time 
taken for the flow to reach the groundwater table. Although rainfall infiltration leads to 
gas compression and creates a partial block to the flow, this does not completely prevent 
the flow, and the response time is mainly determined by the magnitude of the rainfall 
intensity. 

Conclusions 
In order to obtain the mechanism of water infiltrating into an air block area in the 

vadose zone under conditions of different rainfall intensities and boundaries, a two-
dimensional sand tank is made and lots of experiments are conducted. From the data 
analysis, the following conclusions can be drawn: 

(1) The boundary has a significant influence on the gas pressure. The gas moves 
primarily in the vertical direction under a gas insulation boundary. However, the gas 
exhibits significant lateral diffusion besides vertical movement under a gas exhaust 
boundary. When the gas pressure reaches to a sufficiently high value, the gas escapes to 
the surroundings even break through the overlying water layer. 

(2) The gas pressure fluctuates strongly but approximately follows an “S” type with 
the depths. So the vadose zone can be divided into three zones: Zone I is the gas 
escaping zone; Zone II is the gas pressure fluctuating zone; Zone III is the gas pressure 
fast-decreasing zone. 

(3) The unsaturated permeability coefficient varies with gas pressure following an 
empirical relationship. The block effect of the gas phase on the unsaturated permeability 
coefficient gradually becomes weakened with the gas pressure increases. 
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