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1 INTRODUCTION 

The soil covers at landfills are usually unsaturated 
under natural climate conditions. Water could be fur-
ther stored in and landfill gas (LFG) could migrate 
through the voids of the unsaturated soil (Mbonimpa 
et al. 2003; Spokas et al. 2011). Therefore, the water 
storage in the soil cover has a significant influence on 
its performance at limiting percolation and LFG 
emission.  

The bottom of the cover contacts directly with the 
underlying high temperature waste. Previous results 
indicated that the maximum waste temperatures of 
60 to 70 °C were measured in anaerobic zone (Dach 
and Jager 1995). That indicates that thermal gradient 
would be formed between the upper and lower 
boundary of the cover. Thermal gradient may lead to 
the moisture movement in the soil cover, which can 
subsequently affect the water distribution and storage 
in the soil cover. In the past decades, engineering ex-
periences have indicated that thermally induced mois-
ture movement had a significant influence on the fa-
cilities, even can result in a structural failure. Li et al 
(2014) investigated the thermally induced moisture 
movement in the subsurface soil, which may lead to 
severe nonuniform settlement and frost heave of the 
road. Brachman et al (2014) investigated the 
downslope bentonite erosion from a geosynthetic 
clay liner (GCL) caused by the diurnal temperature 
cycles. However, currently there is a lack of re-
searches focusing on the moisture movement in the 
soil covers due to thermal gradient at landfills. On 
the other hand, the vapor content of the LFG gener-
ated from the underlying waste is quite high because 
of the high temperature and water content of the 
waste. This quantity of the vapor also has a potential 
to condense in the cover subjected to thermal gradi-
ent, leading to increase the water storage in the cov-

er. However, the effect of the vapor of LFG has nev-
er been considered in previous studies. These limita-
tions impede a better understanding and evaluation of 
the performance of the soil cover. 

At Jiangcungou landfill in Xi’an city of China, the 
temperature and relative humidity of the LFG at the 
bottom and surface of the loess-gravel cover were 
measured, and then the vapor contents of the LFG 
were calculated based on the measured data. Numer-
ical simulations were performed to investigate the 
properties of moisture movement subjected to differ-
ent thermal gradients and vapor contents of the LFG. 
Results can provide beneficial guidance to evaluate 
the performance of the loess-gravel cover.        

2 FIELD MEASUREMENTS OF THE VAPOR 
CONTENT OF THE LFG 

The field measurements were conducted on 
Jiangcungou landfill at Xi’an city, China, and the lo-
ess-gravel cover was adopted for the landfill. The 
thickness of the loess and gravel layer were 0.9-3.0 
m and 0.3 m, respectively, as shown in Fig. 1. Perfo-
rated pipes were installed inside the gravel layer to 
collect and transport the generated LFG. The col-
lected LFG could be released to the atmosphere 
through the vertically placed imperforated pipes, as 
shown in Fig 1a, which will be called the LFG es-
cape-pipes in this paper. Figure. 1b shows the cross 
section of the loess-gravel cover as well as the test-
ing points for a pair of test. Each pair of test consist-
ed of two testing points, including the surface and 
bottom testing point. Bottom testing points were lo-
cated at the bottom of the LFG escape-pipes and sur-
face testing points were located at the surface of the 
cover around the LFG escape-pipes. There were to-
tally 17 pairs of test, including 34 testing points. 
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Figure 1. Information about the test site: (a) LFG escape-pipe; 
(b) Cross section of the loess-gravel cover and testing points 

 
A digital hygrothermograph (SSN-22E) was uti-

lized to measure the temperature and relative humidi-
ty of the LFG at the testing points. The hygrother-
mograph consisted of a recorder and an external 
probe, and a 5 m long data cable was connected be-
tween the recorder and the probe as shown in Fig. 2. 
The test range of temperature was from -40 to 
100  with an error of ± 0.3 . The te℃ ℃ st range of 
relative humidity was from 0 to 100 % with an error 
of ± 3 %. 
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Figure 2. Digital hygrothermograph (SSN-22E) 

 
The vapor content of the LFG (unit: g/kg) is de-

fined as the quantity of the vapor (unit: g) coexisting 
with 1 kg dry LFG. The vapor content of the LFG 
can be calculated based on the temperature and rela-
tive humidity.  
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Where 
2H OP  is the pressure of the vapor, 

2 2 ,max=H O H OP RH P , RH is the relative humidity of 
the wet LFG, 

2 ,maxH OP  is the saturated vapor pres-
sure, which is a temperature dependent parameter; 

LFGP  is the pressure of the wet LFG, which was tak-
en as 1atm in this study; 

2H OM  and 
2LFG H OM  are 

the molar mass of the vapor and dry LFG, respec-
tively. 

2H OM =18g/mol;
2LFG H OM  could be roughly 

calculated as 16×0.6+44×0.4=27.2 g/mol by assum-
ing that the dry LFG was composed of only CH4 and 
CO2 with a ratio of 6:4.            

The calculated vapor content of the LFG using Eq. 
(1) is presented in Fig. 3, in which the theoretical 

maximum vapor content was obtained by assuming 
the relative humidity of the LFG equaled 100%. It 
can be found that the vapor content of the LFG at 
bottom of the cover was close to the theoretical max-
imum vapor content, which was attributed to the 
high relative humidity of the bottom LFG. The vapor 
content of the LFG at bottom of the cover increased 
significantly with the increase of the temperature. 
While, for the LFG at surface of the cover, the vapor 
content remained relatively stable with the variation 
of the temperature. The vapor content of the LFG at 
bottom of the cover was much higher than that of the 
surface for a given temperature. This demonstrated 
that the vapor gradually transformed into liquid wa-
ter (i.e., condensation) when the LFG migrated 
through the cover under thermal gradient. 
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Figure 3. Calculated vapor contents of the LFG 

3 NUMERICAL SIMULATIONS 
3.1 Governing equations 
In this study, an OpenGeoSys model involving the 
heat transport and multi-phase flow processes was 
established. Heat transfer through conduction and 
convection was well considered in the model. The 
water phase was assumed to be incompressible and 
its phase change (evaporation and condensation) was 
considered. The gas phase was assumed to be com-
pressible and obeyed the ideal gas law. In particular, 
the gas phase was modelled as an ideal gas composed 
of dry air and water vapor. The water and gas flow 
was described using Darcy’s law. The diffusion of 
vapor was involved in this model and described by 
Fick’s law. The mass conservation equation for water 
and vapor is expressed as follows (Sanavia et al. 
2005): 
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where n is porosity; Sw is saturation of water; k is in-
trinsic permeability tensor, and krw

 and krg
 are relative 

permeability of the water phase and gas phase. μw is 
viscosity of water phase; Ma, Mw, and Mg are molar 
mass of the dry air phase, water phase, and gas 
phase, respectively; pgw

 is partial pressure of water 
vapor; g is the gravity acceleration. ρw, ρgw and ρg are 
the density of the water, vapor, and gas phase, re-
spectively.  

The mass conservation equation for the dry air is 
written as: 
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where pga
 is pressure of dry air. ρga

 is the density of 
the dry air. μg is viscosity of gas phase; D is the effec-
tive diffusivity tensor expressed as follows: 
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where τ is tortuosity of the porous media. D0 is diffu-
sion coefficient of the vapor at the reference temper-
ature T0=273.15K and pressure p0=101325Pa, 
D0=2.58×10–5 m2/s.           

The density of the vapor can be presented using an 
empirical function (Rutqvist et al. 2001): 

c w
w /( )gw 3 19.891 4975/10 e e p M RTT                (5) 

The partial pressure of vapor, pgw could be ob-
tained according to Dalton’s law: 

gw gw
w/p RT M                        (6)  

Then, the relationship between the matric suc-
tion and saturation of water is described using the 
van Genuchten model (van Genuchten 1980): 
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(8) 
where p0 is gas entry pressure; Se is effective satura-
tion, and Swr and Sgr are residual saturation for water 
and gas, respectively; m is a fitting parameter for van 
Genuchten model.  

The relative permeabilities for water and gas phas-
es are expressed as: 
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Finally, the energy balance equation of the unsatu-
rated medium is (Kolditz et al. 2012) written as: 
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where Cρ is heat capacity of the porous medi-
um, w w g g s s

w w(1 ) (1 )C nS C n S C n C        , in 
which Cw，Cg  and Cs are specific heat capacities of 
water, gas, and solid, respectively; λ is heat conduc-
tivity of the porous medium, 

w g s
w w(1 ) (1 )nS n S n        , in which λw，λg and 

λs are heat conductivities of water, gas, and solid, re-
spectively. 
3.2 Numerical model and analysis conditions 
A one-dimensional thermo-hydraulic coupled numer-
ical model was established using OpenGeoSys to in-
vestigate the thermally induced moisture movement 
in the loess layer. The geometric model was 0.9 m in 
height and 0.1 m in length, and the mesh size was 
0.01 m×0.01 m. The initial matric suction of the 
model was 150 kPa. The initial gas pressure was set 
to be the atmospheric pressure of 101325 Pa. A con-
stant temperature of 20℃ was employed to the top 
boundary, and several different temperatures were 
applied to the bottom boundary, namely 20, 40 and 
60℃. Due to the capillary break at the interface of 
loess and gravel, the loess layer could store more wa-
ter and percolation will occur when the bottom of the 
loess approximately reaches saturated, and thus the 
bottom boundary was assumed to be impervious for 
both water and gas phases. The top boundary was 
pervious for the gas phases. Particularly, a specific 
evaporation boundary was applied to the top bounda-
ry. The rate of evaporation can be calculated as ref-
erence to Song et al (2014) (see Eq. (12)). The simu-
lation duration for all analysis conditions were 1 year, 
i.e., 365 days.  
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where Ea is evaporation rate; Hs is relative humidity 
of the surface soil; Hr is relative humidity of the air, 
which was taken as 0.1 in this study; nwind is the wind 
speed, which was neglected in this study; a and b are 
empirical parameters of the empirical function. a was 
taken as 0.02 and b was considered as 0 as reference 
to Liu et al (2016).  

On the other hand, to simulate the influence of va-
por condensation on increasing the water storage in 
the cover, a water flux boundary was applied to the 
bottom of the model. According to the results from 
Eklund et al (1998), the LFG emission rate ranged 
from 0-70g/m2/hr. Based on the results shown in Fig. 
3, the water flux caused by the vapor condensation 



could be obtained via multiplying the difference of 
the vapor content of the LFG between the bottom 
and surface of the cover by the LFG emission rate. 
The results of calculated water flux are shown in Ta-
ble 1. The other initial and boundary conditions as 
well as the simulation duration were the same with 
the models previously mentioned. 

 
Table 1 Parameters for the boundary conditions 

Top temperature 
(℃） 

Bottom tempera-
ture (℃） 

Bottom water flux
（10-10 m/s） 

20 
20 0-0.31 
40 0-2.78 
60 0-9.26 

4 SOIL PROPERTIES 

The properties of the material in this numerical model 
were the same with the compacted loess used in cov-
er with a dry density of 1.45 g/cm3. The soil water 
characteristics curve of the loess was measured using 
a 15-bar pressure plate extractor and best fitted using 
van Genuchten equation as shown in Fig. 4. The sat-
urated hydraulic conductivity of the compacted loess 
was 2×10−7 m/s which was obtained using the falling-
head method in the laboratory. The hydraulic con-
ductivity curve was predicted based on the van 
Genuchten-Mualem model as shown in Fig. 5. It 
should be noted that the hysteresis was neglected in 
this paper. Other necessary parameters of material 
for the numerical modelling are listed in Table 2. 
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Figure 4. Soil water characteristic curve of the material 
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Figure 5. Hydraulic conductivity curve of the material 

Table 2. Summary of material parameters for numerical mod-
elling 

Parameter Value 
Porosity, n 0.466 
Parameter of van Genuchten model, p0 (Pa) 31400 
Heat conductivity of soil, λs (W/(m·K)) 0.26 
Heat conductivity of water, λw (W/(m·K)) 0.6 
Heat conductivity of gas, λg (W/(m·K)) 0.026 
Specific heat capacity of soil, Cs (J/(kg·K)) 1600 
Specific heat capacity of water, Cw (J/(kg·K)) 4200 
Specific heat capacity of gas, Cg (J/(kg·K)) 1010 

5 RESULTS 
5.1 Thermally induced moisture movement in the 

cover 
Figure 6 shows the distribution of the saturation of 
the cover at varying times. The temperature at the 
bottom and top were 60 and 20℃, respectively. It 
can be seen that the moisture in the cover transferred 
from the high-temperature zone to the low-
temperature zone under thermal gradient. The water 
content decreased in the lower part of the cover and 
increased in the upper part, leading to the redistribu-
tion of water. On the 100th day after the simulation 
began, the saturation at the bottom of the cover de-
creased by 0.23, and the saturation at height between 
0.3-0.6m increased by 0-0.02 compared with initial 
values. Due to the evaporation at the top boundary, 
the saturation at the height between 0.6-0.9m gradu-
ally decreased with the increasing time. Eventually, 
the saturation at height between 0.3-0.6m decreased 
less than its initial value on the 365th day attributed to 
the evaporation.  
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Figure 6. Saturation distribution of the cover at varying times  

 
The properties of the thermally induced moisture 

movement in the cover could also be revealed by the 
development of the gas pressure distribution. It can 
be found from Fig. 7 that the gas pressure at any 
height was greater than the initial pressure during the 
whole simulation, which indicated the vaporization 
occurred caused by thermal gradient. As a whole, the 
gas pressure gradually decreased from the bottom to 
the surface of the cover, indicating that more vapori-
zation happened in the zone with higher temperature 



and vapor transferred from the higher temperature 
zone to the lower temperature zone. As the increase 
of the time, the gas pressure at the bottom of the 
cover gradually decreased and the saturation tended 
to reach a steady value, which indicated the rate of 
vaporization decreased. 
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Figure 7. Gas pressure distribution of the cover at varying 
times  

 
5.2 Influence of varying thermal gradients on water 

storage in the cover 
Figure 8 shows the saturation distribution of the cov-
er subjected to varying thermal gradients on the 365th 
day after the simulation began. For the case that the 
bottom temperature of the cover equaled 60℃, the 
saturation at the bottom of the cover decreased from 
0.55 to 0.31, and the saturation at height between 
0.3-0.9m increased by 0-0.03 compared with no 
thermal gradient (20-20℃). For the case with bottom 
temperature of 40℃, the saturation at the bottom of 
the cover decreased from 0.55 to 0.42, and no in-
crease of the saturation appeared at height between 
0.3-0.9m. This demonstrated that larger thermal gra-
dient caused more moisture movement in the cover. 
The development of the available water storages in 
the cover under varying thermal gradient is presented 
in Fig. 9 (the method to calculate the available water 
storage could be found in Zhan et al (2016)). It can 
be seen that the increase of thermal gradient leaded 
to the decrease of available water storage in the 
whole cover (0-0.9m). Compared with the case un-
der no thermal gradient, the water storage for the 
cover with the bottom temperature of 60℃  de-
creased by 15.7 mm on 365th day after the simulation 
began, amounting to 19% of the total available water 
storage. In addition, as previously mentioned, more 
moisture movement occurred due to the increasing 
thermal gradient, which will lead to more condensa-
tion at the upper part of the cover. Consequently, the 
available water storage in the cover at height be-
tween 0.3-0.9m for the case under maximum thermal 
gradient (60-20℃) was significantly larger than other 
cases during the whole simulation. However, larger 
water storage in the upper part of the cover caused 
larger evaporation, and so the water storage in the 

whole cover (0-0.9m) was the least for the case un-
der maximum thermal gradient. 
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Figure 8. Saturation distribution of the cover subjected to vary-
ing thermal gradients (365d) 
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Figure 9. Development of the available water storages in the 
cover subjected to varying thermal gradients 

 
5.3 Influence of vapor content of the LFG on water 

storage in the cover 
Figure 10 shows the comparison of the saturation 
distribution between the case with and without con-
sidering vapor content of the LFG (on the 365th day, 
the bottom temperature was 40℃). It can be found 
from Fig. 10 that the water content of the cover in-
creased after considering the vapor of the LFG. The 
increase of the water content caused by the vapor 
decreased from the bottom to the surface of the cov-
er. The available water storages in the cover on the 
365th day subjected to varying vapor contents under 
different thermal gradients are shown in Fig. 11. The 
varying vapor contents included 0qmax, 0.1qmax, 
0.5qmax and 1qmax under corresponding thermal gradi-
ent, where qmax is the maximum water flux as shown 
in Table 1. The vapor content (water flux) was nor-
malized by the maximum water flux as shown in Fig. 
11. It can be seen that the water storage in the cover 
increased with the increase of the normalized water 
flux for a given thermal gradient. Furthermore, the 
larger thermal gradient, the larger increase rate of the 
water storage with the increase of the normalized 
water flux, which was attributed to the larger vapor 
content of the LFG caused by higher temperature. 
For the case of the cover with no thermal gradient, 
the maximum increase of the available water storage 
for a whole year was 1.1 mm. While, for the case 



with the bottom temperature of 60℃, the maximum 
increase of the available water storage for a whole 
year was 30 mm. 
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Figure 10. Saturation distribution of the cover (365d, 40-20℃) 
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Figure 11. Available water storages in the cover subjected to 
varying vapor contents (365d) 

6 CONCLUSIONS 

In this study, the temperature and relative humidity 
of the LFG at the bottom and surface of the loess-
gravel cover were measured. Based on the field 
measurements, the numerical simulations were car-
ried out to investigate the influence of the thermal 
gradient and vapor content of the LFG on water 
storage in the cover. The following conclusions can 
be drawn: 
1)  Moisture transferred from the higher-temperature 

zone to the lower-temperature zone by means of 
vaporization and condensation due to thermal 
gradient, leading to the redistribution of water. 
Larger thermal gradient caused more moisture 
movement in the cover. The increase of the wa-
ter storage in the upper part of the cover can ac-
celerate the evaporation at the cover surface, 
which could in turn decrease the water storage in 
the whole cover. The maximum decrease of the 
available water storage caused by thermal gradi-
ent for a whole year was 16 mm. 

2)  The water content of the cover increased after 
considering the vapor in the LFG. The increase 
of the water content caused by the vapor de-
creased from the bottom to the surface of the 
cover. The larger thermal gradient, the larger in-

crease rate of the water storage with the increase 
of the normalized water flux. The maximum in-
crease of the available water storage caused by 
the vapor content of LFG for a whole year was 
30 mm. 
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