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Abstract
Field test data on the simultaneous variations of leachate level, temperature and gas pressure in waste can be used in verify-
ing the theoretical solution of coupled model of gas pressure and temperature in municipal solid waste (MSW) landfills. The 
correlation between the variations of these properties caused by leachate pumping is a major concern in the management of 
landfills. Therefore, temperature and gas pressure monitoring and leachate pumping tests were conducted in a newly filled 
MSW layer of a landfill located at Wuxi, southeastern China. The multifunctional extraction well and monitoring wells were 
designed to monitor the simultaneous variations of leachate level, temperature and gas pressure. The spatial and temporal 
distributions of these parameters and their correlation were investigated and analyzed. The results show that the highest waste 
temperature occurs near the leachate level. The gas pressures measured in the waste above the leachate level increase with 
depth. During the leachate pumping test, the temperature and gas pressure increase in the leachate level decreasing zone. 
When the leachate level has stably recovered, the temperature decreases slightly and gas pressure in this zone decreases to 
nearly zero. In addition, the MSW permeability of the newly filled MSW layer is calculated.

Graphical Abstract
The variation in the water content caused by the change in the leachate level affected the temperature and gas pressure in the 
waste. The temperature and gas pressure increased in the leachate level decreasing zone. The gas pressure was collectively 
affected by the water content and temperature in the waste.
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Article Highlights

• Simultaneous variations of leachate level, temperature and gas pressure were investigated.
• The multifunctional extraction well and monitoring wells were used to monitor the field data.
• The highest temperature observed in the waste occurred near the leachate level.
• The temperature and gas pressure increased in the leachate level decreasing zone.
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Introduction

Landfill gas, heat and leachate are byproducts of MSW 
biodegradation and can lead to various environmental and 
safety issues. High leachate level can cause slope failure of 
landfill (Koerner and Soong 2000; Blight 2008; Giri and 
Reddy 2014; Batali et al. 2017). The perforated high-density 
polyethylene (HDPE) pipe in waste mass easily deforms due 
to high temperatures (Krushelnitzky and Brachman 2013). 
The incessant gas production from the waste causes an 
increase in the gas pressure in landfills, which in turn lead 
to the release of landfill gas into the atmosphere (Reinhart 
et al. 1992; Powell et al. 2015). On the other hand, the higher 
gas pressure is favorable for landfill gas collection (Feng 
et al. 2015). Therefore, the distributions of the gas pres-
sure, temperature and leachate level in a MSW landfill have 
become important research areas being pursued by numer-
ous researchers. The leachate levels in landfills with high 
leachate levels have been monitored using monitoring wells 
by earlier researchers to investigate the distribution of lea-
chate level in various landfills (Rees 1980; Jang 2000; Jang 
and Kim 2003; Yuen et al. 2001; Lee et al. 2006). Different 
kinds of temperature measuring instruments have been used 
to monitor waste temperatures at different depths in land-
fills to investigate the distribution of temperature in various 
landfills (Rees 1980; Spokas and Bogner 1996; Townsend 
et al. 1996; El-Fadel 1999; Lefebvre et al. 2000; Lee et al. 
2002; Yesiller and Hanson 2003; Yoshida and Rowe 2003; 
Powell 2005; Hanson et al. 2006; Koerner and Koerner 
2006; Hanson et al. 2010; Bouazza et al. 2011; Kadambala 
et al. 2011, 2016; Bonany et al. 2013; Ko et al. 2013; Faitli 
et al. 2015; Vaverkova and Adamcova 2015; Liu et al. 2016; 
Yesiller et al. 2016; Jafari et al. 2017). In addition, Yesiller 
et al. (2015) summarized that MSW temperatures at different 
locations, climatic conditions, rainfall and waste age vary 
between a minimum of − 6 °C to a maximum of 60–90 °C. 
The HDPE pipe in landfill waste easily deforms due to high 
temperatures above 55 °C (Krushelnitzky and Brachman 
2013). The temperature that is beneficial for waste biodeg-
radation and gas production is between 34 and 45 °C (Rees 
1980; Hartz et al. 1982; Mata-Alvarez and Martinez-Viturtia 
1986). Therefore, the waste temperature outside this suit-
able range may be not beneficial for gas production. Gas 
pressures have been monitored using pressure transducers 

and monitoring wells to investigate the distribution of gas 
pressure in various landfills (Lu and Kunz 1981; Kjeldsen 
and Fischer 1995; Spokas and Bogner 1996; Martin et al. 
1997; Lee et al. 2002; Gebert and Groengroeft 2006; Jung 
et al. 2011; Larson et al. 2012; Stevens 2012; Collins et al. 
2013; Ko et al. 2013; Liu et al. 2017).

The leachate level, temperature and gas pressure have 
been, respectively, measured in MSW landfills, and their 
respective properties have also been analyzed. However, 
information on the investigations into the simultaneous vari-
ations of leachate level, temperature and gas pressure in the 
newly filled MSW layer is limited. The monitoring methods 
of leachate level, temperature and gas pressure have been 
mentioned, respectively, in Townsend et al. (2015) and the 
above published papers. Therefore, multifunctional extrac-
tion well and monitoring wells were designed based on the 
existing measured methods to monitor the leachate level in 
the well and gas pressure at the well-head in this study. In 
addition, a piezometer and a temperature sensor were com-
bined into a whole sensor and installed at the bottom of 
well to monitor the pore water pressure and temperature at 
the designated depth. Thus, the simultaneous monitoring of 
leachate level, temperature and gas pressure was achieved 
using a multifunctional well in the newly filled MSW layer 
of a landfill.

Pumping tests are widely performed in aquifers with 
soil using pumping well and monitoring wells to deter-
mine the hydraulic characteristics, which are based on the 
variation of the water level (Niemann and Rovey 2000; 
Chapuis et al. 2005; Shen et al. 2015; Wu et al. 2017; 
Marco et al. 2018). Leachate pumping is an effective solu-
tion for decreasing the high leachate level in a landfill 
(Oweis et al. 1990; Zhan et al. 2015). In addition, the lea-
chate pumping test is commonly performed in landfills, 
which is beneficial in increasing the efficiency of landfill 
gas collection (Townsend et al. 2015; Zhan et al. 2015). 
Permeability is an important factor for analyzing the seep-
age in landfills. Therefore, researchers have conducted 
field pumping tests to calculate the waste permeability 
based on the variation of the leachate level (Oweis et al. 
1990; Jones et al. 1992; Shank 1993; Jang 2000; Olivier 
et al. 2009; Zhan et al. 2014). Basic equations developed 
by fitting the data to the theoretical results have been used 
to evaluate the radius and spacing of pumping wells for 
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application in engineering design (Rowe and Nadarajah 
1996). In another study, the leachate levels were meas-
ured during the leachate pumping test, and based on the 
numerical model of Richard’s equation, the flow behavior 
of the leachate was analyzed considering the decrease in 
the waste permeability with depth (Slimani et al. 2017).

The water and leachate levels are always the focus of 
attention during the water and leachate pumping tests. 
Because the hydraulic characteristics of waste and soil can 
be investigated according to the variation of liquid level. 
The difference between waste and soil is that waste pro-
duces leachate, gas and heat due to its biodegradation. In 
recent study, it is found that the appearance of leachate level 
decreasing zone affects the efficiency of landfill gas collec-
tion (Townsend et al. 2015; Zhan et al. 2015). However, the 
simultaneous variations of temperature and gas pressure in 
the leachate level decreasing zone have not been reported. 
This is a zone where water content varies greatly; further-
more, waste temperature and gas production are affected by 
the water content (Tchobanoglous et al. 1977; Rees 1980; 
Hartz et al. 1982; Kasali 1986; Mata-Alvarez and Martinez-
Viturtia 1986). Therefore, the simultaneous variations of 
temperature and gas pressure in the leachate level decreasing 
zone with the variation of leachate level were investigated 
in this study. Besides, in order to study the stabilities of gas 
pressure and temperature in this zone, the leachate level was 
controlled to a specified depth for a period of time.

The objectives of this study were to: (1) obtain the basic 
data on the simultaneous variation of leachate level, temper-
ature and gas pressure in the newly filled MSW layer during 
a 1.4-year monitoring test, which is beneficial to understand 
these properties in the new waste layer; (2) investigate the 
correlations between leachate level, temperature and gas 
pressure during a 28-day leachate pumping test; (3) calculate 
the MSW permeability of the newly filled MSW layer, which 
is beneficial to analyze the seepage in landfill.

Materials and Methods

MSW Landfill Profile

Wuxi landfill, where the field testing was conducted, is 
located in the city of Wuxi, China (as shown in Fig. 1). 
The test area was located at a new waste filling zone with 
dimensions of 24 m (length) × 12 m (width) × 10 m (depth), 
which was completed on December 19, 2015. A 30-m-thick 
old waste layer lay below the 10-m-thick new waste layer. 
The installations of the monitoring instruments were started 
on January 18, 2016 and completed on January 30, 2016. 
Eleven waste samples were collected from drilling holes 
in the test area. The MSW components were analyzed by 

sorting and weighing, which was mainly based on the com-
ponents provided by Qian et al. (2011). The average results 
of the waste components are listed in Table 1.

Installation for the Monitoring and Leachate 
Pumping Tests

One extraction well (#0 well) and nine monitoring wells (#1 
to #9 wells) were used in this study. The extraction well and 
monitoring wells had a HDPE pipe with perforations at the 
bottom 7.7 m and 0.5 m section of the well, respectively, as 
shown in Fig. 2a. Temperature sensor (model: KXR-200; 
design range: − 10 to 100 °C; accuracy: ± 0.1 °C; manufac-
tured by Youshan Dianqi Instrument Factory) and piezom-
eter (model: KXR-200; design range: − 200 to 200 kPa; 
accuracy: ± 0.01 kPa; manufactured by Youshan Dianqi 
Instrument Factory) were combined into a sensor. Ten KXR-
200 combined sensors and one temperature sensor (model: 
ST-3; manufactured by Youshan Dianqi Instrument Factory; 
design range: − 10 to 100 °C; accuracy: ± 0.1 °C) were used 
in this study.

The processes for the construction of the wells were con-
ducted as follows: In the first step, a backhoe was used to 
excavate the marked positions for the wells on the test area 
to the designated depths. In the second step, the backhoe was 
used to lift the HDPE pipe; the PE bucket and the combined 
sensor were fixed at the bottom and the bottom side wall of 
the HDPE pipe, respectively. The PE bucket was filled with 
water and fine gravel. In the third step, the assembled HDPE 
pipe was placed at the bottom of the excavated pit using 
the backhoe; the pit was filled with the excavated waste to 
the original surface. The MSW landfill surface around both 
the extraction and monitoring wells was covered and sealed 
by compacted clay with a thickness of 0.5 m and radius of 
1.0 m. In the fourth step, a polyamide cap (PA-1 cap) was 
installed on the top of the HDPE pipe; the piezometer cable 
and temperature sensor cable were separately passed through 
two holes with a diameter of 10 mm on the PA-1 cap. An air 
valve was also installed at a hole with a diameter of 20 mm 
on the PA-1 cap for monitoring of gas pressure using a 
micromanometer (model: AS510; manufactured by Smart 
Sensor Co., Ltd.; measurement range: 0 to 1000 Pa; accu-
racy: 1 Pa) at the well-head. Another polyamide cap (PA-2 
cap) was installed on PA-1 cap for monitoring the leachate 
level in the HDPE pipe, as shown in Fig. 2b, c. The depths 
and distributions of #0 to #9 wells are illustrated in Fig. 3. 
In the fifth step, A ST-3 temperature sensor was placed on 
the surface of test area. Finally, the test area was covered by 
a 1-mm-thick HDPE geomembrane on January 30, 2016 to 
prevent the infiltration of rainfall and snow and the emission 
of landfill gas. The gaps and cracks in the geomembrane 
cover were repaired artificially by a hot glue and geomem-
brane. Thus, the leachate level, pore water pressure, gas 
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pressure and temperature could be measured simultaneously 
using the multifunctional wells during the monitoring and 
pumping tests.

Preparation for the Leachate Pumping Test

A tubular submersible pump (QJY-TSP) (model: QJY; 
manufactured by Shimge Pump Group Industry Co., Ltd.; 
diameter: 98 mm; height: 905 mm; discharge head: 40 m; 
pump capacity: 4 m3  h−1) was used in the leachate pump-
ing test. PA-1 and PA-2 caps of the #0 well were opened, 
and the QJY-TSP was placed in #0 well. Three leachate 
level controlling wires with different lengths and the 
power cable of the QJY-TSP were passed through the top 
side wall of the HDPE pipe into #0 well and connected 
with an automatic pump controller (model: CCYJ; made 
by Jilin Tianhe Water Supply Equipment Co., Ltd.) for 
controlling the leachate level in #0 well. The discharging 
pipe (polyvinyl chloride (PVC) steel-wired hose with an 
outer diameter of 45 mm and inner diameter of 38 mm) of 
the QJY-TSP was passed through a 45-mm-diameter hole 
on PA-2 cap and connected with a watermeter (model: 
LXS, manufactured by Ningbo Haichuan Water Meter Co. 
Ltd.) on the outside of #0 well for monitoring the pump-
ing volume, as shown in Fig. 2a. Thereafter, the PA-1 and 

Fig. 1  Location of the test area

Table 1  Waste components in the Wuxi landfill

Water content (wet basis) (%) 34.9
Wet density (kg m−3) 700.0

Void ratio 4.0

Composition (wet basis) (%)
 Discernible food waste 16.5
 Plastic 24.3
 Textile 25.2
 Rubber 1.6
 Paper 2.2
 Glass 2.9
 Wood 5.0
 Construction waste 9.2
 Metal 3.0
 Other 10.1
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PA-2 caps were closed and sealed with a rubber ring and 
glass cement.

The pumping test was conducted on July 11, 2016, after 
the leachate level was relatively stable. At this moment, the 
initial mean elevation of leachate level was + 4.54 m (rela-
tive to the bottom elevation of pumping well). The extracted 
leachate was released in the leachate collecting pipe to pre-
vent the extracted leachate from having an adverse effect 
on the environment and the test. The accumulated pump-
ing volume and leachate level were monitored during the 
leachate pumping test. In addition, waste temperature and 
gas pressure were monitored simultaneously, which was to 
study the influence of leachate pumping on waste tempera-
ture and gas pressure in the leachate level decreasing zone. 
The leachate pumping procedure consisted of five stages. 
The equipment and instruments were tested and adjusted 
during the 6.2-day trial and adjusting stages. An average 
pumping flowrate of 0.3 m3  h−1, which was within the range 
of pumping flowrate of 0–0.9 m3  h−1 reported by Al-Thani 
et al. (2004); Zhan et al. (2014) and Slimani et al. (2017), 
was selected during 10.8-day pumping stage. The elevation 
of leachate level in #0 well was controlled at an elevation 
of approximately + 3.0 m by the automatic pump controller 
during 5-day stable stage. Finally, the recovery was moni-
tored during 6.3-day recovering stage after pumping opera-
tion was stopped.

Results and Discussion for the Monitoring 
Test

Leachate Level during the Monitoring Test

The leachate levels observed from #0, #1, #2, #4, #6 and #9 
wells (with bottom elevations of + 0.0 m, + 3.5 m, + 3.5 m, 
+ 2.0 m and + 4.1 m, respectively), whose bottom eleva-
tions were below the leachate level, and the local precipita-
tion are shown in Fig. 4. The local precipitation data were 
obtained from China Meteorological Administration Public 
Meteorological Service Center (CMAPMSC) (2016) during 
the monitoring test. The waste in the test area was exposed 
for approximately 40 days before the test area was covered 
by the geomembrane on January 30, 2016. Subsequently, 
rainfall barely affected the leachate level in the test area 
because of the geomembrane cover. A high leachate level 
was observed in the test area during this field investigation 
as was also reported during a monitoring of the leachate 
levels in Kimpo landfill by Jang (2000) and Jang and Kim 
(2003). The highest leachate level reached a height of 16 m 
in Kimpo landfill, which was mainly attributed to the high-
water content in the waste and ineffective leachate drainage 
system (Dho et al. 2002). In the newly filled MSW layer of 
Wuxi landfill, the leachate level decreased by approximately 
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0.8 m from January 30, 2016 to April 1, 2016 (time B). 
Because the test area was a new filling area, and the tempo-
rary elevation of the surface of the newly filled MSW layer 
and leachate level were relatively high (as shown in Fig. 1), 
the leachate in the newly filled MSW layer migrated to the 
adjacent old MSW layer with a lower elevation and lower 
leachate head until a new equilibrium was reached. The lea-
chate level decreased and increased between July 11, 2016 
(time C) and August 8, 2016 (time D) due to the leachate 
pumping test. The leachate level exhibited a sharp increase 
and then a decrease between December 20, 2016 (time E) 
and January 3, 2017 (time F) because of the liquid injection 
test (mentioned in Zhang 2017). The leachate level rapidly 
increased from January 16, 2017 (time G) to July 4, 2017 
(time H), because the test area had a lower elevation rela-
tive to another adjacent newer filling MSW layer (as shown 
in Fig. 1). Subsequently, the leachate from the newer MSW 
layer migrated to the test area with a lower leachate head 
until the test area was buried by another newer filling MSW 
layer at time H.

Temperature During the Monitoring Test

The ambient temperature and temperature at the landfill 
surface under the geomembrane cover are shown in Fig. 5. 
The ranges of the landfill surface temperature and ambient 
mean temperature were 4.0–46.9 °C and − 7.0 to 35.0 °C, 
respectively. The landfill surface temperature varied with 
the seasonal fluctuation in the ambient temperature, because 
only a 1-mm-thick geomembrane was used for covering the 
landfill surface. The same phenomenon was also observed 
by Yesiller and Hanson (2003) and Koerner and Koerner 
(2006). And it was higher than the ambient mean tempera-
ture on average by 7.0 °C in this test, because the geomem-
brane impeded heat transfer to the environment which 
resulted in an increase in temperature. Temperature vari-
ations with time in the newly filled MSW layer are shown 
in Fig. 6. In the 1.4 years of monitoring, the range of the 
measured temperatures in the waste was 9.1–42.0 °C. The 
initial waste temperatures were relatively low. Because the 
temperature sensors and the backfilled waste were buried 

Fig. 3  Layout plan of the test 
area. (Note: bottom elevation 
of the well is relative to the 
bottom elevation of #0 well, 
average elevation of the surface 
is + 8.59 m)
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during a cold winter period. The waste temperatures rapidly 
increased within 12 days from time A at a rate of approxi-
mately 0.14–0.70 °C  day−1. Lefebvre et al. (2000) also found 
that the temperature of fresh waste in the Montech land-
fill increases rapidly within 20 days mainly because of the 
aerobic reactions occurring in the waste. The waste tem-
peratures gradually increased to the peak value within the 
subsequent approximately 228 days (from January 30, 2016 
to September 13, 2016). This is because of the occurring 
anaerobic reactions (Lefebvre et al. 2000); furthermore, the 
shallow waste temperature is also affected by air tempera-
ture (Gholamifard et al. 2008). The increasing rates of the 
temperature were approximately 0.02–0.06 °C  day−1. From 
September 14, 2016 to January 16, 2017, the temperatures 
at the bottoms of #7 and #8 wells (with bottom elevations of 
+ 6.8 m and + 6.1 m, respectively) decreased slowly, because 
the temperatures in the shallow waste were affected by the 
decreasing ambient temperature. However, the waste tem-
peratures were slightly affected by the ambient temperature 
when the depth was more than 2.05 m (bottom depth of #8 
well). There were obvious temperature variations between 

time E and time F due to the liquid injection test (mentioned 
in Zhang 2017). After January 17, 2017, the waste tempera-
tures slightly decreased because of the increase in the lea-
chate level. In particular, the waste temperature decreased 
abruptly on April 11, 2017. Due to the existence of breaks 
in the geomembrane in the test area, which was caused by 
the strong tension in the geomembrane that covered the 
adjacent MSW layer, a large amount of rainwater perme-
ated the MSW layer. The gap in the geomembrane caused 
by its stretching was also observed in landfill capping by 
Gallagher et al. (2016). However, the geomembrane cover in 
the test area was repaired on April 12, 2017 ; thereafter the 
sudden change in the waste temperature was not recorded. 
The bottom elevations of #0 and #1 wells were similar to 
those of #2 and #4 wells, but the differences in the tem-
peratures between the bottoms of #0 and #2 wells (with bot-
tom elevations of + 0.0 m and + 0.2 m, respectively) were 
0.1–10.3 °C and between the bottoms of #1 and #4 wells 
(with bottom elevations of + 3.50 m and + 3.49 m, respec-
tively) were 0.1–12.1 °C. The authors attribute this to the 
different initial temperatures and heterogeneous composition 

Fig. 5  Temperature of the land-
fill surface under the geomem-
brane cover and ambient mean 
temperature with time

Fig. 6  Temperature variations 
with time in the newly filled 
MSW layer. (Note: the bottom 
elevations of #0, #1, #2, #3, 
#4, #5, #6, #7, #8 and #9 wells 
are + 0.0 m, + 3.5 m, + 0.2 m, 
+ 5.5 m, + 3.5 m, + 4.7 m, 
2.0 m, + 6.8 m, + 6.1 m and 
+ 4.1 m, respectively)
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of the waste. Because the proportion of degradable organic 
matter at different sites of the same depth was different. 
Higher portion of degradable organic matter produces more 
heat in waste (Hao et al. 2017), which results in higher waste 
temperatures.

Temperature variations with elevation in the newly filled 
MSW layer are shown in Fig. 7. The highest waste tempera-
ture was recorded at an elevation of approximately + 4 m, 
which was near the leachate level and mid-point elevation 
of the newly filled MSW layer. The leachate level can be 
regarded as the dividing line between saturated waste layer 
and unsaturated waste layer. The specific heat capacity of 
saturated MSW is higher than that of unsaturated MSW 
(Yoshida and Rowe 2003). When the waste produces the 
same heat, the increasing rate of waste temperature in the 
saturated layer is slower than that in the unsaturated layer. 
Therefore, the leachate level can also be regarded as the 
place where the highest temperature occurs. Hanson et al. 
(2010) also found that the maximum waste temperature is 
observed within the middle third fraction of the depth of 
the waste mass. As shown in Fig. 6, the temperature at the 
bottom of #9 well was higher than that at the bottoms of the 
other wells. Because the bottom of #9 well (with bottom 
elevation of + 4.1 m) was close to the leachate level where 
the moisture content was suitable for the biodegradation of 
the organic fraction of the waste, the biodegradation reac-
tion was more intense at the bottom of #9 well, leading to 
a higher temperature. A summary of the landfill locations, 
peak temperature and waste age at the peak temperature for 
the MSW is provided in Table 2. At different landfills, the 
peak temperature, waste age at peak temperature and peak 
temperature location are different. The main reasons are as 
follows: The organic matter content in the waste of different 
landfills is different (Qian et al. 2011). The high organic mat-
ter content in the waste produces more heat through biodeg-
radation reaction (Hao et al. 2017), which causes the higher 

peak temperature. However, the rate of consumption of 
organic matter is different in the complex condition, which 
causes a difference in waste age at peak temperature. And 
then the heat production of waste and its heat production 
rate are also different in the different environments (Han-
son et al. 2008, 2013), which also cause the different peak 
temperature and waste age at peak temperature. In addition, 
the placement process, climatic conditions, waste compo-
nents and water content determine peak temperature and 
peak temperature location (Yesiller and Hanson 2003). In 
a word, the peak temperature is collectively determined by 
all these properties. Even if a few parameters are similar, 
the peak temperature may be different. In the Wuxi landfill, 
the MSW in the test area was placed in the winter and the 
water content, unit weight and void ratio for the MSW were 
34.9%, 7 kN  m−3 and 4.0, respectively. The maximum waste 
temperature in newly filled MSW layer was 42 °C under the 
above conditions. 

Gas Pressure During the Monitoring Test

Gas pressure variations with time in the newly filled MSW 
layer are shown in Fig. 8. The gas pressure in #0 well varied 
between 4 and 30 Pa. The gas pressures in #3, #5, #7 and #8 
wells (with bottom elevations of + 5.5 m, + 4.7 m, + 6.1 m 
and + 4.1 m, respectively), whose bottoms were above the 
leachate level, varied between 0 and 30 Pa. The bottoms 
of #1, #2, #4, #6 and #9 wells (with bottom elevations of 
+ 0.2 m, + 3.5 m, + 3.5 m, + 2.0 m and + 4.1 m, respectively) 
were below the leachate level, and the screen sections of 
these wells were submerged in the leachate which made the 
measurement of gas pressure very difficult. The perforated 
pipe of the gas collection well was submerged by leachate, 
which decreased the efficiency of landfill gas collection as 
this observation was reported by Townsend et al. (2015) 
and Zhan et al. (2015). The difficulty involved in the flow 

Fig. 7  Temperature variations 
with elevation in the newly 
filled MSW layer



9International Journal of Environmental Research (2019) 13:1–19 

1 3

of landfill gas through the leachate barrier into the well has 
been illustrated. In addition, the gas permeability of highly 
saturated waste is relatively low (Shi et al. 2018); therefore, 
the migration of landfill gas below the leachate level comes 
with much difficulty. Then the gas pressures measured at the 

well-heads of these wells only varied between 0 and 3 Pa, 
except time C to time D (the stage of the leachate pump-
ing test). Local fluctuations in the gas pressures occurred 
in #0, #3, #5, #7 and #8 wells because of the minor fluctua-
tions in the atmospheric pressure. However, owing to the 

Table 2  Summary of the peak temperatures in waste landfills

a not mentioned, b based on reference measurements at site

References Landfill location Peak temperature (°C) Waste age at peak 
temperature (years)b

Peak temperature 
location (depth, 
m)b

Rees (1980) Aveley, Australia 45.0 > 2.0 2.6
Spokas and Bogner (1996) Olinda, Brea, California, USA 40.0 > 1.0 6.0
Townsend et al. (1996) Florida, USA 55.4 < 4.0 7.5
El-Fadel. (1999) California, USA 53.2 1.4 10.7
Lefebvre et al. (2000) Montech, France 60.0 0.9 9.0
Lee et al. (2002) Seoul, Korea 63.2 NMa 5.0
Yesiller and Hanson 2003 NMa, USA 60.0 0.4 8.0
Yoshida and Rowe (2003) Tokyo, Japan 65.3 7.8 18.5
Powell (2005); Ko et al. (2013) Florida, USA 76.3 < 14.0 4.6
Hanson et al. (2006) Anchorage, Alaska, USA 35.0 > 2.0 25.0
Koerner and Koerner (2006) Philadelphia, Pennsylvania, USA 46.0 3.2 50.0
Hanson et al. (2010) Alaska, USA 33.0 < 1.0 2.0

British Columbia, Canada 49.2 1.0–6.0 8.0
Michigan, USA 55.6 5.0 20.0
New Mexico, USA 33.6 2.0–7.0 < 13.2

Bouazza et al. (2011) Melbourne, Victoria, Australia 65.3 0.2 4.0
Kadambala et al. (2011); Kadam-

bala et al. (2016)
Florida, USA 58.7–81.9 NMa 12.0–18.0

Bonany et al. (2013) Sophie, Quebec, Canada 23.0 0.1 19.0
Faitli et al. (2015) Gyal, Hungary 56.2 NMa 16.0
Vaverkova and Adamcova (2015) Pilsen region, Czech Republic 24.6 < 6.0 1.0
Liu et al. (2016) Yiling, China 56.7 6.0–9.0 6.0
Yesiller et al. (2016) California, USA 60.3 > 0.3 7.0
Jafari et al. (2017) California, USA 68.4 2.9 30.5
This study Wuxi, China 42.0 0.7 3.8

Fig. 8  Gas pressure variations 
with time in the newly filled 
MSW layer. (Note: gas pressure 
is relative to the atmospheric 
pressure; the bottom elevations 
of #0, #1, #2, #3, #4, #5, #6, #7, 
#8 and #9 wells are + 0.0 m, 
+ 3.5 m, + 0.2 m, + 5.5 m, 
+ 3.5 m, + 4.7 m, + 2.0 m, 
+ 6.8 m, + 6.1 m and + 4.1 m, 
respectively)
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accelerated waste biodegradation (Findikakis et al. 1988; Liu 
et al. 2011), there was a steady increase in the overall trend 
of the gas pressures before the peak values were reached on 
May 4, 2016 (approximately day 95 for the commencement 
of gas pressure monitoring). Thereafter, it slowly decreased 
in the case of a minimal variation in water content due to 
the decelerated waste biodegradation (Findikakis et  al. 
1988; Liu et al. 2011). In the laboratory tests conducted by 
Ahmadifar et al. (2016) and Mahar et al. (2016), the rate 
of gas production decreased after the MSW was placed in 
the anaerobic bioreactor for 109 days and 65 days, respec-
tively. In this study, the screen sections of #3 and #5 wells 
got submerged with the increase in the leachate level after 
time G, which presented a difficulty in monitoring gas pres-
sures in #3 and #5 wells (with bottom elevations of + 5.5 m 
and + 4.7 m, respectively); thereafter the gas pressures later 
decreased to nearly zero.

Gas pressure variations with elevation in the newly filled 
MSW layer are shown in Fig. 9; the gas pressure below the 
leachate level varied between 0 and 3 Pa. The gas pres-
sure increased with the decrease in the elevation above 
the leachate level, and its maximum value occurred near 
the leachate level. Because porosity decreases with depth 
in landfills (Chen et al. 2009; Feng et al. 2017), pore vol-
ume decreases with depth. When gas production is equal 
in the waste and waste temperature increases with depth 
above the leachate level, gas pressure also increases with 
depth. Hashemi et al. (2002) also found that the gas pres-
sure increases with depth by calculating the mathematical 
model, and the range of the gas pressure is between 0.011 
and 0.075 kPa at a depth of 4 m. A summary of the maxi-
mum gas pressures for MSW landfills at different depths 
is provided in Table 3. In the landfills shown in Table 3, 
the maximum gas pressures differs at different depths. The 
maximum measured gas pressures in landfills are as low as 
0.01 kPa and as high as 3.81 kPa. Although the maximum 

value of gas pressure in this study is relatively low, the 
value is within this range. Cellulose and hemicellulose are 
the main sources of gas production (Mehta et al. 2002; Liu 
et al. 2011). The content of cellulose and hemicellulose in 
waste may be relatively low in the test area of this study. 
Furthermore, it is also found that the methane generation 
potential of waste in Chinese landfills is generally lower 
than that in European and American landfills (Amini et al. 
2012). In addition, the gas pressure increases with depth 
under the conditions where the bottom of the landfill is an 
impermeable boundary (Townsend et al. 2005); then the gas 
pressure measured in shallower waste layer is relatively low. 
The water content, waste temperature, void ratio and other 
parameters in the test area also jointly determine the rela-
tively small value of gas pressure measured in this study.

Results and Discussion for the Leachate 
Pumping Test

Leachate Level during the Leachate Pumping Test

The leachate pumping test was conducted after the gas pres-
sure; temperature and leachate levels were relatively stable. 
The accumulated pumping volume and the leachate level 
during the pumping test are shown in Fig. 10. Elevations of 
leachate Levels and pumping volume at different times and 
stages during the leachate pumping test are shown in Table 4. 
The leachate pumping test can be divided into five stages. 
Stage I–II was trial stage, which was to inspect the techni-
cal parameters of the equipment and the procedures of the 
leachate pumping test. Stage II–III was adjusting stage, which 
was to adjust the equipment parameters and pumping process, 
such as the inlet of the QJY-TSP was wrapped with a nylon 
wire netting to prevent clogging. Stage III–IV was pumping 
stage, which was carried out to decrease the leachate level. 

Fig. 9  Gas pressure variations 
with elevation in the newly 
filled MSW layer
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Table 3  Summary of maximum 
gas pressures at different depths 
in waste landfills

a not mentioned, b based on reference measurements at site

Reference Landfill location Maximum gas pressures at 
different depths (kPa)b

Depth (m)b

Lu and Kunz (1981) New York, USA 0.08–0.10 7.7–34.2
Kjeldsen and Fischer (1995) Western Sealand, Denmark 0.30–3.20 0.1–3.0
Spokas and Bogner (1996) Olinda, Australia 0.02–0.14 0.3–6.2
Martin et al. (1997) Asturias, Spain 1.3 NMa

Lee et al. (2002) Seoul, Korea 0.01–0.16 2.0–5.0
Bentley et al. (2003) Louisiana, USA 0.08–0.96 9.1–21.3
Gebert and Groengroeft (2006) NMa, Germany 0.16 NMa

Jung et al. (2011) California, USA 0.16 4.5
Larson et al. (2012) Florida, USA 1.10 NMa

Stevens (2012) Saskatoon, Canada 0.13–0.52 14.0–26.0
Collins et al. (2013) NMa, Ireland 2.30 NMa

Ko et al. (2013) Florida, USA 0.80–1.00 4.6–9.2
Liu et al. (2017) Yiling, China 0.03–3.81 2.0–15.0
This study Wuxi, China 0.02–0.04 1.3–3.8

Fig. 10  Accumulated pumping 
volume and leachate levels with 
time during the leachate pump-
ing test. (Note: Q—accumulated 
pumping volume; 0, 1, 2, 4, 6 
and 9—Leachate levels in #0, 
#1, #2, #4, #6 and #9 wells, 
respectively; the bottom eleva-
tions of #0, #1, #2, #4, #6 and 
#9 wells are + 0.0 m, + 0.2 m, 
+ 3.5 m, + 3.5 m, + 2.0 m and 
+ 4.1 m, respectively)

Table 4  Elevations of leachate 
levels and pumping volume 
at different times and stages 
during the leachate pumping 
test

Positive differences represent the increases of leachate level and pumping volume; the bottom elevations of 
#0, #1, #2, #4, #6 and #9 wells are + 0.0 m, + 0.2 m, + 3.5 m, + 3.5 m, + 2.0 m and + 4.1 m, respectively

Elevation of leachate level in well no. 0 (m) 1 (m) 2 (m) 4 (m) 6 (m) 9 (m) Pumping 
volume 
 (m3)

8:50 a.m. July 11, 2016 (time I) + 4.51 + 4.49 + 4.36 + 4.69 + 4.49 + 4.72 0.00
2:50 p.m. July 12, 2016 (time II) + 4.27 + 4.29 + 4.10 + 4.62 + 4.30 + 4.67 5.09
2:30 p.m. July 17, 2016 (time III) + 4.37 + 4.36 + 4.21 + 4.57 + 4.33 + 4.62 5.15
9:20 a.m. July 28, 2016 (time IV) + 2.98 + 3.39 + 3.01 + 4.12 + 3.52 + 4.29 75.55
9:50 a.m. August 2, 2016 (time V) + 3.09 + 3.42 + 3.01 + 4.09 + 3.55 + 4.28 119.82
5:20 p.m. August 8, 2016 (time VI) + 4.39 + 4.34 + 4.21 + 4.28 + 4.30 + 4.64 119.82
Difference at stage I ~ II − 0.24 − 0.20 − 0.26 − 0.07 − 0.19 − 0.05 5.09
Difference at stage II ~ III 0.10 0.07 0.11 − 0.05 0.03 − 0.05 0.06
Difference at stage III ~ IV − 1.39 − 0.97 − 1.20 − 0.45 − 0.81 − 0.33 70.40
Difference at stage IV ~ V 0.11 0.03 0.00 − 0.03 0.03 − 0.01 44.27
Difference at stage V ~ VI 1.30 0.92 1.20 0.19 0.75 0.36 0.00
Difference at stage I ~ VI − 0.12 − 0.15 − 0.15 − 0.41 − 0.19 − 0.08 119.82
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In this stage, the oscillations in the leachate level during this 
stage occurred in #0, #1, #2 and #6 wells, because the leachate 
pumping was alternately conducted and stopped to maintain a 
lower pumping rate. Because the QJY-TSP QJY-TSP operating 
at a high pumping rate was readily to be damaged by the fine 
particles existed in leachate. However, the oscillations in the 
leachate level did not occur in #4 and #9 wells, because the two 
wells were relatively far from #0 well (distances between #0 
well and #4 and #9 wells were 9.4 m and 11.3 m, respectively). 
The screen section of #9 well was less and less submerged in 
the leachate. Stage IV–V was stable stage, which was to stabi-
lize the leachate level, and study the stabilities of gas pressure 
and temperature. In this stage, the elevation of leachate level 
in #0 well was controlled between + 2.95 m and + 3.09 m by 
an automatic pump controller. The amplitudes of the leachate 
levels in #1, #2, #4, #6 and #9 wells (with bottom elevations 
of + 0.2 m, + 3.5 m, + 3.5 m, + 2.0 m and + 4.1 m, respec-
tively) were controlled within 30 mm. The screen section of 
#9 well was rarely submerged in the leachate. Stage V–VI was 
recovering stage, which was to study the effect of leachate 
level on temperature and gas pressure after leachate pumping 
was stopped. In this stage, the screen section of #9 well was 
gradually submerged in the leachate again. The elevations of 
leachate levels at time VI did not get to the initial elevations 
of the leachate levels, as shown in Fig. 10. The range of differ-
ences was 0.0–0.41 m. The differences between the initial lea-
chate level and the recovered leachate level are also presented 
in the leachate pumping tests reported by Zhan et al. (2014) 
and Slimani et al. (2017), with the maximum differences of 1.3 
and 1.4 m, respectively. It is possible that there was not enough 
time for the leachate level to recover. 

The extraction well (#0 well) used in the leachate pumping 
test was a partially penetrating well. In order to calculate the 
horizontal permeability for MSW, the waste in the horizontal 
direction of the new MSW layer was assumed to be homogene-
ous, and the pumping well was divided into two sections using 
Dupuit–Babushkin method mentioned in Ministry of Water 
Resources of the People’s Republic of China (MWR) (2005). 
The height of the dividing point is l, which is relative to the 
bottom height of pumping well. l can be expressed as

where Ha represents average height of aquifer with waste, 
which is relative to the bottom height of pumping well; S0 
represents drawdown in pumping well. The upper section of 
pumping well can be treated as a fully penetrating well, and 
according to the standard (Ministry of Water Resources of 
the People’s Republic of China (MWR) 2005), the pump-
ing flowrate from the upper section of pumping well can be 
expressed as follows:

(1)l = Ha − S0,

(2)Q1=
K
(
Hi + Hj − l

)(
Hi − Hj

)

0.732 lg
rj

ri

,

where Q1 represents pumping flowrate from the upper sec-
tion of pumping well; K represents horizontal permeability 
for MSW; i and j represent the well number; Hi and Hj repre-
sent the heights of leachate level in #i and #j wells, which are 
relative to the bottom height of pumping well, respectively; 
ri and rj represent the distances from #i and #j wells to the. 
pumping well, respectively.

The lower section of pumping well can be treated as 
a partially penetrating well. When l/2 < 0.3 M (where M 
represents the thickness of confined aquifer), according to 
the standard (Ministry of Water Resources of the People’s 
Republic of China (MWR) 2005), the pumping flowrate 
from the lower section of pumping well can be expressed as

where Q2 represents pumping flowrate from the lower sec-
tion of pumping well; r0 represents the radius of pumping 
well.

Equation (2) plus Eq. (3), total pumping flowrate from 
pumping well can be expressed as follows:

where Q represents total pumping flowrate from pump-
ing well. Hence, horizontal permeability for MSW can be 
expressed as follows:

According to Eq. (5) and the leachate levels in #0, #1, #2, 
#4, #6 and #9 wells, the horizontal permeability for MSW 
can be calculated. Its range was 4.64 × 10−6–5.15 × 10−5 
m s−1 in the newly filled MSW layer of Wuxi landfill based 
on the Dupuit-Babushkin method. A summary of horizontal 
permeabilities for MSW and soil from field pumping tests is 
presented in Table 5. It is found that the MSW permeability 
measured by Oweis et al. (1990); Jones et al. (1992) and 
Jang (2000) in the New Jersey, Iowa and Kimpo landfills, 
respectively, fall within the range of this test results. But 
the test results fall within the MSW permeability measured 
by Slimani et al. (2017) in a landfill located in France. The 
MSW permeability measured by Shank (1993); Olivier 
et al. (2009) and Zhan et al. (2014) for the Florida, northern 
France and Suzhou landfills, respectively, correspond with 
the present test results in the order of magnitude. It is also 
found that the MSW permeability is equivalent to that of fine 
sand, silty sand and silt in the order of magnitude. However, 

(3)Q2=
KlS0

0.732 lg
0.66l

r0

(4)

Q=Q1 + Q2 = K

⎡
⎢⎢⎣

�
Hi + Hj − l

��
Hi − Hj

�

0.732 lg
rj

ri

+
lS0

0.732 lg
0.66l

r0

⎤
⎥⎥⎦
,

(5)
K =

0.732Q

(Hi+Hj−l)(Hi−Hj)

lg
rj

ri

+
lS0

lg
0.66l

r0
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there are differences with the results of this test, which are 
related to the anisotropy of the MSW in the landfill. Because 
component, porosity, waste age, density, depth and other 
parameters collectively determine the MSW permeability 
(Carman 1939; Olivier and Gourc 2007; Reddy et al. 2009; 
Feng et al. 2017).

Figure 11 exhibits the radial distribution of the draw-
down when the leachate pumping was stopped. Slimani 
et al. (2017) conducted a pumping test in July 2010, in 
which the pumping well (diameter: 1 m; depth: 14 m) 
was a fully penetrating well; two flowrates (0.5 m3  h−1 
and 0.9 m3  h−1) were chosen, and 53 m3 of leachate was 
pumped during 70 h after which the leachate pumping was 

stopped. A partially penetrating well was used in this test, 
and the pumped volume and pumped time were 120 m3 and 
529 h, respectively. This test consisted of five stages, and 
the associated procedure is different from that employed 
by Slimani et al. (2017); in particular, this test includes a 
leachate level controlling stage. When the leachate pump-
ing was stopped, the drawdowns in the pumping well 
obtained from this test and the test of Slimani et al. (2017) 
were 1.4 m and 3.8 m, respectively, because the above 
parameters and MSW permeability (2 × 10−6–3 × 10−4 
m s−1 in Slimani et al. 2017) in the two landfills are dif-
ferent. However, depression cones are nicely exhibited, 
even when the leachate flows in the heterogeneous MSW.

Table 5  Summary of horizontal 
permeabilities for MSW and 
soil from field pumping tests

Component References Depth (m) Permeability (m s−1)

MSW Oweis et al. (1990) 25.0 1.0 × 10−5

Jones et al. (1992) < 4.6 5.0 × 10−6

Shank (1993) 7.0–10.0 3.6 × 10−6–6.9 × 10−5

Jang (2000) 6.0 2.2 × 10−5

Olivier et al. (2009) 12.5 2.8 × 10−6

Zhan et al. (2014) 15.5–17.5 2.4-5.5 × 10−6

Slimani et al. (2017) 0–14.0 2.0 × 10−6–3.0 × 10−4

This study 3.3–8.7 4.6 × 10−6–5.2 × 10−5

Soil
 Sand Niemann and Rovey (2000) 3.2 8.8 × 10−4–1.8 × 10−3

 Sand Chapuis et al. (2005) 2.1 9.3 × 10−4–1.2 × 10−3

 Silt clay and silt Shen et al. (2015) 10.7 5.1 × 10−6

 Silt and silty sand 28.7 5.7 × 10−5

 Silt 46.2 1.6 × 10−5

 Silty sand 65.7 4.4 × 10−5

 Fine sand Wu et al. (2017) 39.5 1.6 × 10−5

 Clay Marco et al. (2018) 22.5 4.0 × 10−7

 Gravel 25.0 5.0 × 10−5

Fig. 11  Radial distribution of 
the drawdown when the lea-
chate pumping was stopped
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Temperature during the Leachate Pumping Test

Temperature variations with time in the newly filled MSW 
layer during the leachate pumping test are shown in Fig. 12. 
Compared with the initial leachate level, the leachate level 
had decreased by approximately 0.4–1.5 m in stage IV–V. 
The temperatures at the bottoms of #0, #1, #2, #4, #6 and #9 
wells (with bottom elevations of + 0.0 m, + 0.2 m, + 3.5 m, 
+ 3.5 m, + 2.0 m and + 4.1 m, respectively) increased and 
the maximum increments in the temperatures were 3.2 °C, 
3.5 °C, 4.1 °C, 0.2 °C, 1.3 °C and 0.5 °C, respectively. The 
water content in the leachate level decreasing zone was suit-
able for waste biodegradation, which resulted in an increase 
in temperature during the leachate pumping test. In addition, 
the higher temperature was transferred to the bottoms of 
these wells due to the heat convection caused by the leachate 
pumping. The temperatures at the bottoms of #0, #1, #2, #6 
and #9 wells slightly decreased after the leachate pumping 
was stopped and the leachate levels slowly recovered. But 
the temperatures when the leachate level had stably recov-
ered were still higher than the initial temperatures at the 

beginning of the leachate pumping test, the range of differ-
ences was 0.5-2.5 °C. Because the elevated temperature was 
slowly transferred to surrounding waste, and the heat was 
continuously generated by MSW biodegradation.

Gas Pressure During the Leachate Pumping Test

Gas pressure variations with time in the newly filled MSW 
layer during the leachate pumping test are shown in Fig. 13. 
The maximum increments in the gas pressures of #3, #5, #7 
and #8 wells (with bottom elevations of + 5.5 m, + 4.7 m, 
+ 6.1 m and + 4.1 m, respectively), whose bottoms were 
above the leachate level, were lesser than that in the gas 
pressures of #1 and #9 wells (with bottom elevations of 
+ 3.5 m and + 4.1 m, respectively), whose bottoms were 
below and close to the leachate level. In all the monitor-
ing wells, the change in the gas pressure was particularly 
evident in #9 well, because the screen section of #9 well 
was rarely submerged in the leachate during the leachate 
pumping. The simultaneous variations of leachate level and 
gas pressure in #9 well and bottom temperature of #9 well 

Fig. 12  Temperature variations 
with time in the newly filled 
MSW layer during the leachate 
pumping test. (Note: the bottom 
elevations of #0, #1, #2, #3, 
#4, #5, #6, #7, #8 and #9 wells 
are + 0.0 m, + 3.5 m, + 0.2 m, 
+ 5.5 m, + 3.5 m, + 4.7 m, 
+ 2.0 m, + 6.8 m, + 6.1 m and 
+ 4.1 m, respectively)

Fig. 13  Gas pressure variations 
with time in the newly filled 
MSW layer during the leachate 
pumping test. (Note: the bottom 
elevations of #0, #1, #2, #3, 
#4, #5, #6, #7, #8 and #9 wells 
are + 0.0 m, + 3.5 m, + 0.2 m, 
+ 5.5 m, + 3.5 m, + 4.7 m, 
+ 2.0 m, + 6.8 m, + 6.1 m and 
+ 4.1 m, respectively)
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during the leachate pumping test are shown in Fig. 14. Dur-
ing the stage I–IV, the gas pressure increased almost syn-
chronously with the decrease in the leachate level. It slowly 
increased, because the screen section of #9 well was less 
and less submerged in the leachate. However, the increase 
in temperature was delayed for approximately 3 days, after 
which, the temperature increased by 0.6 °C due to the suit-
able water content for waste biodegradation in the leachate 
level decreasing zone. Furthermore, the range of the waste 
temperature in this zone was beneficial to the increase in the 
gas pressure. Because the suitable water content to maximize 
the gas production is between 50 and 75% (Tchobanoglous 
et al. 1977; Kasali 1986), the water content in this zone is 
less than 75%, which is within the range of suitable water 
content. In addition, the suitable temperature for the gas pro-
duction from waste biodegradation is between 34 and 45 °C 
(Rees 1980; Hartz et al. 1982; Mata-Alvarez and Martinez-
Viturtia 1986), and the range of temperature in this zone 
is 41.2–41.8 °C, which is within the range of suitable tem-
peratures. During the stage IV–V, compared with the initial 
leachate level, the leachate level decreased by approximately 
44 cm. When the leachate level remained at the stable eleva-
tion, gas pressure and temperature attained a new equilib-
rium at the bottom of #9 well, and only minor variations in 
the ranges of 33–39 Pa and 41.6–41.7 °C, respectively, were 
noted. A stable temperature was also one of the conditions 
for maintaining the stability of the gas pressure. During the 
stage V–VI, when the leachate pumping was stopped, the 
leachate level started increasing after approximately 1 day, 
because the #9 well was relatively far from the #0 well (dis-
tance between #0 well and #9 well was 11.3 m), resulting in 
a gas pressure that was still in the range of 36–42 Pa. About 
a day after the leachate pumping was stopped, the screen sec-
tion of #9 well was slowly submerged, and the gas pressure 
slowly decreased. When the screen section of #9 well was 
entirely submerged, the gas pressure decreased to 3 Pa. How-
ever, the temperature practically did not decrease, because 

the processes of heat conduction and convection were slow 
at the bottom of #9 well and the waste biodegradation still 
continued. Thus, the gas pressure was affected collectively 
by the water content and temperature in the waste.

Conclusions

The monitoring and leachate pumping tests were conducted 
in a newly filled MSW layer of a landfill. Simultaneous vari-
ations of leachate level, temperature and gas pressure in the 
waste landfill were investigated. The MSW characteristics of 
a landfill in southeastern China are defined by the field test 
data for determining engineering performance. The monitor-
ing method in this study is effective, and it provides reliable 
results for practical engineering conditions. Summaries of 
leachate level, temperature and gas pressure in newly filled 
MSW layer are shown in Table 6, and the following main 
conclusions can be drawn from the two tests.

The conclusions from the monitoring test are as follows: 
(1) The laying of HDPE geomembrane on the landfill surface 
effectively impeded the permeation of rainfall and snow into 
landfill. (2) The fluctuating landfill surface temperature was 
higher than the ambient mean temperature with an average 
value of 7.0 °C. The highest temperature observed in the 
waste occurred near the leachate level. The waste tempera-
tures were slightly affected by the ambient temperature when 
the depth was more than 2.05 m. The waste temperatures 
rapidly increased in the first 12 days; subsequently the waste 
temperature increased slowly before the temperature reached 
the peak value. (3) The gas pressure above the leachate level 
increased with depth in the newly filled MSW layer.

The conclusions from the leachate pumping test are 
as follows: (1) The range of MSW permeability was 
4.64 × 10−6–5.15 × 10−5 m  s−1 in the Wuxi landfill. The 
elevations of the leachate levels did not reach the initial 
elevations after the leachate levels had stably recovered, 

Fig. 14  Leachate level, gas 
pressure and bottom tempera-
ture of #9 well with time during 
the leachate pumping test. 
(Note: Bs—bottom elevation of 
the screen section of #9 well; 
Ts—top elevation of the screen 
section of #9 well; Distance 
BsTs = 50 cm)
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and the differences were 0.08–0.41 m. (2) The maximum 
increments of the waste temperatures were 0.5–4.1 °C dur-
ing the leachate pumping test. When the leachate level had 
stably recovered the waste temperatures slightly decreased, 
but the temperatures were still higher than the initial tem-
peratures and the differences were 0.5–2.5 °C. (3) The gas 
pressure in the leachate level decreasing zone increased 
to 33–42 Pa during the leachate pumping test, and it was 
higher than that at other areas above the leachate level at 
this period. When the leachate level had stably recovered, 
it decreased to nearly zero. The variation in the water con-
tent caused by the change in the leachate level affected 
the temperature and gas pressure in the waste. The gas 
pressure was collectively affected by the water content and 
temperature in the waste.

Overall, the field tests are significant to the design and 
operation of MSW landfill. The correlation between the 
variations in leachate level, temperature and gas pressure 
in the newly filled MSW layer is analyzed, which estab-
lishes the behavior of one of the MSW characteristics. The 
following suggestions for landfill operation are offered: 
(1) A complete monitoring system should be established; 
(2) newly filled MSW layer should be covered with an 
HDPE geomembrane in time; (3) high temperature near 
the leachate level should be noticed; (4) the leachate level 
in pumping well should be maintained at a relatively con-
stant depth, which is beneficial to increase the gas produc-
tion and stabilizes the gas pressure and the temperature in 
the leachate level decreasing zone.
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