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Non-homogeneity of permeability largely depends on het-
erogeneity of the pore structure of waste in a landfill, which
contributes to variation in gas flow state. Gas pressure drop-
ping test (GPDT) was one of the most effective methods to
describe the gas preferential flow, was used to investigate the
gas breakthrough curves in initial pressures, moisture con-
tents and degradation phases in lab test. Dual-permeability
model was developed to quantify the gas preferential flow in
waste column. The reliability of the model was verified by a
good agreement from the gas flow rate between the simula-
tion results and experimental results. The simulation results
show the biodegradation of the waste produced an obviously
decrease in the permeability in fracture system due to the
variation of the particle distribution. The porosity and mass
transfer in fracture system has largely decreased with the
continued biodegradation and moisture content increasing.
It will be provided useful evidence for assessing the gas pref-
erential flow during the well operation in landfill. VC 2015
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INTRODUCTION

The capacity of the gas flow is one of the most important
factors in evaluating gas emission and distribution in a land-
fill [1–3]. The variation of the gas flow rate depends on the
distribution of the permeability and pore structure within the
landfill.

Dual permeability model was developed, based on the
assumption that the pore system was separated to two con-
tinue and connected between each other domains. For
example, water flow in dual permeability model was pre-
sented using separate flow equations for the fracture and
matrix pore systems [4]. The spatial variability of the perme-
ability in pore system was simplified by using this assump-
tion, to simulate the water or gas movement under
preferential flow effect [5–7].

Stochastic models have also been applied to predict pref-
erential flow in different soils [8]. The stochastic simulation
could be simplified by implanting the probability density
functions (PDFs) [9,10]. Besson et al. [11] presented the simu-
lation of dominant transport identified as being a stochastic-
convective process in a loamy soil. The quantification of

PDFs will be still a choke point to further apply the stochas-
tic models for the evaluation of the preferential flow.

The distribution of the constituents of the waste is inho-
mogeneous, resulting in strong heterogeneity of the waste
body structure. Particle and pore size as well as shapes and
solid material types vary [12,13]. As the penetration perform-
ance is closely related to pore structure, the permeability of
the waste body is also heterogeneous in the landfill [14–16].
Han et al. [17] found that the preferential flow was still obvi-
ously occurred in column composed by uniform paper at 4-
cm scale based on the water flow rate measurement.

Some researchers attempted to describe the preferential
flow in the waste body by using the dual permeability or
dual porosity model [18–20]. Rosqvist et al. [21] studied
leachate transport in waste by model interpretation of experi-
mental break-through curves, found the preferential flow
continued in long-term. The reliability of the dual permeabil-
ity model should be verified by comparison flow rate
between the test and simulation. The measurement of the
breakthrough curves was an effective method for quantifica-
tion assessing the preferential flow, provided the data for
inverting the relative parameters in dual permeability model,
including outflow rate or solute concentration.

This method has been reported in some literatures for the
simulation of liquid BTCs in some scenes [13,17,22]. In recent
years, the measurement of the gas BTCs was conducted in
tracer tests in lab-scale [23,24]. With the preceding analysis,
the suitability of the dual media theory to access the gas
flow in the waste body should be discussed using test and
model simulations.

Previous studies often defined permeability based on one
constant to simplify the simulation of gas flow in landfill.
The gas pressure and flow rate were determined by the sin-
gle permeability model [1,3,25–27]. The long-term field moni-
toring test suggested that the simulation results of the flow
rate from gas wells were inaccurate, adding the deviation of
the collection volume in wells [3].

The permeability was recorded if the external gas flow
rate became stable under pressure difference in the gas
seepage test. As a result of the non-uniformity of the waste
constituents, a portion of the gas flows out through the
macro-domain first, followed by another portion flowing out
through the micro-domain mainly because of the significant
difference in seepage capacity between the macro- and
micro-domains [17]. It is critical to monitor the gas flow
across the waste body and develop the mathematical modelVC 2015 American Institute of Chemical Engineers
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for evaluation the seepage capacity in the two domains.
However, no methods have been conducted to characterize
the gas preferential flow in waste sample by model or test.

The objectives of this study are (1) to develop the dual-
permeability model of gas flow to describe the preferential
flow through the waste body; (2) to predict the permeability
and porosity in the two domains based on breakthrough
curves (BTCs); (3) to compare the test results in lab-scale
with the simulation results of the outflow rate to estimate the
reliability of the dual-permeability model.

MATERIALS AND METHODS

Materials
To improve the seepage effect, we ensured that the maxi-

mum quantity of the waste sample was <4 cm by artificial
screen from fresh waste. The sample consisted of 50% food
was represented by 40% vegetable waste and 10% meat, 15%
paper was represented by shredded paper, 3% textile was
represented by shredded clothing, 3% plastic was repre-
sented by shredded sack, 3% wood was represented by
branch, 6% glass was represented by yard waste, and 20%
soil. A1, A2, and A3 were prepared with three initial pres-
sures. B1, B2, and B3 simulated the moisture contents. C1,
C2, and C3 were conducted at degradation phases. The
parameters are shown in Table 1.

Porosity-Permeability Test Experiment
The test experiment selected the porosity-permeability

measurement system designed by the author. This system
consisted of a loading piston, a sample pressure cham-
ber(SPC), a standard chamber(SC), a nitrogen bottle, gas
flow meter (D07, Beijing Sevenstar, China) and analysis of
data collected system. The waste sample scale in the SPC
was 100 mm 3 350 mm (shown in Figure 1).

Gas Pressure Dropping Test
The BTCs were obtained by gas pressure dropping test,

which involved the following steps: (1) closing the SPC, (2)
inflating the nitrogen into the SC to increase the gas pressure
to a certain value, (3) opening the export and input valves in
the SPC to record the outflow rate from the export valve
of the SPC and the gas pressure in SC. The dropping process
of the gas pressure in the SC could be addressed in the
boundary condition at the input of the SPC. The gas pressure
was monitored by pressure sensors (DG-010, Guangzhou
Senex, China).

Bio-Degradation Operation
The mixed waste was placed in the SPC, serve as the

reactor of bio-degradation. The SPC was a hermetical stain-
less steel (316L) column, could be used to conduct the

anaerobic condition for waste degradation. The SPC was
placed in a lab-chamber retained temperature at 33–358C
which could provide a relative appropriate environment for
organic degradation. The gas produced in reactor was col-
lected by bag. Bio-degradation process was recorded by
measuring the organic content. Organic content and Particle
size distribution of waste sample was determined by stand-
ard procedure (MOHURD CJJ/T 204-2013; [28]).

Porosity-Permeability Measurement
The total permeability was available by constant pressure

test. The gas pressure in inlet was measured by pressure sen-
sors. The pressure set up atmosphere. The gas flow rate in
export was recorded by flow meter, when it was to steady.

The gas through the waste medium is performed by the
Darcy law [29]:

k ¼ 2PBQBlL

AðP2
A2P2

BÞ
(1)

Where k is permeability; QB is gas flow rate in export; l is
gas viscosity coefficient; PAis gas pressure in inlet; PB is gas pres-
sure in export; L is sample length; A is sample sectional area.

The total porosity measured in this system, based on the
Boyle-Mariotte relation. The detail information of the test
step was preserved in Stoltz et al., [30].

The relation is given as follow,

VSC � P1 ¼ ðVSPC2Vs1VSCÞ � P2 (2)

Where, VSC is the volume of SC, VSPC is the volume of SPC,
Vs is the volume of solid sample, P1 is the initial gas pressure
in SC, P2 is the steady gas pressure across the SPC and SC.

ut ¼
VSPC2Vs

VSPC
(3)

Where, ut is the total porosity.

DUAL-PERMEABILITY MODEL OF GAS FLOW

Dual-permeability model describe gas flow in the fracture
and matrix pore system, using two equations to represent
gas flow state in the two domains [6,31]:

o

ot
ðqfufÞ ¼ r

�
qf

kf

l
� rðPfÞ

�
1Qmf (4)

o

ot
ðqmumÞ ¼ r

�
qm

km

l
� rðPmÞ

�
2Qmf (5)

Where the subscript “f ” defines a property of the fracture
pore system, the subscript “m” represents the matrix, uf and
um is the porosity in fracture and matrix domain, respec-
tively. qf and qm is gas density in fracture and matrix
domain, respectively, assumed following the ideal gas law. l
is coefficient of viscosity, kf and km is the permeability in
fracture and matrix domain, respectively. The total perme-
ability is described by:

kt ¼ wf � kf1ð12wfÞ � km (6)

Where wf is the relative volumetric proportion of the frac-
ture pore system (0 < wf < 1). The relationship between the
total porosity and porosity in two domains could be written
by [4]:

ut ¼ wf � uf1ð12wfÞ � um (7)

Table 1. Characteristics of fresh and degraded MSW sample.

Reactor

Degradation-
phase
(day)

Initial
pressure

(MPa)

Sample
mass
(kg)

Moisture
content

(%)

A1 0 0.1 1.127 25.0
A2 0 0.05 1.127 25.1
A3 0 0.02 1.127 24.9
B1 0 0.1 1.127 25.0
B2 0 0.1 1.303 35.0
B3 0 0.1 1.579 45.0
C1 0 0.1 1.238 25.0
C2 30 0.1 1.174 24.7
C3 60 0.1 1.116 24.5
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Where Qmf is the gas transfer term, can be described as

Qmf ¼ af � d
qkm

l
ðPm2PfÞ (8)

Where d is the shape factor, developed by Zimmerman
[32]. af is the mass transfer coefficient, depended largely on
the pore structure and preferential flow pathway [7]. The gas
transfer term is ignored in the single-permeability model,
which have “one” permeability and “one” porosity.

The dual-permeability model could be used to estimate the
process of the gas throughout the waste sample, including
permeability and porosity in two-domain, based on the drop-
ping test. The first-type boundary condition was employed in
the inlet and outlet at the column for these simulations. The
parameters in dual-permeability model were determined by
using optimization routine [shown in Ref. 3] with the data of
gas flow rate from experiments. The numerical simulation
program was completed by using Matlab language.

The initial height of the simulation model, H, is 350 mm. The
top port and bottom of the SPC was connected by bore size 2 mm
conduit. Then the width of the pressure boundary in the ports
was 2 mm (see Figure 2). The gas flow rate in the outlet of SPC is
a process which varied with time after the valve in inlet opened
connected with SC. So, the boundary condition in inlet was sim-
plified to gas pressure boundary. The gas pressure in inlet was
recorded, known as pðtÞ. The pressure boundary of the outlet in
SPC was simplified to atmosphere. The initial gas pressure in SPC
was also atmosphere. The height of the simulation model was
289, 269, and 257 mm, respectively, in simulation cases of fresh
waste and 30 and 60 days degradation waste.

EXPERIMENTAL RESULTS

BTCs Affected by Initial Pressure
The gas pressure was from 100 to 2000 Pa during landfill

operation. If the gas was discharged at a low degree, the gas
pressure could reach from 2490 to 9500 Pa [33]. Therefore,
0.1, 0.05, and 0.02 MPa were selected as the initial pressures
in A1, A2, and A3 to conduct the seepage tests.

The variation of BTCs exhibited a similar trend. The peak
of the outflow rate and the cross-time rose as the initial pres-
sure increased (Figure 3).

BTCs Affected by Moisture Content
Figure 4 shows the BTCs distribution in the moisture content.

The total permeability and total porosity were eliminated as the
moisture content decreased (see Table 2), increasing the curve
amplitude and the peak, as well as reducing the cross-time. This

condition occurred because most pore spaces were occupied
when the moisture content increased, raising the permeability ratio
between the fracture and matrix system, resulting in significantly
increased gas flow through the fracture system and adding to the
peak of the outflow rate. Therefore, the variation of the gas flow
rate was related to the total permeability and porosity. The perme-
ability and porosity in the two domains should be considered.

BTCs Affected by Degradation
Figure 5 shows the 30- and 60-day degradations of the test

and simulation results of BTCs in the fresh sample. The simula-
tion results of the outflow rate distribution were consistent
with the test results, suggesting that the dual-permeability
model could be used to represent the gas flow across the pore
system. The test results indicated that the peak of the outflow
rate declined with the degradation of the waste sample. As the
waste particle became more compact after material decompo-
sition, the strain of the sample also increased, resulting in a
reduction in permeability and porosity (Table 3).

SIMULATION RESULTS

The Variation of BTCs with Permeability Ratio and

Volumetric Proportion
Figure 6 shows the simulation results about BTCs in dif-

ferent permeability ratios. The peak of the BTCs increased,

Figure 2. Profile of the simulation model.

Figure 3. The breakthrough curves distribution in initial
pressures. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 1. Schematic of the Test experiment. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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dropping the cross-time as the permeability ratio increased.
The permeability was increased after the permeability ratio
was raised, accelerating the gas velocity through the fracture
system and reducing the cross-time.

Figure 7 illustrates the simulation results about BTCs in
different wf . As the wf was eliminated, the fraction of the
fracture in the entire pore system decreased, resulting in the
reduction of seepage capacity in the fracture domain as well
as the gas outflow rate.

Figure 4. The breakthrough curves distribution in moisture
contents. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Table 2. The total permeability and porosity test results with
moisture contents.

Moisture
content (%)

Permeability
(10211 m22)

Porosity
(%)

25% 0.793 0.463
35% 0.720 0.421
45% 0.672 0.373

Figure 5. The breakthrough curves distribution in degrada-
tion phases, monitoring results and simulation results from
dual-permeability model. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Table 3. Test results in degradation phases.

Cells
Loading
(MPa)

Total
permeability
(10211 m22)

Total
porosity

(%)
Strain

(%)

Organic
content

(%)

Fresh 0.05 1.02 0.559 17.3 83.5
30d 0.05 0.785 0.514 23.1 55.1
60d 0.05 0.650 0.486 26.5 22.6

Figure 6. Gas outflow rate in permeability ratios. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 7. Gas outflow rate in relative volumetric propor-
tions. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 8. The simulation results of breakthrough curve from
single-permeability model. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Comparison of Dual-Permeability and Single Models
The dual-permeability model and single-permeability

model were used to predict the gas flow in waste sample, to
estimate the reliability of the models. The total permeability
and total porosity were adopted from the lab test, shown in
Table 3.

Figure 8 shows the BTCs simulated by the single-
permeability model in the degradation phases. The simula-
tion results showed that the gas outflow rate from the input
to the output could not be represented by the single-
permeability model. This model was proposed based on the
assumption of uniformity in permeability. The model could
not show the flow process in the initial phase in which the
gas flows out of the fracture system in the practical waste
sample (see Figure 5). The outflow rate value from the
single-permeability model was significantly lower than that
in the monitored results, and the breaking time was consid-
erably longer than that in the monitored results.

DISCUSSION

The Permeability Ratio kf=km with Moisture Content
kf=kmis the key parameter to predict the gas movement

under the preferential flow effect. The kf=km available from
the inversion of test data presented a decrease with the
increasing of the water content (see Table 5). The inversion
result was agreed with the simulation results from the BTCs
in Figure 6. It could verify the reliability of the inversion per-
meability in two domains based on the BTCs.

Permeability and Porosity in Two Domains with

Degradation
The optimized parameters were given by numerical inver-

sion as shown in Table 4. The permeability ratio kf=km in the
fresh sample was slightly higher than that in the decomposed
sample. This indicated that the relative predominance of the
permeability capacity in fracture system was eliminated. The
decreasing of the permeability and porosity in fracture sys-
tem during degradation process was higher than which in
matrix system. This indicated that the degradable constituents
broken into smaller particles in the whole degradation
phases [34], leading to reduction of the pore space in fracture
system. The particle size had an obviously reduction during
degradation phase (Figure 9). This result was agreed with
the test from Reddy et al. [35] of the artificial waste material.

Permeability and Porosity in Two Domains with

Moisture Contents
The inversion data of the permeability and porosity with

moisture contents were given in Table 5. There was a
decrease in uf and non-obvious variation in kf with the
increasing of the water content. As the water added, the um

and km were decreased. It suggested that the non-flow space
in fracture system was occupied with the spare water, result-
ing minor effect in effective flow space in preferential
pathways.

Modification of Gas Transfer Term
According to the simulation result, the mass transfer coef-

ficient was influenced by the variation of the pore structure
as a result of organic degradation and the variation of the
water content (shown in Tables 4 and 5). The gas transfer
term should be amended, as the variation of the connectivity
between the fracture and matrix systems in waste sample.

CONCLUSIONS

A laboratory test of the capacity of the gas passing
through the waste sample was conducted. The dual-
permeability model of the gas flow was developed to predict

Table 4. The inversion data of the permeability and porosity with degradation.

Cells
kf

(10211 m22)
km

(10211 m22) kf=km uf um uf=um af

Fresh 3.25 0.77 4.22 0.10 0.61 0.16 0.05
30d 2.15 0.70 3.07 0.08 0.56 0.14 0.02
60d 1.41 0.565 2.49 0.03 0.54 0.05 0.006

Table 5. The inversion data of the permeability and porosity with moisture contents.

Moisture
content

kf

(10211 m22)
km

(10211 m22) kf=km uf um uf=um af

25% 2.35 0.62 3.79 0.062 0.51 0.12 1.0
35% 2.38 0.54 4.41 0.041 0.46 0.09 0.31
45% 2.41 0.48 5.02 0.033 0.41 0.08 0.08

Figure 9. Particle size distribution of waste sample at differ-
ent phase of degradation. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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the gas preferential flow in the waste sample. The conclu-
sions are as follows:
1. A typical heterogeneous property of gas flow occurred in

the waste body. The fraction of the space in the fracture
and matrix systems was dependent on the distribution of
the pore structure. The pore structure had a direct effect
on the gas flow state.

2. The single-permeability model could not simulate the gas
breakthrough process. The BTCs represented by the dual-
permeability model were consistent with the curves from
the test. The feasibility and the reliability of the prediction
method of parameters from the dual-permeability model
was verified.

3. The particle distribution was modified by the biodegrada-
tion of the decomposing material in the waste sample,
which led to the variation in the connectivity between
the two domains, especially resulting larger contribution
on the permeability in fracture system. The parameter
amendment in mass transfer was needed, when the pore
structure of the waste was changed due to continued bio-
degradation and moisture content increasing.
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