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Accelerating the waste mineralization is of great significance to control the settlement of transportation facilities nearby landfills.
Mineralized waste can also be used as road construction materials to recycle waste resources and reduce the construction cost of
transportation facilities. A biochem-hydro-mechanical-solute migration-coupled model for describing complex interactions in
landfills with high kitchen waste content has been developed. (e proposed model can consider large leachate production and
landfill gas entrapment due to the fast degradation of kitchen waste. (e quantitative effects of three leachate recirculation
conditions are investigated in this article via a typical landfill cell. According to the simulation results, introducing methanogen
into landfills with leachate recirculation can relieve acidification caused by fast hydrolysis of kitchen waste and speed up the
mineralization process of landfills with high kitchen waste content significantly. Furthermore, landfill gas generation potential loss
and fast degradation compression should be considered in the implementation of leachate recirculation in landfills with high
kitchen waste content, which helps to maintain the operation of transportation facilities nearby landfills and improve the
economic and environmental benefits of leachate treatment.

1. Introduction

A large amount of municipal solid waste (MSW) is generated
every year, which results in a global issue. (e sanitary landfill
technique has been widely used to dispose MSW in many
countries [1–3]. Landfills occupy a lot of land resources. (e
site selection of landfills has an important impact on the
planning, construction, and maintenance of nearby trans-
portation facilities [4]. Municipal solid waste (MSW) is a
highly compressible material, and the vertical deformation of
landfills resulting from MSW compression can be as large as
25–50% of initial fill height [5]. (e settlement stabilization
process of postclosure landfills is significant for the effective
operation of transportation facilities (such as road and bridge),
which were built above these landfills. Acceleration of the
waste mineralization process can effectively reduce post-
settlement and differential settlement of landfills, which would
avoid the failure of the above transportation facilities [6–9].

On the contrary, it is an important application of waste recycle
to use mineralized waste as a material in road construction
[10]. However, the content of residual degradable components
in MSW has a significant impact on the strength of the road
construction material, and it is necessary to accelerate the
waste mineralization process to reduce the content of de-
gradable components, which can improve the mechanical
properties of mineralized waste [11].

MSW contains degradable components. Complex
physical, chemical, and biological processes occur within
landfills. Leachate with a substantial amount of pollutants
and landfill gas are continually generated in landfills for a
very long time [12, 13]. (e treatment of leachate remains an
important environmental issue. One of the most common
and acclaimed methods of leachate treatment is the circu-
lation of leachate back to the landfill [14–19]. For the landfills
in developed countries, many field and laboratory tests have
indicated that leachate recirculation offers a series of
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environmental benefits, which include improving the
leachate quality, increasing the moisture content of the
landfill body, accelerating the generation of landfill gas, and
shortening the stabilization process of landfills [20–26].

All these above studies are very valuable; however, they still
present challenges to implement leachate recirculation in
landfills in developing countries. Because of the influence of
the socioeconomic status on living habits, MSWs in devel-
oping countries represented by China have much higher
kitchen waste content and initial moisture content than that in
developed countries [27]. Kitchen waste is composed of a large
amount of intraparticle water and easily hydrolysable com-
ponents [12]. Decomposition of landfilled kitchen waste
presents a large leachate production rate, and a high leachate
level was often observed at landfills with high kitchen waste
content [28, 29]. Influences of large leachate production
should be paid attention to design and implement leachate
recirculation in landfills with high kitchen waste content.

MSW landfills have long and complex stabilization pro-
cesses. (eoretical analysis via the establishment of the nu-
merical model is a common approach to investigate the
biodegradation-mechanical interactions in landfills. Leachate
and landfill gas transportation in landfills is an important
problem for studies of leachate recirculation in landfills. Some
research studies on modeling leachate recirculation have been
carried out [30–32]. (e leachate level generally remains quite
low for the “dry tomb” landfills in developed countries. On this
account, it is common that the migration of landfill gas during
the leachate recirculation is rapid for the landfills with low
kitchen waste content, and the gas pressure in a landfill body is
assumed to be fixed to atmospheric pressure [33]. However,
the leachate level for the landfills with high kitchen waste
content is higher, and the generated landfill gas tends to ac-
cumulate within the saturated zones. (e entrapped landfill
gas could have a significant impact on the hydrological
properties of MSW [34], and the gas pressure changes with
leachate mound and recirculation. (e landfill gas accumu-
lation due to the leachate mound needs to be considered in the
modeling of leachate recirculation in landfills with high
kitchen waste content.

To improve the understanding of the effects of leachate
recirculation on the landfill stabilization process, a biochem-
hydro-mechanical-solute migration-coupled model is estab-
lished to investigate the influences of leachate recirculation in
the landfill with high kitchen waste content.(e effects of three
leachate recirculation conditions on the stabilization process of
a high kitchen waste-content landfill are evaluated by the
proposed model. Finally, suggestions on implementing
leachate recirculation in landfills with high kitchen waste
content are addressed based on the results of the investigations.

2. Biochem-Hydro-Mechanical-Solute
Migration-Coupled Model of MSW with
High Kitchen Waste Content

2.1. Framework of the Coupled Model. A framework for
integrated analysis of the liquid/gas flow, solute migration,
and mechanical behaviors of high kitchen waste-content

landfills, referred to as the biochem-hydro-mechanical-
solute migration-coupled model, is presented here. (ese
coupled processes in landfills are highly dependent on the
biodegradation of MSW (see Figure 1).

During the decomposition process, biodegradable
components of MSW transform from the solid phase into
the gas and liquid phase, which increases pore volume and
weakens skeleton strength. (e weakened solid skeleton is
compressed by a self-weight load, and at the same time, the
change of pore volume affects the liquid and gas perme-
ability of MSW. Leachate flow and gas transportation in
landfills also have influences on the distribution of pore
water pressure and pore gas pressure, which change the
effective stress of the MSW solid skeleton and make further
compression. (e complicated biodegradation processes in
landfills make the engineering properties of MSWs changing
with time, which are different from the traditional hydro-
mechanical coupled behaviors in soil (i.e., consolidation for
unsaturated soil). However, the biodegradation process in
landfills is related to moisture content, substrate, and solute
concentration, and mechanical behaviors have influences on
the biodegradation process by changing moisture content
and solute concentration in landfilled wastes [35, 36].

2.2. Biodegradation Model. MSWs have been placed in a
closed environment for a long time in the landfill; therefore,
anaerobic decomposition is the main process of degradation
in landfills. (e anaerobic decomposition process can be
divided into four stages: hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis [37]. Considering that acido-
genesis and acetogenesis are rapid, the anaerobic
decomposition process of MSWs can be simplified into two
stages, i.e., hydrolysis and methanogenesis [38]. (is process
can be idealized as equations (1) and (2). Because the cel-
lulolytic matter in degradable components accounts for more
than 90% of the methane potential of MSWs, the substrate is
expressed as cellulose in equation (1), and decomposable
components in kitchen waste are simplified as the fast deg-
radation cellulose. In the hydrolysis stage, organic substances
are converted into volatile fatty acids (VFA), H2, and CO2.
(ere is a substantial amount of intraparticle water in kitchen
waste, which is the primary source of leachate in landfills with
high kitchen waste content. (e hydrolysis of cellulose causes
the breakdown of cell walls and releases intraparticle water. It
is assumed that the intraparticle water will be instantaneously
released with the cellulose hydrolysis in this manuscript. In
the methanogenesis stage, the hydrolysis product (that is,
VFA) is consumed bymethanogen and transformed into CH4
and CO2. In equation (1), λiw is the ratio of the weight of
intraparticle water to the weight of cellulose, which can be
estimated by kitchen waste composition andmoisture content
[39].

Hydrolysis of cellulose with intraparticle water is given
as follows:

C6H10O5 λiwH2O( +5H2O⟶ CH3COOH + 8H2 + 4CO2

+ αH2O

(1)
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Methanogenesis of VFA is given as follows:

CH3COOH + 7.43H2 + 0.93CO2 + 0.029NH3⟶ 2.79CH4 + 3.8H2O + 0.029C5H7NO2 (2)

(e generation rate of VFA can be described as equation
(3), which considers the effects of moisture content, product
inhibition, and substrate (that is, cellulose) content:

Rg � θEfih mc( fih c1( b, (3)

θE �
θ − θr

θs − θr

, (4)

fih mc(  � 1 −
mc t0(  − mc(t)

mc t0( 
 

α

, (5)

fih c1(  � exp −khc1( , (6)

where Rg is the generation rate of VFA (g/(m3/day)), θE is
the effective volumetric moisture content, θs and θr are
saturated volumetric moisture content and residual volu-
metric moisture content, respectively, which can be deter-
mined by a soil-water characteristic curve, fih(mc) is the
substrate content inhibition function, mc(t0) is the initial
degradable component content (kg/m3), mc(t) is the de-
gradable component content (kg/m3) at time t, α is the
inhibition constant of substrate content, fih(c1) is the
product inhibition function of VFA, c1 is the VFA con-
centration (g/m3), kh is the inhibition constant related to
VFA content (m3/g), and b is the maximum hydrolysis rate
of cellulose (g/(m3 day)).

During the methanogenesis stage, VFA is consumed by
methanogen, and the accumulation rate of methanogen can
be described by the Monod equation [40], which also needs

to consider the influences of moisture content and product
inhibition (see equation (7)):

Rj � θEfim c1( 
kmmaxc1

ks + c1
c2, (7)

fim c1(  � exp −kmc1( , (8)

where Rj is the accumulation rate of methanogen (g/(m3/
day)), fim(c1) is the production inhibition function of
methanogen, km is the inhibition constant related to
methanogen content (m3/g), kmmax is the maximum growth
rate constant of methanogen (day−1), ks is the half-saturation
constant of methanogen growth (g/m3), and c2 is the con-
centration of methanogen (g/m3).

(e methanogen accumulates with the consumption of
VFA, and the decay of VFA is related to the concentration of
methanogen [38]. (e consumption rate of VFA and the decay
rate ofmethanogen can be expressed as the following equations:

Rh �
Rj

Y
� θEfim c1( 

kmmaxc1

Y ks + c1( 
c2, (9)

Rk � θEkdc2, (10)

where Rh and Rk are the consumption rate of VFA and the
decay rate of methanogen, respectively (g/(m3 day)), Y is the
substrate yield coefficient, and kd is the decay rate constant of
methanogen (day−1).

(e consumption rate of substrate, the release rate of
intraparticle water in kitchen waste, and the generation rate
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Figure 1: Biodegradation-hydraulic-mechanical coupled behaviors in landfilled MSW.
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of landfill gas can be calculated according to the chemical
reaction equations above and equations (3)∼(10).

2.3. Hydraulic Model. (e liquid flow and landfill gas
transportation in MSWs are similar to fluid behaviors in the
unsaturated porous medium. In addition to the basic as-
sumptions for continuous porous media, a few assumptions
are applied to derive the governing equations of the hy-
draulic model. (e liquid is assumed to be incompressible;
however, landfill gas is compressible, and the ideal gas law is
satisfied (landfill gas is considered as the mixed gas of CO2
and CH4 in this paper). (e mass conservation equations for
both liquid phase and gas phase in MSWs are built as
follows:

ρw

z

zt
(nS) � ρw∇.

kiwkrw

μw

∇. uw + ρwgz(   + fw, (11)

z

zt
ρgn(1 − S)  � ∇.

kigkrg

μg

∇. ρgug   + fg, (12)

where n is the porosity, S is the liquid saturation, ρw and ρg

are the density of liquid and gas, respectively (kg/m3), ∇. is
the partial differential operator, kiw and kig are the intrinsic
permeabilities for liquid and gas, respectively (m2), krw and
krg are the relative permeability functions for liquid and gas,
respectively, which can be estimated via the van Genuchten
model [41], μw and μg are the dynamic viscosities of liquid
and gas, respectively (kg/(ms)), uw is pore water pressure
(kPa), ug is pore gas pressure (kPa), fw is the source term of
leachate generation (kg/(m3s)), and fg is the source term of
landfill gas generation (kg/(m3s)).

Liquid saturation of MSW can be expressed as a function
of matrix suction under the isothermal condition. (e van
Genuchten model is used to describe the relationship be-
tween saturation and matrix suction in this paper. (e mass
conservation equation for the liquid phase (equation (11))
and gas phase (equation (12)) can be further expressed as
follows:

−ρwn
zS

zs

zuw

zt
+ ρwn

zS

zs

zug

zt
+ ρwS

zn

zt
� ρw∇ ·

kiwkrw

μw

∇. uw + ρwgz(   + fw, (13)

ρgn
zS

zs

zuw

zt
+

n(1 − S)M

RT
− ρgn

zS

zs
 

zug

zt
+ ρg(1 − S)

zn

zt
� ∇ ·

kigkrg

μg

∇. ρgug   + fg, (14)

s � ug − uw, (15)

where s is the suction (kPa), u is the vertical displacement of
a landfill (m), M is the molecular weight of landfill gas (kg/
mol), and R and Tare the ideal gas constant and temperature
(K), respectively.

2.4. Mechanical Model. (e compression characteristics of
MSW are of greater complexity than soil, whose solid
skeleton can be normally regarded as inert materials. (e
solid mass loss of MSWs occurs during the biodegradation
process, which results from that skeleton compressibility
change and further deformation of the landfill body. For
these transportation facilities built above postclosure
landfills, it is necessary to control the postclosure set-
tlement of landfills to reduce the differential deformation
of the facilities. (e vertical settlement during the min-
eralization process of landfills should be paid more
concern for estimating the effectiveness of transportation
facilities above landfills. A one-dimensional compression
model proposed by Chen et al. [42] is used to estimate
landfill compression displacements in this paper. (is
model is based on a series of compression tests on
borehole samples and artificial wastes, which can consider
the decrease in compressibility of MSWs due to decom-
position. (e porosity change of the landfill body can be
estimated based on the vertical volumetric strain of

MSWs, which is described in the implemented model as
follows:

εz σ′, t(  � CC
′ log

σ′
σ0′

+ εdc σ0′(  + CC∞′ − CC
′( log

σ′
σ0′

 

· 1 − exp −cst( ( ,

(16)

σ′ � σT − Suw +(1 − S)ug , (17)

where εz(σ′, t) is the vertical volumetric strain of MSWs
having a filled age of t under the effective stress of σ′ (kPa),
CC
′ and CC∞′ are compression ratios for freshly placed MSW

and fully decomposed MSW, respectively, σ′ is the effective
stress (kPa), which can be calculated according to total stress
σT (kPa) and pore water/gas pressure, σ0 is preconsolidation
pressure (kPa), which is dependent on initial compaction
pressure, εdc(σ0) is the sum of ultimate volumetric strains of
decomposition compression and mechanical creep under
preconsolidation pressure σ0 (kPa), and cs is the secondary
compression rate constant (day−1).

2.5. Solute Migration Model. Because of the dominance of
growth and decay of the solute, diffusion and dispersion of
the solute can be combined, and the effects of adsorption/
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desorption can be neglected [38]. (e mass conservation
equation for the solute (VFA and methanogen) is expressed
as follows, respectively:

z

zt
cinS(  � −∇ · civw(  + ∇ · Di∇ci(  + f

i
c, (i � 1, 2),

(18)

where vw is the fluid velocity of the liquid (m/day), Di are
diffusion coefficients of VFA (i� 1) and methanogen (i� 2),
respectively (m2/day), and fi

c are source terms which
combined growth and decay of VFA and methanogen, re-
spectively (g/(m3 day)).

Similar to the hydraulic model, equation (18) can be
further expressed as follows:

nS
zci

zt
− nci

zS

zs

zuw

zt
+ nci

zS

zs

zug

zt
+ ciS

zn

zt
� −∇ · civw( 

+ ∇ · Di∇ci(  + f
i
c.

(19)

2.6. Biochem-Hydro-Mechanical-Solute Migration Coupled
Model. (e formulations of the biochem-hydro-mechani-
cal-solute migration-coupled model include biochemical
kinetics (equations (3), (7), (9), and (10)), skeleton defor-
mation (equation (16)), the conservation of masses for the
liquid (equation (13)), landfill gas (equation (14)), and solute
(equation (19)).

(e sink term of the solid mass and the source terms of
leachate, solute, and landfill gas are provided by the bio-
degradation model as follows:

(1) Solid mass loss of MSW is given as follows:

fm � Rg − Rj. (20)

(2) Leachate generation due to the release of intra-
particle water in kitchen waste and landfill gas
generation is given as follows:

fw �
18λiw

162 + 18λiw

Rg,

fg � 3Rh.

(21)

(3) VFA and methanogen accumulation is given as
follows:

f
1
c � Rg − Rh,

f
2
c � Rj − Rk.

(22)

(e biochem-hydro-mechanical-solute migration-cou-
pled model proposed in this paper can describe the inter-
action between the biodegradation process and mechanical
behaviors. (e complex behaviors of liquid flow and gas
transport in landfills can be simulated by using this coupled
model, such as a large amount of leachate is generated due to
intraparticle water release in kitchen waste and landfill gas

pressure increases with leachate mound. (ese are impor-
tant features in high kitchen waste-content landfills [12]. A
numerical case for investigating the effect of leachate
recirculation in high kitchen waste-content landfill is pre-
sented in the following section.

3. LeachateRecirculationinHighKitchenWaste
Content Landfill

3.1. Numerical Model of the High Kitchen Waste-Content
Landfill Cell. Kitchen waste releases a large amount of
intraparticle water during the biodegradation process.
Acidification in a landfill body, which is due to the quick
release of intraparticle water, may inhibit both hydrolysis
and methanogenesis reactions. (e stabilization process of
high kitchen waste-content landfills will slow down, which
can cause a number of engineering problems (e.g., landfill
slope failure, impediment of landfill gas generation and flow,
and low landfill gas collection efficiency).

A hypothetical landfill cell with a height of 10m is used
to investigate the effects of different leachate recirculation
operations in high kitchen waste-content landfill. As shown
in Figure 2, it is assumed that all MSWs in the landfill cell
have the same age. (e bottom boundary is a free draining
boundary for both leachate and landfill gas to model the
leachate drainage system working well. (e concentration
gradients of VFA and methanogen are set to 0. (e top
boundary is impervious for landfill gas to simulate the ef-
fective top cover system. (e quantitative effects of three
leachate recirculation conditions, are no recirculation
(control), water injection, and recirculation with treated
leachate, respectively, are investigated via the proposed
coupled model.(e proposed coupledmodel is solved by the
PDE module of COMSOL Multiphysics 5.3. (e coupled
model parameters are listed in Table 1, and the analysis
results are shown in Figures 3–6.

3.2. Effects of Different Leachate Recirculation Operations.
As shown in Figure 3, VFA accumulates rapidly and is
converted slowly by methanogen for the case without
recirculation. VFA concentration in leachate reaches a peak
value of 21.5 g/L during the first 200 days after disposal. (e
acidification time for VFA concentration is greater than
10 g/L, whichmeans serious inhibition of the biodegradation
process occurs in the landfill for nearly 250 days. (e VFA
consumption rate increases with methanogen growth, and
VFA concentration in leachate decreases after 200 days.
However, methanogen decays due to the decrease of VFA
concentration, which results in the methanogenesis reaction
rate decreasing gradually and VFA concentration increasing
slightly after 400 days. For the case of water injection, the
hydrolysis reaction rate increases with moisture content at
an early stage, which leads to a little faster increase of VFA
concentration compared with the case without recirculation.
However, VFA in leachate is diluted due to the increase of
moisture content, and the peak value of VFA concentration
decreases to 15.5 g/L. (e increase in moisture content can
also accelerate the methanogenesis reaction. VFA
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concentration drops to a low level after 200 days, and the
acid inhibition time is shortened obviously. For the case with
treated leachate recirculation, the methanogen in injection
leachate consumes the VFA generated by the hydrolysis
reaction effectively. No remarkable acidification is observed,
and the maximum concentration of VFA in leachate is only
9.6 g/L. Compared with the water injection case, the time
when VFA concentration in leachate drops to less than 2 g/L
is about 50 days earlier. Treated leachate recirculation is the
most effective measure to relieve acid inhibition in the
landfill with high kitchen waste content.

(e ratio of cellulose weight and lignin weight (C/L) is an
important indicator for evaluating the landfill mineraliza-
tion process [47]. Average C/L for MSWs under different
recirculation conditions are shown in Figure 4. During the
first 2 years, the decay rates of C/L for both cases, that are the
water injection condition and treated leachate recirculation
condition, are significantly higher than the case without
recirculation, and the decomposition of MSW for the case
with treated leachate recirculation is the fastest of three
conditions. Average C/L for MSW with treated leachate
recirculation reduces to 0.5 within 1.4 years, it is 1.9 years for

10
m

Free draining boundary 
VFA and methanogen concentration: ∇ci = 0 (i = 1,2)

(i)

(i)
(ii)

(i)
(ii)

(iii)
(iv)

Impervious for landfill gas 

Initial conditions:
Pore water pressure: –ρwgz 
Pore gas pressure: 0
VFA concentration: 0
Methanogen concentration: 10mg/L

(i) Case 1: No recirculation (control)
(ii) Case 2: Water injection 6.96e – 5 kg/(m2s) (6L/t per day) 

(iii) Case 3:

Landfill cell

Top cover system

Treated leachate recirculation 6.96e – 5 kg/(m2s)
(6L/t per day, methanogen concentration: 1000mg/L)

Leachate drainage 
and landfill gas 
collection system

Figure 2: A hypothetical case of the high kitchen waste-content landfill cell with different leachate recirculation conditions.

Table 1: (e coupled model parameters.

Parameter Unit Value
Cellulose content in fresh MSW, mc (dry basis, wt/wt) % 21.4a

Lignin content in fresh MSW, ml (dry basis, wt/wt) % 13.9a

Intraparticle water constant, λiw — 60a

Maximum hydrolysis rate of cellulose, b g/m3/day 250 (kitchen waste)b, 100 (other)b

Inhibition constant of VFA, kh m3/g 0.1b

Inhibition constant of substrate content, n — 2.8b

Maximum growth rate constant of methanogen, kmmax day−1 0.1b

Inhibition constant of methanogen, km m3/g 0.06b

Decay rate constant of methanogen, kd day−1 0.01b

Half-saturation constant of methanogen, ks g/m3 4b

Substrate yield coefficient, Y — 0.08b

Intrinsic permeability, ki m2 6e− 12c

Dynamic viscosity, μ kg/(ms) 1e− 3 (μw), 1.4e− 5 (μg)c

van Genuchten model parameter, α — 0.88c

van Genuchten model parameter, n — 1.6c

Maximum saturation, Ss — 0.95c

Residual saturation, Sr — 0.2c

Initial void ratio of MSW, e0 — 3d

Modified compression index for fresh MSW, CC
′ — 0.2d

Modified compression index for fully decomposed MSW, CC∞′ — 0.1d

Total secondary compression strain, εdc(σ0) — 0.25d

Degradation compression rate constant, cs day−1 0.006d
aBased on typical MSW composition in China [39, 43]; breference from Meima et al. [44] and Chen et al. [45]; creference from Feng et al. [34] and Xu et al.
[46]; dreference from Li et al. [5] and Chen et al. [42].
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the case with water injection, and the case without recir-
culation takes the longest time, that is, 3.4 years, to reduce
the average C/L to 0.5. (ree conditions have a similar C/L
decay rate after 3 years. (e increase of moisture content in
landfills can accelerate the decomposition of MSW at the
initial stage, and the case with treated leachate recirculation
accelerates the landfill mineralization process significantly
via relieving acidification due to the fast hydrolysis of
kitchen waste.

For the case without recirculation, acidification inhibits
the methanogenesis reaction at the initial stage, which re-
sults in the landfill gas generation rate keeping at a low level
until the VFA concentration in leachate begins to decrease.

(eVFA in leachate is diluted due to water injection, and the
stable methanogenesis stage starts earlier than the case
without recirculation due to the acidification relief in the
landfill. (e methanogen in treated leachate can consume a
large amount of VFA generated by fast hydrolysis of kitchen
waste effectively, and the landfill gas generation rate in-
creases significantly in the first 0.5 years (see Figures 3
and 5). Landfill gas generation increase with the decrease
of C/L, about 70% of landfill gas generation potential has
been released when the average C/L reduces to 0.5 (see
Figures 4 and 5). However, it can be found that the accu-
mulative landfill gas generation for both the case with water
injection and the case with treated leachate recirculation is a
little lower than the case without recirculation. A part of
methanogenesis reaction substrates in leachate is discharged
from the leachate drainage system at the bottom of the
landfill, which leads to a loss of landfill gas generation
potential. Similar phenomena have been found in experi-
mental research by Zhan et al. [12]. For the case with treated
leachate recirculation, most methanogenesis reaction sub-
strates are consumed before being discharged from the
bottom due to a high concentration of methanogen, and the
loss of landfill gas generation potential is not obvious. As
shown in Figure 5, the active landfill gas generation period
lasts approximately 2 years, and recirculation with treated
leachate can promote landfill gas generation at this period.
However, the improvement effect on landfill gas generation
is limited after 2 years.

Figure 6 indicates that the increase of moisture content
via water injection or leachate recirculation can accelerate
the long-term degradation compression of landfills with
high kitchen waste content. (e degradation compression
strain takes 6.7 years to reach the settlement stabilization for
the case with treated leachate recirculation, but it will take
more than 10 years for the case without recirculation.
Leachate recirculation will lead to a larger settlement at the
initial stage (the degradation compression strain reaches
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17.9% in the first 2 years for this case), which may cause a
failure of landfill infrastructures, such as cover systems,
leachate collection and drainage systems, and landfill gas
collection systems. (e disadvantages of leachate recircu-
lation on landfill infrastructure should be estimated, and the
amount of recirculation needs to be evaluated accurately
when the recirculation operation is designed [48].

4. Conclusions

(is paper has presented the formulation of a coupledmodel
for the analysis of the landfill stabilization process. (e
biochemical, hydraulic, and mechanical behaviors under
different recirculation conditions are investigated via a
hypothetical case for the landfill with high kitchen waste
content. (e following conclusions can be obtained:

(1) (e hydrolysis of kitchen waste results in a signifi-
cant increase of VFA concentration in leachate.
Introducing methanogen into the landfill via recir-
culating with treated leachate can relieve acidifica-
tion in landfills effectively and accelerate the
stabilization process of landfills with high kitchen
waste content.

(2) Leachate recirculation has significant effects on ac-
celerating the decomposition of MSWs with high
kitchen waste content in the first 2 years, which
increases landfill gas generation rate and degradation
compression. When the mineralization process en-
ters the slow degradation stage, the effects of leachate
recirculation are limited.(e economic performance
and integrity of landfill infrastructure should be
considered in the design of leachate recirculation
operation.

(3) A part of landfill gas generation potential will lose
due to leachate drainage. Leachate collected from
fresh MSW can be used to recirculate when an active

landfill gas generation period starts. It would benefit
from the supplements of landfill gas generation
potential and the removal of the contaminant in
fresh leachate.

(4) Leachate recirculation can reduce postclosure set-
tlement effectively, which is helpful to the con-
struction and operation of transportation facilities
above landfills. (e rapid decomposition of organic
content in MSWs due to leachate recirculation re-
sults in a significant decrease in residual content of
degradable organic content in the mineralized waste,
which can improve the mechanical properties as a
kind of construction material.
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dimensional modelling of coupled leachate and gas flow in
bioreactor landfills,” Computers and Geotechnics, vol. 84,
pp. 138–151, 2017.

[35] W. Powrie, R. Beaven, and A. Hudson, “(e influence of
landfill gas on the hydraulic conductivity of waste,” in Pro-
ceedings of the GeoCongress: Geotechnics of Waste Manage-
ment and Remediation, pp. 264–271, New Orleans, LA, USA,
March 2008.

[36] K. R. Reddy, H. Hettiarachchi, J. Gangathulasi, and
J. E. Bogner, “Geotechnical properties of municipal solid
waste at different phases of biodegradation,” Waste Man-
agement, vol. 31, no. 11, pp. 2275–2286, 2011.

[37] M. El-Fadel, A. N. Findikakis, and J. O. Leckie, “Numerical
modelling of generation and transport of gas and heat in

Advances in Civil Engineering 9



landfills I. Model formulation,” Waste Management & Re-
search, vol. 14, no. 5, pp. 483–504, 1996.

[38] J. McDougall, “A hydro-bio-mechanical model for settlement
and other behaviour in landfilled waste,” Computers and
Geotechnics, vol. 34, no. 4, pp. 229–246, 2007.

[39] Y. M. Chen, L. T. Zhan, and Y. C. Li, “Biochemical, hydraulic
and mechanical behaviours of landfills with high-kitchen-
waste-content MSW,” in Proceedings of the 7th International
Congress on Environmental Geotechnics, Melbourne, Aus-
tralia, November 2014.

[40] V. A. Vavilin, S. V. Rytov, L. Y. Lokshina, S. G. Pavlostathis,
and M. A. Barlaz, “Distributed model of solid waste anaerobic
digestion: effects of leachate recirculation and pH adjust-
ment,” Biotechnology and Bioengineering, vol. 81, no. 1,
pp. 66–73, 2003.

[41] M. T. van Genuchten, “A closed-form equation for predicting
the hydraulic conductivity of unsaturated soils,” Soil Science
Society of America Journal, vol. 44, no. 5, pp. 892–898, 1980.

[42] Y. Chen, H. Ke, D. G. Fredlund, L. Zhan, and Y. Xie, “Sec-
ondary compression of municipal solid wastes and a com-
pression model for predicting settlement of municipal solid
waste landfills,” Journal of Geotechnical and Geo-
environmental Engineering, vol. 136, no. 5, pp. 706–717, 2010.

[43] P. J. He, X. Qu, L. M. Shao et al., “Leachate pretreatment for
enhancing organic matter conversion in landfill bioreactor,”
Journal of Hazardous Materials, vol. 142, no. 1-2, pp. 288–296,
2007.

[44] J. A. Meima, N. M. Naranjo, and A. Haarstrick, “Sensitivity
analysis and literature review of parameters controlling local
biodegradation processes in municipal solid waste landfills,”
Waste Management, vol. 28, no. 5, pp. 904–918, 2008.

[45] Y. Chen, R. Guo, Y.-C. Li, H. Liu, and T. L. Zhan, “A deg-
radationmodel for high kitchen waste contentmunicipal solid
waste,” Waste Management, vol. 58, pp. 376–385, 2016.

[46] X. B. Xu, T. L. T. Zhan, Y. M. Chen, and R. P. Beaven,
“Intrinsic and relative permeabilities of shredded municipal
solid wastes from the Qizishan landfill, China,” Canadian
Geotechnical Journal, vol. 51, no. 11, pp. 1243–1252, 2014.

[47] R. K. Ham, M. R. Norman, and P. R. Fritschel, “Chemical
characterization of fresh kills landfill refuse and extracts,”
Journal of Environmental Engineering, vol. 119, no. 6,
pp. 1176–1195, 1993.

[48] M. M. Haydar and M. V. Khire, “Leachate recirculation using
horizontal trenches in bioreactor landfills,” Journal of Geo-
technical and Geoenvironmental Engineering, vol. 131, no. 7,
pp. 837–847, 2005.

10 Advances in Civil Engineering


