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ABSTRACT: The skeleton of degradable soils can be divided into inert and degradable components. Solid mass loss and particle size 
change make different consolidation behaviors between tradition soils. A degradation-consolidation coupled model is proposed to 
investigate the mechanism of consolidation behavior in degradable soils. The governing equations include bio-chemical kinetics, 
mechanical equilibrium and the conservation of masses for water, solute and gas. This model is used to predict the stabilization process of 
the landfill, which can provide valuable information to landfill operations and landfill extension designs. 

RÉSUMÉ : Le squelette des sols dégradables peut être divisé en composants inertes et dégradables. La perte de masse solide et le 
changement de taille de particules font des différents comportements de consolidation entre les sols traditionnels. Un modèle couplé de 
dégradation-consolidation est proposé pour étudier le mécanisme du comportement de la consolidation dans les sols dégradables. Les 
équations gouvernantes comprennent la cinétique bio-chimique, l'équilibre mécanique et la conservation des masses pour l'eau, le soluté et 
le gaz. Ce modèle est utilisé pour prédire le processus de stabilisation de la décharge, qui peut fournir des informations précieuses pour les 
opérations de la décharge et les conceptions d’extension de la décharge. 
 
KEYWORDS: degradable soil; consolidation; biodegradation; coupled model; municipal solid waste; landfill stabilization 

1 INTRODUCTION.  

Traditional geotechnical engineering encounters challenging 
problems with rapid development of many fields, such as 
transportation engineering, environmental engineering, offshore 
platform foundation engineering, and new energy engineering. 
Soil skeleton is assumed to be stable in the traditional soil 
mechanics. But some special soils, such as municipal solid 
waste, calcareous mudstones, and natural gas hydrate, have 
solid skeleton that can be converted into liquid or air phase by 
biological and chemical processes. Such soils are called as 
degradable soils (McDougall 2004a). The typical composition 
of degradable soils is shown in Figure 1. Degradable soil is 
composed of materials in solid, liquid and gas phases. Solid 
materials, which form the solid skeleton of soils, can be divided 
into inert and degradable components. The degradation process 
of degradable soil is associated with the transformation among 
the three phases of the materials. Solid mass loss and particle 
size change due to degradation, a series of complex reactions 
produce solutes and gases, which also induce the changes of 
engineering properties of degradable soils (Zhan et al. 2008). 

 

Figure 1. Composition and transformation of three-phase 
materials in degradable soils 

The consolidation behavior of degradable soils is highly 
dependent on degradation process (McDougall 2004b, Chen et 
al. 2009, Bareither et al. 2012). There are often some obvious 
differences between the actual settlement monitoring records of 
degradable soils and the prediction results by using traditional 
soil mechanics. In this paper, a degradation-consolidation 
coupled model is proposed to simulate the consolidation process 
of degradable soils. Numerical analyses are firstly carried out to 
investigate the fundamental difference between consolidation of 
unsaturated soils and that of municipal solid wastes (MSWs). 
The degradation-consolidation coupled behaviors in a landfill 
are then simulated by the proposed model, and the results are 
compared to the results of field tests and monitoring data. 
 
2 CONSOLIDATION MODEL OF DEGRADABLE SOILS.  

Coupled processes including solid skeleton deformation, pore water 
flow, solute transport and pore gas flow occur in degradable soils (see 
Figure 2,). Compared to the traditional hydro-mechanical coupled 
process (e.g., unsaturated consolidation problem), these processes in 
degradable soils are highly dependent on the biochemical process. 

 

Figure 2. Degradation-consolidation coupled processes in 
degradable soils 
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 Great advancements have been made in the development of 
models for analyzing coupled behaviors in degradable soils 
(McDougall 2007, Hettiarachchi et al. 2009, Chen et al. 2012). 
Chen et al. (2014) proposed a degradation-consolidation 
coupled model for degradable soils based on the experimental 
and theoretical studies. The formulations include mechanical 
equilibrium (Eq. 1) and the conservation of masses for water 
(Eq. 2), solute (Eq. 3) and gas (Eq. 4). In addition to the basic 
assumptions for continuous porous media, a few assumptions 
are applied to derive the governing equations. Inert solid matter 
and pore water are assumed to be uncompressible. The effects 
of solute on the density, volume and permeability of pore water 
are neglected. The generation, consumption and transfer of heat 
are not considered. 
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where the displacement u (m), pore water pressure uw (Pa), pore 
gas pressure ua (Pa) and solute concentration ci (kg/m3) are the 
independent variables of the governing equations. Coefficient 
storage matrices (e.g., Cua, Cuw, Cuu, Cwa and so on) are 
dependent on geoenvironmental engineering properties in 
Eq.1~4, including: (i) the sink term of the solids and the source 
terms of water, solute and gas due to biodegradation; (ii) strain 
coefficients with respect to the net normal stress, matric suction    
and biodegradation; (iii) water volume change coefficients with 
respect to the net normal stress Sσ (Pa-1), matric suction  and 
biodegradation St (Pa-1); (iv) intrinsic permeability and relative 
permeabilities of liquid  and gas; and (v) solute transport 
coefficients with respect to molecular diffusion and mechanical 
dispersion Di (m2/s). P is a linear operator; b (Pa) is the body 
force; vw (m/s) is the water velocity; Na (mol/m2/s) is the gas 
flux; R (m3/Pa•K/mol) and T (K) are the ideal gas constant and 
temperature, respectively. 

The coupled model is solved numerically by finite element 
method. Due to limited space, the expressions of storage 
matrices and values of parameters can refer to study of Chen et 
al. (2014) in the following sections. The governing equations 
(Eqs. 1~4) show that the coupled model is able to describe the 
problem of unsaturated consolidation associated with 
contaminant transport. As a result of pore water flow, solute 
transport and pore gas flow processes, the evolution of 
decomposition conditions (e.g., water content, solute 
concentration and gas concentration) occurs in degradable soils. 
Biodegradation plays two important roles in the coupled 
behaviors (see Figure 2): (i) providing the sink term of solids 
and the source terms of water, solute and gas and (ii) inducing a 
change in the geoenvironmental engineering properties of 
degradable soils. 

3 CONSOLIDATION BEHAVIORS OF UNSATURATED 
SOILS AND MSWS 

MSW is a typical kind of degradable soil, degradation of 
landfilled waste results in loss of solid mass, leachate and gas 
generation. This process weakens solid skeleton and leads to 
further compression, which subsequently cause a decrease in 
permeability. The change of permeability and the generation of 
gas and liquid due to degradation make the consolidation 
process in municipal solid waste very complicated (Chen et al. 
2010, 2012). The proposed coupled model can be transformed 
into unsaturated consolidation equations (Fredlund and 
Rahardio 1993) when the degradation effect is neglected. A 
hypothetical cell with a 10 m height (see Figure 3) is used to 
investigate the unsaturated consolidation behaviors of soils and 
that of municipal solid wastes. It is assumed that the MSW cells 
all have the same age. The top boundary has a 0.1m constant 
head to simulate infiltration. The distribution of gas pressure 
and the development of settlement are compared between soils 
and MSWs. The obtained results are shown in Figure 4~5. 

 

Figure 3. One-dimensional case for unsaturated consolidation 

The pore gas pressure change of soil is insignificant during 
consolidation process, the maximum pore gas pressure at the 
bottom is only 21.5 Pa, and the pore gas pressure has already 
started to dissipate after 200 days. The degradation of MSWs 
produced a large amount of landfill gas, the infiltration at the 
top boundary also leads to a low permeability of landfill gas, 
which causes a significant increase in the pore gas pressure. For 
the case with MSWs, the pore gas pressure at the bottom 
increases to 4 kPa, which still maintains growth after 200 days 
(see Figure 4). A loss of degradable components in MSW can 
weaken the solid skeleton. Degradation make a major 
contribution to long-term settlement, which is different from the 
tradition unsaturated consolidation problem (Wall and Zeiss 
1995, Li et al. 2013). As shown in Figure 5, the settlement of 
MSW is 2.04m at 200 day, however, that of soil is only 0.12m. 
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Figure 4. Pore gas pressure distribution in soils and MSWs 

 

Figure 5. Settlement in soils and MSWs 

4 STABILIZATION PROCESS OF THE LANDFILL 

The stabilization of MSW landfills includes the following two 
aspects: settlement, leachate and gas generation being 
completed and the pollution level of the leachate achieving the 
requirements of the discharge standards. The average value of 
C/L (ratio of cellulose to lignin) in the MSW in the landfill can 
be used to evaluate the degree of landfill stabilisation and to 
predict the long-term stabilization process (He et al. 2007, 
McDougall 2007), which can guide the management of landfill 
operations. 

The presented coupled model is applied to analyze the stabilization pr
ocess of the Jiangcungou Landfill, Xi’an, China. The MSW samples 
were drilled at depths from 3.8 to 39.8 m in this landfill. According to 
the filling history, the ages of samples at different depths can be estim
ated and have a range of 1 to 12.5 years. The C/L testing results of sa
mples are plotted against their ages in Figure 7. 

 

Figure 6. One-dimensional case for stabilization process 
analysis of Jiangcungou landfill 

A 40-m-high-landfill case shown in Figure 6 is used to predict 
the stabilization process of Jiangcungou Landfill. It is also 
assumed that the MSW cells all have the same age. The pore gas 
pressure is kept at 0 kPa to simulate an immediate collection of 
generated LFG. The pore water pressure and VFA concentration 
gradient are set to be zero at the bottom boundary, which means 
that the drainage system at bottom of landfill works fine. The 
top boundary is impervious for pore water but free for gas flow. 
The concentration of methane bacteria in leachate remains at 
100 mg/L. The average C/L and consolidation degree of the 
landfill are evaluated, and the long-term landfill stabilisation 
process for 40 years is predicted. 

As shown in Figure 7, the average C/L value decreased rapidly 
during the first year after disposal and then considerably slowly 
after that. The average C/L value decreases to 0.35 after 15 
years, and the decrease rate of average C/L is lower than 
0.01/year. The prediction results are proven by field tests. The 
compressibility of MSW is affected by degradation degree (El-
Fadel and Khoury 2000), obvious settlement occurs at the rapid 
degradation stage (see in Figure 8). The prediction of 
consolidation degree is shown in Figure 8. Rapid degradation in 
the first year results in significant soften of solid skeleton, 35% 
of the total settlement is completed during this period. The 
consolidation degree reaches 0.93 after 15 years, then settlement 
developed very slowly. When the landfill reach post-
stabilization stage (after 15 years), the C/L of MSW changes 
very slowly and the settlement stabilization is completed 
basically. 

 

Figure 7. Average C/L of field samples and prediction with 
varied ages 

 

Figure 8. Change of consolidation degree with time 
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 According to the decay rate of C/L, the degradation-
consolidation coupled process of the landfill can be divided into 
three stages: C/L decreased rapidly during fast degradation 
stage, and obvious settlement occurred at this stage. During 
slow degradation stage, the degradation rate was slow, and 
settlement developed slowly. When landfill reached 
stabilization stage, C/L of MSW changed very slowly, and 
settlement stabilization was completed basically. 

5 CONCLUSION 

Engineering properties of degradable soils are distinguished 
from traditional soils. Solid mass loss and particle size change 
lead to the different consolidation behaviors. The work in this 
paper i m p r o v e d  the understanding of mechanism of 
consolidation behavior of degradable soils. Numerical studies 
through the degradation-consolidation coupled model showed 
that degradable soils tend to have larger pore gas pressure and 
long-term settlement. The model developed can be used to 
predict the stabilization process of MSW landfills. Estimation of 
consolidation degree and prediction of settlement process can 
also be useful to prevent or control geo-environmental problems 
in MSW landfills, and to make full use of land resource and 
increase the storage of landfills.  
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