:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Maxim Lebedev,
Curtin University, Australia

REVIEWED BY

Danging Song,

Tsinghua University, China

Li Wang,

China Three Gorges University, China

*CORRESPONDENCE
Bo Peng,
1543305760@qg.com

SPECIALTY SECTION
This article was submitted
to Solid Earth Geophysics,
a section of the journal

Frontiers in Earth Science

RECEIVED 01 October 2022
AccepTED 31 October 2022
PUBLISHED 17 January 2023

CITATION

Li X, Peng B and Li J (2023), Constitutive
model for stress—Strain responses of
municipal solid waste considering
fibrous reinforcement.

Front. Earth Sci. 10:1059234.

doi: 10.3389/feart.2022.1059234

COPYRIGHT
© 2023 Li, Peng and Li. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Earth Science

Tvpe Original Research
PUBLISHED 17 January 2023
Dol 10.3389/feart.2022.1059234

Constitutive model for
stress—Strain responses of
municipal solid waste
considering fibrous
reinforcement

Xiulei Li*, Bo Peng?* and Jinfeng Li*

School of River and Ocean Engineering Chongging Jiaotong University, Chongging, China, 2School of
Materials Science and Engineering Chongging Jiaotong University, Chongging, China, *School of
Architecture and Engineering Chongging Industry Polytechnic University, Chongging, China

The triaxial test results of municipal solid waste (MSW) with different fibrous
content show that reinforcement of fibrous materials is the key factor affecting
the mechanical properties of MSW. Thus, MSW is regarded as a composite of
fibrous materials (plastic +textiles) and paste (i.e., any other non-fibrous
materials). Under load, its mechanical behavior is determined by the two
materials listed previously. This study introduces the notion of fibrous-
reinforced parameters and provides the corresponding evaluation equation.
A new plastic potential function reflecting the reinforcement effect of fibrous
materials is developed to establish the elastoplastic constitutive model for
predicting stress—strain responses of MSW. Comparing anticipated and
experimental findings of various MSW demonstrates that the suggested
constitutive model's predictions are in good accordance with the test data.
This model reproduces the essential aspects of the upward curving of the
stress—strain curves and continuous volumetric strain increase with axial strain
more precisely during loading, particularly for the upward curve form at a higher
strain level. Meanwhile, the modelis also able to capture the characterization of
larger volumetric strains for MSW specimens with a higher fibrous content and
larger volumetric strain for lower confining stress. Comparing the measured
data and model parameter analysis reveals that the suggested model can
accurately mimic the mechanical and deformation properties of MSW,
hence providing a theoretical foundation for the landfill project.

KEYWORDS

municipal solid waste (MSW), triaxial compression tests, fibrous reinforcement,
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1 Introduction

Rapid economic expansion, growing population, and
urbanization have resulted in a considerable amount of
municipal solid waste (MSW) being produced daily on a
global scale. Due to its economic viability, landfilling has
become the most prevalent method for disposal of municipal
solid waste. A substantial proportion of the solid waste generated
in the United States (52.6%), Canada (69.8%), Spain (56.7%),
Australia (49%), and China (64.6%) is disposed off in landfills
(US. EPA, 2016; CHN, 2018; Chen et al, 2018; OECD
(Organization for Economic CO-Operation and
Development), 2017) (United States EPA 2016; OCED 2017;
Chen etal., 2018; CHN. NBS, 2018). The optimization design and
long-term stability of landfills are serious challenges in
geotechnical ~engineering. Some geotechnical engineering
problems in landfills are close to the physical and mechanical
properties of MSW, such as slope stability, settlement
deformation, and leachate seepage (Dixon and Jones, 2005;
Feng et al., 2017). MSW is a typical anisotropic material, and
its physical and mechanical properties are affected by many
factors, including composition, water content, degradation
degree, density, and particle distribution.

MSW comprises the majority of the entire landfill system. In
landfill engineering, a reliable evaluation of its stress—strain
behavior is crucial for slope stability analysis and settlement
deformation prediction. Direct shear (DS), single shear (SS), and
conventional triaxial compression (CTXC) tests are commonly
used to measure the stress—strain responses of MSW in the
laboratory Vilar and Carvlho. (2004); Zhan et al. (2008); Bray
etal. (2009); Reddy et al. (2009); Zekkos et al. (2010); Karimpour-
Fard et al. (2011); Reddy et al. (2011); Zekkos et al. (2012); Zhao
et al. (2014); Babu et al. (2015); Reddy et al. (2015); Abreu and
Vilar. (2017); Ramaiah et al. (2017); Ramaiah and Ramana
(2017); Shariatmadari et al. (2017); Zekkos and Fei. (2017);
Zhang et al. (2018); Zhang et al. (2019). As far as laboratory
tests are concerned, the stress—strain curves of MSW obtained
from CTXC tests usually exhibit an obvious upward curvature at
large strain levels without any clear sign of failure observed for
the common range of strain attained in these tests. This behavior
is attributed to the mobilized reinforcement of fibrous elements
present in MSW, such as plastics and textiles. In direct shear and
testing, that
hyperbolas typically exhibit a concave downward shape, and

single stress-displacement curves resemble
peak shear stresses can sometimes be attained for the
displacement range covered by these tests. Due to specimen
compaction, the main fibrous materials become parallel to the
shearing plan, which results in less mobilized reinforcement of
fibrous materials during tests Bray et al. (2009); Zekkos et al.
(2010); Zekkos et al. (2012); Zekkos and Fei. (2017). The
physicomechanical properties of municipal solid waste
incineration bottom ash (MSWIBA) were investigated using

ultrasonic wave velocity test and triaxial compression test
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Song et al. (2019); Xiang and Song. (2020), and the
stress—strain relationships of MSWIBA were described by the
modified Duncan-Chang model Xiang et al. (2021).

At present, there are few reliable constitutive models for MSW.
The conventional soil constitutive models usually describe
stress—strain responses of MSW Babu et al. (2010); Singh et al.
(2011); Asadi et al. (2017). However, MSW has some special
different like  high

compressibility, biodegradability, and fibrous reinforcement.

properties from common soils
The properties of upward curvature shape in the stress—strain
curves and volumetric strain sustainable increasing with the axial
strain obtained from CTXC tests are quite difficult to simulate
using the existing soil constitutive models. In recent years, several
scholars have tried to study the constitutive model for MSW by
considering unique its physical and mechanical performance.
Machado et al. (2002); Machado et al. (2008) regarded solid
waste as a composite material consisting of paste and fibrous
material and used the ideal elastic—plastic model and non-
associated flow rule in the framework of critical soil mechanics
to simulate the mechanical characteristics of fibrous and paste
materials. Then, a composite constitutive model is established for
MSW by superimposing the aforementioned two models
according to the volume ratio of paste and fibrous materials.
Later, Machado et al. (2017) again proposed a constitutive
framework to model the undrained loading of MSW based on
the aforementioned composite constitutive model, taking particle
compression and fibrous tensile stress into account. Because many
kinds of fibrous materials are included in MSW, however, the
mechanical parameters of various fibrous materials are very
different and relatively difficult to determine, which limits the
application of the Machado model to a certain extent. Based on the
Duncan-Chang model, Ke et al. (2014) developed a nonlinear
constitutive model for municipal solid waste that accounts for
degradation of organic content. However, it is difficult for the
model to predict the stress—strain responses at larger strain level.
Chouksey and Babu (2015) superimposed the existing creep model
and biodegradation model of MSW with the typical modified
Cam-Clay model to simulate the mechanical and deformation
properties of MSW, but the reinforcing action of fibrous materials
is not fully reflected. Considering particle compression, Lii et al.
(2017) proposed a yielding equation with power function form and
adopted the non-associated flow rule to develop the constitutive
model for MSW. Due to insufficient consideration of the
reinforcing action of fibrous materials, it is evident that the
aforementioned models do not adequately capture the
stress—strain-volumetric change behavior of MSW.

MSW is a composite of paste and fibrous materials, and its
mechanical and deformation properties depend on the
interaction between the two materials. According to the
stress-strain responses of MSW with different fibrous contents
from triaxial tests, a constitutive model suitable for MSW is
derived from a newly developed plastic potential function

reflecting the reinforcement of fibrous materials.
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TABLE 1 Composition of the MSW samples.

Component (% by dry weight)
Plastic * 12.4

Textile * 5.7

Paper * 11.2

Wood 49

Rubber 34

Glass and inert 4.0

Gravel and brick 5.5

Metal 0.6

Miscellaneous (<5 mm materials) 52.3

* Fibrous material (length <1/3 diameter of MSW, sample).

2 Laboratory tests and methods
2.1 Specimen preparation

Solid waste was taken from a sanitary landfill on the
outskirts of the Chinese city of Yancheng in order to
prepare specimens for tests. The samples of solid waste
from drilling holes were placed in plastic drums with tight
seals and then transported to the laboratory. First, the
collected MSW was treated, for instance, by removing the
larger block bodies of wood, stone, bricks, textiles, metals, and
plastic bottles, . Second, the remaining part was dried in an
oven at 60 °C to a constant weight. Finally, Table 1 shows the
percentages of plastic, textile, paper, wood, glass and inert,
gravel and bricks, and other miscellaneous pastes that make up
the collected MSW, as obtained by the manual sorting method.

To ensure all prepared MSW specimens have the same initial
state, the reconstituted MSW specimens with a diameter of
40 mm and a height of 86 mm were measured using the
conventional triaxial compression tests. According to the
Technical Specification of Soil Test of Landfilled Municipal
Solid Waste (Industrial Standard of the People’s Republic Of
China (CJJ/T 204-2013)), the maximum particle size and the
length of the fibrous materials’ (i.e., plastic and textiles) are,
respectively, not larger than 1/8 and 1/3 of the specimens’
diameter. These prepared MSW specimens have a dry density
of 0.69g/cm3, an initial void ratio of 2.0, and an initial moisture
content of 50%.

2.2 Testing program

The consolidated drained (CD) CTXC tests were carried out
for the reconstituted MSW specimens using consolation
confining pressure of 100, 200, 300, and 400 kPa. Before tests,
the MSW specimens were saturated in combination with vacuum
pumping saturation, water head saturation, and back-pressure
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FIGURE 1
GDS triaxial test apparatus.
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FIGURE 2

Relationship of MSW volumetric change with time during
consolidation

saturation methods. The detailed saturation methods were
reported by Li and Shi. (2016). Then, the saturated specimens
were placed in a triaxial pressure chamber to consolidate by
applying a constant confining pressure until the volume change
rate was negligible. Finally, the specimens were tested at a
shearing rate of 0.02 mm/min after consolidation. The triaxial
test apparatus is shown in Figure 1.

During tests, the axial strain ¢,, volumetric strain ¢, axial
effective stress 0’1, and confining effective stress 0'3 can be obtained
directly. The radial strain & and shear strain & could be
calculated using Eq. 1 by Shariatmadari et al. (2009).

1-¢, 2

&=1- ;ss=§(ea—er)

1

1-¢,
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FIGURE 3
MSW specimens before (A) and after (B) triaxial tests.
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Triaxial test results of MSW specimens for different confining pressures: (A) deviatoric stress vs. axial strain; (B) volumetric strain vs. axial strain.

Under axisymmetric conditions, the mean normal effective
stress p’ and the deviator stress g are defined as follows in Eq. 2.

p’=(0'1+20’3)/3;q=0'1—o; )

3 Test results and discussion

3.1 Stress—strain and volume change
behavior

Figure 2 shows the variation of MSW volumetric strain with
time during consideration under different confining stresses. It
can be observed that the consolidation process of the MSW
specimen could not be finished in a short time. The volume
change is very large initially, and the primary consolidation is
completed in 30 min. The volume change tends to be stable after
150 min. After 300 min, the proportion of volume change to the
initial total volume of the MSW specimen is less than 0.01%,
indicating that MSW specimen consolidation is complete. The

Frontiers in Earth Science

04

larger the consolidation confining pressure, the larger the volume
change of the MSW specimen. After the MSW specimen is
consolidated, the CTXC tests are carried out under drainage
conditions. Figure 3 presents the appearance of the MSW
specimen before and after the test. The MSW specimen has a
large compression deformation as shown in Figure 3B, and the
lateral swelling is very small, which confirms the high
compressibility of MSW. The stress—strain and volume change
curves of MSW specimens at different confining pressures are
shown in Figure 4.

As shown in Figure 4, the stress—strain curves of the MSW
specimen demonstrate strain-hardening behavior. The deviator
stress continues to increase with axial strain without exhibiting
any peak or tending to an asymptotic value even up to 30% axial
strain. At the same axial strain, the specimen with larger
confining pressure has higher deviatoric stress. As shown in
Figure 4A, an upward curvature in stress-strain curves is
observed since the axial strain is larger than 15%. When the
axial strain exceeds 15%, the MSW specimen becomes requite
dense, resulting in strong locking and squeezing effect between
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TABLE 2 Void ratio of MSW specimens, both before and after shear
tests.

Void ratio  Confining pressure (kPa)

100 200 300 400
Ein 2.0 2.0 20 2.0
€0 1.632 1410 1235  1.092
€30 1.113 1015 0906  0.844
€0 - ein 0.377 059 0765  0.908
€30 - ¢0 0.519 0395 0329 0248

Note: ein represents the initial void ratio, e0 represents the void ratio after consolidation,
and €30 is the void ratio at the axial strain of 30%.

the fibrous materials and paste (i.e., soil-like components). Due
to the fibrous material having higher tensile strength, the fibrous
materials begin to play reinforcement at a larger strain level. The
fibrous reinforcement can limit the lateral deformation of MSW
specimens under loading. The larger the axial strain, the more
pronounced the fibrous reinforcement. Hence, an upward
curvature in stress-strain curves is observed at the larger axial
strain.

As shown in Figure 4B, the volumetric strain of the MSW
specimen is also increasing continuously with the axial strain
different from common soils, but its increase rate is decreasing
gradually. The volumetric strain decreases with the increase of
confining stress, similar to some results reported in the existing
literature Machado et al. (2002); Vilar and Carvlho. (2004); Zhan
et al. (2008); Karimpour-Fard et al. (2011), but it is just contrary
to results found from common clay soils. The void ratios of MSW
specimens are presented in Table2 before and after the
consolidation and completion of compression shear test under
different confining stresses. From Table 2 and Figure 4, the larger
the confining pressure, the larger the volume change during

A 1600 : : : :
R
= FC=0% ]_03=|00kPa ."
=12801 ¢ FC=17.8% g L
- _ *
< : ig:‘l);”’w J-0,=200kPa .,:’ .
. B 0
% 9601 & i
15 Vs
17
2 6404 -
S
<
%
] 320} -
0~ t t t t
0 7 14 21 28 35

aixal strian, ¢, (%)

FIGURE 5
Triaxial test results of MSW specimens for different fibrous contents:
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consolidation, resulting in a smaller volume change during the
compression shear test.

3.2 Effect of fibrous material on
stress—strain—volume behavior

The effect of the fiber content (FC) (i.e., the percentage by dry
weight of reinforcing materials) on the mechanical properties of
MSW is studied using CD-CTXC tests. As shown in Figure 5, the
experimental curves are obtained from the two kinds of solid
waste with a fiber content of 17.8 and 0%. The stress—strain
responses of MSW specimens with a non-fiber content exhibit an
asymptotic value at a large axial strain without exhibiting upward
curvatures, similar to a hyperbolic shape. The volumetric strain
of MSW with non-fiber content is much smaller at larger strains
than that of specimens with a fiber content of 17.8%.

Ramaiah (2017) the
stress—strain-volume change behavior of MSW specimens
with different fibrous content (i.e., including 0, 1.8, 7.8, and

and  Ramana reported

10.2%) using an automatic triaxial testing system. These MSW
samples were excavated from Ghazipur and Okhla sanitary
landfills located in Delhi, India. The age of MSW varied
between 3 and 5.5years. The measured dry unit weight of
MSW is 7.5 kN/m3. All the MSW specimens have the same
diameter of 70 mm and height of 140 mm. The specimens with
different fiber content were subjected to saturation and then
isotropically consolidated at a confining pressure of 50 kPa. The
MSW specimens were sheared at a constant strain rate of 0.1%/
min. As shown in Figure 6A, the stress-strain curves of MSW
change gradually from strain-hardening to strain-softening
behavior with decreasing fiber content. The deviatoric stress
of MSW specimens with a high fiber content (i.e., FC = 10.2%
and FC = 7.8%) increases continuously as the axial strain
increases, and the increasing trend keeps even up to the axial

B 25 : : : :
v FC=0% T 5-200kPa

<201 * FC=178% 13
2
< £ FC=0% 5 00kpa /
! + FC=17.8%
g 151 1
2
£ 10} 1
£
i
S st 1

0 : | | :

0 7 14 21 28 35

Axial strain, &, (%)

(A) deviatoric stress vs. axial strain; (B) volumetric strain vs. axial strain.
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Test data from Ramaiah and Ramana?21 (2017) for different fibrous contents at confining pressure of 50kPa: (A) deviatoric stress vs axial strain; (B)

volumetric strain vs axial strain.

strain of 30%. It should be noted that the MSW specimens with
low or no fiber contents (i.e., FC = 0% and FC = 1.8%) exhibited
failure or a tendency to fail, similar to that of conventional soils.
Continuous increase in deviatoric stress for the MSW specimen
with a high fiber content can be attributed to the reinforcing
effect of the fibrous material, i.e., the tensile strength of fibrous
materials the limit
deformation, similar to the mechanism observed in reinforced
soils Shukla et al. (2009); Jamei et al. (2013) and fibrous peats
Mesri and Ajlouni. (2007); O’Kelley and Zhang. (2013). As
shown in Figure 6A, the specimen with high fiber content

contributes to of specimen lateral

exhibits gradually higher shear strength with the axial strain.
Thus, the reinforcing effect of the fibrous material appears
gradually with the strain, and the fiber content plays a key
factor to impact on the stress—strain behavior of MSW only at
larger axial strain. The aforementioned analysis shows that the
mechanical behavior of MSW is dependent on the performance
of fibrous materials and paste. The mechanical properties of paste
are similar to those of conventional soils, and the fiber content
has an important impact on the stress—strain behavior.
Therefore, the MSW can be regarded as a composite of
fibrous materials and paste.

In addition, it can be seen from Figure 5B and Figure 6B that
the volume change is also affected significantly by fiber content.
The volumetric strains of MSW specimens having high fiber
content continue to increase with axial strain. However, the
volumetric strains of MSW specimens with low or non-fiber
contents tend to be an asymptotic value toward large axial strains.
It should also be noted that the volume change of MSW is
significantly larger than that of conventional soils. Under the
confining pressure of 50 kPa, for instance, the volumetric strain
of the MSW specimen tested in this paper is 7.8% and that of
conventional soils is only about 2%. It is worth emphasizing that
MSW specimens with high fiber content have large volumetric
strain compared to specimens with low or no fiber content.
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Under loading stress, the fibrous materials play a good role in the
reinforcing effect, which can limit the lateral expansion
deformation of MSW specimens. The higher the fiber content,
the more pronounced the reinforcing effect, and the smaller
lateral deformation for the MSW specimen. According to Eq. 1,
hence, the MSW specimen with higher fiber content has
produced larger volumetric strain at the same axial strain.

According to the test results of MSW with different fiber
contents shown in Figure 3 and Figure 4, the fibrous reinforcement
is gradually strengthened as the axial compression deformation
and exhibits more pronounced fibrous reinforcement for MSW
with high fiber content. Therefore, fibrous reinforcement is very
necessary to be considered for developing the constitutive model,
including the effect of fiber content, loading stress conditions, and
shear deformation.

4 Proposed constitutive model
4.1 Hypothesis and features

As pointed out previously, the mechanical behavior of MSW
is controlled by the fibrous materials (plastics and textiles) and
paste (any other non-fibrous materials such as organic
compounds, rubber, stone, glass, wood, and leachate). Thus,
the constitutive model should consider MSW as a composite
of two components. Several hypotheses and main features are
presented here to develop the MSW constitutive model:

1) The characteristics of elastoplastic deformation of MSW obey
the critical state soil mechanics theory as the same to common
soils.

2) In the triaxial stress state, the mean effective normal stress p’
is taken to be the same for both the fibrous material and paste.
MSW deviatoric stress ¢q is supported by the fibrous material

frontiersin.org
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and paste together, one part g¢ by fibrous and the other part
qp by paste. The fibrous material is assumed to not affect the
normal stress in the shear plane, but it will contribute to the
MSW shear strength.

3) The variation of the MSW void ratio is only related to paste
under loading. In other words, MSW volumetric strains are
controlled exclusively by paste compression, which does not
take into account the contributions of fibrous materials. MSW
shear distortions are closely related to both fibrous material
and paste.

Figure 7 presents the e — In p’ plot in the isotropic loading
of MSW. If the MSW specimen is normally consolidated
initially at point A, the isotropic loading will follow the path
from point A to point B. The mean effective pressures at point
A and point B are denoted by p'/0 and p'/x, respectively.
Because of the elastoplastic nature, the MSW specimen is
unloaded to the mean effective pressure py following the
path of point B to point C instead of the loading path of
point A to point B. When the MSW specimen is reloaded from
pressure p'/0 and p'/x, it will usually follow the same path from
point C to point B. Hence, the vertical distance of point D and
point C shows the elastic component in the change of volume,
and point A and point C shows the plastic component in the
change of volume. Both A and «, respectively, represent the
slope of the loading path and the unloading-reloading path. e,
is the initial void ratio of the MSW specimen. Both Ae® and AeP,
respectively, represent the elastic component and plastic
component in void ratio change.

From Figure 7, the total compressive volumetric strain
during the loading path of point A and point B is given by.
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& = fe = A ln<&,‘> 3)
1+ey 1+eg Po

The elastic volumetric strain ee/v and the plastic volumetric
strain ep/v can be written as follows.

£ = Ac __x In }L’,‘ 4)
v 1+60 1+60 Po

AeP - '
& =g —¢ = Aok 1H<&f> 5)

1+ey 1+e Po

and increment.

dp' A—x dp’

¢ = Kk _ap de? = Kk dp (6)

= — deP = :
1+eO pO 1+eo PO

4.2 Constitutive model framework
for MSW

From the second assumption, MSW total deviatoric stress q is
equal to the sum of the deviator stresses supported by fibrous
materials and paste; therefore,

q=qp+q¢ (7)

where g, represents the deviator stress supported by paste and g¢
represents the deviatoric stress supported by fibrous materials.
The ratio of g and p' is denoted by #. The ratio of g¢ and p' is
denoted by Rf, where Rf is also known as the fiber-reinforced
parameter. Thus, the relationships are as follows.

n=q/p'
RfZQf/P'

®)
)

Under the framework of critical soil mechanics theory, it is
assumed that there is no recoverable energy associated with shear
distortion (i.e., the elastic shear strain increment de{ = 0).
Therefore, at all times.

de, = de? (10)

According to the third assumption mentioned previously, it
is assumed that there is a relationship among the MSW plastic
shear strain increment dep/s, paste plastic shear strain increment
dep/sp, and fibrous plastic shear strain increment dep/sf, which
can be expressed as follows.

del =V, -ded +V;- deb (11)
where V, is the ratio between the paste volume and the MSW
total volume, V¢ is the ratio between the fibrous volume and the
MSW total volume, and Vp + Ve =1.0.

Similar to the literature reported by Machado et al. (2002),
the relationship between dep/sf and dep/sp is expressed in Eq. 12
by means of a mobilization function f,, defined in Eq. 13. The
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function of f,, is proposed based on the shear strength
mobilization of MSW with different fibrous contents in this
paper and the references Ramaiah and Ramana (2017), which
considers the fibrous influence on the MSW mechanical behavior
is limit at the beginning shearing process.

dele = fin - deb, (12)
2

2 q
m = —arct = 13
oiel(@)]

Substituting Eq. 12 into Eq. 11, that is.
1
P~ 4P =A.de

det, V(L= fu) def = A-deb, (14)
def, = Jm ~de? = Afy, - del (15)

1-Ve(1= fm)

where A =1/[1-V¢(1 - fm)lo

Considering the plastic potential function of the modified
Cam-Clay model, in combination with Eqs. 9, 14, and 15, a new
plastic work dissipation function is developed as follows.

AWy = p'de? + qde?
= p'de? + Gpdel, + qrde’
= p'de? + (qp + qffm)Adsf
= p[(de)” + (M + Ref) A - (del)’] *

(16)

where Mp corresponds to the critical state ratio of the paste. It is
assumed that the reinforcement of fibrous materials does not
affect the critical state of the paste.

Using the normality condition (deP/deP = -dp'/dg), the
incremental plastic strain vector is normal to the yielding
surface at any point. Eq. 16 can be rewritten as follows.

dp'
aq +

2r'q -0 17)
(M, +Refu) A2 - g

The plastic potential function g( ) can be obtained by solving
the ordinary differential Eq. 17. According to the associated flow
rule, the yield surface function f () has the same expression as g (),
which can be expressed as follows.

f=g=a+[(My+Refu) &) p'(p' - p) =0 (19)
where p’c corresponds to the preconsolidation stress. Because the
volume change of MSW is entirely dependent on paste
compression, the hardening law is assumed to be related
solely to the plastic volumetric strain (as in the modified
Cam-Clay model)

,_A—K@

= - 19
¢ l+e p. (19)

According to the normality condition, the evaluation of
increments in plastic volumetric and shear stains are,

respectively, expressed as follows.
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de? =Aa—g; de? :Aa—g
op

3 (20

where A is scalar. Due to f () = g (), the scalar A can be
determined from the consistency condition as follows. Because
f(p',qR p,) =0and df =0, that is.

—ﬂd’+gd+ d€p+afdpc

of dR:
~ o ag "1 " opL ded

OR; def

df de =0 (21)

Using Eqs. 20, 21, scalar A is calculated as follows.

of 1, of
A= ; (22)
99 Opc 99 Of dR %
op, deb op’ ' OR¢ def 9

Substituting Eq. 22 into Eq. 20, the plastic volumetric and
shear strain increments can be calculated as follows.

9f 99 of 9g
op' ap' oq ap’
of 29 o 2
de? | _ Lop'dq 9q0q] [dp' (23)
del | 09 9p 09, of dr; 09 | dg
aPL des ap' ' OR¢ desp oq
where
of dg 2
Y20ty s
of 99,
) dq 0q (24)
af ag 2 42] 41
— =22 - [(M,+Rf,) A
p. . (O e ef )
Of 99 _,p '(p' - p.
5R = o= 247w (My 4 Refu)p (' )

5 Determination of model parameters
5.1 Volume content of fibrous materials

Compared with the fibrous volume ratio V¢ (ie., the ratio
between fibrous volume and MSW total volume), the fibrous
mass ratio my (i.e., the ratio between fibrous mass and MSW total
mass) is easier to measure. The value of V¢ can be obtained using

1
szmf&—m Ys

= M —— (25)
Ve f(1+eo)yf 1-¢,

where y, =unit weight of the MSW, y, =dry unit weight of the
MSW including paste and fibrous material, y; = mean dry unit
weight of fibrous material in MSW, y, = mean dry unit weight of
pastein MSW, and y, = y,, + y;. Usually, y; =10 kN/m3 Machado
et al. (2002); Machado et al. (2017). From Eq. 25, it is noted that
V¢ will increase with MSW compression.
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5.2 Fibrous action parameter Rf

Because it is reinforced with fibrous materials, the MSW has a
unique mechanical behavior different from conventional soils.
Because the volume change of MSW is entirely dependent on
paste compression and the shear strain of MSW related to fibrous
material and paste, the evaluations of g and Ry are related solely
to the fibrous plastic shear strain. It is found that the reinforcing
effect of fibrous material is gradually strengthened with
compression deformation increasing from CTXC test results
of MSW. Through comparing with the stress—strain responses
of MSW with different fibrous contents, it is demonstrated that
the reinforcing effect of fibrous materials non-linearly enhances
with the increase of the fiber content. The expression of fibrous

deviator stress gs is proposed as follows.
gr=a- exp(—c-Vo)Vi-q(e?) (26)

Using Eqgs. 1 and 7, 9 and 10, the fibrous action parameter R¢
can be calculated as follows.

Re = %f, =a- exp(-c-Vg)Vi- 11(:»:‘5’)b (27)
The increment of Ry is
p
dR; =ba - exp(—c-V{)V;- n(ef)b_l = bed;,S (28)

where a and b are the parameters related to the reinforced effect
of fibrous materials, and parameter ¢ reflects that the effect of
reinforcement is nonlinear with the fiber content.

5.3 Critical state stress ratio of paste Mp

Bray et al. (2009) demonstrated that the shear strength that
envelops the line of MSW is nonlinearly increased with normal
stress with a concave downward characteristic, which cannot be
described by the linear Mohr—Coulomb strength criterion.
According to the strength envelope of MSW direct test results,
Zekkos et al. (2010) assumed that cohesion c is constant and the
internal friction angle ¢ is linearly decreasing with the logarithm
of normal stress. The reinforcing effect of the fibrous material is
not apparent in direct shear tests, which results in the
stress—strain curves from the direct test having a similar shape
to the triaxial compression test results of MSW without fibers.
For the MSW without fibrous materials, this study adopts the
same strength criterion proposed by Zekkos et al. (2010) as

follows.
Tp =Cp + Oy tan g (29)
=g - Agl (”—) (30)
Pp = ¢~ APl Pur
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Evolution of the critical state stress ratio of paste with the
internal friction angle change parameter of the paste under
different confining stresses.

where 7;, is the shear strength of the paste; 0, is the normal stress;
cp is the cohesion of paste; ¢p is the internal friction angle of
paste; ¢_ is the friction angle at the normal stress of 1 atm; Pat =
atmosphere pressure (,i.e. Pat =101.3kPa); and Ag is the change
in friction angle over 1 log-cycle change of normal stress.

The paste critical state stress ratio Mp can be expressed by the
friction angle ¢ as follows.

6sing  6sin[g.— Agplg(0n/pa)]
3-sing 3 -sin[g. - Aglg(0,/pa)]

M, = (31)

Figure 8 presents the variation of paste critical stress ratio Mp
with Ag at pc =30°. When the confining pressure is less than Pat,
Mp increases linearly with Ag; and when the confining pressure
is larger than Pat, Mp decreases linearly with Ag.

6 Model parameters and calibration

This constitutive model of MSW contains nine parameters,
which can be directly measured or obtained by fitting the
experimental data. There are five parameters same as those of
the modified Cam-Clay model (i.e. €0, A, x, y, and Mp). Both A and
« can be measured by one-dimensional or triaxial compression and
unloading tests. Poisson’s ratio y can also be measured by
compression tests. Mp is related to the friction angle of paste
and can be obtained using CTXC or DS tests of MSW with the
non-fiber content. V¢ can be determined by sorting MSW samples
from landfill. a, b, and c represent the parameter related to the
reinforcing effect of fibrous materials, which can be determined by
fitting test results of MSW with different fiber contents.
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TABLE 3 Model parameters for this proposed model prediction. Data
from the MSW in this paper.

A K u o Ael" mi/% A b c
0.158 0.0034 0.19 27.8 4.51 17.8 6.98 0.145 0.439
A2750 } t t t
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TABLE 4 Model parameters. Data from Ramaiah and Ramana 21 (2017).
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Experimental and predicted triaxial compression test results of MSW specimens in this paper: (A) stress—strain curves; (B) volumetric strain vs.

axial strain curves.

6.1 Prediction of the MSW in this paper

To validate the MSW model, experimental data obtained in
this study will be modeled first. The model parameters are listed
in Table3. Figure 9 presents the modeled and experimental values
for CTXC tests performed in this work. It can be seen that the
stress—strain curves reproduced are clearly consistent with
experimental curves, both quantitatively and in shape. The
MSW model can well-describe the nonlinear characteristics of
the stress—strain curves with a downward curvature at the small
strain level and an upward curvature at the large strain level.
Meanwhile, the volumetric strain is also clearly reproduced for
continuously increasing with the axial strain. At this point, the
MSW model adequately captured an interesting feature that the
volumetric strain is larger for the lower confining pressure as
opposed to that observed in conventional soils.

6.2 Delhi MSW Ramaiah and Ramana
(2017)

Ramaiah and Ramana (2017) reported the CTXC test data
of MSW specimens under confining pressures of 25, 50, 100,
200, and 400 kPa, using an automatic triaxial testing system.
The model parameters are shown in Table4. Figure 8 and
Figure 9 show the comparison of the model-predicted and
experimental data of MSW with a fiber content of 7.8 and
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10.2%, respectively. It can be seen that a good reproduction of
deviatoric stress is observed in Figure 10A and Figure 11A. The
deviatoric stress increases with the axial strain, and the
increasing trend accelerates continuously even at large axial
strain. From Figure 10B and Figure 11B, it is observed that the
volumetric strain continuously increases with the axial strain
and a smaller volumetric strain is obtained for a higher
These of
stress—stain and volumetric strain behavior of MSW are

confining stress case. typical characteristics
captured by the proposed constitutive model considering the

reinforcing effect of fibrous materials.

6.3 Brazilian MSW Asadi et al. (2017)

The consolidated drained triaxial compression tests on
Brazilian MSW were conducted by Asadi et al. (2017). The
MSW was collected from the Bandeirantes landfill in Sao
Paulo, Brazil, and the age of MSW was 15 years. The unit
weight of the MSW was 12 kN/m3. The diameter and height
of the MSW specimen were 150 and 300 mm, respectively. The
confining pressures of 100, 200, and 400 kPa were adopted in the
tests, and the vertical shear velocity was 0.7 mm/min. The
experimental results were simulated by the proposed model,
and the model parameters are listed in Table 5. As shown in
Figure 12, the proposed model can well-predict the variation of
stress—stain and volumetric strain behavior with the axial stain of
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Experimental and predicted triaxial compression test results of MSW specimens with 10.2% fibrous content from Ramaiah and Ramana (2017):

(A) stress—strain curves; (B) volumetric strain vs. axial strain curves.

TABLE 5 Model parameters. Data from Machado et al.31 (2002).

A K p ool ANel" mi/% a b c

0.163 0.0065 0.2 23.4 4.59 25 7.38 0.125 0.439

MSW. However, the volumetric strain was overestimated for
lower confining stress to a certain extent.

6.4 Effect of the fiber content

The triaxial test results of MSW with different fiber contents
are reproduced by the proposed model as shown in Figure 13
and Figure 14. For the MSW specimens tested in this work,
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Figure 13 presents that the calculations of the proposed model
are in good agreement with the stress—strain-volume change
behavior of MSW. For the MSW specimens measured by
Ramaiah and Ramana (2017), as shown in Figure 14, the
constitutive can well-describe the stress-strain
responses of MSW with higher fiber content (ie., FC =
10.2% and FC = 7.8%). However, it has a much larger
difference in the model compared with test data of MSW
with low or no fiber contents (i.e., FC = 0% and FC = 1.8%).
Nevertheless, the proposed constitutive model has captured the
characteristics that the stress—strain response of MSW changes
from strain-softening to strain-hardening strain behavior with
the increasing fiber content gradually. The volume change
behavior that MSW specimens with a higher fiber content
exhibit larger volumetric strains compared to specimens with
low or no fiber content is also reflected by the proposed model.

model
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7 Model parameter analysis
7.1 Analysis of fibrous action parameters

As shown previously, the key factor in developing the model
is considering the reinforcement effect of the fibrous material.
Therefore, the model calculations will be affected by the
parameters a, b, and ¢ as observed from Eq. 26 since they
control the reinforcement effect of the fibrous material in
MSW. To highlight the influence of these parameters on the
model responses, the parameters presented in Table 3 are
adopted in the simulations at a confining pressure of 200kPa.

Since parameter c is approximately constant from Table 3 to
Table 5, the influence of parameters a and b on the calculation of
the proposed model is analyzed as follows. Figure 15 shows how
parameters a and b, which are related to the reinforcement effect of
fibrous material, influence the results of the proposed model. As
shown in Figure 15A, the differences between deviator stress and
volumetric strain are very less as the axial strain is less than 5%.
The deviator stress and volumetric strain increase as the axial
strain becomes larger than 5%. The larger the value of parameter a,
the larger the deviator stress, and the more apparent the upward
curvature in the stress—strain curves observed from Figure 15A. As
the parameter a=0, the proposed constitutive model will
degenerate into the modified Cam-Clay model, and the
deviator stress and volumetric strain gradually trend a constant
with the axial strain. As the parameter a#0, the volumetric strain
increases continuously with the axial strain, and a larger value of
parameter a corresponded to a larger volumetric deformation.
When the axial strain is 20%, the deviator stress increases by 1.5,
2.5, 3.5, and 4.5 times from 282kPa, and the volumetric strain
increases from 10% to 11.5, 12.5, 13.5, and 14.5, as a=0 change to
4.8, 6.2, 7.6, and 9.4, respectively.

Ascanbeobserved from Figure 16, the deviator stressand volumetric
strain increase with the values of b decreasing as the axial strain is larger
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than 5%. The smaller values of b correspond to the more apparent
upward curvature in the stress—strain curves and the larger volumetric
strain. When the b value is reduced to a certain extent (i.e., smaller than
0.02), the b value has relatively little importance on model predictions.

7.2 Analysis of paste action parameter

The fibrous materials and paste regulate the MSW’s

mechanical behavior, as the aforementioned information
demonstrates. Therefore, the model predictions are also
affected by parameter A¢ since it reflects the critical stress
state of the paste. Using the parameters listed in Table 3,
Figure 17 and Figure 18 show how parameter Ag influences
the model responses as the confining pressure becomes higher
and less than 1 atmospheric pressure. As the 03> Py
(i.e, 03 =200kPa), from Figure 17, the deviatoric stress and
volumetric strain are increased with the increase of Ag under
the confining pressure of 200kPa, and the more clearly upward
curvature is observed in stress—strain response for the larger Ag.
It can be explained that the increase of parameter Ag will result in
the increasing paste critical stress ratio Mp, as shown in Figure 9.
As the 03 < Py (i.e. 03 =50kPa), the variation of deviatoric stress
and volume with Ag in Figure 17 is opposed to that in Figure 18.

8 Conclusion

The
reconstituted specimens was evaluated using CTXC tests. The

stress—strain-volume change behavior of MSW

MSW specimen without fibrous materials exhibits distinct failure
or tendency to fail toward large axial strain, similar to conventional
Fiber content increase in MSW contributes to the
reinforcement action causing the strain-hardening behavior,

soils.

large shear strength, and large volumetric deformation. Fibrous
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reinforcement is the key factor to impact the mechanical behavior
of MSW. MSW is regarded as a composite made up of fibrous
materials (mainly plastics and textiles) and paste (the other non-
fibrous components of MSW), whose mechanical behavior is
controlled by the two kinds of materials.

This study proposes the conceptand evaluation equation of the
fibrous reinforcement action parameter Rf. The parameter Rf is
introduced into a newly developed plastic potential function to
deduce the constitutive model of MSW using the associated flow
rules. Although the application of the proposed model needs to
determine a considerable number of parameters, all of these
parameters have physical meanings and can be determined by
triaxial tests or one-dimensional compression tests. The proposed
model can capture the main feature of stress—strain-volume
change behavior and reproduce the laboratory experimental
data. The model accurately reproduces the upward curvature in
stress—strain responses and the continuing increase in volumetric
strain with the axial strain, as well as volumetric strain is larger for
thelow confining pressure. Itis also worth noting that the proposed
model well-reflects the effect of the fiber content on the mechanical
behavior of MSW, as the shear strength and volume change of
MSW increase with the fiber content. Through comparison to
experimental data, the proposed model can effectively simulate the
mechanical and deformation properties of MSW.
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Glossary

0'/3 (kPa) Confining effective stress
o'/1 (kPa) Axial effective stress

&, (%) Axial strain

& (%) Volumetric strain

ee/v (%) Elastic volumetric strain
ep/v (%) Plastic volumetric strain

ep/s (%) Plastic shear strain

ep/sp (%) Plastic shear strain of the paste
ep/sf (%) Plastic shear strain of the fibers

p’ (kPa) Mean normal effective stress

p; (kPa) Preconsolidation effective stress

q (kPa) Deviator stress

qp (kPa) Paste deviator stress

gr (kPa) Fiber deviator stress

7, (kPa) Shear strength of the paste

o, (kPa) Normal stress
¢p (kPa) Paste cohesion
% (kPa) Paste internal friction angle
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M, (kPa) Critical state stress ratio of the paste
7 (-) Stress ratio
R¢ (-) Fiber-reinforced parameter

V,, (-) Ratio between the paste volume and the MSW total
volume

V¢ (-) Ratio between the fiber volume and the MSW total volume
my (-) Ratio between fiber mass and MSW total mass

y, (kN/m3) Dry unit weight of MSW

y¢ (kN/m3) Mean dry unit weight of fiber components in MSW
7, (kN/m3) Mean dry unit weight of paste components in MSW
fm (-) Mobilization function of the fibers

g() (-) Plastic potential function of MSW

f O (-) Yield surface function of MSW

e (-) Void ratio of MSW

ey (-) Initial void ratio of MSW

A (-) MSW compression index

« (-) MSW swelling index

u (-) Poisson’s ratio of MSW

a, b, ¢ (-) Fiber-reinforced effect parameters
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