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HIGHLIGHTS

GRAPHIC ABSTRACT

* Mechanical behavior of MBT waste affected by
loading rate was investigated.

* Shear strength ratio of MBT waste increases
with an increase in loading rate.

* Cohesion is inversely related to loading rate.

* Internal friction angles are positively related to
loading rate.

* MBT waste from China shows smaller range
of ¢.
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ABSTRACT

Mechanical biological treatment (MBT) technology has attracted increasing attention because it can
reduce the volume of waste produced. To deal with the current trend of increasing waste, MBT
practices are being adopted to address waste generated in developing urban societies. In this study, a
total of 20 specimens of consolidated undrained triaxial tests were conducted on waste obtained from
the Hangzhou Tianziling landfill, China, to evaluate the effect of loading rate on the shear strength
parameters of MBT waste. The MBT waste samples exhibited an evident strain-hardening behavior,
and no peak was observed even when the axial strain exceeded 25%. Further, the shear strength
increased with an increase in the loading rate; the effect of loading rate on shear strength under a low
confining pressure was greater than that under a high confining pressure. Furthermore, the shear
strength parameters of MBT waste were related to the loading rate. The relationship between the
cohesion, internal friction angle, and logarithm of the loading rate could be fitted to a linear
relationship, which was established in this study. Finally, the ranges of shear strength parameters
cohesion ¢ and effective cohesion ¢ were determined as 1.0-8.2 kPa and 2.1-14.9 kPa, respectively;
the ranges of the internal friction angle ¢ and effective internal friction angle ¢” were determined as
16.2°-29° and 19.8°-43.9°, respectively. These results could be used as a valuable reference for
conducting stability analyses of MBT landfills.

© Higher Education Press 2022

1 Introduction

have led to severe environmental problems (Zhang et al.,
2020; Lu et al., 2022). Available data show that approxi-

Landfilling is a common and effective method for
disposing of municipal solid waste (MSW) (Ke etal.,
2017; Ramaiah and Ramana, 2017; Falamaki et al., 2022).
However, the phenomenon of waste siege caused by
growing populations (especially in developing countries)
and the rapid exhaustion of available processing spaces
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mately 2.01 billion tons of MSW were generated globally
in 2016, which is expected to increase to 3.4 billion tons
by 2050 (Kaza et al.,2018). In this context, pretreating
large amounts of waste is beneficial for reducing the
biodegradability of MSW, as the number of potential
pollutants lost in leachate and fugitive greenhouse gas
emissions can be reduced (Bhandari and Powrie, 2013).
Many countries prohibit landfilling unpretreated MSW
(e.g., EU landfill directive (EC, 1999)).
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Mechanical biological treatment (MBT) is a pretreat-
ment method that is increasingly being adopted by
developing countries to reduce the volume of waste
produced. The MBT process converts MSW containing
high amounts of organic matter into MBT waste using
mechanical technology (e.g., mechanical crushing and
screening), biological treatment technology (e.g., aerobic
or anaerobic digestion), or both. However, some reinforcing
elements within the waste (e.g., wooden sticks, metals,
textiles, and other materials) are reduced by MBT
technology, and such changes can affect the stability of
the landfill where the final product (MBT waste) is
disposed (Petrovic, 2016). Therefore, it is necessary to
select an appropriate shear strength parameter and conduct
stability analyses when constructing landfill sites. Thus, the
shear strength of the MBT waste needs to be determined.

Many previous studies have evaluated the shear
strength characteristics of MSW through laboratory and
field tests. Stoll (1971) was the first to evaluate the
mechanical characteristics of MSW and provide many
associated insights. Over the following decades it was
found that MSW materials exhibit significant strain-
hardening properties (Gabr and Valero, 1995; Grisolia
et al., 1995; Reddy et al., 2009; Zekkos et al., 2010; Pulat
and Yukselen-Aksoy, 2017; Falamaki et al., 2020). Degraded
and aged waste was found to have greater shear strength
(Van Impe, 1998; Harris et al., 2006; Cho et al., 2011),
and some studies determined that shear strength increased
with an increased loading rate (Zekkos et al, 2007; Bray
et al., 2009; Karimpour-Fard et al., 2011).

Fibrous materials play a role in enhancing the shear
strength of MBT waste and reinforcing the soil (De
Lamare Neto, 2004; Fucale, 2005; Calle, 2007; Pimolthai
and Wagner, 2014; Fucale et al., 2015). The shear strength
characteristics of MSW are input into a database, and
information is collected. The shear strength parameters
of MSW and MBT waste are listed in Table S1.

Several studies have investigated the shear strength
characteristics of MBT waste, which are mainly related to
the fiber content, confining pressure, unit weight, and
particle size. Some researchers used a direct shear test to
study the shear strength characteristics of MBT waste
(Kolsch, 1995;Powrie and Beaven, 1999; Fernando, 2011)
and obtained the corresponding shear strength parameters
under a certain strain condition. Through the analysis of
experimental data, Kolsch (1995) reported that shear
strength comprises the frictional force on the shear
surface and tensile force in the fiber; Fernando (2011)
concluded that moisture content has no significant effect
on the strength of MBT waste, and materials with higher
unit weight have greater shear strength. Many other
researchers used triaxial tests to study the shear strength
characteristics of MBT waste (Bhandari and Powrie, 2013;
Babu et al., 2015; Lakshmikanthan et al., 2018). Babu et al.
(2015) found that the shear strength of the waste
increased with an increase in the unit weight. Samples

with a higher unit weight exhibited a higher shear
strength than samples with lower values. Lakshmikanthan
etal. (2018) stated that the shear strength parameters
increased with an increase in axial strain.

Shear strength is related to the loading rate for both
the traditional soil (Lefebvre and LeBoeuf, 1987; Diaz-
Rodriguez et al., 2009) and the MSW (Zekkos et al., 2007;
Bray et al., 2009; Karimpour-Fard et al., 2011). Therefore,
a systematic study of the relationship between the shear
strength of MBT waste and loading rate is both interesting
and promising. MBT waste is gradually landfilled in layers
at varying rates based on the waste output. We determined
that shear strength will increase the processing and
landfill rates when the quantity of MBT waste is large.
The rates decrease with a decrease in MBT quantity. A
faster landfilling rate leads to a faster file up of waste
with a steeper slope. A landfilled waste pile is affected by
the lateral earth pressure caused by another such pile that
is located nearby, which causes lateral sliding. Simultan-
eously, the rapid piling of the waste can cause slipping
and instability at the bottom of the landfilled waste. The
main reason for instability slip is that the shear stress on
the potential slip surface exceeds the shear strength of
MBT waste; the landfilling rate has a critical influence on
the shear strength parameters (cohesion and internal
friction angle) of the MBT waste. If the shear strength
parameters of the MBT waste are not selected
appropriately, it is easy to cause errors in the design of
the landfill pile, which can lead to instability and slip in
the MBT waste landfill. Researchers have been tasked
with providing suitable shear strength parameters for the
MBT landfill and guide the landfilling rate of the MBT
waste to ensure the stability of the MBT landfill and
prevent the collapse and destruction of the landfill. We
conducted triaxial tests in a laboratory setting at five
loading rates (0.25 %/min, 0.5 %/min, 1 %/min, 2 %/min,
and 4 %/min) and established the correlation between the
shear strength parameters (cohesion and internal friction
angle) and the loading rate to simulate the effect of the
MBT waste landfilling rate on its shear strength
parameters. The test results could be used as a valuable
reference for conducting stability analyses of MBT
landfills.

2 Materials and methods

2.1 Test materials

The MBT waste analyzed in this study (shown in Fig. S1(a))
was obtained from the Tianziling landfill site, which is a
standard valley landfill located in Hangzhou on the
southeast coast of China. The average moisture content of
the waste was 18.5 % and the specific gravity was 1.53.
The components of the MBT waste as dry mass are listed
in Table S2. According to the technical specification for
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soil test of landfilled municipal solid waste in China (Xue
etal., 2013), the maximum particle size of the test
material was limited to one-eighth of the sample diameter
for minimizing the influence of size. The MBT waste was
sieved through a 7.725-mm mesh to obtain test materials,
as illustrated in Fig. S1(b).

2.2 Sample preparation

Dried materials were rescreened to abrade sharp particles
such as wood, stone, and metal to prevent them from
tearing or puncturing the latex membranes. Samples were
prepared in a cylindrical mold measuring 61.8 mm in
diameter and 125 mm in height. For easy molding, water
was added to the materials for them to attain a moisture
content of 50 %. The sample was divided into five layers
within the mold. Each layer was compacted from a
constant height with a 3-kg rammer to avoid delamination
of the sample, before filling the next layer of waste. The
surface of each layer was scratched gently with a spatula;
the process was repeated until the sample was finished.
To prevent the samples from rebounding or loosening
after demolding, they were sealed for one week before
demolding.

2.3 Testing apparatus

The triaxial test apparatus (STSZ-ZD) is composed of a
pressure chamber, a confining pressure control system, a
backpressure control system, a pore pressure measure-
ment system, a testing machine, and a pressure measurement
device, which is manufactured and improved by Zhejiang
Geotechnical Instrument Limited, China. The control
ranges of the confining and back pressures are both 0-1
MPa (with an accuracy of 0.001 kPa); the pressure is
pumped into the pressure chamber by pumping hydraulics.
Pre-pressuring was conducted before each test to eliminate
residual bubbles in the pipeline and minimize the
experimental error. The testing machine controls the axial
force in a range of 030 kN (with an accuracy of 0.0001 kN).
A drain hole was positioned next to the pressure chamber
to measure the drainage volume of the sample; the bottom
of the chamber was connected to the axial pressure
control system to enable the application of axial pressure.

2.4 Test design and procedure

The consolidated undrained test method was adopted and
conducted under pressures of 50, 100, 200, and 300 kPa.
The loading rates were set to 0.25 %/min, 0.5 %/min,
1 %/min, 2 %/min, and 4 %/min of the initial sample
height. Table 1 presents the test plan. The sample wrapped
in a latex membrane was placed in the pressure chamber,
head saturation was applied, and a confining pressure of
20 kPa was introduced. Simultaneously, the height of the
inlet pipe was increased to ensure a 1 m liquid level
difference between the inlet and base outlet pipes. Water

Table 1 Test plan for consolidated undrained test

Sample Confining  Initial void Loading rate Initial unit weight
number pressure (kPa) ratio (%/min) @ (kN/m?3)
A-1 50 2.0 0.25 7.6
A-2 50 2.0 0.5 7.6
A-3 50 2.0 1 7.6
A-4 50 2.0 2 7.6
A-5 50 2.0 4 7.6
B-1 100 2.0 0.25 7.6
B-2 100 2.0 0.5 7.6
B-3 100 2.0 1 7.6
B-4 100 2.0 2 7.6
B-5 100 2.0 4 7.6
C-1 200 2.0 0.25 7.6
C-2 200 2.0 0.5 7.6
C-3 200 2.0 1 7.6
C-4 200 2.0 2 7.6
C-5 200 2.0 4 7.6
D-1 300 2.0 0.25 7.6
D-2 300 2.0 0.5 7.6
D-3 300 2.0 1 7.6
D-4 300 2.0 2 7.6
D-5 300 2.0 4 7.6

Notes: a) 0.25 % (0.3125 mm/min), 0.5 % (0.625 mm/min), 1 % (1.25
mm/min), 2 % (2.5 mm/min), 4 % (5 mm/min).

was passed through the sample from the bottom to the top
until the water output and water input per unit time were
equal. Backpressure saturation was applied after the
completion of the head saturation; a confining pressure of
20 kPa was then applied to the sample, and the pore
pressure valve was opened. When the pore pressure
stabilized, the reading was recorded, and the pore pressure
valve was closed. Backpressure and confining pressure
were applied in stages, and the pressure increment for
each stage was 30 kPa. Further, the pore pressure was
recorded at each stable pressure stage. When the rate of
the increase caused by the confining pressure and back
pressure was greater than 0.98 at a certain level of
pressure, the saturation was considered complete.

The drain valve was opened and a controlled application
of 50 kPa confining pressure was applied to consolidate
the sample. The drain valve was closed after the pore
pressure dissipated, and the volume of the discharged
liquid was measured. A constant confining pressure was
maintained, and the axial force was applied at a loading
rate of 0.25 %/min until the end of the test. The sample
was then removed and replaced with another sample; the
tests were conducted at loading rates of 0.5 %/min, 1 %/min,
2 %/min, and 4 %/min under the same confining pressure.
The above steps were repeated, and the tests were conducted
under confining pressures of 100, 200, and 300 kPa with
loading rates of 0.25 %/min, 0.5 %/min, 1 %/min, 2 %/min,
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and 4 %/min, respectively. The readings of the displace-
ment gauge, pore pressure gauge, and dynamometer were
obtained to determine the deformation of the sample.

3 Results

Changes in the sample in relation to the test are illustrated
in Fig. S2. Fig. S2(a) shows the sample before the test;
Fig. S2(b) shows the sample during the test, where the
latex membrane is close to the sample under the confining
pressure; and Fig. S2(c) shows the sample condition after
the test is completed. Oblique crack surface failure did
not occur although compression and bulging are evident.

3.1 Effect of changes in confining pressure

Considering a loading rate of 1 %/min as an example,
relationships between the deviator stress and axial strain
at confining pressures of 50, 100, 200, and 300 kPa are
shown in Fig. 1.

The deviator stress increased with an increase in the
strain, which shows the strain-hardening characteristics;
no peak was observed at the 25 % strain level. The figure
shows that the growth trend of the deviator stress was
different for different confining pressures. Under the
confining pressures of 200 and 300 kPa, the deviator
stress was roughly divided into two stages: the first stage
occurred before 10 % axial strain, and it was the rapid
growth stage of deviator stress and the initial stage of
axial deformation. Axial pressure was applied to the
consolidated sample, and the internal pores of the sample
were reduced; the particles were closely interconnected to
directly provide resistance to deformation. In the second
stage, the deviator stress continued to increase after an
axial strain of 10 %. The reason for this phenomenon may
be related to the compressibility of waste particles as the
direct resistance of particles to deformation reached its
maximum in the first stage. Owing to shearing dislocation,
particles began to move into the surrounding loose and
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Fig.1 Relationship between deviator stress and axial strain at 1 %/min
loading rate.

porous materials and between the residual pores. Filamen-
tary and strip-like fiber-like reinforced materials inside
the sample were well anchored with the surrounding
particles; the friction between the particles and elasticity
of the fiber-reinforced material worked together to resist
axial deformation, as described by Shariatmadari et al.
(2009). This is well represented as the “growth trend” of
the deviator stress in the stress-strain curve. Under
confining pressures of 50 and 100 kPa, the deviator stress
increased rapidly up to within 3 % of axial strain;
however, it showed a slowly increasing trend after the
axial strain exceeded 3 %.

When the axial strain was constant, the deviator stress
increased with an increase in the confining pressure. This
may have been caused by the following: with an increase
in the confining pressure, the interior of the sample
became tighter, the void ratio reduced, and the occlusion
between particles became closer; this led to an increase in
material stiffness and a resistance to deformation. This
indicates that the shear strength of waste at the bottom of
the MBT landfill was considerably greater than that of the
upper layer. This phenomenon indicates that compaction
applied before landfilling effectively increased the stability
of the landfill and played a critical role in expanding
landfill capacity.

3.2 Effect of changes in the loading rate

Tests were conducted under confining pressures of 50,
100, 200, and 300 kPa with loading rates of 0.25 %/min,
0.5 %/min, 1 %/min, 2 %/min, and 4 %/min. Relationships
between the deviator stress and axial strain of MBT waste
are presented in Fig.2, where it is evident that the
deviator stress increases in different ranges with an
increase in the loading rate.

The fitting line between the shear strength and logarithmic
loading rate is shown in Fig. 3, where Figs. 3(a) and 3(b)
show the relationship between shear strength and logari-
thmic loading rate at an axial strain of 10% and 20%,
respectively.

As shown in Fig. 3, at axial strains of 10 % and 20 %,
the shear strength of MBT waste increased with an increase
in the logarithmic loading rate; a linear relationship is
evident. This behavior can be attributed to the shear
behavior immediately entering the second stage when the
loading rate increased which reduced the dislocation
behavior of the components and reduced deformation
inside the material. The fiber-embedded mixture imme-
diately acted as a direct resistance to deformation
resulting in greater stiffness and shear strength. This
premise is consistent with the previous MSW test results
of Karimpour-Fard et al. (2011). In addition, Anderson
and Kavazanjian (1995) pointed out that less creep and
relative displacement of the waste constituents will occur
in the refuse under short-term loading conditions, which
will result in higher stiffness and shear strength.
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The fitted linear functions for different axial strains are
given by
Triom = A+Blgv, (1

where 7, represents the shear strength at 10% axial
strain, v represents the loading rate, and 4 and B denote
the coefficients,

Tra0q = C+Dlgv, 2)

where 7, represents the shear strength at 20 % axial
strain, and C and D represent the coefficients.

Coefficients 4 and B and C and D, and the correlation
coefficient R? are also listed in Tables S3 and S4,
respectively.

The shear strength ratio is defined as the ratio that
corresponds to the other loading rates and the shear
strength corresponding to the benchmark loading rate
(0.25 %/min). Relationships between the shear strength
ratio and logarithmic loading rate at 10 % and 20 % axial
strain are shown in Figs. 4(a) and 4(b), respectively.

Fig. 4 shows that although the relationship between
shear strength ratio and logarithmic loading rate of MBT
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waste is not a simple monotonic function, there is an
evident tendency for the ratio to increase with an increase
in the logarithmic loading rate. At confining pressures of
50, 100, and 200 kPa, the shear strength increased by
approximately 30 % when the rate was increased from the
benchmark loading rate of 0.25 %/min to 4 9%/min,
whereas at 300 kPa it increased only by approximately 15 %;
this could be due to the higher confining pressure. The
particles in the material were occluded to a sufficient
density, and the enhancement effect relating to the
increased loading rate reduced the internal displacement
phenomenon of the material; therefore, the denser
material had a relatively small effect on the loading rate.
Compared with a 10 % axial strain, the shear strength
enhancement effect caused by an increased loading rate
was more conspicuous at 20 % axial strain as more
aggregates resisted deformation during the larger shearing
behavior. Zekkos et al. (2007) used a variable loading rate
shear test with dynamic shear at an increased loading rate
of 100 times (from 0.5 %/min to 50 %/min). Based on a
series of considerations, the dynamic shear strength of
MSW was found to be approximately 30% higher than
the static shear strength. This study compares the effect of
a constant loading rate on shear strength under different
strains; it was found that when the rate increased 16 times,
the shear strength increased to 14%-35% (compared
with 0.25 %/min). The shear strength of MBT waste
increases with an increase in the loading rate, but the
actual landfill project tends to be unsafe under the larger
landfill rate, this can easily lead to instability and destruction
of the landfill (increased loads on the foundation,
steepening of the landfill, increased leachate production,
large safety factor, among others). Therefore, it is very
important to study the influence of the loading rate.

3.3 Variations in shear strength parameters

3.3.1 Variations in cohesion with changes in loading rate

As there is no conspicuous peak in the MBT waste stress-
strain curve, shear strength parameters are based on shear

stress at 5 % or 10 % axial strain; 15 % or 20 % axial
strains are occasionally used. Strength envelopes with 5 %,
10 %, 15 %, and 20 % axial strains are shown in Fig. S3
(1 %/min loading rate is used as an example in Fig. S3).
Figs. S3(a)-S3(d) show strength envelopes with 5 %, 10 %,
15 %, and 20 % axial strain, respectively, and the other
loading rate strength envelopes are drawn similarly.

According to the strength envelope, the values of
cohesion ¢ and effective cohesion ¢’ can be obtained;
these are shown in Table S5.

Furthermore, cohesion (c), effective cohesion (¢’), and
logarithmic loading rate fitting line are shown in Fig. 5.
Figs. 5(a) and 5(b) show the relationship between cohesion
and the logarithmic loading rate and effective cohesion
and the logarithmic loading rate, respectively.

Fig. 5 shows that when the strain is unchanged, both ¢
and ¢’ decrease with an increase in the loading rate. When
the loading rate increases from 0.25 %/min to 4 %/min,
the decrease rate of ¢ is 44.2 % and the reduction rate of
¢’ 18 45 %. The reason for this may be as follows:
according to the relationship between particles (Kralchevsky
and Nagayama, 1994; Butt and Kappl, 2009), the internal
particles of waste materials are a special type of colloidal
particles. The mutual attraction between particles in the
material plays a key role in cohesion; this includes
electrostatic attraction, van der Waals force, and
cementation between particles. In soil mechanics, their
values directly affect cohesion (Li, 2016). However, this
relationship between particles also exists in MBT waste.
An increase in the loading rate destroys this mutual
attraction between particles to a certain extent and causes
a decrease in both c and ¢".

The fitted linear functions are given as

c=E+Flgv, 3)

¢ =G+Hlgv, 4

where ¢ represents cohesion, ¢’ is effective cohesion, and
E, F, G, and H denote the coefficients. Coefficients £ and
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F and the correlation coefficient R? are shown in Table S6,
and coefficients G and H and the correlation coefficient
R? are shown in Table S7.

3.3.2 Variations in internal friction angle with changes in
loading rate

The strength envelope is drawn with 5 %, 10 %, 15 %, and
20 % axial strain. According to the strength envelope, the
values of the internal friction angle ¢ and effective internal
friction angle ¢ are obtained and listed in Table S8.

The internal friction angle (), effective internal friction
angle (¢"), and logarithmic loading rate fitting line are
shown in Fig. 6. Fig. 6(a) shows the relationship between
the internal friction angle and logarithmic loading rate;
Fig. 6(b) shows the relationship between the effective
internal friction angle and logarithmic loading rate.

The fitted linear functions are obtained via

p=1+Jlgv, 4)
(a)30
v
b 2
¥ a
°A25- v A
) voa Tt e
8 .
[=1 A L ]
o y ]
5 20 + o -
E .
= =
=
25| ) " 5%
= * 10%
A 15%
v 20%
10 .
0.1 1 10

v (%/min)

¢ =K+Llgv, 6)
where ¢ denotes the internal friction angle, ¢ ~ denotes the
effective internal friction angle, and 7, J, K, and L are the
coefficients.

Coefficients / and J and the correlation coefficient R?
are listed in Table S9, and coefficients K and L and
correlation coefficient R? are listed in Table S10.

Fig. 6 shows that at constant strain, both ¢ and ¢’
increase with an increase in the loading rate. When the
loading rate increases from 0.25%/min to 4% per/min, the
growth rate of ¢ is 25.1%; the growth rate of ¢ is 12.9%.
This phenomenon may be attributed to the dilatancy
behavior in the center of the sample during the shearing
process. Shear force provides the required energy for the
dilatancy behavior in the form of work, and in the
microscopic view, it is manifested as an increase in the
angle of internal friction. Li (2016) stated in soil
mechanics that the contact surface of particles is rough
and uneven, and the friction formed when sliding against
each other is sliding friction; when the particles that bite
each other move relatively, the part of the force that binds
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Fig. 6 Relationship between shear strength parameters and logarithmic loading rate (internal friction angle and effective internal
friction angle): (a) relationship between internal friction angle and logarithmic loading rate; (b) relationship between effective

internal friction angle and logarithmic loading rate.
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them is the occlusal friction. When the material is sheared
and deformed, the particles that bite together move
relatively, and one of the particles must be lifted from the
original position or sheared to move across the adjacent
particles; therefore, the original state between the
particles must be destroyed. The denser the material, the
smaller the roundness of the particles, the stronger the
occlusion between the particles, and the larger values of ¢
and ¢’. Similarly, MBT waste particles exhibit sliding
friction and occlusal friction during the loading process.
When the loading rate increases, the shearing behavior
becomes faster and the material becomes denser faster.
The greater the friction between the particles, the greater
the values of ¢ and ¢”.

3.3.3 Variations in shear strength parameters with changes
in axial strain

Relationships between the cohesion, internal friction
angle, and axial strain of MBT waste at different loading
rates are shown in Fig. 7.

Fig. 7(a) shows the relationship between cohesion and
axial strain; Fig. 7(b), effective cohesion and axial strain;
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Fig. 7(c), internal friction angle and axial strain; and
Fig. 7(d), effective internal friction angle and axial strain.
These results indicate that the cohesion and internal
friction angle of MBT waste are positively correlated
with the axial strain. As the shearing process progresses,
a more conspicuous increase appears in the growth trend
between ¢ and ¢’ compared to ¢ and ¢’. Further, the
growth rate of ¢’, ¢’ is evidently greater than the growth
rate of ¢ and ¢; this occurred because the pore water
pressure approached the confining pressure along the
shear process. The results in Tables S5 and S8 show that
the value ranges of the shear strength parameters ¢, ¢’, ¢,
and ¢ of the consolidated undrained triaxial MBT waste
are 1.0-8.2 kPa, 2.1-14.9 kPa, 16.2°-29°, and
19.8°-43.9°, respectively.

4 Discussion

The corresponding relationships between the cohesion
and internal friction angle relating to the shear strength
parameters of MSW and MBT waste obtained in this
study and other studies are shown in Fig. 8.
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Fig. 7 Relationship between shear strength parameters and axial strain: (a) relationship between cohesion and axial strain;
(b) relationship between effective cohesion and axial strain; (c) relationship between internal friction angle and axial strain;
(d) relationship between effective internal friction angle and axial strain.



Guoyang Fan et al. Effect of loading rate on shear strength parameters of MBT waste 9

Fig. 8 shows that the variation range in the MBT waste
cohesion is narrow with 0-10 kPa and 0-15 kPa
distribution ranges at the total and effective stresses,
respectively. However, the internal friction angle varies
widely having 10°—40° and 20°-55° distribution ranges at
the total and effective stresses, respectively. In addition,
the cohesion of MSW has a large variation range
(between 5-70 kPa), and the internal friction angle again
varies between 10°—40°. The figure also shows that the
distribution ranges of cohesion obtained by Machado
etal. (2002), Feng (2005), and Reddy et al. (2009) for
MSW are relatively close (between 5-50 kPa).

The fitting line for the shear strength parameters of
MBT waste mostly lies on the left of that of MSW, which
implies the cohesion of MSW is greater than that of MBT
waste. This can be because of the differences between
countries conducting the tests and the MSW and MBT
waste disposal methods, and it results in different waste
components. The moisture and organic matter contents of
MSW are higher; as the organic content decreases, its
shear strength parameters tend to move closer to that of
MBT waste. The shear strength parameters obtained in
this paper (consolidated undrained test, total stress, 20%
strain,) are between the results of Babu et al. (2015) and
Lakshmikanthan et al. (2018). There are minimal differences
in the range of cohesion for the three studies; however,
the range of the internal friction angle is relatively large.
In the study of the axial strain effect, the fitting line of
shear strength parameters from the consolidated undrained
test in this paper is similar to that of Lakshmikanthan
etal. (2018). A comparison of the effective stress parameters

60

from the consolidated drained test of Babu et al. (2015)
and those from the consolidated undrained test in this
study indicates that the effective internal friction angle
range of Babuetal. (2015) is wider and the effective
cohesion range is smaller.

Fig. 8 shows that it is difficult to clearly define a
relationship between cohesion and the internal friction
angle that changes with the conditions. In this study, the
cohesion decreased with an increase in the loading rate
and internal friction angle under constant axial strain.
Under a constant loading rate, the internal friction angle
increased with an increase in axial strain and cohesion.
Reddy et al. (2009) observed that with an increase in axial
strain, the internal friction angle decreased with an
increase in cohesion. The results of Babuetal. (2015)
showed that under different particle sizes and unit
weights, cohesion increased with an increase in the
internal friction angle in the consolidated undrained test
and decreased with an increase in the internal friction
angle in the consolidated drained test. The results of
Machado et al. (2002), Feng (2005), Zhao et al. (2014),
and Lakshmikanthan et al. (2018) showed that the internal
friction angle increased with an increase in axial strain
and cohesion.

The differences between the study results can be
attributed to the following:

1) There are differences between the ages of the waste
materials employed in the different studies. Reddy et al.
(2009) used fresh MSW, Feng (2005) used five years old
MSW, and Machado et al. (2002) and Zhao et al. (2014)
used materials that were more than 10 years old. This
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Fig. 8 Relationship between cohesion and internal friction angle for MBT and MSW in different studies. (CU- consolidated
undrained Test, CD- consolidated drainage Tests, T- total stress parameters, and E- effective stress parameters).
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study and that of Babu et al. (2015) and Lakshmikanthan
etal. (2018) used MBT waste. It is established that age
strongly affects the shear strength characteristics of the
materials, and the effect of degradation and upper load on
the material is more pronounced as the material ages.
Pulat and Yukselen-Aksoy (2017) reported that compared
with fresh waste samples, aged waste has a lower organic
content, greater inorganic content, lower cohesion value,
and relatively larger internal friction angle. Harris et al.
(2006) provided similar conclusions. Furthermore,
Caiizal et al. (2011) reported that degradation and aging
affect the shear strength of waste by reducing cohesion
and increasing the internal friction angle.

2) There are differences between the triaxial test
methods employed in the different studies. The shear
strength parameter results of Reddy et al. (2009), Babu
etal. (2015), Lakshmikanthan etal. (2018), and this
study, which were obtained from consolidated undrained
(CU) tests are shown in Fig. 8. However, studies by
Machado et al. (2002), Feng (2005), Zhao et al. (2014),
and Babu et al. (2015) relate to shear strength parameters
obtained from consolidated drained (CD) tests. The shear
strength characteristics of waste can be studied under
both short-term and long-term conditions. The short-term
conditions represent the landfill construction phase and
are often referred to as undrained conditions in the
geotechnical engineering literature. Such cases are related
to the destruction of landfills during or after rainfall. In
contrast, the drainage strength refers to the stability of the
landfill under long-term conditions (Lakshmikanthan
et al, 2018). Both the CU and CD tests are loaded after
the specimen is consolidated; however, compared with
the CU test, the CD test is loaded vertically under
drainage conditions that require a relatively slow loading
rate. The loading rate is a factor that affects the strength
parameters, and therefore, the effective stress parameters
of Babuetal. (2015) CD test are different from the
effective stress parameters of the CU test in this study. In
addition, Vilar and Carvalho (2005) stated that the
effective stress shear strength parameters of the CU test
are inconsistent with those of the CD test.

3) Differences between particle sizes and the sizes of
samples used in the studies. The particle size of samples
used in this study was < 7.725 mm; Babu et al. (2015)
used particle sizes of 4 mm and 10 mm; Reddy et al.
(2009) wused particle sizes of 0.75-40 mm, and
Lakshmikanthan et al. (2018) used particle sizes of < 20
mm. The effect of particle size on shear strength has been
extensively studied (Jessberger et al., 1995; Casagrande
et al., 2006; Consoli et al., 2007). The results of Jessberger
et al. (1995) indicate that particle size may influence the
shear strength of the waste. Based on the test results of
Babu et al. (2015), the shear strength of two different
particle sizes showed conspicuous differences. Further,
the sample sizes used in this study and the studies of
Machado et al. (2002), Zhao et al. (2014), and Babu et al.

(2015) were 61.8 mm X 125 mm, 100 mm x 200 mm, 200
mm x 400 mm, and 500 mm x 300 mm, respectively.
Owing to the high heterogeneity of waste, the differences
in sample sizes cause differences in the composition of
the internal materials, and this affects the shear strength
parameters of the waste.

5 Conclusions

In this study, a series of consolidated undrained tests were
conducted and the shear strength parameters of 20
specimens of MBT waste were studied. The following
conclusions can be drawn from the results of this study:

1) MBT waste is a highly compressible material with a
complex composition. The deviator stress showed no
peak, even when axial strain exceeded 25%; this provides
evidence for strain-hardening characteristics.

2) The shear strength of MBT waste increased with an
increase in the loading rate. There was an evident linear
relationship between shear strength and the logarithm of
the loading rate; an expression for the linear relationship
between the shear strength and the logarithm of the
loading rate was established. The reason for this behavior
can be attributed to the shear properties immediately
entering the second stage when the loading rate was
increased, which reduced the dislocation of the
components and deformation inside the material. The
fiber-embedded mixture immediately provided direct
resistance to the deformation, and this resulted in greater
stiffness and shear strength.

3) The shear strength ratio of MBT waste increased
with an increase in the loading rate. An increase from the
benchmark loading rate of 0.25% per min to 4% per min
(equivalent to 16 times the loading rate) caused an
approximate increase of 30% in the shear strength of the
MBT waste. The enhancement effect of increasing the
loading rate can be explained by the reduction in the
dislocation of the components as the increase in the shear
strength of the waste corresponds to an increase in the
shear strength ratio.

4) The cohesion and effective cohesion of MBT waste
decreased with an increase in the loading rate. The
relationships between cohesion, effective cohesion, and
the logarithm of the loading rate were fitted to linear
relationships. The mutual attraction between particles in
the material played a key role in cohesion as an increase
in the loading rate reduces the mutual attraction
(electrostatic attraction, van der Waals force, and
cementation) to a certain extent, which causes a decrease
incandc’.

5) Internal friction angle and effective internal friction
angle of MBT waste increased with an increase in the
loading rate. Linear relationships were established
between the internal friction angle, effective internal
friction angle, and the logarithm of the loading rate. As
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the shearing action progresses, the particles slide relative
to each other, and the waste particles that bite together
also move relative to each other. The movement requires
one particle to be sheared or staggered from the original
position, and therefore, the original state between
particles needs to be changed. The increase in the loading
rate accelerates the shear behavior as the specimen is
compacted faster, and the internal particles are tighter.
Increased occlusion between the particles causes an
increase in ¢ and ¢’.

6) The shear strength parameters of MBT waste were
found to be related to axial strain. Cohesion, effective
cohesion, internal friction angle, and effective internal
friction angle all increased with an increase in axial strain
and ranges 1.0-8.2 kPa, 2.1-14.9 kPa, 16.2°-29°, and
19.8°-43.9°, respectively.

These conclusions are only drawn from our laboratory
tests. The MBT waste materials used were obtained from
Hangzhou, China, and may, therefore, not be
representative of other places. However, our predictive
framework allows for the identification of the underlying
mechanisms that control the stability of MBT landfills
and provides insights for improving the efficacy of waste
management. Moreover, we prove that shear strength
parameters can be used as a valuable reference for
conducting stability analyses of MBT landfills.
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