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Abstract
Mechanical and biological treatment (MBT), which can be used for waste reduction and for the burning of methane from 
biological treatments to generate electricity and heating, has become a popular research topic in environmental geotechni-
cal engineering. This study investigated the mechanical behaviour of MBT waste and the effects of different reinforcement 
contents and reinforcement scales on its shear strength characteristics, and 68 groups of MBT waste samples from the Hang-
zhou Tianziling landfill were tested in the laboratory with a direct shear test apparatus. The samples exhibited displacement 
hardening behaviour in their mechanical response. The results show that the content and scale of the reinforced materials 
in MBT waste play an important role in the strength characteristics of MBT waste, and graphs showing the variation of the 
MBT waste shear strength and shear strength parameters with different reinforcement contents and reinforcement scales are 
shown. The range of cohesion c is 6.0–12.0 kPa, and the internal friction angle φ is 15.6–26.6°, respectively. The results of 
this study provide a reference for the assessment of slope stability at MBT landfills.

Keywords Mechanically biologically treated waste · Direct shear test · Reinforcement content · Reinforcement scale · Shear 
strength · Shear strength parameters

Introduction

Landfilling is the main method used to treat municipal solid 
waste (MSW) (Eskandari et al. 2016; Falamaki et al. 2018). 
The increasing population and rapid urbanisation have led 
to an increase in the MSW output and thus to great chal-
lenges with respect to environmental protection (Blight 
2008; Reddy and Basha 2014; Chaudhary et al. 2021). To 
reduce the landfill volume of MSW, pretreatment technology 
for solid waste has gradually attracted attention. On 26 April 
1999, the European Union (EU) issued a Council Direc-
tive (1999/31/EC) for MSW landfills, which stipulates that 
EU member states must reduce the amount of biodegrad-
able waste transported to landfills. To achieve this goal, the 
member states use mechanical biological treatment (MBT) 

technology for the MSW treatment. The MBT can be divided 
into two parts: firstly, biodegradable and non-biodegradable 
materials are separated by mechanical treatment (e.g. crush-
ing, screening, centrifugation, and selection) and large-sized 
materials are screened or chopped into small-sized materials 
to facilitate the biological treatment. Secondly, the degrada-
tion of organic matter in MSW is accelerated by biologi-
cal treatment (aerobic and anaerobic). The waste treated by 
MBT technology consists of plastic, textile, wood, rubber, 
stone, ceramic, glass, metal, soil (< 5 mm), and other indis-
tinguishable materials, which will be filled. Among them, 
the degradable materials are textile and wood, and the 
remaining physical materials are basically non-degradable. 
The MBT technology can be used to recover reusable MSW 
resources, and the methane produced by biological treatment 
can be utilised for incineration, power generation, and heat-
ing to reduce the amount of waste in landfills. The MSW is 
converted into a new material, that is, MBT waste, by using 
MBT technology, and its physical properties (e.g. particle 
size, composition, moisture content, density, void ratio) and 
mechanical properties (e.g. shear strength, compression con-
solidation, and permeability) change (Zhang et al. 2018). In 
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addition, the strength, stiffness, and stability of the landfill 
are affected (Jones and Dixon 2015). Therefore, it is nec-
essary to study the physical and mechanical properties of 
MBT waste.

In the past 30 years, many researchers have studied the 
shear strength of MSW (Landva and Clark 1986, 1990; 
Singh and Murphy 1990; Kölsch 1993, 1995; Kavazanjian 
et al. 1995; Kavazanjian 1999; Eid et al. 2000; Machado 
et al. 2002, 2008, 2010; Caicedo et al. 2002a, 2002b; Reddy 
et al. 2009; Stark et al. 2009; Shariatmadari et al. 2009, 
2011, 2014, 2017; Karimpour-Fard 2009, Karimpour-Fard 
et al. 2011, 2013, Karimpour-Fard 2018; Bray et al. 2009; 
Zekkos et al. 2010; Bareither et al. 2012; Zekkos and Fei 
2016; Fei and Zekkos 2017; Abreu and Vilar 2017; Ramaiah 
et al. 2017; Falamaki et al. 2019; Keramati et al. 2020). 
Landva and Clark (1990) reported the results of direct shear 
tests on MSW samples collected from different regions of 
Canada and concluded that samples with higher plastic 
contents exhibit a lower shear strength. However, Machado 
et al. (2002) considered that plastics may improve the cohe-
sion and internal friction angle. Shariatmadari et al. (2009) 
and Karimpour-Fard et al. (2011) conducted large-scale 
triaxial tests of fresh MSW with a plastic content of 0%, 
6.25%, 12.5%, and 25% and found that the shear strength 
increases with increasing plastic content. Zekkos et  al. 
(2010) observed that the increase in the fibre content slightly 
reduces the shear strength of MSW samples. Karimpour-
Fard et al. (2013) reported that the internal friction angle 
of samples with plastic contents of 6% and 12% reaches a 
maximum when the fibres are placed at an angle of 60°. 
Shariatmadari et al. (2017) conducted direct shear and tri-
axial tests on MSW samples with the same fibre content and 
concluded that the use of different shear test apparatuses 
leads to different shear strength parameters. Based on the 
above-mentioned literature, the shear strength of MSW is 
not only controlled by the friction between solid particles 
but also by internal reinforced materials.

Mahler and Neto (2006) conducted a direct shear test on 
MBT waste with different particle sizes and found that the 
shear strength of the 0.42-mm particle size group is smaller 
than that of the 9.52-mm particle size group. They also 
observed fibre components in the MBT waste group with the 
large particle size. Fucale (2005) performed direct shear tests 
on MBT waste with different fibre contents (0%, 10%, and 
20%) and reported an optimal value (10%) which reached 
the highest shear strength. Fernando et al. (2009) prepared 
the MBT waste samples with the reinforced material content 
changing from 2 to 6% and observed an enhancement in both 
the peak and residual shear strengths. Bhandari and Powrie 
(2013) conducted triaxial tests on MBT waste with different 
particle sizes and shapes and observed that small reinforced 
materials enhanced the resistance of the sample to lateral 
deformation and volume deformation under high confining 

pressure. Pimolthai and Wagner (2014) used direct shear test 
equipment to test the shear strength of MBT waste (from 
Luxembourg, Germany, and Thailand) with a particle size 
below 10 mm and observed that the shear strength increases 
with increasing content of reinforced material. Babu et al. 
(2015) conducted direct shear and triaxial tests on waste 
samples from the Mavallipura landfill in Bangalore to study 
the effects of the particle size, unit weight, and drainage and 
undrained conditions on the MBT waste. They reported that 
the higher shear strength was achieved by the waste samples 
with larger unit weight, higher density, and smaller parti-
cle size. Fucale et al. (2015) carried out experiments and 
reported that reinforced materials (e.g. plastics, textiles, and 
fibres) in landfills can improve the shear strength of MBT 
waste by mobilising the tensile strength. Relevant literature 
on the shear strength characteristics of reinforced MSW and 
MBT waste is presented in Table 1.

Compared with MSW landfills, MBT landfills have a low 
content of organic matter and high content of reinforced 
materials such as plastics and textiles. The content and 
scale of reinforced materials in MBT landfills affect their 
stability. When the content and scale of reinforced materi-
als are too large, the internal gap of the landfill will become 
larger, which will lead to instability or sliding of the pile. 
Reinforced materials with a too small content or scale may 
not perform its reinforcement effect. According to the above 
literature summary, there is still a lack of systematic research 
on the influence of reinforced material content and rein-
forced material scale on the shear strength characteristics of 
MBT waste. In this paper, the shear strength characteristics 
of MBT waste with different contents (0%, 5%, 10%, 15%, 
20%) and different scales (5, 10, 15, 20 mm) of reinforced 
materials were studied by using a direct shear test apparatus. 
The test results provide a reference for the analysis of the 
stability of MBT waste landfills.

Materials, test apparatus, and process

Materials

The MBT waste was collected from the Hangzhou Tianzil-
ing pilot project, put into a sealed plastic bucket, and trans-
ported to the Geoenvironmental Laboratory at Zhejiang Sci-
Tech University. The original MBT waste is shown in Fig. 1.

Figure 2 shows the composition of the original MBT 
waste. The Hangzhou Tianziling MBT waste consists of 
plastic, textile, wood, rubber, stone, ceramic, glass, metal, 
soil (< 5 mm), and other indistinguishable materials. The 
plastic content is high, accounting for 22.5%. The initial 
unit weight of the MBT waste can be determined based on 
the volume and weight of the materials obtained from the 
MBT plant. The average unit weight of the MBT waste was 
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determined to be 4 kN/m3. Therefore, we set the initial unit 
weight of the MBT waste to 4 kN/m3. After drying the origi-
nal MBT waste at a constant temperature (oven temperature 
of 65 ℃) for 24 h, the moisture content of the original MBT 
waste was obtained as 20%.

Direct shear test apparatus

A direct shear test apparatus was used in this study, as shown 
in Fig. 3. The apparatus consists of a shear box, loading 
device, displacement metre, electronic display, and motor. 
The diameter and height of the shear box are 185 and 
60 mm, respectively. The loading device can be used for 
load application in both vertical and horizontal directions. 
The maximum vertical and horizontal load is 400 kPa and 50 
kN, respectively. The displacement metre is used to measure 
the compression and shear displacement of the sample (the 
maximum displacement was determined to be 40 mm), and 
the data can be directly read on the electronic display.

Table 1  Reference summary

L laboratory tests, DS direct shear, TT triaxial text, D diameter, H height, PS peak stress, PD peak displacement, NI not involved.

Reference Waste origin and types of 
waste

Testing method Sample size (mm) Pressure (kPa) Shear dis-
placement or 
strain

Landva and Clark (1990) Various Canadian Landfills 
(MSW)

L-DS 434 × 287 PS, 30.3–565 NI

Machado et al. (2002) Tri-Cities, Northern Califor-
nia (MSW)

L-DS 300 × 300 × 180(H) 1.8–700 PD (55 mm)

Mahler and Neto (2006) Brazil (MBT) L-DS NI 25–100 PD (12 mm)
Fucale (2007) Germany (MBT) L-DS 300 × 300 × 150(H) 100–300 PD (20%)
Fernando et al. (2009) UK (MBT) L-DS NI 50–100 PD (3%, 4%)
Shariatmadari et al. (2009) Metropolitan Center landfill 

in Salvador (MSW)
L-TT D = 200, H = 350 100–400 PD (30%)

Zekkos et al. (2010) Tri-Cities, N. California 
(MSW)

L-DS 300 × 300 × 180(H) 1.8–700 PD (55 mm)

Shariatmadari et al. (2011) The Kahrizak Center Landfill 
(MSW)

L-DS 300 × 300 × 150(H), 
2000 × 1000 × 1500(H)

20–200 PD (45 mm)

Karimpour-Fard et al. (2011) Metropolitan Center Landfill 
(MSW)

L-TT D = 200, H = 350 50–300 PD (30%)

Karimpour-Fard et al. (2013) Kahrizak Center Landfill 
Tehran, Iran (MSW)

L-DS 300 × 300 × 150(H) 20–200 PD (45 mm)

Bhandari and Powrie (2013) Dorset, England (MBT) L-TT NI 25–200 PD (50%)
Pimolthai and Wagner (2014) Luxembourg; Germany; Thai-

land (MBT)
L-DS D = 94, H = 20 20–100 NI

Fucale et al. (2015) Germany (MBT) L-DS 300 × 300 × 150(H) 100–300 PD (20%)
Babu et al. (2015) Mavallipura, India (MBT) L-DS 60 × 60 × 30(H) 50–150 PD (20%)
Shariatmadari et al. (2017) Kahrizak landfill in Tehran 

(MSW)
L-DS; L-TT 300 × 300 × 150(H); D = 150, 

H = 350
25–10; 25–100 PD (20%)

Pulat and Yukselen-Aksoy 
(2017)

Europe, Turkey; USA (MSW) L-DS 300 × 300 × 150(H) 50–200 PD (20%)

Fig. 1  Original MBT waste

53498 Environmental Science and Pollution Research  (2022) 29:53496–53508

1 3



Test process

To study the reinforced effects on the shear strength char-
acteristics of MBT waste, 68 groups of MBT waste sam-
ples with different reinforcement contents (RCs; 0%, 5%, 
10%, 15%, and 20%) and reinforcement scales (RSs: 5, 
10, 15, and 20 mm) were prepared. The test conditions are 
shown in Table 2.

The test was carried out in accordance with the techni-
cal specifications for geotechnical waste tests (CJJ/T 2013). 
Firstly, large pieces of reinforced materials (e.g. plastics and 
textiles) were selected and manually sorted. The remaining 
parts were then placed into the oven and dried to a constant 
weight at a temperature of 65 ℃. Material with a size below 
5 mm was separated from the dry remaining material as non-
reinforced MBT waste, and the selected reinforced materials 
(plastics and textiles) were cut into square sheets (5, 10, 15, 
and 20 mm).

Sample preparation and test process are described by 
using the DS2-1 group as an example. In total, 26.9 g dry 
5-mm reinforced materials were added to 510.6 g of dry non-
reinforced MBT waste material (the total dry mass of the 
MBT waste is the sum of the dry reinforced materials and 
dry non-reinforced MBT waste) and mixed. Subsequently, 
107.5 g purified water was sprayed on the sample with a 
watering can, and the sample was stirred. After the prepara-
tion, 645.0 g sample was obtained, which was allowed to 
stand in the laboratory for 24 h.

The prepared MBT waste sample was placed into the 
shear box in 10-mm layers, and then a simple tamping ham-
mer was used to evenly compact the sample to ensure the 
same vertical settlement in the same plane to reach an initial 
unit weight of 4 kN/m3. The sample was continuously com-
pressed for 1440 min under a vertical pressure of 25 kPa, and 
the compression of the test sample was measured. The direct 
shear test was carried out at a constant shear rate of 1 mm/
min, and the shear force was recorded every 1 mm displace-
ment during the shear process. The test was stopped when 
the shear force no longer increased nor decreased.

After the direct shear test of the DS2-1 sample was 
completed, sample DS2-2 was prepared by using the same 
method. A vertical pressure of 50 kPa was applied, the 
sample was continuously compressed for 1440 min, and 

Fig. 2  MBT composition in the 
Tianziling (dry weight, %)

Fig. 3  Direct shear test apparatus
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Table 2  Test conditions

Specimen number Reinforcement 
content (%)

Reinforcement 
scale (mm)

Vertical pressure during 
compression (σ, kPa)

Vertical pressure 
duration (min)

Unit weight after 
compression (γ, kN/
m3)

DS1-1 0 0 25 1440 5.99
DS1-2 0 0 50 1440 6.45
DS1-3 0 0 75 1440 7.01
DS1-4 0 0 100 1440 7.22
DS2-1 5 5 25 1440 5.85
DS2-2 5 5 50 1440 6.16
DS2-3 5 5 75 1440 6.68
DS2-4 5 5 100 1440 6.80
DS3-1 5 10 25 1440 5.76
DS3-2 5 10 50 1440 6.10
DS3-3 5 10 75 1440 6.44
DS3-4 5 10 100 1440 6.71
DS4-1 5 15 25 1440 5.60
DS4-2 5 15 50 1440 5.81
DS4-3 5 15 75 1440 5.99
DS4-4 5 15 100 1440 6.06
DS5-1 5 20 25 1440 5.19
DS5-2 5 20 50 1440 5.61
DS5-3 5 20 75 1440 5.74
DS5-4 5 20 100 1440 5.85
DS6-1 10 5 25 1440 5.71
DS6-2 10 5 50 1440 6.14
DS6-3 10 5 75 1440 6.60
DS6-4 10 5 100 1440 6.73
DS7-1 10 10 25 1440 5.63
DS7-2 10 10 50 1440 6.07
DS7-3 10 10 75 1440 6.38
DS7-4 10 10 100 1440 6.62
DS8-1 10 15 25 1440 5.41
DS8-2 10 15 50 1440 5.75
DS8-3 10 15 75 1440 5.81
DS8-4 10 15 100 1440 5.99
DS9-1 10 20 25 1440 5.11
DS9-2 10 20 50 1440 5.58
DS9-3 10 20 75 1440 5.71
DS9-4 10 20 100 1440 5.79
DS10-1 15 5 25 1440 5.66
DS10-2 15 5 50 1440 6.13
DS10-3 15 5 75 1440 6.58
DS10-4 15 5 100 1440 6.70
DS11-1 15 10 25 1440 5.61
DS11-2 15 10 50 1440 6.06
DS11-3 15 10 75 1440 6.36
DS11-4 15 10 100 1440 6.56
DS12-1 15 15 25 1440 5.25
DS12-2 15 15 50 1440 5.55
DS12-3 15 15 75 1440 5.77
DS12-4 15 15 100 1440 5.94
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the compression of the test sample was measured. Subse-
quently, a direct shear test was conducted at a constant shear 
rate of 1 mm/min, and the shear force was recorded every 
1-mm displacement until the shear force did not increase nor 
decrease. The above-mentioned sample preparation and test 
process was repeated until whole test was completed and all 
test data were recorded.

Results and analysis

Shear stress–displacement behaviour

Fig. 4 shows the correlation between the shear stress and 
shear displacement of MBT waste with different RCs for a 
reinforcement scale of 15 mm. It is observed that the shear 
stress increases with an increase in the horizontal shear dis-
placement. Even though the horizontal displacement reached 
the maximum limit value, the shear stress did not show a 
notable peak. The shear stress–shear displacement curve of 
MBT waste shows a typical characteristic of displacement 
hardening, which is similar to that of MSW (Zhang 2018). 
The underlying mechanism can be explained as follows: in 
the early stage of the shear process, friction between solid 
particles is the main reason for the increase in the shear 
stress. When the shear displacement reaches a certain value, 

the tensile forces and friction between the reinforced materi-
als and solid particles improve the shear stress of the MBT 
waste.

Shear strength and vertical pressure

Taking the reinforcement scale of 15 mm as an example, 
the correlation between the shear strength and vertical pres-
sure of MBT waste for different RCs is shown in Fig. 5. It is 
observed that the shear strength of the sample increases with 
the increase in the vertical pressure and the correlation can 
be fitted with a straight line, which conforms to the Coulomb 
strength theory.

Effect of the reinforcement content on the shear 
strength

Because the shear stress–shear displacement curve of MBT 
waste has no obvious peak value, the shear strength is 
determined as the shear stress at the ratio of the horizon-
tal displacement to sample diameter is 10% or 20%. Fig. 6 
shows the variation between shear strength and reinforce-
ment content at a fixed reinforcement scale of 15 mm. When 
the ratio of the horizontal displacement to sample diam-
eter increases from 10 to 20%, the shear strength increases. 
Fig. 6 also shows that the shear strength first increases and 

DS direct shear test.

Table 2  (continued)

Specimen number Reinforcement 
content (%)

Reinforcement 
scale (mm)

Vertical pressure during 
compression (σ, kPa)

Vertical pressure 
duration (min)

Unit weight after 
compression (γ, kN/
m3)

DS13-1 15 20 25 1440 4.98
DS13-2 15 20 50 1440 5.48
DS13-3 15 20 75 1440 5.64
DS13-4 15 20 100 1440 5.75
DS14-1 20 5 25 1440 5.61
DS14-2 20 5 50 1440 6.09
DS14-3 20 5 75 1440 6.51
DS14-4 20 5 100 1440 6.65
DS15-1 20 10 25 1440 5.51
DS15-2 20 10 50 1440 5.97
DS15-3 20 10 75 1440 6.31
DS15-4 20 10 100 1440 6.49
DS16-1 20 15 25 1440 4.98
DS16-2 20 15 50 1440 5.39
DS16-3 20 15 75 1440 5.70
DS16-4 20 15 100 1440 5.80
DS17-1 20 20 25 1440 4.78
DS17-2 20 20 50 1440 5.36
DS17-3 20 20 75 1440 5.62
DS17-4 20 20 100 1440 5.68
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then decreases with increasing RC. When the RC reaches 
10%, the shear strength is maximal at a given vertical pres-
sure. Further, the shear strength is the minimum at an RC of 
20%. When the RC is less than 10%, the reinforced materi-
als and the solid particles are fully mixed and interact well 
to provide tensile forces during the shear process. When 
the reinforced material is in tension or shear in the soil, 
an equivalent confining pressure will act on the soil. With 
increasing RC, the tensile forces provided by the reinforced 
materials increases, and thus the shear strength increases. 

Since the volume of solid particles is less than that of rein-
forced materials of the same mass and the initial mass of 
all samples placed into the shear box remains unchanged, 
when the RC exceeds 10%, a large amount of reinforced 
material will occupy the interior of the sample when the RC 
increases. This will lead to an excess of reinforced mate-
rial in the sample and an increase in the void, which will 
affect the distribution uniformity of the reinforced materi-
als and reduce the contact between the reinforced materials 
and solid particles. In contrast, there is an increased contact 

Fig. 4  Correlation between 
the shear stress and horizontal 
displacement of MBT waste for 
different reinforcement contents 
(reinforcement scale: 15 mm). 
The vertical pressure is a 
25 kPa, b 50 kPa, c 75 kPa, and 
d 100 kPa (Note: RC represents 
the reinforcement content)
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among reinforced materials, which is conducive to creep. 
Therefore, the shear strength of the sample decreases; it is 
even lower than that of unreinforced MBT waste.

Effect of the reinforcement scale on the shear 
strength

Fig. 7 shows the variation between the shear strength of 
MBT waste and the reinforcement scale at a fixed RC of 10%. 
It shows that the reinforcement scale insignificantly affects 
the shear strength at the vertical pressure of 25 kPa. When 
the vertical pressure is too small, the anchorage between the 
reinforced materials and solid particles is insufficient, and 

thus the tensile forces between the reinforced materials and 
solid particles are weak. When the vertical pressure exceeds 
25 kPa, the shear strength gradually increases with increas-
ing reinforcement scale. When the reinforcement scale 
reaches 15 mm, the shear strength is maximal at a given ver-
tical pressure. When the reinforcement scale exceeds 15 mm, 
the shear strength gradually decreases. Under large verti-
cal pressure, large-scale reinforced materials strengthen the 
MBT waste. When the vertical pressure is large enough, the 
anchoring effect between the reinforced materials and solid 
particles is strong. The large-scale reinforced materials can 
be fully wound, interwoven, and bonded with solid particles 
to strengthen the interaction between the reinforced materi-
als and solid particles. Therefore, the reinforced materials 
provide stronger and longer-lasting traction in the shear pro-
cess, which improves the strain hardening level and the shear 
strength at a large displacement. During the preparation of 
MBT waste samples, the reinforced materials may change 
from flakes to rods, strips, and mass due to the stirring effect. 
The reinforced materials with a scale of 20 mm or larger are 
easier to wrap the solid particles with the materials, result-
ing in larger pores in the MBT waste and the smaller shear 
strength of the samples.

Shear strength parameters

Table 3 shows the shear strength parameters c and φ of MBT 
waste for different RC and reinforcement scales. When the 
ratio of the horizontal displacement to sample diameter is 
10%, the cohesion c ranges from 0.3 kPa to 10.0 kPa, and the 
internal friction angle φ varies from 14.0 to 26.6°. When the 
ratio of the horizontal displacement to sample diameter is 
20%, the cohesion c ranges in 6.0–12.0 kPa, and the internal 
friction angle φ varies in 15.6–26.6°.

Correlation between the shear strength parameters 
and ratio of the shear displacement to specimen diameter

Fig. 8 shows the correlation between shear strength param-
eters and the ratio of the horizontal displacement to sam-
ple diameter at a fixed reinforcement scale of 15 mm. The 
shear strength parameter increases with increasing ratio of 
the horizontal displacement to sample diameter. The shear 
strength parameters first increase and then decrease with 
increasing RC.

Fig. 9 shows the correlation between the shear strength 
parameters and ratio of the shear displacement to sample 
diameter at a fixed RC of 10%. The shear strength parameter 
increases with increasing ratio of the shear displacement 
to specimen diameter. The shear strength parameters first 
increase and then decrease with the increase in the reinforce-
ment scale.
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These trends of the shear strength parameters are con-
sistent with those reported by Fucale et al. (2015). The 
change of the shear strength parameters can be explained 
as follows: the larger RC means more reinforced materi-
als in the sample, which results in more traction can be 
provided in the shear process, and thus the shear strength 
parameters improve. However, when the RC is too high, 
the contact among reinforced materials in the sample 
increases, and the friction decreases. Therefore, the shear 
strength parameters of the sample decrease.

Correlations between shear strength parameters 
and the reinforcement content and scale

Figure 10a shows the correlations among the cohesion c of 
MBT waste and RC and reinforcement scale for a fixed ratio 
of the shear displacement to sample diameter of 20%. The 
correlations among the internal friction angle φ of MBT 
waste and the RC and reinforcement scale are shown in 
Fig. 10b. The results show that the cohesion c and internal 
friction angle φ are the largest when the reinforcement scale 
is 15 mm at a given RC. When the RC is 10% at a given rein-
forcement scale, the cohesion c and internal friction angle φ 
of MBT waste are the largest. When the RC is 10% and the 
reinforcement scale is 15 mm, the cohesion c and internal 
friction angle φ of MBT waste are maximal, that is, 12.0 kPa 
and 26.6°, respectively.

Discussion

To study the shear strength behaviour of MBT waste, the 
shear strength of MBT waste in this study was compared 
with that reported in previous studies (Fig. 11). Based on 
Fucale et al. (2015), the shear strength envelope at a RC of 
10%, 0%, and 20% is at the top, bottom, and in the middle, 
respectively (Fig. 11). This shows that the effect of the RC 
on the shear strength is limited. Based on the results of the 
present study, the shear strength envelope at a RC of 20% 
and 10% is at the bottom and top, respectively. At a RC 
of 0%, 5%, and 15%, the shear strength envelope is in the 
middle, which also indicates a limit of the effect of the RC 
on the shear strength. The results of the present study are 
similar to those of Fucale et al. (2015). Fig. 11 also shows 
that the shear strength envelope in this study is close to that 
reported by Pimolthai and Wagner (2014). The variation of 
the shear strength of MBT waste depending on the RC can 
be explained as follows. In the absence of reinforced mate-
rials, the shear strength of MBT waste is mainly provided 

Table 3  Shear strength parameters

Reinforcement 
content (%)

Reinforcement 
scale (mm)

Ratio of the hori-
zontal displace-
ment to sample 
diameter of 10%

Ratio of hori-
zontal displace-
ment to sample 
diameter of 20%

c (kPa) φ (°) c (kPa) φ (°)

0 0 8.0 19.5 8.5 20.3
5 5 7.2 18.3 8.0 19.8
5 10 8.0 22.3 9.0 22.8
5 15 9.1 24.7 10.2 25.1
5 20 7.3 19.8 9.0 21.3
10 5 8.0 18.8 10.0 19.8
10 10 9.0 21.8 11.1 23.3
10 15 10.0 26.6 12.0 26.6
10 20 8.1 19.8 10.7 22.4
15 5 4.7 17.7 6.0 18.8
15 10 5.4 21.3 6.3 24.7
15 15 8.2 22.2 9.0 22.8
15 20 5.1 18.8 6.2 20.8
20 5 0.3 14.0 6.9 15.6
20 10 5.1 18.8 6.6 19.3
20 15 7.3 18.5 7.5 19.0
20 20 5.4 17.9 6.4 18.8

Fig. 8  Correlation between 
the shear strength parameters 
of MBT waste and the ratio of 
the horizontal displacement to 
sample diameter (reinforcement 
scale: 15 mm): a cohesion and b 
internal friction angle
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by the friction between solid particles. When the RC is low, 
the shear strength of MBT waste is controlled by the friction 
between solid particles as well as the force of reinforced 

materials. With the increase in the RC, the force of rein-
forced materials increases, and the shear strength of MBT 
waste increases. When the RC is too high, the interactions 
among reinforced materials increase, and the tensile forces 
between solid particles and reinforced materials weaken, 
resulting in the reduction of the shear strength of MBT 
waste. Considering the types of reinforced materials, Fucale 
et al. (2015) included plastics, textiles, threads, filaments, 
and branches (all components’ size < 40 mm); Pimolthai and 
Wagner (2014) used light plastics (size < 10 mm); and plas-
tics and textiles were used in this study. Different reinforce-
ment materials have different reinforcement effects, leading 
to different shear strengths of MBT waste.

The comparison between the shear strength parameters 
of MBT waste and relevant reinforced MSW is shown in 
Fig. 12. The shear strength parameters c and φ of MBT 
waste and MSW depend on the RC. With the increase in 
the RC, the shear strength parameters of MBT waste first 
increase and then decrease (Fucale et  al. 2015, present 
study). It can also be seen that the cohesion c of MSW first 
increases and then decreases with the increase in the RC 
(Zekkos et al. 2010; Shariatmadari et al. 2017; Pulat and 
Yukselen-Aksoy 2017) and the internal friction angle φ of 

Fig. 9  Correlation between 
the shear strength parameters 
of MBT waste and the ratio of 
the horizontal displacement to 
sample diameter (reinforcement 
content: 10%): a cohesion and 
b internal friction angle (Note: 
L represents the reinforcement 
scale)
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Fig. 10  Correlations between 
the shear strength parameters 
and reinforcement content and 
reinforcement scale: a cohesion 
and b internal friction angle

5

6

7

8

9

10

11

12

13

（
）

（
）

（
）

C
oh

es
io

n（（
kP

a））

0     
     

  5     
     

 10     
   1

5     
  20

     20        15         10          5            0 Reinforcement  sc
ale（（

mm））Reinforcement  content（（%））

 RC = 0%

 RC = 5%

 RC = 10%

 RC = 15%

 RC = 20%

14

16

18

20

22

24

26

28

In
te

ln
al

 f
ri

ct
io

n
 a

n
gl

e（（
°））

0    
    

    
5    

    
   1

0    
    

15    
   2     20        15         10          5            0 Reinforcement  sc

ale（（mm））Reinforcement  content（（%））

 RC = 0%

 RC = 5%

 RC = 10%

 RC = 15%

 RC = 20%

(a) (b)

Fucale et al.(2015)-0%

Fucale et al.(2015)-10%

Fucale et al.(2015)-20%

Pimolthai et al.(2014)-Thailand 0%

Pimolthai et al.(2014)-Germany 2%

Pimolthai et al.(2014)-Luxembourg 3%

Present study-0%  

Present study-5%  

Present study-10%

Present study-15%

Present study-20%

0 25 50 75 100 125
0

20

40

60

80

100

120

140

160

180

200

220

240

260

)a
P

k(
ht

g
nerts

rae
h

S

Normal stress (kPa)

Fig. 11  Comparison of the shear strength envelopes between the pre-
sent study and previous work

53505Environmental Science and Pollution Research  (2022) 29:53496–53508

1 3



MSW decreases (Karimpour-Fard et al. 2013; Pulat and 
Yukselen-Aksoy 2017). Karimpour-Fard et al. (2013) ana-
lysed the differences between the changes of the MSW shear 
strength parameters and increase in the RC. In direct shear 
tests, the directions of the shearing plane and fibrous parti-
cles, which tend to align themselves in the horizontal direc-
tion, are the same. When the RC increases, the interaction 
between solid particles and reinforced materials weakens, 
and the contact among reinforced materials increases. There-
fore, the presence of several sliding planes due to horizon-
tally oriented plastic fractions could affect the shear strength 
of the samples. Pulat and Yukselen-Aksoy (2017) reported 
that the shear strength parameters c and φ increased after the 
plastics (12%) were removed from MSW U-1 (USA). This 
can also be explained by interactions between solid particles, 
between reinforced materials and solid particles, and among 
reinforced materials.

The cohesion c of MSW ranges from 0 to 49.6 kPa and φ 
varies from between 20 and 38.7°. The cohesion c of MBT 
waste ranges from 5.4 to 63.1 kPa, and the internal friction 
angle φ varies between 19.0 and 48.1°. The main reasons for 
the differences in c and φ between MBT waste and MSW are 
the high content of organic matter, high moisture content, 
uneven composition, and strong anisotropy of MSW. After 
the MSW is mechanically sorted and biologically treated, its 
composition, moisture content, and density change and the 
particle sizes of its constituents become relatively uniform.

Conclusion

In this paper, five reinforcement contents (0%, 5%, 10%, 
15%, 20%) and four reinforcement scales (5, 10, 15, 
20 mm) were considered, and the shear strength charac-
teristics and variation of MBT waste were obtained using 
a direct shear test apparatus. The results show that (1) 
with the increase in the shear displacement, the shear 

stress of MBT waste gradually increases, a peak value 
cannot be observed, representing displacement hardening; 
(2) the shear strength of MBT waste depends on the con-
tent of reinforced materials. With the increase in the RC, 
the shear strength of MBT waste first increases and then 
decreases. The optimal RC is 10%; (3) the shear strength 
of MBT waste depends on the scale of the reinforced 
materials. With the increase in the reinforcement scale, 
the shear strength of MBT waste first increases and then 
decreases. The optimal reinforcement scale is 15 mm; (4) 
the ranges of the shear strength parameters of MBT waste 
were determined. When the ratio of the shear displace-
ment to the sample diameter is 10%, c ranges from 0.3 
to 10.0 kPa, and φ varies from 14.0 to 26.6°. When the 
ratio of the shear displacement to the sample diameter 
is 20%, the range of c is 6.0–12.0 kPa, and that of φ is 
15.6–26.6°; (5) the shear strength parameters of MBT 
waste depend on the RC and reinforced scale. The optimal 
RC is 10%, and the optimal scale of the reinforced mate-
rials is 15 mm; and (6) the shear strength parameters of 
MBT waste, reinforced MBT waste, and reinforced MSW 
were compared and discussed.
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