International Journal of Civil Engineering (2020) 18:717-733
https://doi.org/10.1007/s40999-020-00499-3

RESEARCH PAPER q

Check for
updates

Evaluation the Shear Strength Behavior of aged MSW using Large
Scale In Situ Direct Shear Test, a case of Tabriz Landfill

Mohsen Keramati' @ - Masoud Shahedifar? @ - Mohammad Hosein Aminfar® - Hasan Alagipuor®

Received: 6 July 2019/ Revised: 6 December 2019/ Accepted: 13 January 2020/ Published online: 24 February 2020
© Iran University of Science and Technology 2020

Abstract

The current study presents the physical and mechanical properties of municipal solid waste (MSW) with different ages of
new and old Tabriz landfill. Although there are several theoretical and laboratory methods to investigate the shear strength
parameters of MSW, field methods provide more accurate results due to the minimum MSW disturbance and changes, so in
this study the shear strength parameters of MSW Tabriz landfill were evaluated using the “Large Scale in Situ Direct Shear
Device” with the cross-sectional dimensions 122 x 122 cm. In spite of difficulties related to conducting tests such as
potential exposure to various contaminations and the lack of specific equipment in the beginning, it provided more realistic
results of the geotechnical behavior of municipal solid waste compared to other methods. Moreover, the in situ unit weight,
physical analysis, moisture and organic content at different ages were evaluated to better understand the mechanical
response with increase in the age of MSW. The results showed the cohesion and friction angle of 5- and 16-year-old MSW
was estimated as 1.17, 2.215 kPa and 31.51°, 21.51°, respectively; According to the results, the shear strength of 5- and
16-year-old MSW is mainly controlled by the friction angle which seems due to the MSW composition as a function of the
consumption pattern. The physical analysis of fresh MSW from 2005 to 2017 showed an increase in the fiber content
including plastics and textiles. Moreover, studies on MSW mechanical responses over the time revealed a decrease in the
shear strength because of the raise in the fiber and plastic content.
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1 Introduction

Rapid urbanization has led to an enormous increase in the
production of municipal solid wastes (MSW) in many large
cities. On the other hand, the occurrence of several land-
slides all over the world has caused devastating environ-
mental, economical, and financial problems in sites like the
United States Rumpke Waste Management (1996), Dona
Juanna, Colombia (1997) [1], Payatas, Philippines (2000),
Leuwigajah, Indonesia (2005) [2], and Barmshoor, Shiraz,
Iran (2013) [3].

It should be ensured that some factors such as stability
and integrity of waste mass and waste containment system
are provided during and after the operation of landfills.
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such as Tabriz landfill (TL). It is important to note that
local measurement should always be carried out to examine
these properties because they are highly dependent on the
physical and mechanical characteristics of the MSW,
which depend on the consumption pattern of the commu-
nity. According to the above, the present study was con-
ducted to examine the physical and mechanical properties
of MSW in the Tabriz landfill, Iran.

1.1 Shear Strength Parameters

Several researches have investigated the effects of various
factors such as density, composition, age and degradation,
loading rate, limiting stress, and moisture on the strength
and stiffness of MSW materials. The mechanical response
of MSW s significantly influenced by fibrous materials
such as plastics, paper, fabric and wood [4], and the pres-
ence of the fiber content leads to the non-isotropic behavior
of MSW [5]. In addition, the shear strength of MSW
depends on the direction of fiber elements and the device
used for testing [6].

In this regard, Richardson et al. [7] used a shear box
(122 x 122 cm) to conduct the large-scale in situ direct
shear test on the MSW of Central Mine Landfill.

Houston et al. [8] studied the mobilized shear strength of
an MSW sample at a 2.5 cm displacement, using a
120 x 120 cm in situ direct shear device. They increased
the normal stress and carried out the test when the variation
of shear stress was close to zero. Then the tests were
repeated at three different normal stresses and 33°-35° was
reported as the friction angle and approximately 5 kPa for
cohesion.

Witiam et al. [9] used a direct shearing device
(150 x 150 x 150 cm) on MSW materials including
glass, paper, ash, plastics, and metal. Using a step loading
technique, they performed five experiments at three dif-
ferent normal stresses ranging from O to 21 kPa. The shear
strength parameters were reported as cohesion of 10 kPa
and internal friction angle of 30°.

Mazzucato et al. [10] conducted an experiment using
80-cm-diameter cylindrical direct shearing device. In this
study, a displacement of 2.5 cm was the criteria for
determining the samples’ shear strength and cohesion of
43 kPa and friction angle of 31° was reported.

Thomas et al. [11] conducted a direct shearing test using
a mobilized shear strength of MSW at a 2.5 cm displace-
ment by a 100 x 100 cm in situ direct shear device. They
reported cohesion and friction angle as 23.4 kPa and 29.6°,
respectively. They also showed that the waste shear
strength decreased by increasing the plastic percentage.
According to the findings, through the decomposition
process, the percentage of paper decreases which results in
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increasing the percentage of plastic. Hence, the decompo-
sition process decreases the MSW shear strength.

Using the direct laboratory shearing device
(30 x 45 cm), Pelkey et al. [12] reported cohesion and
friction angle as zero and 26°-29°, respectively.

Caicedo et al. [1] conducted an experiment on fresh
waste containing 48% organic materials, 45% paper, fabric
and plastic, and 7% soil, metal and glass with unit weight
of 10 kN/m>. They utilized a direct in situ shearing device
with 90 cm diameter. The cohesion and friction angle were
67 kPa and 23°, respectively.

Ali et al. [13] studied Pakistan municipal solid waste
using a direct in situ shearing device (122 x 122 cm), with
normal stresses of 6, 13 and 20 kPa using concrete blocks,
at relative displacements of 2%, 3% and 4% strains. The
samples were sheared stepwise to avoid the construction of
new samples and to eliminate the effect of differences
among samples. They called it “staged direct shear test”
and found that the values of cohesion and friction angle
wee 6.63 kPa and 25.077°, respectively.

Using a direct in situ shear device (30 x 50 cm),
Miyamoto et al. [14] sheared each sample at a constant
normal stress with 40 mm horizontal displacement, in two
sites A and B in Japan and Laogang in China. The MSW
physical analysis was also examined. Regarding the rela-
tionship between shear strength and fibrous elements, the
researchers realized that as the percentage of fibrous ele-
ments increases, the shear strength is controlled by cohesion
instead of internal friction. They demonstrated that the
response and shear strength of different MSW can be
evaluated, to some extent, by focusing on fiber components.

Falamaki et al. [3] studied the shear strength parameters
of MSW materials of Barmshoor Landfill in Shiraz. They
used a large direct shear test device (30 x 30 x 16.5 cm)
and evaluated the variation of cohesion and friction angle
of MSW with the temperature increase.

1.2 Effect of Aging

Age has a significant impact on the shear strength param-
eters of MSW; however, other factors such as composition,
climate of the area, moisture content, landfill process pro-
cedures, permeability and daily cover can also significantly
affect MSW degradation [15].

On the other hand, sometimes contradictory statements
were reported about the effect of aging on shear strength
parameters. For example, Landva and Clark [16] reported a
decrease in both cohesion and friction angle as a result of
decomposition over time, but Oweiss [17] reported an
increase in shear strength with aging and density.
According to Oweiss, the degradation of waste can also
have a reverse effect by destroying and eliminating the
reinforcement effect of fibers. Kavazanjian [18] noted that
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the drained shear strength of decomposed waste is similar
to that of fresh waste. Caicedo et al. [1] observed a
decrease in the friction angle and a slight change in
cohesion, with aging of MSW.

Hossain [19] stated that degradation leads to an increase
in the fiber content, and this leads to a decrease in the shear
strength. Kolsch and Ziehmann [15] also noted that
degraded MSW is weaker than fresh waste, although this
trend has not been observed in all laboratory data.
Machado et al. [20] indicated that shear strength increased
with aging. Nascimento [21] noted that aging increased the
density and, as a result, the shear strength of the MSW was
increased.

Bareither et al. [22] reported an increase in the friction
angle with degradation and noted no clear relationship
between cohesion and degradation. Gomes et al. [23]
reported an increase in the friction angle and a decrease in
cohesion with aging of MSW. On the other hand, several
researchers measured a decrease in the friction angle and
an increase in cohesion with aging and degradation
[24, 25]. Shariatmadari et al. [26] reported a reduction in
the shear strength with increase in the fiber content.
Moreover, they stated that non-isotropic strength and
shearing mechanism play a crucial role in the MSW
mechanical responses. Sadeghpour [27] stated that aging
up to 5.5 years increases the shear strength, while it
declines after that.

Some research was carried out on aging and its effect on
various parameters including dynamic parameters and
consolidation by Zekkos [28], Adil Haque [29], Ramaiah
et al. [30] and Keramati et al. [31].

To determine the shear strength parameters, different
techniques like the back analysis of failed or stable slopes,
laboratory tests (direct shearing, simple and triangular
shearing) and field tests such as direct shear and plate load
can be utilized. It is impossible to obtain undisturbed
samples due to the size of the particles and the nature of the
MSW materials in laboratory studies, and the physical
components of MSW can be changed during sample
preparation for laboratory tests. In the current study, the
large-scale in situ direct shear test was performed to
improve the reliability of the results. Additionally, after
literature review, variables such as waste composition and
unit weight were also studied to obtain an appropriate
understanding of the MSW mechanical responses in dif-
ferent conditions.

2 Materials and Method

In this study, the physical analysis, moisture content,
organic content and in situ unit weight of MSW were
investigated in Tabriz landfills for fresh, 5-year-old and

16-year-old MSW. Furthermore, the shear strength
parameters of MSW were studied using a large-scale direct
in situ shear test.

2.1 Tabriz Landfill Characterization

Tabriz is the largest city in the northwest of Iran with a
population of about 1.5 million. At least 1100 tons of MSW
is produced every day and transported to the Tabriz landfill
(TL). Some of it is recovered and the majority is buried
[32]. The landfill has two sections; an old one and a new
one. The new sanitary section was built according to global
standards. The coordinates of old and new TL are shown in
Table 1. The 21-year-old landfill is located 20 km away
from Tabriz International Airport and the new one is
located near the old TL site. The location of TL in the city
as well as the position of both old and new landfills is
shown in Fig. 1, and in Fig. 2 a view of the old and new
Tabriz landfills are presented.

2.1.1 Physical Properties of MSW

The physical properties of landfills play a fundamental role
in the mechanical response of MSW. Parameters such as
in situ unit weight, moisture and organic content of MSW
in the TL investigated in this study are described as
follows.

The MSW physical properties is affected by the con-
sumption pattern, population and its economic activities.
Increase in the age of landfills could change the compo-
nents and proportions of the MSW considerably. This study
investigated the physical properties of fresh, 5- and
16-year-old MSW of TL according to the proposed method
by Tchobanoglous [33].

The process of mixing and separating and analyzing the
MSW samples is illustrated in Fig. 3. The changes in
physical composition of 5- and 16-year-old MSW with
time are shown in Fig. 4.

The unit weight of MSW is one of the most important
parameters for any engineering analysis on the landfill. The
MSW unit weight is similar to that of the soil materials and
is influenced by density, layer thickness, depth of landfill
(e.g., overhead stress) and moisture content. However, the
MSW unit weight is significantly different from the soil,
due to a wide variety of MSW compositions (such as size

Table 1 Location of old and new TL

Landfills Longitude Latitude
Old 46° 15'28.0" E 38° 11'27.1" N
New 46° 15'51.3" E 38° 11'55.9" N

2
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Fig. 2 A view of old (left) and new (right) pictures of the Tabriz landfill

Fig. 3 The process of mixing, separating and analyzing the MSW sample

and density), degradation and factors such as the thickness In this study, the moisture and organic content of fresh
of the daily cover or its absence [34]. and 5- and 16-year-old MSW in TL were investigated

The low compaction effort of MSW has reasonably led  based on the proposed method by Zekkos [28]. For this
to minimum unit weight in TL. Therefore, a test pit with  purpose, samples were placed in separate ovens at a tem-
dimensions of about I m x 1 m x 1 m was excavated and  perature of 55 °C until the difference between two con-
the volume of the ditch was determined by water replace- secutive readings was less than 1% for 12 h. Eventually,
ment according to previous studies on various landfills [6].
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Fig. 4 The appearance of 5-year-old (right) and 16-year-old (left) MSW

the moisture content was determined using the following
relation:

W = (M,,/My) x 100,

where M, is the dry weight of the MSW and M,, is the
water content removed at 55 °C in the oven.
Subsequently, the samples were heated to 105 °C. The
sample’s weight loss was negligible with the temperature
increase from 55 to 105 °C. When samples’ weight was
stabilized in the oven, the MSW was prepared for the
analysis of organic content according to the ASTM D2974
method [35]. The temperature of the samples increased to
440 °C in a muffle furnace and was kept constant until the
samples reached a constant weight at this temperature.
Finally, the organic content was determined according to
the weight loss and the weight of the residue in the furnace.

2.2 Direct Shear Test, Specimen Preparation
and Testing Program

The purpose of the present study was to investigate the
shear strength parameters for understanding the mechanical
behavior of TL with increase in the age of MSW. In the
following sections, a large-scale in situ direct shear test
device was used in this study, sample preparation and
testing program.

2.2.1 In Situ Direct Shear Test Device Specifications

The mentioned device includes the shear and normal
loading systems, force gauge, displacement gauge and
frame. According to Richardson et al. [7], Houston et al.
[8] and Ali et al. [13], dimensions larger than 1 m have
been recommended for carrying out in situ experiments on
MSW, so a metal box was constructed with internal

dimensions of 122 x 122 cm. The box consists of an upper
section to apply shear force and a lower section to support
the upper part and control its movement while using shear
force.

To distribute uniformly the jack shear force on the upper
section, a push beam was placed in the lower quarter height
region of the box. This will prevent the box from distorting
and transfer all shear force on the sample to create the
necessary interaction in the shear plate (Fig. 5). The
schematic of the device is thoroughly illustrated in Fig. 6.

To measure the shear force, a ring force was utilized
with maximum capacity of 3 tons consisting of a dial gauge
with an accuracy of 0.01 mm. A 70 ton hydraulic jack was
used to apply the shear force, and a dial gauge with an
accuracy of 0.01 mm measured the horizontal displace-
ment of the box as presented in Fig. 7. Some precast
concrete blocks with a weight of 1 ton was used to apply
the necessary normal stress.

Fig. 5 The device’s main parts
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Fig. 6 Schematic view of the in situ direct shear box (a top view, b side view)

2.2.2 Specimen Preparation and Testing Program

In situ direct shear test specimens were prepared onsite to
prevent minimum disturbance as well as each specimen
was considered to have three steps of direct shear test with
different vertical stress to eliminate the effect of variations
among samples according to Ali et al. [13]. Normal
stresses of 6.7, 14 and 22.2 kPa were applied stepwise, by
placing precast concrete blocks on the specimens as nor-
mal stress. At each step, three strains of 2, 3 and 4% were
considered for shear stress to determine the strain effect
on the mechanical response of MSW. The test was per-
formed at a shearing rate of 4 mm/min, as shown in
Fig. 8.

As shown in Fig. 8, samples were prepared in six steps;
first, 20 cm coating soil from the top of the landfill was

2
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removed and the in situ intact specimen with a size of
122 x 122 x 75 cm were excavated. To avoid emission of
toxic gases, a coating of clayey soil with a thickness of
about 10 cm was spread over the excavated MSW. At this
stage, the lower box was placed around the specimen at the
lowest possible depth so that the shear plate can be pre-
pared with minimum disturbance. Subsequently, the
lubricated upper box was set around the sample and few
empty areas in the box were filled with MSW. Afterward, a
concrete block was placed for the support of the shear force
hydraulic jack that was loaded with the truck weight over
the block. After preparing each sample, the jack and dis-
placement gauge were fitted next to the box and the
experiment was carried out.
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Fig. 7 Equipment used for large-scale in situ direct shear test (a load ring, b hydraulic pump, ¢ dial displacement gauge)

3 Results and Discussion

3.1 Physical Properties of Municipal Solid
Wastes

The MSW unit weights at different ages are presented in
Fig. 9; this figure shows a higher increasing trend in the
beginning until 5-year-old and then lower. This trend could
be explained by the MSW composition, the method of
landfilling, compression effort, as well as the decomposi-
tion rate of organic elements, which increase the waste
density over the time.

The MSW unit weight of different landfills in the world
is shown in Fig. 10. It is observed that the in situ unit
weight of the Tabriz landfill is in the range of other land-
fills. By comparing the MSW components of TL and Okhla
and Ghazipour landfills in India presented by Ramaiah
et al. [6], it was observed that the percentage of plastic
materials in TL MSW materials was higher than that of the
mentioned landfills. Considering their low weight, big
volume and low compressibility, a high percentage of the
plastic materials can be the reason for the relatively low
in situ unit weight of TL. On the other hand, Tabriz and
Tehran are Iran’s two metropolitan cities with similar
consumption pattern. However, Tabriz landfill MSW has a
more moderate density and lower unit weight compared to

Tehran Kahrizak landfill MSW [36]. This can be explained
by the burial conditions in Tabriz landfill.

Table 2 presents the physical analysis, unit weight,
moisture and organic content of TL at fresh and 5- and
16-year-old MSW. According to the results, with aging,
moisture and organic element content decreased, which
confirms the reported results by Shariatmadari et al. [36]
and Keramati et al. [31]. As shown in this table, the per-
centage of plastics in TL increased with the age of MSW,
which could affect the shear strength significantly.

Figure 11 compares the moisture content of TL with the
data reported in other studies. According to this compar-
ison, Tabriz MSW’s moisture content is higher than the
average, with the exception of Tehran’s Kahrizak landfill
[36]. Also, the organic content of Tabriz’s MSW is higher
than that of other landfills as presented in Fig. 12, which
can be interpreted due to differences in consumption pat-
tern, components, landfilling and weather conditions.

Figure 13 shows that the percentage of the pasty portion
of fresh MSW reduced from 73 to 53% in the years
2005-2017. However, the percentages of plastics and
papers increased significantly in these 12 years. This is
interpreted as a consequence of changes in the consump-
tion pattern in accordance with the city development.
Indeed, such intensive changes in fresh MSW components
have affected the mechanical responses of MSW over time.

2
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Fig. 8 Large-scale in situ direct shear experiment steps (a removing the coating, b preparing a sample with approximate dimensions of
122 x 122 cm, ¢ placing the lowest part of the box, d placing the upper box around the sample, e placing support, f fitting the box to a jack and
displacement gauge and applying normal stress)

On comparing of fresh (in the year 2012) and 5-year  decreased about 30% because of the degradation and aging
MSW components, it is obvious that the plastic material ~ process.
was increased more than 200% and the pasty materials
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Fig. 9 Results of the unit weight TL MSW with increase in the age
3.2 Shear Strength Parameters

In Figs. 14 and 15, the shear stress of 5-and 16-year-old
MSW is presented against normal stress and horizontal
displacement. Results showed that the cohesion and fric-
tion angle for 5- and 16-year-old MSW were evaluated as
1.17 kPa and 31.51° and 2.215kPa and 21.51°,
respectively.

The estimated MSW’s friction angle and cohesion at the
two mentioned ages for different strains are summarized in

20 -
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14 4 -
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Unit Weight (kN/m3)
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Table 3. The results show that there are different shear
strength values between 5- and 16-year-old MSW, and the
16-year-old has lower shear strength than 5-year-old MSW.
Indeed, the MSW shear strength was mainly due to the
friction angle with a negligible effect of cohesion. For
5-year-old MSW, as the shear strain increased, the angle of
friction decreased, while for 16-year-old MSW the friction
angle increased with increase in the shear strain up to 3%,
and afterward it slowly decreased. On the other hand, in
both 5- and 16-year-old MSW, cohesion increased with
increase in the shear strain.

According to Kolsch [51], the presence of fibrous
materials causes the reinforcement and increases the shear
strength of MSW at a certain strain. Therefore, considering
the MSW components at the ages of 5- and 16-year MSW,
increasing the plastic content as fibrous materials increased
the effect of reinforcement. The rising trend of cohesion
can be attributed to the aging and rise of plastic content.

L laboratory tests, [ in situ tests, D circular box, PS peak
stress, PD peak displacement, NR not reported

As presented in Fig. 16, the cohesion and friction angle
of this study were compared to the other related published
data on the landfills using in situ and laboratory direct shear
test. Table 4 presents some information of these studies in

P S PSP S
. . <
LN E S

Fig. 10 Comparing the in situ near surface MSW unit weight of the current study with some MSW landfills in the world [6, 7, 36-42]
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Table 2 Physical analysis and properties of TL at different ages of MSW

Age Composition (percentage by dry weight) In situ unit weight Moisture Organic
(years) - - - (kN/m3 ) content (%) content (%)
Paste Metal Soil and Wood Plastic Paper and Textile and  Glass
rock cardboard rubber
Fresh 526 096 8.29 5 14.08 9.1 7.97 2 9.68 145 64.8
5 474 1.6 9.4 2.4 21.2 9.4 4.8 3.8 10.86 83 40.5
16 51.7 0.8 9.8 34 274 1.8 3.1 2 11.37 51 22.3
200
180 - -
160 -
140 - T
= 120 4 =
f=
7]
€
S 100 -
-
2 1l
g 80 -
=
60 - -
40 - -
20 - 1 =
0 J
S\ > N B\ D > AN S
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Fig. 11 MSW moisture content reported in different studies in comparison to the TL [16, 31, 36, 43—46]

which the width of the shear box varies between 6.35 cm
and 150 cm.

3.3 Shear Strength Parameters in Different Unit
Weights and Ages of MSW

According to Table 3, the results show that with increase in
the age of MSW, the friction angle decreases and cohesion
increases. Also, the significant increase in the plastic per-
centage of MSW because of the degradation process has
led to greater reduction of the frictional strength. Similar
findings were reported by Thomas et al. [11], Hossain [19],
and Gabr et al. [24].

@ x!,} @ Springer

According to Zekkos et al. [5], both MSW composition
and unit weight affect the shear strength response of MSW,
but they could not demonstrate the mechanical behavior of
MSW independently. However, in the landfills, MSW
components change significantly over time that can affect
the unit weight and shear strength parameters.

Ramaiah et al. [6] reported different results about the
two landfills in India. They showed an increase in friction
angle and a reduction in cohesion with aging. According to
their results, the mechanical response of MSW materials
was independent of age and related to the displacement
rate, although this is not observed in the TL MSW. This
contradiction could be related to the different MSW
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Table 3 Shear strength parameters of 5- and 16-year-old MSW in

different horizontal strains

Age Strain (%) Friction angle (°) Cohesion (kPa)
5-year-old MSW 2 30.30 0

3 31.48 0

4 31.51 1.17
16-year-old MSW 2 22.29 0.937

3 22.30 1.503

4 21.51 2.215

2
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compositions in TL and India’s landfills. The main dif-
ferences are in the percentage of textile materials, plastics
and organic content (Table 2). As shown in Figs. 14 and
15, the slope of shear strength envelope changes for both 5-
and 16-year-old MSW with increase in the normal stress
also with different trends. When the normal stress reached
more than 15 kPa, the shear strength envelope of 5-year-
old MSW increased while for the 16-year-old MSW
decreased. The reason for such differences is the changes in
the composition and percentage of plastic and pasty MSW
materials over time.
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Fig. 16 Comparison of TL shear strength parameters with other landfills
4 Conclusion

In this study, the physical properties, moisture and organic
content, unit weight and the shear strength parameters of
the MSW of the TL at the ages of fresh and 5- and 16-year-
old MSW were investigated; for this objective, a large-
scale in situ direct shear test device was used.

According to the results, the shear strength of 5- and
16-year-old MSW is mainly controlled by the friction angle

Siegel et al. (1990)
A Howland and Landva (1992)
B Whitiam et al. (1995)
4 Edincliler et al. (1996)
X Mazzucato et al. (1999)
W Sadek et al. (1999)
Gotteland et al. (2000) Montec landfill
agmPelkey et al. (2001)
——Mahler and De Lamare (2003)
4 Dixon et al. (2008)
Ali et al. (2009)
4 Shan and Fan (2009) Chunan landfill
—Arif (2010) Sit B
Arif (2010) Sit N
A Bareither et al. (2012b)
® Miyamoto et al. (2015) Site A
——Miyamoto et al. (2015) Loagang landfill
® Ramaiah et al. (2017) (at 55 mm displacement)
B This study 5-year MSW
X Falamaki et al. (2019) in Room Temp

which seems due to the MSW composition as a function of
the consumption pattern. Because of the degradation pro-
cess, the percentages of plastics and fibrous materials were
increased, so that the 5- and 16-year-old MSW indicated
low cohesion values of 1.17 kPa and 2.22 kPa, respec-
tively. Also this high plastic content of MSW caused the
reduction of friction angle from 31.51° to 21.51° over time
for 5- to 16-year-old MSW.
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Table 4 Data on the shear strength of MSW using a direct shear test (laboratory and in situ) from various studies for statistical analysis

Reference

Sample location

Testing method, sample
size (cm) and no. of tests

Displacement or strain at the shearing
resistance considered and normal stress
(kPa)

Landva and Clark [16, 37] Four landfills in Canada L, 43 x 29, 23 PS, 30.3-565

Siegel et al. [52] OII landfill in the USA L, 13 (D) PD (10% strain), 90-570
Richardson and Reynolds [7] Central Maine landfill in the USA I, 122 x 122, 17 NR, 1540

Howland and Landva [53] USA L,43 x 29,6 PS, 30.3-565

Houston et al. [8] North West Regional landfill in the USA 1, 122 x 122, 6 PS, 15.3-44.5

Whitiam et al. [9] Decorte Park landfill in the USA I, 150 x 150, 5 PS, 0-21

Gabr and Valero [54] Pioneer Crosing landfill in the USA L, 6.35 (D) PD (5% and 10% strain)
Edincliler et al. [55] A landfill in Wisconsin in the USA L, 30 (D), 18 PD (60 mm), 13.8—-138
Jones et al. [56] A landfill in Durham in the UK L, 30 x 30, 32 PD (30 mm), 50-400
Mazzucato et al. (1999) [10] A landfill in Verona in Italy 1&L, 80 (D) PS, 50-220

Kavazanjian et al. [57] OII landfill in the USA L, 46 (D), 9 NR, 137.5-1730

Sadek et al. (1999) [58] Normandy landfill in Lenanon L, 60 x 60, 5 PD (48 mm), 49.1-245.3
Thomas et al. [11] Torcy landfill in France I, 100 x 100 PD (180 mm), 50-125

Gotteland et al. [39]
Gotteland et al. [39]

Montec landfill in France

Torcy landfill in France

I, 100 x 100, 10
I, 100 x 100, 10

PD (100 mm), 50-125
PD (100 mm), 50-125

Pelkey et al. [12] Three landfills in Canada L, 45 x 30 PS

Caicedo et al. [1] Dona Juana landfill in Columbia L, 90 (D), 6 PS or PD, 2.2-117

Mahler and De Lamare [59] Two landfills cities in Brazil L, 40 x 25 PS, 25-100

Harris et al. [60] Outer Loop landfill in the USA 1,30 x 30,3 PD (30 mm), 172-690
Dixon et al. [61] Narborough landfill in the UK L, 100 x 100, 9 PD (240-260 mm), 25-100
Singh et al. [62] Brock West landfill in Canada L, 100 x 100, 3 PD (250-300 mm), 60-150
Ali et al. [13] A landfill in Pakistan I, 122 x 122, 3 4% strain (48.8 mm), 6-20
Shan and Fan [63] Huko landfill in Taiwan I, 80 x 80, 4 PS, 64-226

Shan and Fan [63] Chunan landfill in Taiwan I, 80 x 80, 4 PS, 52-229

Zekkos et al. [5] Tri-Cities landfill in the USA L, 30 x 30, 11 PS or PD (55 mm), 1.8-700
Arif (2010) [64] Landfill Site B in France L, 30 x 30, 3 PD (33 mm), 50-200

Arif [64] Landfill Site LM in France L, 30 x 30, 21 PD (33 mm), 50-200

Arif [64] Landfill Site N in France L, 30 x 30, 6 PD (33 mm), 50-200
Shariatmadari et al. [26] Kahrizak in Iran L, 30 x 30, 15 PD, 20-200

Bareither et al. [22] Deer Track Park landfill in the USA L, 28 (D), 22 PD (56 mm), 12-90
Karimpour fard et al. [65] Kahrizak in Iran L, 30 x 30, 57 PD, 20-100

Miyamoto et al. [14] Landfill Site A in Japan L, 30 x 50, 6 PD (35 mm), 8.2-19.1
Miyamoto et al. [14] Landfill Site B in Japan I, 30 x 50, 6 PD (35 mm), 8.2-19.1
Miyamoto et al. [14] Loagang landfill in China I, 30 x 50, 6 PD (35 mm), 7.5-22.3
Abreu [66] Sao Carlos sanitary landfill in Brazil L, 50 x 50, 18 PD (100 mm), 50-250
Ramaiah et al. [6] Ghazipur dump site in India I, 30 x 30, 15 PD (55 mm), 7-400
Ramaiah et al. [6] Okhla dump site in India L, 30 x 30, 6 PD (55 mm), 7-400
Falamaki et al. [3] Barmshoor landfill in Iran L, 30 x 30, 8 series PS in different Tempreture
This study 5-year-old MSW  Tabriz landfill in Iran I, 122 x 122, 3 4% strain (48.8 mm), 6.7-22.2
This study 16-year-old MSW  Tabriz landfill in Iran I, 122 x 122, 3 4% strain (48.8 mm), 6.7-22.2

L laboratory tests, / in-situ tests, D circular box, PS peak stress, PD peak displacement, NR not reported

The physical analysis of fresh MSW from 2005 to 2017
showed an increase in the fiber content including plastics
and textiles. Moreover, studies on MSW mechanical

responses over time revealed a decrease in the shear
strength because of the increase in the fiber and plastic
content.

A
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Also, the following results were obtained from the
present study:

e The MSW shear strength was mainly due to the friction
angle.

e The MSW shear strength decreased with aging because
of the degradation of organic materials and increased
with higher shear displacement.

e Aging and degradation cause the organic materials to
change into soil-like materials and this leads to more
MSW compression and higher in situ unit weight.

e The moisture and organic content decreased over time
because of the degradation process.

e Higher plastic content of the MSW over time reduced
the friction angle and increased cohesion slightly.

e Although the in situ unit weight showed a clear increase
over time, its effect on shear strength was not notable.

References

1. Caicedo B, Yamin L, Giraldo E, Coronado O (2002) Geome-
chanical properties of municipal solid waste in Dofia Juana san-
itary landfill. In: Proc. Fourth Int. Congr. Environ. Geotech., Rio
Janeiro

2. Koelsch F, Fricke K, Mahler C, Damanhuri E (2005) Stability of
landfills—the Bandung dumpsite desaster. In: 10th Int. Waste
Manag. Landfill Symp. 2000.

3. Falamaki A, Ghareh S, Homaee M, Hamtaeipour Shirazifard A,
Abedpour S, Kiani S, Mousavi N, Rezaei M, Taghizadeh Motlagh
M, Dehbozorgi M, Nouri A (2019) Laboratory Shear Strength
Measurements of Municipal Solid Waste at Room and Simulated
In Situ Landfill Temperature, Barmshoor Landfill, Iran. Int J Civ
Eng DOI:10.1007/340999-019-00446-x

4. Karimpour-Fard M, Machado SL, Shariatmadari N, Noorzad A
(2011) A laboratory study on the MSW mechanical behavior in
triaxial apparatus. Waste Manag 31:1807-1819. https://doi.org/
10.1016/j.wasman.2011.03.011

5. Zekkos D, Athanasopoulos GA, Bray JD, Grizi A, Theodoratos A
(2010) Large-scale direct shear testing of municipal solid waste.
Waste Manag. 30:1544-1555. https://www.sciencedirect.com/
science/article/pii/S0956053X10000644 Accessed 9 Jan 2018

6. Ramaiah BJ, Ramana GV, Datta M (2017) Mechanical charac-
terization of municipal solid waste from two waste dumps at
Delhi, India. Waste Manag 68:275-291. https://doi.org/10.1016/].
wasman.2017.05.055

7. Richardson G, Reynolds D (1991) Geosynthetic considerations in
a landfill on compressible clays. Proc Geosynth 91:507-516

8. Houston WN, Houston S, Liu JW, Elsayed A, Sanders CO (1995)
In-situ testing methods for dynamic properties of MSW landfills.
in: Geotechnical Special Publications, pp 73—82. https://asu.pure.
elsevier.com/en/publications/in-situ-testing-methods-for-
dynamic-properties-of-msw-landfills. Accessed 10 Jan 2018

9. Withiam J. Tarvin P, Bushell T (1995) R. Snow, prediction and
performance of municipal landfill slope. https://cedb.asce.org/
CEDBsearch/record.jsp?dockey=0092007. Accessed 9 Jan 2018

10. Mazzucato A, Simonini P, Colombo S (1999) Analysis of block
slide in a MSW landfill. Proc Sardinia 99:537-544

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Thomas S, Aboura AA, Gourc JP, Gotteland P, Billard H,
Delineau T, Vuillemin M (2000) An in-situ waste mechanical
experimentation on a French landfill. Proc Sardinia 99:445-452
Pelkey S, Valsangkar A, Landva A (2001) Shear displacement
dependent strength of municipal solid waste and its major con-
stituent. Geotech Test J 24:381. https://doi.org/10.1520/
GTJ11135)

Ali L, Ali S, Magbool A (2009) Large direct shear test apparatus
for in situ testing of municipal solid waste landfill sites. In:
Charact. Model. Perform. Geomaterials, American Society of
Civil Engineers, Reston, pp. 86-91. doi:10.1061/41041(348)13
Miyamoto S, Yasufuku N, Ishikura R (2015) In-situ shearing
response and shear strength of various solid waste ground focused
on fibrous materials composition. Geomech. from Micro to
Macro, pp 1357-1362

Kolsch F, Ziehmann G (2004) Landfill stability—risks and
challenges. Waste Manag World. https://www.dr-koelsch.de/
html/resources.html.

Landva AO, Clark JI (1990) Geotechnics of waste fill. Astm Org,
pp- 86-103. https://www.astm.org/DIGITAL_LIBRARY/STP/
PAGES/STP25301S.htm Accessed 10 Jan 2018

Oweis IS (1993) Stability of landfills. In: Geotechnical practice
for waste disposal. Springer US, Boston, MA, pp 244-268.
https://doi.org/10.1007/978-1-4615-3070-1_11

Kavazanjian E (2001) Mechanical properties of municipal solid
waste. Proc Sardinia 1:415-424

. Hossain MS (2002) Mechanics of compressibility and strength of

solid waste in bioreactor landfills, North Carolina State Univer-
sity, Raleigh

Machado SL, Vilar OM, Carvalho MF (2008) Constitutive model
for long term municipal solid waste mechanical behavior. Com-
put Geotech 35:775-790. https://doi.org/10.1016/j.compgeo.
2007.11.008

Nascimento J (2007) Mechanical behavior of municipal solid
waste. Ms. C, https://scholar.google.com/scholar?hl=en&as_sdt=
0%2C5&q=Nascimento%2C+]J.C.F.%2C+2007.4+Mechan
ical+behavior+of+municipal+solid+waste.+Ms.C.+thesis%
2C&btnG=. Accessed 11 Jan 2018

Bareither CA, Benson CH, Edil TB (2012) Effects of waste
composition and decomposition on the shear strength of muni-
cipal solid waste. J Geotech Geoenvironmental Eng
138:1161-1174.  https://doi.org/10.1061/(ASCE)GT.1943-5606.
0000702

Gomes C, Lopes ML, Oliveira PJV (2013) Municipal solid waste
shear strength parameters defined through laboratorial and in situ
tests. J Air Waste Manage Assoc 63:1352-1368. https://doi.org/
10.1080/10962247.2013.813876

Gabr MA, Hossain MS, Barlaz MA (2007) Shear strength
parameters of municipal solid waste with leachate recirculation.
J Geotech Geoenvironmental Eng 133:478-484. https://doi.org/
10.1061/(ASCE)1090-0241(2007)133:4(478)

Reddy KR, Hettiarachchi H, Giri RK, Gangathulasi J (2015)
Effects of degradation on geotechnical properties of municipal
solid waste from orchard hills landfill, USA. Int J Geosynth Gr
Eng 1:24. https://doi.org/10.1007/s40891-015-0026-2
Shariatmadari N, Karimpour-fard M, Keramati M, Jatari Kolar-
ijani H, Naebi A (2011) Fiber content impact on the shear
strength of msw materials in direct shear tests, Sardinia 2011. In:
Thirteen. Int. Waste Manag. Landfill Symp. doi:10.13140/
2.1.5061.7125.

Sadeghpour AH (2014) Effect of aging on shear strength behavior
of municipal solid waste, Iran University of Science and
Technology

Zekkos DP (2005) Evaluation of static and dynamic properties of
municipal solid waste, University of California

2

@ ﬂk @ Springer


https://doi.org/10.1016/j.wasman.2011.03.011
https://doi.org/10.1016/j.wasman.2011.03.011
https://www.sciencedirect.com/science/article/pii/S0956053X10000644
https://www.sciencedirect.com/science/article/pii/S0956053X10000644
https://doi.org/10.1016/j.wasman.2017.05.055
https://doi.org/10.1016/j.wasman.2017.05.055
https://asu.pure.elsevier.com/en/publications/in-situ-testing-methods-for-dynamic-properties-of-msw-landfills
https://asu.pure.elsevier.com/en/publications/in-situ-testing-methods-for-dynamic-properties-of-msw-landfills
https://asu.pure.elsevier.com/en/publications/in-situ-testing-methods-for-dynamic-properties-of-msw-landfills
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0092007
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0092007
https://doi.org/10.1520/GTJ11135J
https://doi.org/10.1520/GTJ11135J
https://www.dr-koelsch.de/html/resources.html
https://www.dr-koelsch.de/html/resources.html
https://www.astm.org/DIGITAL_LIBRARY/STP/PAGES/STP25301S.htm
https://www.astm.org/DIGITAL_LIBRARY/STP/PAGES/STP25301S.htm
https://doi.org/10.1007/978-1-4615-3070-1_11
https://doi.org/10.1016/j.compgeo.2007.11.008
https://doi.org/10.1016/j.compgeo.2007.11.008
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nascimento%2C%2bJ.C.F.%2C%2b2007.%2bMechanical%2bbehavior%2bof%2bmunicipal%2bsolid%2bwaste.%2bMs.C.%2bthesis%2C&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nascimento%2C%2bJ.C.F.%2C%2b2007.%2bMechanical%2bbehavior%2bof%2bmunicipal%2bsolid%2bwaste.%2bMs.C.%2bthesis%2C&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nascimento%2C%2bJ.C.F.%2C%2b2007.%2bMechanical%2bbehavior%2bof%2bmunicipal%2bsolid%2bwaste.%2bMs.C.%2bthesis%2C&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nascimento%2C%2bJ.C.F.%2C%2b2007.%2bMechanical%2bbehavior%2bof%2bmunicipal%2bsolid%2bwaste.%2bMs.C.%2bthesis%2C&btnG=
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000702
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000702
https://doi.org/10.1080/10962247.2013.813876
https://doi.org/10.1080/10962247.2013.813876
https://doi.org/10.1061/(ASCE)1090-0241(2007)133:4(478)
https://doi.org/10.1061/(ASCE)1090-0241(2007)133:4(478)
https://doi.org/10.1007/s40891-015-0026-2

732

International Journal of Civil Engineering (2020) 18:717-733

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Haque MA (2007) dynamic chracteristics and stability analysis of
muncipal solid waste in bioreactor landfills. The University of
Texas, Arlington

Ramaiah B, Ramana G, Bansal BK (2016) Field and large scale
laboratory studies on dynamic properties of emplaced municipal
solid waste from two dump sites at Delhi, India. Soil Dyn Earthq
Eng 90:340-357. https://doi.org/10.1016/j.s0ildyn.2016.09.001
Keramati M, Shariatmadari N, Karimpour-Fard M, Saeedanezhad
A, Alidoust P (2017) Effects of aging on dynamic properties of
MSW: a case study from Kahrizak Landfill, Tehran, Iran, Sci.
Iran. (in press)

Organization of waste management in Tabriz, Iran (2015). https://
pasmand.tabriz.ir/. Accessed 24 Oct 2016

Tchobanoglous G (1993) Integrated solid waste manage-
mentengineering principles and management issues. https://www.
sidalc.net/cgi-

Dixon N, Jones DRV (2005) Engineering properties of municipal
solid waste. Geotext Geomembranes 23:205-233. https://doi.org/
10.1016/j.geotexmem.2004.11.002

ASTM D 2974 (2008) Annu. B. Stand. Am. Soc. Test. Mater.,
Conshohocken, Pennsylvania

Shariatmadari N, Sadeghpour AH, Mokhtari M (2015) Aging
effect on physical properties of municipal solid waste at the
Kahrizak Landfill, Iran. Int J Civ Eng 13:126-136. https://doi.org/
10.22068/1JCE.13.1.126

Landva AO, Clark JI (1986) Geotechnical testing of waste fill. In:
Proceedings, 39th Can. Geotech. Conf., Ottawa

Santos SM, Juca JFT, Aragdo JMS (1998) Geotechnical proper-
ties of a solid waste landfill: Muribeca’s case. In: Proc. 3rd Int.
Congr. Environ. Geotech. Lisboa, pp 181-184

Gotteland P, Gourc J, Aboura A, Thomas S (2000) On site
determination of geomechanical characteristics of waste. ISRM
Int., pp 1-6

Pereira AGH, Sopena L, Mateos TG (2002) Compressibility of a
municipal solid waste landfill. In: Proc., 4th Int. Congr. Environ.
Geotech, pp 201-206

Singh MK, Fleming IR, Sharma JS (2010) Development of a
practical method for the estimation of maximum lateral dis-
placement in large landfills, Pract. Period. Hazardous, Toxic,
Radioact. Waste Manag 14:37-46. doi:10.1061/
(ASCE)1090-025X(2010)14:1(37)

Sahadewa A (2014) In-situ assessment of linear and nonlinear
dynamic properties of municipal solid waste. https://deepblue.lib.
umich.edu/handle/2027.42/108994. Accessed 13 Jan 2018
Coumoulos DG, Koryalos TP, Metaxas IL, Gioka DA (1995)
Geotechnical investigation at the main landfill of Athens. Proc
Sardinia 95:885-895

Gomes C, Ernesto A, Lopes ML, Moura C (2002) Sanitary
landfill of Santo Tirso-municipal waste physical, chemical and
mechanical properties. In: Proc. 4th Int. Congr. Environ. Geo-
tech., pp 255-261

Karimpour-Fard M (2009) Mechanical behavior of MSW mate-
rials with different initial state under static loading. Iran
University of Science and Technology

Machado SL, Karimpour-Fard M, Shariatmadari N, Carvalho
MF, Do Nascimento JCF (2010) Evaluation of the geotechnical
properties of MSW in two Brazilian landfills. Waste Manag
30:2579-2591. https://doi.org/10.1016/j.wasman.2010.07.019
Zekkos D, Bray JD, Kavazanjian E, Matasovic N, Rathje EM,
Riemer MF, Stokoe KH (2006) Unit Weight of Municipal Solid
Waste. J Geotech Geoenvironmental Eng 132:1250-1261. https://
doi.org/10.1061/(ASCE)1090-0241(2006)132:10(1250)

Oettle NK, Matasovic N, Kavazanjian E, Rad N (2010) Charac-
terization and placement of municipal solid waste as engineered
fill, Researchgate.Net. pp 1-10

2

@ x!k @ Springer

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hyun 11 P, Borinara P, Hong KD (2011) Geotechnical consider-
ations for end-use of old municipal solid waste landfills. Int J
Environ Res 5:573-584

Gomes C, Lopes ML, Lopes MG (2005) A study of MSW
properties of a Portuguese landfill. In: Proc. Int. Work. Hydro-
Physico-Mechanics Landfills, LIRIGM, Grenoble, p 13531360
Kolsch F (1996) Der Einfluss der Faserbestandteile auf die
Scherfestigkeit von Siedlungsabfall, Technical University
Braunschweig [English: The impact of fibrous particles on the
shear strength of municipal solid waste]

Siegel RA, Robertson R, Anderson DG (1990) Slope stability
investigations at a landfill in Southern California. In: Geotech.
Waste Fill. Theory Pract, pp 259-284. https://www.astm.org/
DIGITAL_LIBRARY/STP/PAGES/STP25311S.htm.  Accessed
20 Jan 2018

Howland J, Landva A (1992) Stability analysis of a municipal
solid waste landfill. ASCE Geotech Spec Publ 31:1216-1231
Gabr M, Valero S (1995) Geotechnical properties of municipal
solid waste, geotech. Test J 18:241-251. https://doi.org/10.1520/
2tj10324;

Edincliler A, Benson CH, Edil TB (1996) Shear strength of
municipal solid waste: interim report—year 1. Environ Geotech
Rep 96:2

Jones R, Taylor D, Dixon N (1997) Shear strength of waste and
its use in landfill stability analysis. In: Geoenvironmental engi-
neering: contaminated ground: fate of pollutants and remediation,
pp 343-350. https://books.google.com/bookshl=en&lr=&id=
WalOigl5a0wC&oi=fnd&pg=PA343&dq=Jones,+D.R.V.,4+Tay
lor,+D.P.,+Dixon,+N.,+1997.4-Shear+strength+of+waste+and
+its+use+in&ots=pWIbBy3PX5&sig=S.CLZ3rMM{vjPI_kMku
N4rrH1oE. Accessed 20 Jan 2018

Kavazanjian EJ (1999) Seismic design of solid waste containment
facilities. In: Proc. Eigth Can. Conf. Earthq. Eng., pp 51-89
Sadek S, El-Fadel M, Manasseh C, Abou-Ibrahim A (1999)
Geotechnical properties of decomposed solid waste materials,
pp 350-357. https://eprints.soton.ac.uk/74383/. Accessed 20 Jan
2018

Mahler CF, De Lamare NA (2003) Shear resistance of mechan-
ical biological pre-treated domestic urban waste. In: Proc. Sar-
dinia 2003, Ninth Int. Waste Manag. Landfill Symp., p Paper 471
Harris J, Shafer A, DeGroff W, Hater G, Gabr M, Barlaz M
(2006) Shear Strength of degraded reconsitituted municipal solid
waste. Geotech Test J 29:141-148

Dixon N, Langer U, Gotteland P, (2008) I. Repository, Institu-
tional Repository Classification and mechanical behaviour rela-
tionships for municipal solid waste: study using synthetic wastes
This item was submitted to Loughborough’s Institutional
Repository (https://dspace.lboro.ac.uk/) by the author and i, J.
Geotech. Geoenvironmental Eng. 0241:79-90. doi:10.1061/
(ASCE)1090-0241(2008)134:1(79).

Singh MK, Sharma JS, Fleming IR (2009) Shear strength testing
of intact and recompacted samples of municipal solid waste. Can
Geotech J 46:1133-1145. https://doi.org/10.1139/T09-052

Shan H-Y, Fan T-H (2009) In-situ tests and slope stability
analysis of municipal solid waste landfill. In: Adv. Environ.
Geotech., Springer Berlin Heidelberg, Berlin, Heidelberg,
pp 590-595. doi:10.1007/978-3-642-04460-1_60

Arif NK (2010) Determination of hydro-mechanical characteristics
of biodegradable waste-laboratory and landfill site https://scholar.
google.com/scholar_url?url=https%3A%2F%?2Ftel.archives-ouve
rtes.fr%2Ftel-00556000%2F&hl=en&sa=T&ct=res&cd=0&ei=L
YlaWgXuAaaGmwHN4J64Aw&scisig=AAGBfm3YUIRIf2_CQ
RIKHAmuCtb-L81ffg&nossl=1&ws=1185x518. Accessed 14 Jan
2018

Karimpour-Fard M, Shariatmadari N, Keramati M, Jafari Kolar-
ijani H (2014) An experimental investigation on the mechanical


https://doi.org/10.1016/j.soildyn.2016.09.001
https://pasmand.tabriz.ir/
https://pasmand.tabriz.ir/
https://www.sidalc.net/cgi-
https://www.sidalc.net/cgi-
https://doi.org/10.1016/j.geotexmem.2004.11.002
https://doi.org/10.1016/j.geotexmem.2004.11.002
https://doi.org/10.22068/IJCE.13.1.126
https://doi.org/10.22068/IJCE.13.1.126
https://deepblue.lib.umich.edu/handle/2027.42/108994
https://deepblue.lib.umich.edu/handle/2027.42/108994
https://doi.org/10.1016/j.wasman.2010.07.019
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:10(1250)
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:10(1250)
https://www.astm.org/DIGITAL_LIBRARY/STP/PAGES/STP25311S.htm
https://www.astm.org/DIGITAL_LIBRARY/STP/PAGES/STP25311S.htm
https://doi.org/10.1520/gtj10324j
https://doi.org/10.1520/gtj10324j
https://books.google.com/bookshl=en&lr=&id=WaU0igJ5a0wC&oi=fnd&pg=PA343&dq=Jones,%2bD.R.V.,%2bTaylor,%2bD.P.,%2bDixon,%2bN.,%2b1997.%2bShear%2bstrength%2bof%2bwaste%2band%2bits%2buse%2bin&ots=pW9bBy3PX5&sig=S.CLZ3rMMfvjPI_kMkuN4rrH1oE
https://books.google.com/bookshl=en&lr=&id=WaU0igJ5a0wC&oi=fnd&pg=PA343&dq=Jones,%2bD.R.V.,%2bTaylor,%2bD.P.,%2bDixon,%2bN.,%2b1997.%2bShear%2bstrength%2bof%2bwaste%2band%2bits%2buse%2bin&ots=pW9bBy3PX5&sig=S.CLZ3rMMfvjPI_kMkuN4rrH1oE
https://books.google.com/bookshl=en&lr=&id=WaU0igJ5a0wC&oi=fnd&pg=PA343&dq=Jones,%2bD.R.V.,%2bTaylor,%2bD.P.,%2bDixon,%2bN.,%2b1997.%2bShear%2bstrength%2bof%2bwaste%2band%2bits%2buse%2bin&ots=pW9bBy3PX5&sig=S.CLZ3rMMfvjPI_kMkuN4rrH1oE
https://books.google.com/bookshl=en&lr=&id=WaU0igJ5a0wC&oi=fnd&pg=PA343&dq=Jones,%2bD.R.V.,%2bTaylor,%2bD.P.,%2bDixon,%2bN.,%2b1997.%2bShear%2bstrength%2bof%2bwaste%2band%2bits%2buse%2bin&ots=pW9bBy3PX5&sig=S.CLZ3rMMfvjPI_kMkuN4rrH1oE
https://books.google.com/bookshl=en&lr=&id=WaU0igJ5a0wC&oi=fnd&pg=PA343&dq=Jones,%2bD.R.V.,%2bTaylor,%2bD.P.,%2bDixon,%2bN.,%2b1997.%2bShear%2bstrength%2bof%2bwaste%2band%2bits%2buse%2bin&ots=pW9bBy3PX5&sig=S.CLZ3rMMfvjPI_kMkuN4rrH1oE
https://eprints.soton.ac.uk/74383/
https://dspace.lboro.ac.uk/
https://doi.org/10.1139/T09-052
https://scholar.google.com/scholar_url?url=https%3A%2F%2Ftel.archives-ouvertes.fr%2Ftel-00556000%2F&hl=en&sa=T&ct=res&cd=0&ei=LYlaWqXuAaaGmwHN4J64Aw&scisig=AAGBfm3YUlRIf2_CQRlkHAmuCtb-L81ffg&nossl=1&ws=1185x518
https://scholar.google.com/scholar_url?url=https%3A%2F%2Ftel.archives-ouvertes.fr%2Ftel-00556000%2F&hl=en&sa=T&ct=res&cd=0&ei=LYlaWqXuAaaGmwHN4J64Aw&scisig=AAGBfm3YUlRIf2_CQRlkHAmuCtb-L81ffg&nossl=1&ws=1185x518
https://scholar.google.com/scholar_url?url=https%3A%2F%2Ftel.archives-ouvertes.fr%2Ftel-00556000%2F&hl=en&sa=T&ct=res&cd=0&ei=LYlaWqXuAaaGmwHN4J64Aw&scisig=AAGBfm3YUlRIf2_CQRlkHAmuCtb-L81ffg&nossl=1&ws=1185x518
https://scholar.google.com/scholar_url?url=https%3A%2F%2Ftel.archives-ouvertes.fr%2Ftel-00556000%2F&hl=en&sa=T&ct=res&cd=0&ei=LYlaWqXuAaaGmwHN4J64Aw&scisig=AAGBfm3YUlRIf2_CQRlkHAmuCtb-L81ffg&nossl=1&ws=1185x518
https://scholar.google.com/scholar_url?url=https%3A%2F%2Ftel.archives-ouvertes.fr%2Ftel-00556000%2F&hl=en&sa=T&ct=res&cd=0&ei=LYlaWqXuAaaGmwHN4J64Aw&scisig=AAGBfm3YUlRIf2_CQRlkHAmuCtb-L81ffg&nossl=1&ws=1185x518

International Journal of Civil Engineering (2020) 18:717-733 733

behavior of MSW. Int J Civ Eng. https://ijce.iust.ac.ir/files/site1/ Manag 68:263-274. https://doi.org/10.1016/j.wasman.2017.05.
user_files_6k93w6/shariatmadari-A-10-286-4-2d9df06.pdf 038

66. Abreu A, Vilar OM (2017) Influence of composition and degra-
dation on the shear strength of municipal solid waste. Waste

2

@ ﬂk @ Springer


https://ijce.iust.ac.ir/files/site1/user_files_6k93w6/shariatmadari-A-10-286-4-2d9df06.pdf
https://ijce.iust.ac.ir/files/site1/user_files_6k93w6/shariatmadari-A-10-286-4-2d9df06.pdf
https://doi.org/10.1016/j.wasman.2017.05.038
https://doi.org/10.1016/j.wasman.2017.05.038

	Evaluation the Shear Strength Behavior of aged MSW using Large Scale In Situ Direct Shear Test, a case of Tabriz Landfill
	Abstract
	Introduction
	Shear Strength Parameters
	Effect of Aging

	Materials and Method
	Tabriz Landfill Characterization
	Physical Properties of MSW

	Direct Shear Test, Specimen Preparation and Testing Program
	In Situ Direct Shear Test Device Specifications
	Specimen Preparation and Testing Program


	Results and Discussion
	Physical Properties of Municipal Solid Wastes
	Shear Strength Parameters
	Shear Strength Parameters in Different Unit Weights and Ages of MSW

	Conclusion
	References




