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Abstract

The primary objective of this investigation is to assess the potential reusability of aged, dumped waste found in landfills for
its application as a bulk geomaterial. Owing to the inherent heterogeneity of municipal solid waste (MSW), compre-
hensively understanding its behaviour—be it physical, mechanical, or dynamic—presents a significant challenge. Labo-
ratory-based studies serve as a pivotal means to gain insight into a material’s behaviour before its practical implementation.
The study focuses on examining the intricate strength characteristics of MSW fines (< 4.75 mm) and fiber-reinforced
MSW fines (with varying fiber content ranging from O to 10%) using the bender element laboratory test. The bender
element analysis facilitates the determination of shear wave velocity (V;) values by measuring the disparity in time travel
between transmitted and received waves. Comprehensive scrutiny encompasses the influence of diverse parameters,
notably the excitation frequency of the wave (f), applied confining pressure (o.), relative compaction (R,.), fiber content
(FC), and the saturation state. Notably, the study identified an optimal fiber content of 1% across different excitation
frequencies and applied confining pressures, where V or normalized G,,,, values exhibited higher levels. Furthermore, the
study involved fitting a cubic polynomial model and devising a generalized equation that correlates the normalized small
strain modulus with the normalized shear strength for fiber-reinforced MSW fines. This equation serves as a valuable tool
in understanding and predicting the material behaviour concerning small strain modulus and shear strength in fiber-
reinforced MSW fines.
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1 Introduction

Millions of tons of solid waste, treated or untreated, have
been deposited every year in landfills, despite the devel-
opment of advanced solid waste management techniques
and major regulations. This becomes a need now to reuti-
lize these landfills’ waste and recover the land, either to
reutilize it for other purposes or to accommodate the newly
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generated waste, as most of the old landfills have been
exhausted. Landfills have become major structures to study
for a few decades regarding their safety and stability under
static and dynamic loadings due to the catastrophic disas-
ters caused by landfill failures [1]. The high organic con-
tent and heterogeneity of landfill waste complicate the
estimation of its engineering properties. The design, ser-
vice, and management of landfills rely on understanding
the thermo-hydro-mechanical (THM) properties of
municipal solid waste (MSW), which influence the com-
pressibility, strength, permeability, and overall stability of
the landfills [2-4].

As compared to static behaviour, it has been more
challenging to evaluate the dynamic behaviour of waste for
landfill design due to its complex and heterogeneous
material properties. There is a lot of research on the MSW
(municipal solid waste) to study the effect of waste com-
position, particle size, unit weight, age, fiber content, etc.,
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on the static geotechnical as well as on the dynamic
properties (shear modulus and damping ratio) [5-17].
One of the relevant strength properties which are
required for the seismic response analysis is G,,,, (small
strain shear modulus), which has been indirectly computed
from the shear wave velocity, (Vy), and the mass density of
the material (p) relationship (as shown in Eq. 1 in subse-
quent sections). There are various in-situ methods used to
determine the Vg of MSW, like Downhole sounding [18],
Seismic refraction test [19], Seismic dilatometer test [20],
Spectral analysis of surface waves method [21-25], Mul-
tichannel analysis of surface waves method, and Micro-
tremor analysis method [25, 26]. To compute the dynamic
properties of waste in the laboratory, the testing apparatus
needs to be large to accommodate the large particle size,
which is generally limited. So, to have reliable data most of
the studies are carried out in fields to determine the Vg of
MSW. The G,,., obtained through Vg is generally associ-
ated with the shear strain of approximately 0.001% but, the
in-situ techniques to evaluate the G,,,, of the MSW by
measuring V; with a small-strain range > 0.001% [27].
Few researchers have used some laboratory apparatus like
bender element (BE) and resonant column (RC) to measure
the G,,. [27-29]. 15 large-scale cyclic simple shear tests
installed with BE were conducted on reconstituted Tri-
Cities landfill MSW specimens [29]. The test results
demonstrated a strong dependence of unit weight and
composition ratio on shear wave velocity and small strain
shear modulus. Some research also tried to find the pulse
velocities and elastic constants from the ultrasonic test for
the MSW (below 4 mm) from the Mavallipura landfill site
[30]. BE test on the MSW with varying fiber content from O
to 6% concluded, that fiber content and confining pressure
are of high importance for the evaluation of G,,,, [27]. On
the other hand, several laboratory and field tests reported
that laboratory-derived values are highly dependent on
composition and time under specimen confinement [5].
The current study focuses on the reusability of exca-
vated MSW fines, i.e., particles smaller than 4.75 mm,
rather than the design and stability of the landfill itself.
Approximately 60% of the waste collected in the present
study was classified as MSW fines [31-33], even the past
studies also validate this [34, 35]. These waste fines are
generally used as soil cover, usually in the same landfills,
but they can be used in bulk as construction or geomaterial
once the material is determined to be suitable for appli-
cation based on investigations [36-38]. Some of the
research has also suggested landfill mine soil fraction can
be used as fill material in reclamation projects, and
restricted or unrestricted use in geotechnical projects
depending on the organic content and chemical character-
ization of the fines [39, 40]. The investigation into the
behavior of Municipal Solid Waste (MSW) fines and their
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potential utilization as bulk material in various applications
is still in its nascent stages. The material’s micro-level
heterogeneity and unpredictable characteristics currently
limit its practical application in different fields. Over the
past few decades, the accumulation of vast waste in land-
fills, particularly in unsanitary landfills or dumpsites, has
compelled researchers to focus on extracting and repur-
posing valuable materials from these sites. Given that the
fine portion or soil-like material constitutes a significant
proportion of these decomposed waste deposits, research-
ers recognize its potential as a substantial construction
material. Notably, the Central Road Research Institute
(CSRI) in New Delhi has researched employing waste from
old landfills in Delhi as embankment fill material in road
construction [36]. Moreover, the National Highways
Authority of India (NHAI) has initiated the utilization of
inert materials from such sources in select highway pro-
jects across India.

The dynamic perspective of the material has gained
heightened significance, not only in its application within
high seismic zones but also as a geomaterial in embank-
ment or backfill, etc., where the particles undergo various
vibrations due to nearby construction activities, traffic
vibrations, and similar external factors. The particle range
selected for the study makes it feasible to use the same
sample size or apparatus as used for soil studies. Labora-
tory-based studies save time and money by predicting the
behaviour of the materials under consideration before they
are applied in the fields. The Vg of MSW fines and rein-
forced MSW fines with fibers was determined through the
bender element apparatus in the laboratory. The fibers used
were part of the waste and the impact on Vg was observed
with the increased concentration of fibers in MSW fines.
The details of the materials, bender element apparatus, and
determination of shear wave velocity are discussed in the
following sections.

2 Experimental Approach
2.1 Materials

The samples of waste were collected from two different
sites. Site-1 was Ramana, Varanasi (Uttar Pradesh), India
which was an open dump site. The samples were collected
in bags from 4 to 5 points at an average depth of 1-2 m.
The collected sample was further processed in the labora-
tory by drying and segregation and only the MSW fines
(portion less than 4.75 mm) were used for extended studies
[31, 32]. The second site (site- 2) was a waste-to-energy
(WtE) plant located in Karsada, Varanasi (Uttar Pradesh),
India. The 4 mm rejected sample, i.e., average size
between 4 and 8 mm was collected from the plant. The
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fibers were extracted from this waste by air-blowing
method [31]. The location map of the sites is shown in
Fig. 1. The considered samples of MSW fines and extrac-
ted fibers are shown in Fig. 2a and b. The detailed physical
and geotechnical characterization has been discussed in the
following result and discussion section.

2.2 Sample Preparation and Testing
Methodology

The sample preparation procedure for the bender element
test was the same as that of the triaxial test. Only the
material used for sample preparation is MSW fines. The
samples were prepared and tested at the required density.

The samples were 100 mm in height and 50 mm in
diameter and were compacted in four equal layers through
the moist tamping method [41]. The samples prepared for
fiber mixed/ reinforced MSW fines were the same as the
unreinforced samples at a fixed density of 1.51 g/cc, i.e.,
the maximum dry density (MDD) of the MSW fines
determined through the standard proctor test. The initial
void ratio of the samples at a fixed density of 1.51 g/cc was
observed to be 0.54 [42]. To check the effect of fiber
content (FC), the considered MSW fines were mixed in
different fiber proportions (0.5, 1, 2, 4, 8, and 10%). The
fiber content was considered from the previously conducted
study on the same material [31]. For the experiment, it was
required to make groves on both sides of the sample so that
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Fig. 1 Locations of waste collection sites
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Fig. 2 a MSW fines sample, b Fibers sample segregated from waste, ¢ Sampler, d prepared sample for bender analysis, e Prepared groove in the

sample, f two bender elements fixed in triaxial cell, g mounted sample

the receiver and transmitter units of the bender element
(Fig. 2(f)) could have better contact with the sample. The
sample preparation mould, prepared sample, grove formed
in the sample, and mounting of the sample in the cell have
been shown in Fig. 2c, d, e, and g respectively.

The complete testing program can be seen in Fig. 3. The
two sets of tests were carried out i.e., unreinforced and
reinforced MSW fines with fibers. The unreinforced sam-
ples were tested for different relative compaction (R,), i.e.,
90, 92, 94, 96, 98, and 100% at different confining pres-
sures (o.) of 0 to 200 kPa in the case of unsaturated
samples and effective confining pressure (¢’.) of 100 kPa

for saturated samples. The considered frequency of wave or
excitation frequency (f) for the unreinforced samples was
in the range of 0.25 to 1.5 kHz. The reinforced samples
were induced with the FC of 0.5 to 10% at a constant
density and tested at a o. of 0 to 150 kPa in the case of
unsaturated samples and o', of 100 kPa for saturated
samples. The f range was considered from 0.25 to
1.75 kHz. The bender element test was performed as
ASTM D2845 [43].

1 MSW Fines ‘

’ Considered Parameters ‘
)
i 90

Relative
v Compaction 2, 94, 96, 98 (1n %)

“:‘ Confining 0. 50.
Byeasme 100, 150,
200
(kPa)
T F‘;ﬂ“e““f 0.25,0.5,0.75, 1, 1.25, 1.5 kHz
14 . thewave

Fiber reilforced MSW

ot

0,0.5, 1,2, 4.8, 10 (in %) Concenmon i
4

Maintained at 1.51g/cc Density < |

0, 50, 100 Confining |
s 2 ; Pressure |

150 (kPa) 100 kPa

0.25,0.5,0.75, 1,1.25, 1.5, Frequency of L 1

the wave {

Fig. 3 Testing program for bender element analysis
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2.3 Bender Element Apparatus

The bender element apparatus used for the study consists of
four assemblies as shown in Fig. 4. It consists of one
convertor unit or amplifier, one dual-channel wave function
generator, one dual Channel high-performance digital
oscilloscope, and one triaxial Cell with bender element for
sample size 50 mm diameter. The two channels were
attached from the convertor unit to the triaxial cell for
transmitting and receiving the signals. The bender elements
attached to the triaxial cell can be seen in Fig. 2(f). The
upper end is the transmitter, where the waves enter the
sample, and the lower end is the receiver. The waveform
generator was connected to the amplifier’s convertor unit.
The waveform generator was used to provide input data,
such as signal type (Sine, Triangular, Square, Random
waveforms, and Ramp signal); frequency of wave; ampli-
tude, etc. The generated input wave was received by the
transmitter end of the triaxial cell, and waves traveled
through the sample and were received by the receiver end
before being sent back to the convertor unit. The digital
oscilloscope was connected to the convertor unit and
waveform generator, which displayed the input and output
signals.

This apparatus possesses certain limitations. It is cap-
able of solely measuring the material’s shear wave veloc-
ity, whereas the bender-extender element apparatus has the
capability to generate both P and S waves. The primary
drawback of this apparatus pertains to the size of the
bender element, approximately 1.2 cm, within the triaxial
cell illustrated in Fig. 2(f). This larger size of the bender
element poses challenges during sample preparation, often
leading to multiple occurrences of sample breakage.

Convertor unit Wave form generator

Fig. 4 Complete assembly of apparatus for bender element analysis

2.4 Determination of Shear Wave Velocity
Through the Travel Time of Waves

The bender element test is based on the piezoelectric
principle. The bender element test consists of a triaxial cell
with a piezoelectric element attached to both ends. When
excited with an electric voltage, these piezoelectric ele-
ments can convert electrical energy to mechanical energy.
On the other end, another piezoelectric element receives
the generated mechanical waves and converts them to an
electric signal. The time lag between the generated input
signal and the received output signal is recorded by the
equipment. Because the distance traveled is constant, i.e.,
the tip-to-tip distance between the transmitter and receiver,
which gives the velocity of the wave generated as a ratio of
the travel length of the wave to travel time [44—46].

The most common and widely accepted method for
determining the travel time in bender tests is the time
domain (TD) analysis. A few approaches under TD anal-
ysis include the first start-to-start, first peak-to-peak, first
trough-to-trough, and zero crossing of input—output waves.
Although the time domain method yields reasonable
results, it is seriously affected by the near-field effect
(NFE) at low input frequencies [47, 48]. A transmitted
shear wave is also often associated with a boundary-in-
duced compressional wave, which can frequently cover up
the shear wave at the receiver end which causes difficulty
in travel time estimation. This phenomenon is called NFE
[49, 50]. This effect can be minimized by adopting a
suitable distance between the receiver and transmitter (L)
and the wavelength of the input signal (A) [51]. It has been
stated that the NFE was prominent if the L/ ratio value
ranges from 0.24 to 4. The effects of NFE were greatly

Oscilloscope
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reduced for higher values, i.e., > 4 [52]. The time domain
method is not much dependent on the frequency of the
wave and does not explain the dispersive nature of the
waves. The frequency domain analysis (FD) using Fourier
transformation identifies the frequency components of the
transmitted and received signals as cross-spectrum [53].
Even though the FD method yields lower velocities than
the TD method, it gives a greater understanding of bender
soil interaction behaviour [54]. Higher frequencies are
preferable for FD analysis because they concentrate on the
spectral frequency breakdown and phase shifts [55]. In
addition, there is a mathematical method, known as the
cross-correlation (CC) method which determines the sim-
ilarity of input and output signals as a function of one
signal’s lag relative to the other. However, the CC meth-
od is regarded as a time-domain interpretation technique,
even though calculations must be performed in the fre-
quency domain [56]. It has been observed that at higher
excitation frequencies, the velocity obtained from the
cross-correlation technique is generally lower than that
obtained from the peak-to-peak method [57].

In this study, the evaluation of shear velocity for the
examined MSW and MSW-fiber composite was conducted
using the time domain (TD) method, employing the peak-
to-peak travel time estimation technique within the
framework of the bender element test.

The Vi (shear wave velocity) obtained from the bender
element test was used to find the small strain shear modulus
(Gax) by applying the following expression (Eq. 1) [58]:

Gmax:PVYZZP l;ﬂ 2 (1)
] At

where p = bulk mass density of the material (kg/m3); V.
= velocity of the shear wave (m/sec), L, = travel length of
the wave (tip to tip), and At is the travel time taken by the
waves. The travel length of the wave is the effective length
of the sample, i.e., the height of the sample (100 mm)
minus the length of the bender elements from both sides.
The length of each bender element was approximately
1.3 cm.

3 Results and Discussion

3.1 Geotechnical Characterization of MSW Fines
and Fiber-Reinforced MSW Fines

A detailed study (physical, chemical, geotechnical (static,
and dynamic)) of the considered MSW fines has already
been conducted in the past research [31, 32]. Approxi-
mately 60% of the waste collected from site 1 constituted
MSW fines, characterized as a fraction smaller than
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4.75 mm. The fundamental geotechnical assessment cate-
gorized these MSW fines as non-plastic silty sand, fol-
lowing the Unified Soil Classification System (USCS), with
a specific gravity of 2.32. Details regarding the particle size
distribution and physical characteristics of the MSW fines
are presented in Fig. 5(a). Additionally, Fig. 5(b) illustrates
the examination of density and strength variations of the
MSW fines in correlation with the inclusion of fibers.
These fibers have average length of 37 mm and low
specific gravity of 0.82 [59]. The percentage increase of
fiber inclusion due to its light weight reduces the dry
density of the mixture whereas the average shear strength
considered at 10% strain improves (when density is kept
fixed at 1.51 g/cc) with FC up to 8%. The maximum per-
centage increase in average strength, in comparison to
unreinforced MSW fines, reaches up to 106% with 8% fiber
inclusion at a 10% strain. However, the enhancement in
strength percentage appears modest at the initial fiber
inclusion levels of 0.5% and 1%, approximately around
17% only. The same can be observed through stress—strain
variation (for unsaturated undrained conditions and sample
size of height 76 mm and diameter 38 mm) of the unre-
inforced and reinforced MSW fines at different confining
pressures (50, 100, and 150 kPa) is shown in Fig. 5(c).

Based on the initial characterization, the MSW fines and
the composite MSW fines-fiber mix show potential for
utilization as fill material, such as backfill or embankment.
However, further investigations and treatments are deemed
necessary due to the presence of organic content. This
organic content poses a potential risk for settlement and
instability, requiring additional assessment and remedial
measures before considering their practical application
[31].

3.2 Bender Element Analysis
3.2.1 Consideration of Parameters for Bender Element Test

A total of five parameters were considered for the bender
element study, i.e., R., ., f, FC, and saturation which has
already been discussed in the testing methodology. The
study considered the time domain’s first peak-to-peak
analysis approach for the estimation of travel time as the
peaks of the output signal were predominant and could be
identified easily. However, more research is required to
comment on which method works better for the geomate-
rials. The first start-to-start method was suggested as reli-
able by Georgetti and Rodrigues [60] and was used by
some other researchers for waste and additive mix soils
[58, 61]. However, it is sometimes difficult to identify the
actual start point of the output signal. The input and output
signals (sinusoidal) at different conditions with travel time
can be seen in Fig. 6. It can be noticed that when the
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sample of MSW fines is unsaturated and unconfined
(Fig. 6(a)) the output peaks (in blue) are predominant for
all frequencies up to 2 kHz but as the sample is confined
under ¢, = 100 kPa for UU (unconsolidated undrained)
conditions (Fig. 6(b)) the first arrival output peak almost
suppressed or vanished. This evaluates the first arrival
output peaks at higher frequencies and confinement. When
the MSW (fines) sample is saturated and the test was
conducted under CU (consolidated undrained) conditions at
o', = 100 kPa (Fig. 6(b)), the predominant peaks can be
seen again. A typical input—output signal graph at different
FCs at a constant density (MDD) and f = 1 kHz is shown in
Fig. 6(d).

3.2.2 Effect of Excitation Frequency (f) on V;

The effect of the considered frequency range can be seen
on the shear wave velocity (V) considering different FC
and R. (Fig. 7(a and b)). The V, variation at every
unconfined and confined (o.: 50, 100, and 150 kPa) con-
dition for UU tests at different fiber content shows that V
almost linearly varies with the excitation frequency of the
wave (Fig. 7(a)). The concentration of fibers shows very
minute effects on the V; for every frequency. For the case
of V, variations with f for different R, (Fig. 7(b)), the trends
show slight improvement with the excitation frequency.
For unconfined or low confined (50 kPa) cases the samples
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«Fig. 6 Input—output wave response for a unconfined unsaturated
MSW fine sample at MDD, b unsaturated (UU) sample of MSW fine
at o, (100 kPa), ¢ saturated (UU) sample of MSW fine at ¢,
(100 kPa) at different excitation frequencies. d Input—output wave
response at different FC for unsaturated MSW fine sample at o,
(100 kPa) and f (1 kHz)

of lower R, values show no improvement with the increase
in excitation frequency. The improvements can be seen for
higher o. i.e., above 50 kPa for all R, values. The effect of
R cannot be clarified from Fig. 7(b) and is discussed in the
next section. Past researchers suggested the excitation
frequencies for different types of soils for the sample
aspect ratio of 2, i.e., silty sand (10 kHz) [62]; high plas-
ticity clay (6 kHz) [55]; poorly graded sand (7 and 5 kHz)
[47, 63]; and well-graded sand (10 kHz) [64]. The present
MSW fines look like soils and are categorized as per the
soil classification as silty sand, but the behavior of the
material is quite different from that of the exact silty sand
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soil. This may be because of the heterogeneity of the
material characteristics in the fines of the MSW.

3.2.3 Effect of Relative Compaction (R.) on V;

The differences in density or weight across various levels
of relative compaction (R.) did not exhibit distinct varia-
tions, making it challenging to discern clear trends in shear
wave velocity (V;) concerning R. and draw definitive
conclusions. However, noteworthy enhancements in V;
were observed, particularly at the lowest (90%) and highest
(98%) R, values, showcasing a remarkable improvement of
over 100%, as detailed in Table 1. These improvements
were particularly evident under unconfined conditions or at
lower confinement levels (50 kPa).

However, as the applied confining pressure (o)
increased, the trends in V; with varying R. became less
straightforward. While certain frequencies (0.75 and
1 kHz) displayed a marginal positive variation, there were
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Fig. 7 Shear wave velocity (Vs) variations with excitation frequency (f) for a different fiber content (FC), b different relative compaction (R,)
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Table 1 R, effect on V at different confining pressures and excitation frequencies

oc (kPa) Unconfined 50 kPa 100 kPa 150 kPa
Re (%)
90 98 90 98 90 98 90 98

f(kHz)

0.25 34.26 74.00 37.00 56.06 74.00 49.33 77.08 59.68
0.5 37.75 142.31 38.94 102.78 108.82 97.37 108.82 97.37
0.75 42.045 246.67 41.11 142.31 129.82 168.18 148.00 160.87
1 44.047 246.67 42.53 168.18 200.00 217.65 172.09 231.25
1.25 46.84 336.36 43.53 205.56 264.29 246.67 217.65 246.67
1.5 48.05 389.47 45.12 284.62 296.00 264.28 321.74 284.62

“All the V, values are in m/sec

V, = Shear wave velocity; R. = Relative compaction; ¢. = Confining pressure; f = Frequency

Testing conditions: Unconsolidated undrained (UU) without saturation

contrasting results observed with reduced V; values at R,
(98%) for different frequencies (0.25, 0.5, and 1.5 kHz).
The subtle alterations observed at higher confining pres-
sures could potentially stem from variations in the density
of the composite material initially set at lower relative
compaction (R.). These differences in density might con-
tribute to the less pronounced outcomes observed in the
study.

3.2.4 Effect of Confining Pressure (6.) on V;

The influence of confining pressure on the shear wave
velocity (V) of both unreinforced MSW fines and those
reinforced with fibers across various FC appears negligible,
as depicted in Fig. 8. While some fluctuations are notice-
able in the unreinforced samples within the frequency
range of 0.5 to 1 kHz, the introduction of fiber reinforce-
ment tends to smoothen out these fluctuations. Table 1
indicates that at two distinct relative compactions (R.),
higher confining pressures (i.e., 100 and 150 kPa) have
augmented the V in comparison to the unconfined or lower
confinement (50 kPa) state. However, the extent of
improvement shows minimal variation when transitioning
from 100 to 150 kPa.

In Fig. 8, all samples were prepared at a constant density
of 1.51 g/cc, which represents the maximum dry density
(MDD) of the MSW fines. Consequently, any rearrange-
ments of particles or alterations in density due to applied
confining pressures might be challenging to observe.
Nonetheless, in the case of R, at 90%, where the density is
lower than the MDD, such rearrangements could poten-
tially occur owing to reduced compaction.

A
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3.2.5 Effect of Fiber Content (FC) on V,

To check the effect of FC on the Vi, two frequencies were
considered i.e., 0.5 kHz (low) and 2 kHz (high) from the
frequency range considered in this study. The analysis was
made for four conditions (1) the samples were unsaturated
and unconfined, (2) the samples were tested under uncon-
solidated undrained (UU) conditions at ¢, of 50, 100
and150 kPa, (3) the samples were tested under consolidated
drained (CU) conditions at ¢, of 100 kPa, and (4)
unconfined sample after the third condition mentioned
above. By comparing Fig. 9(a) for a frequency of 0.5 kHz
and Fig. 9(b) for 2 kHz, the trends are almost the same,
i.e., the maximum value of V; can be seen for FC (1%)
except for the condition (3) at 2 kHz frequency. Fig-
ure 9(a) also shows better results for unconfined or low
confinement and after 4% fiber inclusions the trends
change. There is no significant difference in V; values was
noticed with confinement for condition (2). However, in
Fig. 9(b) the trends can be seen, i.e., higher V; values at
higher confinement with varying FC but the changes are
not very significant. The unconfined sample (condition 1)
of MSW with fiber reinforcement of 1% or 10% shows
better performance at both the considered frequencies. To
check the reinforcement effect on the maximum or small
strain shear modulus (G,,,.), normalized values were con-
sidered, i.e., the ratio of G (reinforced shear modulus) to
Gyr (unreinforced shear modulus). Typical plots were
made for condition (2) in Fig. 9(c), and it can be seen for
every case almost the peaks are at FC (1%) (except f:1 kHz
& a.: 50 kPa considered as an anomaly). The better results
can be seen for f (1 kHz), but the effect of increased con-
fining is still unpredictable.
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Fig. 8 Shear wave velocity (Vs) variation with confining pressure (o.) for different excitation frequencies (f) at fiber content (FC) of a 0%,
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3.2.6 Effect of Saturation on V; almost saturated and likely to be less affected by the sat-
uration and consolidation process.

The saturation of the sample fills the voids with water

which makes shear (S) waves take more time to travel

through the medium because S waves could not pass 4 Comparison of Present Study Results

through the liquid medium. This can also be seen in with Past Literature

Fig. 9(a) and (b) for condition (3), as the sample gets sat-

urated the V values drop compared to other conditions  The laboratory studies on the MSW are very limited,

considered. The plot of V, with the excitation frequency for  especially on the BE equipment. The major reason is the

UU and CU conditions shows unstable results (Fig. 10(a)). large particle size of the waste and the equipment size

At low and high frequencies, the V; is comparatively higher ~ constrain the reliability of the data. The present study only

for UU conditions when the sample is in dry condition, but ~ considered the fine fraction, i.e., particle size less than

the difference is not very large. Comparing the two con-  4.75 mm soil-like material of MSW. So, it can be com-

ditions at different R, (Fig. 10(b)) a large variation can be  pared with the other soil data. The study from the Maval-

seen especially at low densities and minimum at MDD. lipura landfill site found that V; and G, for MSW

Sample prepared at MDD (maximum dry density), and  samples less than 4 mm as 85, 95, 120 m/s and 5.05, 7.22,

OMC (optimum moisture content) are assumed to be  and 12.96 MPa respectively for the density of 7, 8, and 9

2
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Fig. 9 Shear wave velocity (Vs) variation with fiber content (FC) at excitation frequency (f) of a 0.5 kHz, b 2 kHz. ¢ Variation of Gg/Gyy ratio

with FC for different excitation frequencies and confining pressure

kN/m® [30]. The data in the present study shows a great
variation in V; values as compared to the R. as shown in
Table 1. The major reasons for this much disparity in the
results of MSW considered from the two sites are the (1)
densities considered for the present study the MDD is
about 15.1kN/m> (higher than considered in the above
study); (2) the difference in the mechanical properties of
the wastes; (3) heterogeneity at the micro level; (4) test
conducted for analysis, as for the present study BE test was
carried out whereas ultrasonic test was carried out for the
Mavallipura landfill site waste.

Few past studies have been compared to the present
fiber-induced MSW in Fig. 11. It can be observed that the
inclusion of fibers (synthetic fibers) in sands generally
reduces the G,,,, or the stiffness of the composite material.
In the case of MSW, the inclusion of fiber contents reduces

M
@ x[} @ Springer

the arrival time of the received wave, because of the
increased stiffness of the samples, while, at the same time,
the bender receives low-voltage waves [27]. The observa-
tions are the same in the case of the present study (at an
excitation frequency of 1 kHz) as the FC percentage
increases the stiffness of the composite material improves
up to a certain concentration in the unsaturated case and
reduces for higher concentrations. The trends are reversed
for the saturated and consolidated sample at 100 kPa. A
plausible explanation for this observation could be attrib-
uted to the properties of the fibers utilized. The fibers
employed in this research were a component of the waste
and upon visual examination, exhibited characteristics
closer to textile fabric than homogeneous plastic, present-
ing a predominantly heterogeneous nature. In contrast to
most prior studies that focused on synthetic and
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homogeneous fibers, these waste fibers display a
notable capacity for water absorption, unlike synthetic
fibers with negligible water-absorbing capabilities. Con-
sequently, the waste fibers employed in this study tend to
saturate with water, readily bonding with water molecules.
As shear waves are impeded by water, the presence of
water-saturated fibers obstructs the path of these waves,
leading to a delay in their arrival time at designated points
of detection.

5 Correlation Studies

All the test results were considered for the correlation study
between the shear modulus (G,,,,) obtained from bender
element analysis and the shear strength (7) obtained from
the triaxial test under UU (unconsolidated undrained)
conditions considering unreinforced (UR) and fiber-rein-
forced (R) MSW fines. The G,,,, and t values were nor-
malized by taking the ratio of Gr/Gyg and tg/tyR, Where
Gr is the maximum shear modulus for fiber-reinforced
MSW fines with different FC; Gy is the maximum shear
modulus for unreinforced MSW fines; 1z is the maximum
shear strength for fiber-reinforced MSW fines with differ-
ent FC; 1tz is maximum shear strength for fiber unrein-
forced MSW fines. Each data set consists of Gr/Gyr and
Tr/tyr values for every considered FC (0,0.5,1,2,4,8, and
10%) for different f (0.25,0.5,0.75,1, and 1.5 kHz) and
a. (50, 100, and 150 kPa) (Fig. 12). The cubic polynomial
non-linear model fits well with each data set and can be
confirmed through the R? values which range from 0.7 to
0.99. Equation 2 defines the cubic polynomial model.

y=A+Bx(x)+Cx((x)>+Dx(x) (2)

where y is the independent variable Gr/Gyr and x is
dependent Tz/Tyg and A, B, C, and D are the constants. The
values of the constants are defined in Table 2. Equation 2
can be written as Eq. 3.

2 3
Gr —A+Bx R cx [ F D (&
/Gun * TUR * TUR N TUR

(3)

2
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Model: Cubic ploynomial
Equation: y=A+B*(x)+C*(x)*+D*(x)?

OCoteviAieoqron

I X X
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A0.25kHz) g, (150kPa)!
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Fig. 12 Correlation between Gg/Gygr and ogloyg

Table 2 Nonlinear fittings for the parameters A, B, C, and D used in the cubic polynomial model

S. No f (kHz) 0. (kPa) A B C D R?

1 0.25 50 - 0.88 + 0.89 3.25 4+ 1.36 - 1.60 + 0.66 0.23 £ 0.10 0.81
2 0.25 100 - 052+ 092 3.61 + 1.85 - 269 + 1.19 0.59 + 0.24 0.97
3 0.25 150 479 +0.22 —~7.03 + 045 3.94 + 0.28 —~0.71 £ 0.05 0.99
4 0.5 50 —1.69 £+ 0.41 4.62 + 0.65 —2254032 0.33 &+ 0.04 0.96
5 0.5 100 141 +£26 — 267+ 524 3.12 £+ 3.39 - 0.84 + 0.69 0.95
6 0.5 150 3.85 4+ 2.42 - 571 + 4.86 3.62 + 3.12 - 0.74 + 0.64 0.70
7 0.75 50 0.70 + 0.28 0.79 + 0.36 - 0.59 + 0.17 0.10 £ 0.02 0.98
8 0.75 100 -1529 £ 232 28.80 + 4.68 —15.04 £ 3.02 2.5 £ 0.62 0.99
9 0.75 150 — 1143 £552 2529 4+ 11.15 - 16.19 £ 7.20 337 + 1.49 0.88
10 1 50 —14.12 £ 436 24.11 + 6.91 - 1042 + 338 1.40 + 0.51 0.87
11 1 100 —-30.12 + 18.56 59.22 + 37.16 — 3439 + 2378 6.42 + 4.83 0.84
12 1 150 —32.78 £+ 11.01 68.95 + 22.07 — 4375 + 14.20 8.80 + 2.93 0.85
13 1.5 50 —0.11 £ 0.38 1.86 + 0.60 - 0.87 + 0.29 0.12 & 0.044 0.83
14 1.5 100 2.44 £+ 0.93 -239 + 1.87 1.16 + 1.21 ~0.18 £ 0.24 0.87
15 1.5 150 242 4+ 221 — 246 + 4.46 1.22 +2.88 - 0.20 + 0.59 0.84

6 Conclusions

The escalating challenge of municipal solid waste (MSW)
management is compounded by the unresolved issue of
waste in old landfills. Extracting and repurposing over 60%
of this waste, primarily composed of MSW fines or soil-
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like material, presents a viable solution. Dynamic charac-
terization of this material, essential for its reuse as geo-

material, involves assessing shear wave velocity (V) and
small strain shear modulus (G,,,). Findings indicate a
linear correlation between V; and excitation frequency
(H up to 2 kHz, with notable improvements at higher
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confining pressures (c.) above 100 kPa. While relative
compaction (R.) shows subtle effects on V; comparing the
lowest (90%) and highest (98%) R. the improvements can
be clear and optimal fiber content at 1% yields the highest
values. Saturated conditions reduce V, due to water-filled
voids, and a cubic polynomial model correlates normalized
small strain shear modulus and normalized shear strength.
Despite the challenging nature of predicting V, in the
laboratory, especially for MSW fines with micro-level
heterogeneity, this study sheds light on crucial factors
influencing the dynamic behaviour of this soil-like
material.
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