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Abstract: The liquefaction of saturated sandy soils during dynamic loading can inflict excessive
damage on the structures, leading to significant human and economic losses. Recycling and reusing
industrial waste materials may offer a sustainable and economic solution to this problem. This study
investigates the influence of two waste materials, namely, recycled fly ash and tire crumb rubber, on
the liquefaction characteristics of sand. For this purpose, loose and medium-dense triaxial specimens
were prepared using sand–fly ash mixtures containing 0–40% of fly ash and sand–tire crumb rubber
mixtures containing 0–30% of crumb rubber. The liquefaction characteristics of the specimens were
examined through a series of stress-controlled, undrained, dynamic triaxial tests. The tests were
conducted at 1 Hz loading frequency and under initial effective confining stresses of 50 and 100 kPa.
The experimental results showed that, at a similar relative density, the liquefaction resistance of the
sand–fly ash specimens decreased as the fly ash content (FA) increased up to about 20%; then, it
slightly increased until FA reached 40%. Sand-only specimens showed greater liquefaction resistance
than sand–fly ash specimens. The liquefaction resistance of the sand–tire crumb rubber specimens
was enhanced by increasing the rubber content (RC) in the mixtures. It was found that the increasing
liquefaction resistance of sand with the addition of tire crumb rubber was more noticeable under
higher confining stresses.
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1. Introduction

The devastating effects of earthquake-induced liquefaction have been recurrently
witnessed in the past and recent earthquakes resulting in serious human and economic
losses. The 1964 Alaska, USA earthquake; the 1964 Niigata, Japan earthquake; the 1999
Kocaeli, Turkey earthquake; the 2010 Maule, Chile earthquake; the 2011 Tohoku, Japan
earthquake; the 2011 Christchurch, New Zealand earthquake; and the 2018 Palu, Indonesia
earthquake have exhibited remarkable examples of extensive liquefaction-induced damage
or failures that structures and lifeline facilities suffered [1,2].

In geotechnical earthquake engineering, the liquefaction phenomenon gained research
interest after the strong 1964 earthquakes in Alaska and Niigata. Since then, significant
progress has been made—based on the analysis of case histories and experimental data
from element testing in static and dynamic conditions—in producing several definitions
and frameworks that characterize liquefaction. It is widely accepted that liquefaction occurs
in saturated sandy soils and involves the generation of excess pore pressures during seismic
loading, which causes substantial degradation of effective stress and shear strength and
stiffness. Based on cyclic triaxial tests of loosely and densely packed pure sand specimens,
Seed and Lee [3] defined initial liquefaction, or simply liquefaction, as the condition in
which excess pore pressures (ue) observed during undrained loading reach the initial
effective confining stresses (σ′c) for the first time (ru = ue

σ′c
= 1). Ishihara [4] later suggested
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that, for different soil types (e.g., sands containing fines), a double amplitude axial strain of
5% developed in undrained cyclic loading may correspond to the onset of liquefaction.

Liquefaction was first observed in sandy soils during the 1964 Niigata, Japan earth-
quake, and the initial studies predominantly concentrated on pure sand deposits [5]. Case
studies of liquefaction during major earthquakes around the world—such as the 1985
Central Chile earthquake; the 1999 Kocaeli, Turkey earthquake; the 1999 Chi-Chi, Taiwan
earthquake; and the 2011 Christchurch, New Zealand earthquake—reveal that liquefaction
occurs not only in pure sand deposits but also in silt, silty sand, and clayey sand deposits [6].
These observations have set off a major interest in the investigation of the fundamental role
that fines play in the liquefaction behavior of saturated sands. Extensive laboratory-based
studies have been conducted since the 1990s to gain a scientific understanding of the effects
of fines’ content, type, activity, and plasticity. These research efforts have produced conflict-
ing results. Some researchers [7–9] have observed that, at the same packing index (e.g., void
ratio and/or relative density), the liquefaction resistance of silty sands significantly drops
to the critical non-plastic silt content and then increases as the critical fines content (Fc) is
exceeded. The critical fines content was shown to vary from 10 to 42%. On the contrary,
the liquefaction resistance of silty sands was observed to decrease [10] or increase [11]
with the increasing non-plastic fines content. There are also some points of disagreement
on whether the plasticity or content of the fines is more important for the liquefaction
resistance of sands with plastic fines. Some studies [12] found the plasticity of fines to be
more important, whereas others [13] considered the fines content to be more influential.
In terms of plasticity, the most common finding is that the liquefaction resistance of sand
containing plastic fines increases as the plasticity index (PI) increases, which is especially
true for greater PI values [14,15]. The findings of Park and Kim [16] were contrary to this
common understanding, suggesting that, at the same fines content, increasing the plasticity
of fines reduced the liquefaction resistance of silty and clayey sands. In terms of fines
content, the liquefaction resistance of sands was observed to initially decrease with the
addition of plastic fines and then start to increase beyond the critical fines content [17,18].

Past earthquakes have served as a reminder of the necessity for the development
of soil improvement methods to mitigate liquefaction-induced damage. Since the 1964
earthquakes, various methods have become readily available for use in the remediation of
liquefaction in the free field or beneath structures ranging from residential buildings with
shallow foundations to nuclear power facilities [19]. The design of a suitable liquefaction
mitigation method is preliminarily conducted based on the applicability, effectiveness,
and/or cost–benefit ratio. Their detrimental effects on surrounding structures and the
environment are usually disregarded [20]. The majority of traditional methods use syn-
thetic man-made materials (e.g., chemical grouts) to improve soil, which may harm the
environment [21]. Environmental concerns necessitate the development and/or use of eco-
nomical and sustainable methods [22,23]. Furthermore, industrialization and urbanization
promote increasing consumer demand for energy and raw materials, producing a huge
amount of industrial waste around the world annually [24]. Fly ash and tire rubber are
among the most common types of industrial waste, and only a small portion of them is
recycled and/or reused. The use of these wastes as soil-reinforcing material is promising
for sustainable development and may provide a viable solution to growing environmental
problems [25].

Fly ash is the byproduct of coal-fired thermal power plants. Previous studies suggested
different applications of fly ash in geotechnical engineering, including road, embankment,
dyke, and dam construction; back, mine, and structural filling; and soil stabilization. Fly
ash has been used as bulk fill material in the construction of road or highway embank-
ments [26] and utilized to stabilize soils [27]. Numerous researchers have also investigated
the physical and mechanical properties and cyclic strength characteristics of fly ash under
different loading conditions. The California Bearing Ratio (CBR), unconfined compressive
strength, shear strength, and resilient modulus of fine-grained soils have been observed to
increase with the addition of fly ash [28–30]. It has been shown that the cyclic behavior and
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liquefaction potential of fly ash are influenced by various parameters, including confining
stress, relative density, anisotropy, loading frequency, and cyclic stress ratio [31–33]. Sandy
soils have been mixed with Class F fly ash at different proportions and subjected to cyclic
loading to investigate the effect of fly ash on the liquefaction resistance of sand [34–37].
These studies have reported conflicting results. Chattaraj and Sengupta [34] suggested that
fly ash was more liquefiable than sand. Keramatikerman et al. [35] tested sand specimens
with 0–6% fly ash content and concluded that sand specimens with higher fly ash content
were more resistant to liquefaction. Kolay et al. [36] reported that the liquefaction resistance
of sand–fly ash mixtures first dropped as the fly ash content (FA) increased from 0 to 20%,
increased up to an FA of 25%, then reduced up to an FA of 30%, and ultimately increased
with a further increase in fly ash content from 30 to 50%.

Scrap tires, including organic and inorganic components, are non-biodegradable
wastes. They can be found in different forms, such as rubber buffings, shredded tires
(50–305 mm), tire chips (12–50 mm), granulated rubber (425 µm–12 mm), and ground
rubber (425 µm–2 mm), depending on the particle size and shape. The granulated and
ground rubber is crumbs [38]. Scrap tires show useful engineering properties, including
low bulk density, high thermal resistivity, high elastic deformability, high drainage capacity,
high physical and chemical durability, and high damping capacity [39,40]. Thus, they
are used extensively in different geotechnical engineering applications as a light-weight
construction material for embankments, in backfills behind retaining or caisson quay
walls, in the reinforcement of soft soil, in the drainage layer in landfills, and in slope
stabilization [41–43]. Scrap tires are also used for reducing the dynamic and liquefaction
effects on structures [44,45]. The physical properties and mechanical behavior of sand–tire
rubber mixtures under monotonic loading have been extensively studied in the literature.
Some researchers observed that the friction angle and/or shear strength of sand–rubber
mixtures increased as the tire shreds/chips/crumb contents increased [46,47], while others
reported contradictory results, showing a decreasing trend in the shear strength with the
addition of tire rubber [48–50]. The element and/or physical modeling test results reveal
that tire rubber content, confining stress, sand/rubber size, and rubber fraction are the most
significant parameters affecting the behavior of sand–tire rubber mixtures under cyclic
loading. The shear modulus and damping ratio of the characteristics of sand have been
shown to significantly change with the addition of tire rubber, increasing or decreasing
depending on the shear strain and amplitude of the confining stress pressure [51–54].
Studies on the liquefaction behavior of sand–tire rubber mixtures have also produced
contradictory results. The addition of tire rubber in the sand was reported to reduce the
excess pore water pressure generation and enhance the liquefaction resistance of saturated
sand [55–58]. A few studies have provided opposite results, indicating an increase in the
liquefaction potential of sand with the inclusion of tire rubber [59,60]. Mashiri et al. [61]
observed an insignificant change, an increase, and a decrease in the liquefaction resistance
of sand–tire rubber mixtures as the tire rubber content was increased from 0–10%, 10–30%,
and 30–40%, respectively.

A comprehensive review of the literature mentioned above indicates that there have
been various studies conducted to examine the effect of scrap tires on the dynamic response
of saturated sands; however, the research results have often been contradictory. Particularly,
researchers have not reached a consensus on the liquefaction behavior of sand–tire rubber
mixtures, and additional experimental studies are of great value to elucidate ambiguous
aspects of this subject. Moreover, previous studies have mostly focused on sand–tire chip
mixtures, and significant knowledge gaps still exist regarding the liquefaction behavior of
sand–crumb rubber mixtures. Class F fly ashes consist of light, non-plastic, fine-grained,
typically silt-sized, particles. It is also evident from the published literature that, although
a wide variety of research is available on the dynamic behavior of sands containing non-
plastic silts, only a few relevant experimental studies exist on sand–fly ash mixtures, and
existing data appear to contradict one another. Further study is needed to address the
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question regarding how the addition of fly ash affects the liquefaction resistance of sand
and whether fly ash behaves similarly to non-plastic silt when mixed with sand.

This study presents the results from 45 stress-controlled, undrained, dynamic triaxial
tests to discuss the effect of fly ash and tire crumb rubber on the liquefaction behavior
of saturated sand under different fly ash or crumb rubber content levels, initial effective
confining stress levels, and relative density levels. The test results are expected to offer
additional data that reinforce the existing literature and offer useful insights that may enable
the proper and widespread use of these waste materials in economically and sustainably
protecting structures against liquefaction.

2. Materials and Methods
2.1. Test Device

In this study, dynamic triaxial experiments were conducted using the Dynatriax
EmS triaxial testing apparatus manufactured by the Wykeham Farrance-Controls Groups,
Milan, Italy. The main components of this apparatus are shown in Figure 1. It has an
electromechanical actuator that applies the axial force and has a dynamic load capacity of
15 kN and an operating frequency of 10 Hz. The main instrumentation and components
of this triaxial system are a triaxial cell with 1000 kPa pressure capacity; an automatic
volume change device (100 cc capacity and precision of ±0.1 cc); a submersible load
cell measuring axial forces (0–25 kN capacity and accuracy of ±0.05% FS); displacement
transducers measuring axial displacements (±25 mm capacity and accuracy of 0.2% FS);
pressure transducers recording pore water, cell, and back pressure (0–1000 kPa capacity
and accuracy of ±0.25% FS). The monitoring instruments were calibrated regularly.

Dynatriax EmS is a fully automated, computer-controlled test system, and its software
and data acquisition system allow different test stages (e.g., back pressure saturation,
isotropic consolidation, and cyclic shearing) to be performed in an effective and well-
controlled manner. The cell pressure is controlled by compressed air.
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2.2. Test Materials

The materials used during the tests were podima sand, Class F fly ash, and tire crumb
rubber. Figure 2 shows the particle size distribution curves of the test materials and their
comparisons with the liquefaction boundaries proposed by Tsuchida [62]. The engineering
properties of these materials were found following the procedures in ASTM standards.
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Podima sand originates from the sand quarry located in the Çanakkale province of
Turkey and is commercially available. It is a naturally occurring, fine-grained, and uniform
silica sand with rounded grains. The sieve analysis was performed according to ASTM
D6913 [63]. The sand had an effective grain size (D10) of 0.16 and mean grain size (D50)
of 0.65. The uniformity coefficient (Cu) and the coefficient of curvature (Cc) of the podima
sand were 4.75 and 1.49, respectively. According to the Unified Soil Classification System
(USCS), it is classified as poorly graded sand (SP). The specific gravity (Gs) of test sand
was 2.63, as per ASTM D854 [64]. It had a minimum void ratio (emin) of 0.398, as per
ASTM D4253-Method 1A [65], and a maximum void ratio (emax) of 0.63, as per ASTM
D4254-Method A [66].

Fly ash was collected from the Seyitömer thermal power plant in the Kütahya province
of Turkey. The specific gravity of fly ash was calculated as 2.10 [64]. The physical and
chemical properties of Seyitömer fly ash were studied in the literature [67,68]. Based on the
grain size distribution analysis completed using the laser particle size analyzer, the mean
grain size of fly ash was reported to be 28 µm [69]. Based on its chemical composition, it
was classified as Class F fly ash.

The tire rubber was obtained from a local company specializing in recycling waste
rubber tires. Based on the grain size distribution analysis [63], the sizes of the rubber
particles were mostly in the range of 1 to 4.25 mm, and they were designated as crumb
rubber. The mean grain size of tire crumb rubber was 2.6 mm. The specific gravity of tire
crumb rubber was found to be 1.1 [64].

Different packing index parameters, such as the global void ratio, intergranular void
ratio, and relative density, have been used in the literature to study the behavior of sand with
fines [70]. In the present study, relative density (Dr), most extensively used in geotechnical
engineering practices, was selected as the packing index parameter to discuss the effect
of non-plastic fly ash and tire crumb rubber on the liquefaction characteristics of sand
specimens. The minimum (emin) and maximum void ratios (emax) were required to calculate
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the relative densities of mixtures. For this reason, sand–fly ash and sand–tire crumb rubber
mixtures with various weight ratios, provided in Equation (1), were prepared. Then,
the minimum and maximum void ratio of the sand–fly ash and sand–tire crumb rubber
mixtures were experimentally determined following the procedures specified in ASTM
D4253-Method 1A [65] and ASTM D4254-Method A [66]. Furthermore, the specific gravity
of the mixtures was measured as per ASTM D854 [64].

FA or RC =
Wwaste

Wsand + Wwaste
(1)

where Wsand and Wwaste correspond to the dry weight of sand and fly ash or tire crumb
rubber wastes, respectively. FA and RC indicate the weight ratios for fly ash and tire
crumb rubber mixtures, respectively. It should be noted that there are different methods
of calculating the minimum and maximum void ratio values. Each method has some
limitations and may produce different results [71]. Although the ASTM standards used
in this study are particularly applicable for sand containing up to 15% fines (finer than
0.075 mm), they have been successfully used in several past studies and shown to produce
repeatable minimum and maximum void ratio values [72,73].

Table 1 shows the specific gravity, minimum, and maximum void ratios calculated for
sand–fly ash and sand–tire crumb rubber mixtures prepared at different weight ratios. The
variation in the minimum and maximum void ratios with the addition of fly ash and tire
crumb rubber is also depicted in Figure 3. It is evident from Table 1 that the specific gravity
of mixtures decreased as the fly ash and tire crumb rubber content increased. Figure 3
reveals that minimum and maximum void ratios of the sand–fly ash mixture initially
decreased until reaching approximately 10% of fly ash content, and began to increase with
further increases in the fly ash. The minimum and maximum void ratios of the sand–tire
crumb rubber mixture continuously increased as the rubber content increased.
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2.3. Specimen Preparation

In geotechnical engineering, various methods exist to prepare reconstituted sand spec-
imens with fines, including dry or wet pluviation, dry or moist tamping, slurry deposition,
and dry funnel deposition. Each method reproduces a particular sand fabric. In this study,
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the uniformity of the specimens, the range of fly ash or rubber content achieved, the repeata-
bility of the method, and the time and effort required for specimen preparation were more
important criteria, and the dry funnel deposition method was selected for the preparation
of the triaxial specimens. This method allowed for preparing loose and medium-dense
triaxial specimens with a wide range of fly ash or tire crumb rubber content. It was also
less laborious and less time-consuming.

Table 1. Specific gravity, minimum, and maximum void ratios calculated for sand–fly ash and
sand–tire crumb rubber mixtures prepared at different weight ratios.

Fly Ash Tire Crumb Rubber

Weight Ratios [%] Gs emin emax Gs emin emax

0 (pure sand) 2.63 0.398 0.63 2.63 0.398 0.63
10 2.58 0.29 0.55 2.31 0.41 0.64
20 2.52 0.35 0.54 2.05 0.43 0.66
30 2.42 0.40 0.75 1.87 0.46 0.68
40 2.38 0.46 0.97 1.70 0.50 0.73
50 2.36 0.55 1.15 1.54 0.55 0.80

100 (pure fly ash or rubber) 2.10 1.46 2.35 1.10 0.89 1.23

The required amount of sand, fly ash, or tire crumb rubber was weighed on a dry basis.
Pure sand was mixed with fly ash or tire crumb rubber in the desired dry-weight ratios.
The sand–fly ash and sand–tire crumb rubber mixtures were continuously stirred until they
were visibly uniform and homogenous. This was followed by the assembly of porous discs
with a diameter of 70 mm, filter papers with a diameter of 70 mm, an impermeable rubber
latex membrane, and a split cylindrical mold with an internal diameter of 70 mm and a
height of 140 mm. For this, a porous stone and filter paper was positioned on top of the
base pedestal. The latex membrane was installed and sealed to the base pedestal by two
O-rings. The split mold was placed. The membrane was stretched tightly by folding its end
over the outside of the split mold. Suction was applied with a vacuum pump to remove the
air pockets between the membrane and the mold wall and to keep the membrane in place.
The sand–fly ash and sand–tire crumb rubber mixtures, in a tray, were poured into the mold
from a virtually zero fall height using a cone-shaped funnel, giving special attention to the
homogeneity of the specimens. The nozzle diameter of the funnel was 3 mm and 7 mm
for sand–fly ash and sand–tire crumb rubber mixtures, respectively. The funnel was raised
very slowly along the axis of symmetry of the specimens, and the external walls of the mold
were tapped carefully, whenever necessary, to accomplish the desired density. The surface
was carefully leveled after filling the mold with the mixtures, and a second filter paper and
porous stone were placed on top of the specimens, which was followed by the placement
of the top (vacuum) cap. The membrane was unfolded and sealed around the top cap
by two O-rings. Before the split mold was removed, a small vacuum (e.g., 20 kPa) was
applied to the specimens so that they did not collapse and could remain undeformed until
saturation. The split mold was removed, and the height of the specimens was measured
with caution. The above-mentioned procedure created 70 mm diameter specimens with a
height/diameter ratio of approximately 2. The triaxial cell was carefully mounted on the
cell base and filled with de-aired water. The cell pressure was increased to 20 kPa. The
specimens were slowly washed with carbon dioxide (CO2) for at least 30 min, flushing
out the air within the void spaces. The percolation of CO2 through the specimens allowed
for expediting and/or facilitating the saturation process. Similarly, the specimens were
cautiously washed with de-aired water by allowing de-air water to fill all the voids and
the carbon dioxide gas to flow out of the specimens. The top vacuum cap was carefully
connected to the loading ram, followed by the saturation of specimens.

The specimens were saturated using the back pressure saturation method, in which
cell and back pressure were ramped up at the same rate. The cell pressure (σ3) and back
pressure (u0) were increased in increments of 50 kPa until the target back pressures were
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reached. A constant differential pressure (σ′c = 10 kPa) was maintained during this process,
keeping the cell pressure at 10 kPa above the back pressure. The saturation of specimens
was evaluated through Skempton’s B-value. This coefficient corresponds to the ratio of
the change in pore pressure to the change in cell pressure or confining stress (B = ∆u

∆σ3
).

The B-value of the specimens was checked by closing the back pressure line, suddenly
increasing the cell pressure by 10 kPa, and recording the change in pore pressure after
10 s. At the beginning of consolidation, the B-values of the specimens were in the range
of 99–100%.

The saturated specimens were isotropically consolidated to target effective confining
stresses. This was performed by keeping the back pressure constant (e.g., 300 kPa), increas-
ing the cell pressure up to the target value (400 kPa), and finally, allowing specimens to
drain from the back pressure line connected to the volume change device. The consolidation
process continued until the pore pressure stabilized and volume change was insignificant.
The height and volume changes measured during this process were used to recalculate
the new height, area, volume, and void ratios of the specimens. Figures 4 and 5 show
examples of images from experiments involving sand–fly ash and sand–tire crumb rubber
mixtures, respectively.

Stress-controlled, undrained, dynamic triaxial tests were conducted on isotropically
consolidated specimens, following the procedures in ASTM D5311 [74]. The tests were
conducted by subjecting the specimens to uniform sinusoidal loading with a frequency
of 1 Hz. The amplitudes of cyclic stress ratios (CSR) varied from 0.1 to 0.2 depending on
the test requirements. The cyclic shear continued until an excess pore pressure ratio (ru)
of 1 was reached. The experiments ceased after excess pore pressures were allowed to
dissipate, and post-test visual inspections and observations of the specimens were made.
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2.4. Testing Program

Table 2 presents the test program and typical test results for the pure sand, sand–fly
ash, and sand–tire crumb rubber mixtures. A series of 12 dynamic triaxial tests were
conducted on pure sand specimens prepared in loose (Dr ≈ 40%) and medium-dense
(Dr ≈ 55%) states. These tests served as a benchmark for the assessment of the influence of
fly ash and tire crumb rubber on the liquefaction behavior of sand. A total of 18 tests were
carried out on sand–fly ash mixtures containing 0–40% fly ash. A series of 15 tests were
conducted on sand–tire crumb rubber mixtures, and the rubber content was in the range of
0–30%.

Table 2. Test program and typical test results for pure sand, sand–fly ash, and sand–tire crumb
rubber mixtures.

Test
Material(s)

Test
No

Test
ID

Dr
(%)

FA or
RC (%)

σ′c
(kPa) CSR Nliq

Pure sand

1 CS1 40 0 100 0.10 160
2 CS2 41 0 100 0.15 50
3 CS3 39 0 100 0.20 9
4 CS4 39 0 50 0.10 280
5 CS5 40 0 50 0.15 80
6 CS6 41 0 50 0.20 15
7 CS7 56 0 100 0.15 151
8 CS8 55 0 100 0.175 64
9 CS9 57 0 100 0.20 35

10 CS10 57 0 50 0.15 281
11 CS11 55 0 50 0.175 119
12 CS12 54 0 50 0.20 46
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Table 2. Cont.

Test
Material(s)

Test
No

Test
ID

Dr
(%)

FA or
RC (%)

σ′c
(kPa) CSR Nliq

Sand and fly ash

13 SFA1 39 10 100 0.10 84
14 SFA2 40 10 100 0.15 16
15 SFA3 39 10 100 0.20 4
16 SFA4 38 20 100 0.10 31
17 SFA5 41 20 100 0.15 6
18 SFA6 40 20 100 0.20 2
19 SFA7 41 30 100 0.10 70
20 SFA8 40 30 100 0.15 24
21 SFA9 39 30 100 0.20 5
22 SFA10 38 40 100 0.10 88
23 SFA11 40 40 100 0.15 32
24 SFA12 39 40 100 0.20 5
25 SFA13 39 30 50 0.10 142
26 SFA14 40 30 50 0.15 38
27 SFA15 38 30 50 0.20 12
28 SFA16 56 30 100 0.15 113
29 SFA17 55 30 100 0.175 36
30 SFA18 54 30 100 0.20 14

Sand and tire
crumb rubber

31 SR1 40 5 100 0.10 196
32 SR2 39 5 100 0.15 52
33 SR3 41 5 100 0.20 8
34 SR4 41 10 100 0.10 295
35 SR5 39 10 100 0.15 61
36 SR6 40 10 100 0.20 10
37 SR7 40 20 100 0.10 325
38 SR8 40 20 100 0.15 87
39 SR9 42 20 100 0.20 15
40 SR10 39 30 100 0.10 490
41 SR11 41 30 100 0.15 102
42 SR12 40 30 100 0.20 27
43 SR13 42 10 200 0.10 370
44 SR14 40 10 200 0.15 85
45 SR15 38 10 200 0.20 13

All the tests were performed at different initial effective confining stresses (σ′c), ranging
from 50–200 kPa, to investigate their effect on the liquefaction behavior of sand with or with-
out fly ash and tire crumb rubber. In the tests, the cell or confining pressure (σ3) was 400 kPa,
and the back pressure (u0) was in the range of 200–300 kPa depending on the desired initial
effective confining stress. The selection of CSR values was principally dictated by the need
to make a direct comparison between the experimental results, particularly the build-up of
excess pore pressures, obtained under analogous test conditions (e.g., similar amplitudes of
cyclic loading). The CSR values used for the sand-only specimens (benchmark tests) were
also utilized for the sand–fly ash or sand–tire crumb rubber mixtures.

3. Test Results
3.1. Typical Experimental Results

Figure 6 shows the typical experimental output of the cyclic behavior of a pure sand
specimen with a relative density (Dr) of 39% and tested at an initial effective confining
stress (σ′c) of 100 kPa and a cyclic stress ratio of 0.2. It appeared that, as the specimen was
cyclically loaded in an undrained condition, significant excess pore pressures developed.
The mean effective stress (p′) decreased as the number of cycles increased, causing the
stress path in the q− p′ space to move toward the left. The pore pressure reached initial
confining stress after about nine loading cycles, and the excess pore pressure ratio (ru) was
equal to 1. This condition indicated the onset of liquefaction. Similar observations were
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made for sand specimens containing fly ash and tire crumb rubber. The only differences
were in the number of cycles required for liquefaction and the rate of excess pore generation,
which will be discussed later.
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Figure 6. Typical experimental data recorded for a pure sand specimen: (a) variation in excess pore
pressure ratio with the number of cycles; (b) stress degradation with the accumulation of excess
pore pressure.

3.2. Liquefaction Behavior of Sand–Fly Ash Mixtures

The results from dynamic triaxial tests on sand–fly ash mixtures containing 0, 10, 20,
30, and 40% fly ash are presented herein to assess the effect of fly ash addition on the
liquefaction resistance of the sand. This assessment was made in terms of the variation in
excess pore pressure ratio (ru), with the number of cycles (N) and cyclic resistance curves
obtained through three distinct experiments with three different cyclic stress ratios at a
given relative density (Dr) and initial effective confining stress (σ′c). Cyclic resistance curves
represent the relationship between the number of cycles to liquefaction (Nliq) versus the
cyclic stress ratio (CSR). In this study, the cyclic stress ratios at 20 cyclic loading cycles
(CSRN=20) was defined as liquefaction resistance.

Figure 7 shows the excess pore pressure ratios and the number of cycles to liquefaction
recorded for different sand–fly ash mixtures at a relative density of ≈40% and effective
confining stress of 100 kPa. It can be inferred from the figure that, in all cases, although
the stiffness of the specimens appeared to recover during the unloading phase, excess pore
pressures accumulated progressively with the applied cyclic loading. The soil-softening
was intensified when the excess pore pressure ratios exceeded 75% of the initial effective
confining stress, and ultimately, liquefaction (ru = 1) was reached. For a given amplitude of
cyclic stress ratio (CSR of 0.1), the addition of fly ash to sand caused a significant decrease
in Nliq, up to a threshold of fly ash content (FAc) of ≈20%. The addition of fly ash beyond
20% was observed to increase Nliq. The rate of excess pore pressure generation was higher
for sand–fly ash specimens compared to pure sand.
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Figure 7. Effect of fly ash on excess pore pressure generation: (a) excess pore pressure ratios; (b) the
number of cycles to liquefaction recorded at different percentages of fly ash.

The cyclic resistance curves and variation in liquefaction resistance with fly ash content
are depicted in Figure 8 to discuss the effect of fly ash at different amplitudes of cyclic stress.
The number of cycles to liquefaction was inversely proportional to the cyclic stress ratio
(Nliq decreasing with increasing CSR). It may be seen from the figure that, irrespective of
the cyclic stress ratio, the pure sand exhibited the highest liquefaction resistance, and the
sand specimen containing 20% fly ash had the lowest strength. The liquefaction resistance
of sand was approximately 0.18, which was about 1.62 times that of the specimen containing
20% fly ash, and 1.07 times that of the specimen with 40% fly ash content. The liquefaction
resistance of sand with 10% fly ash content almost coincided with that of sand with 40% fly
ash content.
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Figure 9 compares excess pore pressure ratios and cyclic resistance curves of pure
sand and sand–fly ash specimens having relative densities of ≈40% and ≈55%. For a given
effective confining stress (σ′c = 100 kPa) and cyclic stress ratio (CSR = 0.15), the loose
sand showed rapid excess pore pressure generation and reached liquefaction after about
50 loading cycles. However, the rate of excess pore pressure generation was lower for the
medium-dense sand than for the loose sand specimen, and medium-dense sand liquefied
after 151 cycles. As expected, the liquefaction resistance of sand was observed to increase
with increasing relative density. Similar patterns were also observed for the sand specimens
with 30% fly ash. It appears that the liquefaction resistance of sand–fly ash mixtures was
sensitive to variations in the relative density.
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Figure 9. Effect of relative density on cyclic triaxial behavior of pure sand and sand–fly ash mix-
tures: (a) excess pore pressure ratios; (b) liquefaction resistance curves recorded at two different
relative densities.

Figure 10 shows the effect of effective confining stress on excess pore generation and
cyclic triaxial behavior of pure sand and sand–fly ash mixtures. The experiments conducted
at the same cyclic stress ratio and relative density but two different effective confining
stresses revealed that both pure sand and sand specimens with fly ash at lower confining
stress (σ′c = 50 kPa) required a much larger number of loading cycles for liquefaction than
those at higher confining stress (σ′c = 100 kPa). What is interesting in Figure 10 is that
the effect of effective confining stress was somewhat more pronounced for sand–fly ash
mixtures than for pure specimens. These results may imply that effective confining stress is
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an influencing factor, and sands with fly ash will show greater resistance to liquefaction
under lower effective confining stresses.

Sustainability 2023, 15, x FOR PEER REVIEW 15 of 26 
 

 
(a) (b) 

Figure 10. Effect of confining stress on cyclic triaxial behavior of pure sand and sand–fly ash mix-
tures: (a) excess pore pressure ratios; (b) liquefaction resistance curves recorded at two different 
confining stresses. 

3.3. Liquefaction Behavior of Sand–Tire Crumb Rubber Mixtures 
Figure 11 shows the tendency of the excess pore pressure generation during un-

drained cyclic loading of sand–tire rubber specimens containing 0, 5, 10, 20, and 30% of 
tire crumb rubber by weight at a relative density of ≈40%, an effective confining pressure 
of 100 kPa, and a cyclic stress ratio of 0.15.  

As can be seen from the figure, the excess pore pressure ratio in pure sand increased 
and ultimately reached 1. It suffered a sudden increase in excess pore pressure, especially 
beyond 𝑟௨ = 0.75, implying a transition point from insignificant to rapid deformation. The 
dynamic pore pressure behavior of the sand specimen with lower tire crumb rubber con-
tent (10%) was similar to that of pure sand. On the other hand, in sand specimens with 20 
and 30% of tire crumb rubber, excess pore pressure ratios increased in a comparatively 
slower manner and finally approached 1. The rate of excess pore pressure accumulation 
after 𝑟௨ =0.75 was much lower in this case. The number of cycles to liquefaction was seen 
to continuously increase with increasing tire crumb rubber content. The pure sand speci-
men liquefied after 50 cycles, whereas liquefaction occurred after 52, 61, 87, and 102 cycles 
for sand with 5, 10, 20, and 30% rubber content, respectively. 
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3.3. Liquefaction Behavior of Sand–Tire Crumb Rubber Mixtures

Figure 11 shows the tendency of the excess pore pressure generation during undrained
cyclic loading of sand–tire rubber specimens containing 0, 5, 10, 20, and 30% of tire crumb
rubber by weight at a relative density of ≈40%, an effective confining pressure of 100 kPa,
and a cyclic stress ratio of 0.15.

As can be seen from the figure, the excess pore pressure ratio in pure sand increased
and ultimately reached 1. It suffered a sudden increase in excess pore pressure, especially
beyond ru = 0.75, implying a transition point from insignificant to rapid deformation. The
dynamic pore pressure behavior of the sand specimen with lower tire crumb rubber content
(10%) was similar to that of pure sand. On the other hand, in sand specimens with 20 and
30% of tire crumb rubber, excess pore pressure ratios increased in a comparatively slower
manner and finally approached 1. The rate of excess pore pressure accumulation after
ru = 0.75 was much lower in this case. The number of cycles to liquefaction was seen to
continuously increase with increasing tire crumb rubber content. The pure sand specimen
liquefied after 50 cycles, whereas liquefaction occurred after 52, 61, 87, and 102 cycles for
sand with 5, 10, 20, and 30% rubber content, respectively.
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Figure 11. Effect of tire crumb rubber on excess pore pressure generation: (a) excess pore pressure
ratios; (b) the number of cycles to liquefaction recorded at different percentages of tire crumb rubber.

Figure 12 shows the cyclic resistance curves for sand mixtures with different tire
crumb rubber content at a relative density of≈40% and effective confining stress of 100 kPa.
The liquefaction resistance of sand specimens was seen to increase when mixed with tire
crumb rubber. The results showed a higher rate of increase in the liquefaction resistance,
particularly after 10% percent of tire crumb rubber. The test results also revealed that
although the tire crumb rubber increased the resistance of sand to liquefaction, sands with
tire crumb rubber may suffer liquefaction if the magnitude and number of cyclic shear
stresses are sufficient.
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Figure 13 shows the influence of effective confining stress on the undrained excess
pore pressure behavior of sand–tire crumb rubber mixtures with a rubber content of 10%.
It seems that a higher effective confining stress caused an increase in the number of cycles
to liquefaction. At a relative density of 40% and cyclic stress ratio of 0.15, the sand-only
specimen reached liquefaction after 61 cycles, whereas the sand–tire crumb rubber mixture
was liquified after 85 cycles.

Based on the experimental observation presented above, it is concluded that the
addition of tire crumb rubber enhances the liquefaction resistance of the sand, controlling
the build-up of excess pore pressures during cyclic shear. The sand–tire crumb rubber
mixtures will have a greater liquefaction resistance than the pure sand specimens. The
beneficial effect of tire crumb rubber is expected to be more noticeable with a relatively
higher rubber content and higher confining stress.
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3.4. Comparative Discussion of Test Results

The experimental results derived from this study are compared with those collected
from the previous studies to discuss the soundness of the experimental observations and
their implications for liquefaction mitigation in practice. Moreover, the mechanisms gov-
erning the cyclic undrained behavior of saturated sand–fly ash and sand–tire crumb rubber
mixtures were elucidated. This discussion is made based on the liquefaction resistance
(CSRN=20) and liquefaction resistance ratios (LRR) determined by processing Nliq − CSR
data. The liquefaction resistance ratio (LRR) was defined as the liquefaction resistance of
sand–fly ash or sand–tire crumb rubber mixture normalized with that of pure sand:

LRR =
(CSRN=20)waste
(CSRN=20)sand

(2)

where (CSRN=20)sand and (CSRN=20)waste correspond to cyclic stress ratios at 20 load-
ing cycles for pure sand and the mixture of sand–waste material (fly ash or tire crumb
rubber), respectively.

Figures 14 and 15 compare the experimental data from this study with those of
Tamang [75]. In the present study, the liquefaction resistance of sand sharply decreased
with the inclusion of fly ash (FA = 0–20%) and then increased (FA = 20–40%). On the
other hand, Tamang [75] initially showed a slight decrease in the liquefaction resistance
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of sand (FA = 0–20%), and then a sharp increase (FA = 20–25%), followed by a sharp drop
(FA = 20–25%). The liquefaction resistance of sand started to increase on a further increase
in the fly ash content (FA = 30–50%). The apparent inconsistencies in the test results may
be attributed to the different nature of the fly ash used in these studies. The influence of
fly ash having different physical and chemical properties is expected to be vastly different
even for the same density and loading condition.
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The variation in liquefaction potential with the inclusion of fly ash containing silt-sized

non-plastic particles (
(D50) f ly ash
(D50)sand

> 0.23) can be ascribed to the progressive change of the soil
fabric and the increase/decrease in particle interlock depending on the amount of fly ash
in the voids. Thevanayagam et al. [76] suggested that, below threshold fines content, fines
filling the voids of sand were unable to move, actively participate in the force chain, and
transfer the cyclic loads to the sand particles. This may explain the increasing liquefaction
potential below fly ash content of 20%. It is noted that the preparation of triaxial specimens
with sand–fly ash mixtures was particularly difficult when the fly ash content was beyond
40%, and, therefore, the data was available only for a limited range of fly ash content
(0–40%) in this study. Further research will be useful to draw a more concrete conclusion
about this aspect.

Figure 16 compares the results of this study with the results of previously published
studies on sand–tire rubber mixtures. In these studies, the mean grain size of the tire rubber
was usually a few times larger than that of the sand ( (D50)rubber

(D50)sand
= 3.25− 4.76). In the current

study, for any given relative density and effective confining stress, the presence of tire
crumb rubber ( (D50)rubber

(D50)sand
≈ 4) was found to cause an increase in the liquefaction resistance

of the sand. This observation was consistent with that of Enquan and Qiong [58], who
considered rubber particles 4.76 times larger than sand particles sand ( (D50)rubber

(D50)sand
= 4.76).

Shariatmadari et al. [77] showed that the liquefaction resistance of sand–tire rubber mixtures
with (D50)rubber

(D50)sand
≈ 3.25 initially decreased as the tire rubber content increased from 0–10%

and then slightly recovered with a further increase in the rubber content (10–25%). The
above-mentioned results were, however, applicable to a limited range of rubber content.
Mashiri [78] considered a wider range of rubber (tire chips) content and established the
existence of a threshold rubber content. The liquefaction resistance of sand–rubber mixtures
appeared to increase until the rubber content exceeded 30% and decreased beyond this
threshold value.
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This apparent increase in the liquefaction resistance of sand can be attributed to the
increase in the permeability due to the addition of tire crumb rubber to the sand (rubber
particles are larger than sand particles) and/or the increase in the compressibility of the
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sand matrix with the inclusion of highly elastic tire crumb rubber particles. For the mixtures
containing large-size rubber particles (e.g., (D50)rubber

(D50)sand
≈ 4), Li et al. [79] suggested that

the second effect was more significant, especially at higher effective confining stresses. It
is expected that the sand–tire rubber mixtures may be compressed more easily than the
pure sand specimens, reducing the build-up of excess pore pressures and increasing the
liquefaction resistance when subjected to cyclic loading.

Prediction of excess pore pressure is of great importance in liquefaction-related studies,
and different stress-based empirical models relating excess pore pressure ratios (ru) to the
cycle ratio ( N

Nliq
), are proposed for this purpose. Table 3 presents some of the models widely

used in design practice to predict the excess pore pressures generated in sand specimens
with or without fines.

Table 3. Stress-based excess pore pressure generation models.

Models Relationship Upper/Lower Coefficients

Seed et al. [80] ru =

{
1
2 + 1

π ·sin−1
[

2·
(

N
Nliq

) 1
α − 1

]} αU =1
αL = 0.6

Polito et al. [81] ru =

{
1
2 + 1

π ·sin−1
[

2·
(

N
Nliq

) 1
α − 1

]} αU = 0.93
αL = 0.80

(calculated as a function of Dr, FC, and CSR)

Baziar et al. [82] ru =

{
2
π ·sin−1

[(
N

Nliq

) 1
2·α
]}

+ β

√
1−

{
2·N
Nliq
− 1
}2

αU = 0.8αU = 0.6
βU = 0.25

βL = 0

Enquan and Qiong [58] ru =
N

Nliq

α + (1−α)·
(

N
Nliq

) N/A

Figure 17 compares the predictions of three different models with the excess pore
pressure ratios obtained for pure sand specimens at a relative density of ≈40%, an effective
confining pressure of 100 kPa, and cyclic stress ratios of 0.1–0.15. It is evident that the
performance of these models strongly relies on the selection of the empirical coefficients
which define the upper and lower bounds of the prediction curves and are typically
determined via stress-controlled cyclic tests in undrained conditions.
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The method of Seed et al. [80] and Polito et al. [81] seems to provide a reasonable
prediction of excess pore pressures, satisfactorily capturing the increasing trend in the
build-up of excess pore pressure ratio with increasing cycle ratio. The apparent deviation
from the predicted boundaries particularly at the early stages of cyclic loading can be
reduced by modifying the fitting coefficients which are soil-specific.

Figure 18 presents excess pore pressure ratios obtained for fly ash–sand and rubber–
sand mixtures and their comparison with the prediction of the hyperbolic model proposed
by Enquan and Qiong [58]. It is seen that, using reasonable upper and lower bound
coefficients, this hyperbolic model provided adequately accurate predictions, engulfing the
majority of the excess pore pressure data.
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4. Conclusions and Recommendations

Fly ash and tire crumb rubber are viable alternative materials for geotechnical applica-
tions. The reuse of related waste materials in mitigating earthquake-induced liquefaction
effects is a sustainable and economic alternative to traditional soil improvement methods,
which will contribute to the elimination of environmental problems associated with their
disposal. In this study, a set of stress-controlled, undrained, dynamic triaxial experiments
were conducted to investigate the effect of fly ash and tire crumb rubber on the build-up of
excess pore pressure and liquefaction potential of saturated sand. For this purpose, loose
and medium-dense triaxial specimens were prepared by mixing pure sand with fly ash or
tire crumb rubber at prescribed ratios by weight. The mixtures were subjected to cyclic
loading under varying effective confining stresses and cyclic stress ratios. The following
conclusions were drawn from the test results:

(1) For a given relative density and effective confining stress, the liquefaction resistance
of the sand–fly ash mixture decreased as the fly ash content in the mixtures increased
up to 20%. Some of the liquefaction strength recovered when fly ash was added up
to 40%.

(2) Under the range of fly ash contents tested in this study, the liquefaction resistance
of pure sand specimens was always greater than that of sand specimens containing
non-plastic fly ash particles.

(3) The liquefaction resistance of sand with fly ash was affected by the confinement pres-
sure. The sand–fly ash mixtures appeared to possess a higher liquefaction resistance
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under a lower effective confining stress. Similar results were observed for the pure
sand specimens.

(4) The rate of the build-up of excess pore pressure was higher in the sand–fly ash mixtures
than in sand-only specimens, which was attributed to the decreased permeability of

sand with the inclusion of silt-sized fly ash particles (
(D50) f ly ash
(D50)sand

> 0.23).

(5) The addition of tire crumb rubber to sand ( (D50)rubber
(D50)sand

≈ 4) reduced the generation
of excess pore pressure due to the increased compressibility of the soil matrix, thus
improving resistance to liquefaction. The enhancement in liquefaction resistance was
smaller at up to 10% tire crumb rubber content, but it was relatively greater beyond
this value (10–30%).

(6) For a given relative density and rubber content, sand–tire crumb rubber mixtures at an
effective confining stress of 200 kPa had a higher liquefaction resistance than those at
100 kPa, suggesting that the beneficial effect of tire crumb rubber was more noticeable
under higher confining stress.

(7) Tire crumb rubber appeared to offer a better solution than fly ash in improving the
liquefaction resistance of the sand.

The results presented in this study are valid only for a limited range of fly ash or
tire crumb rubber contents. Further dynamic triaxial experiments at wider ranges will
be useful to establish the optimum fly ash and tire crumb rubber content for engineering
applications involving liquefaction mitigation. Moreover, the results are assessed on a basis
of relative density, and further research should verify their applicability using different
packing index parameters, such as the global void ratio or the skeleton void ratio. Finally,
the conclusions are deduced from dynamic triaxial tests on podima sand, Class F fly ash
(Seyitömer), and crumb rubber, and they may not be generalized for other types of test
materials and test rconditions.
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