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Editor’s Foreword

During the last decades, chipped and shredded scrap tires mixed with soil have
found a wide range of innovative civil engineering applications including the
use as highway embankment fill, retaining walls and bridge abutment backfill,
for liquefaction mitigation, for seismic isolation of building foundations, as
barrier for vibration protection, or to reduce swelling of expansive clays.
Several studies have addressed the behaviour of the composite material with
respect to compressibility, shear strength, or liquefaction susceptibility. The
degree of improvement depends on the size and shape of the rubber particles
as well as the gradation of the rubber and the sand. Most investigations
hitherto dealt with rubber granulate or small-size chips.

The present experimental work focuses on the behaviour of large, irregularly
shaped rubber chips mixed with different sands. Extensive static, cyclic and
dynamic laboratory tests have been carried out in order to enhance our
understanding about the complex interactions between the two constituents,
capture the pertinent properties of the composite material at various rubber
contents, and identify the optimal mixing ratio in dependence of the loading
pattern. The behaviour of pure sand, inferred from the respective laboratory
tests, serves as a benchmark for the quality of the tests and point of reference
for the assessment of the mechanical properties of the sand-rubber mixtures.
Of great interest are the findings for cyclic drained or undrained loading. The
equations for shear modulus and damping derived from the wide range
resonant column tests can directly be used in design.

The dissertation provides a valuable insight into the behaviour of this
particular type of composite granular medium, and can be used as a starting
point for the investigation of mixtures with other rubber chips geometries and
soils types, aiming at optimizing the application in geotechnics.

Christos Vrettos
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Abstract

Reinforcing sand soils using tyre rubber chips is a novel technology that is under
investigation to optimize its engineering application. Previous studies
concentrated on static behaviour and very few on cyclic and dynamic behaviour
of sand rubber mixtures leaving gaps that need to be addressed.

This research focuses on evaluating the static, cyclic and dynamic behaviours of
sand rubber mixtures. The basic properties of sands S2, S3, S4, rubber chips and
sand rubber chips mixtures at 10/20/30% rubber chips content by dry mass were
first evaluated in order to obtain the parameters essential for subsequent testing.
Oedometer, direct shear with larger box 300x300 mm and static triaxial
compression tests were performed to assess the static behaviour of the composite
material. Further, dynamic cyclic triaxial tests were performed to evaluate the
cyclic behaviour of saturated, dry and wet mixtures. All specimens were first
isotropically consolidated at 100 kPa. For saturated material a static deviatoric
stress of 45 kPa was imposed prior to cycling to simulate the field anisotropic
consolidation condition. Cycling was applied stress-controlled with amplitude
of 50kPa. Both undrained and drained tests were performed. Cyclic tests in dry
or wet conditions were also performed under anisotropic consolidation condition
with the application of different stress amplitudes. For all cyclic tests the loading
frequency was 1 Hz. With regard to dynamic behaviour of the mixtures, the
resonant column tests were conducted. Calibration was first performed yielding
a frequency dependent drive head inertia. Wet mixture specimens were prepared
at relative density of 50% and tested at various confining stresses. Note that all
specimens tested in both triaxial and resonant column were 100 mm diameter.
The results from the entire investigation are promising.

In summary, rubber chips in the range of 4 to 14 mm mixed with sands were
found to increase the shear resistance of the mixtures. They yield an increase of
the cyclic resistance under saturated condition, to a decrease of stiffness and to
an increase of damping ratio. Increased confining stress increased the shear
modulus reduction and decreased damping ratio of the mixtures. Increased
rubber content increased both shear modulus reduction and damping ratio.
Several new design equations were proposed that can be used to compute the
compression deformation, pore pressure ratio, maximum shear modulus and
minimum damping ratio, as well as the modulus reduction with shear strain.
Finally, chips content around 20% to 30% by dry mass can be used to reinforce

X1



sandy soils. The use of this novel composite material in civil engineering
application could consume a large volume of scrap tyres and at the same time
contribute to cleaning environment and saving natural resources.
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1 Introduction

The growing economy in most of the countries necessitates the development of
infrastructures such as highways, railways, pipelines and others. The
construction of new infrastructures and buildings is always associated with
different challenges. These include but are not limited to land scarcity,
environmental degradation and pollution. The land shortage problem forces
engineers to use the available sites that may underlain by poor foundation soils.
Removal and replacement of these soils contributes to the environmental
deterioration and pollution and can also considerably increase the overall project
cost. To ensure an effective structure performance (highway or building) stronger
foundation is required otherwise the stable lightweight fills that can apply small
stresses have to be considered.

On the other hand, a large volume of waste tyres is being discarded in different
corners of the world. Managing these wastes becomes more difficult due to their
bulk volume and non-biodegradability characteristics. Problems associated with
discarding waste tyres include the reduction of space destined for other activities,
atmospheric pollution, soil contamination, health hazard and costs (Rowhani &
Rainey, 2016; Thomas et al., 2016). To minimize these problems, the European
Union for example through its directive 1991/31/EC bans all waste tyres to
landfills, and suggests that every member state has to find an appropriate
technology to manage this waste. The characteristics that render waste tyre
rubber problematic when being illegally dumped or landfilled make them a
valuable resource of material for civil engineering applications. These include
but are not limited to lightweight backfill behind retaining walls, road
embankment and bridge abutment fills, drainage layer in landfills, building
foundation seismic isolation etc.

A novel composite geomaterial can be produced by mixing sand and tyre
shreds/chips. Its geotechnical characteristics including light density,
compressibility, permeability, shear resistance have been evaluated in pilot
studies to investigate the suitability of its usage in different civil engineering
applications. Constructing highways and other earth structures using
shreds/chips mixed with sandy soil may offer technical, environmental and
economic benefits. These include saving of energy and natural resources,
cleaning of the environment, reduction of compressibility and settlement of



foundation soil, and improved structure stability (Humphrey & Sandford 1993;
Edil & Bosscher 1994).

The cyclic or dynamic loadings of soils supporting structures are of great
concern. These are induced by vibrations from various sources such as natural
earthquakes, highway and railway tracks, artificial explosions and soon.
Vibrations in sands may lead to structure collapse or induce liquefaction failure
in saturated sands. These cause severe losses of strength and stiffness which in
turn induce structural damage, loss of human lives and threats to the
environment. These problems may be addressed when a novel lightweight
composite material is used as road fill or as damping layer within the foundation
supporting the structure. They may also increase the resistance to liquefaction in
saturated conditions. With respect to cyclic behaviour during repeated loading,
and the associated degradation and settlement only few systematic studies have
been conducted hitherto (Mashiri, 2014). Limited studies regarding the
improvement of liquefaction resistance in the ground showed contradictory
findings. This may be attributed to the size of tyre grains/chips, mainly non-
uniform sand type, relative density, loading patterns, and liquefaction criteria.
With respect to the dynamic behaviour as for example evaluated in resonant
column testing, limited studies have been conducted (Anastasiadis et al., 2009 &
2011 & 2012; Senetakis et al., 2012). In these studies, only rubber granulates or
fine rubber chips were mixed with sand. These studies showed that the chips
reduced the shear resistance of sand. However, the influence of the chip size, the
grain size distribution of the matrix material, the mix ratio and the moisture
content still need further investigation for a proper material characterisation and
subsequent optimization.

The main objective of the study is to evaluate the suitability of tyre chips
reinforced sand material in geotechnical engineering applications through the
analysis of static, cyclic and dynamic responses. For the purpose of the material
optimization, an extensive laboratory study focusing on the interaction of
uniform sands (medium or coarse) and a mixture of the two with tyre chips at
different proportions is performed. The basic properties of the parent material
and sand tyre chips mixtures are evaluated in a first series of tests. A second
series covers the static behaviour of both dry and wet material and its appraisal
regarding practical applications. In a third series of tests, the cyclic strength of
the saturated material and the long-term cyclic response of dry and wet material
are evaluated. In a fourth test series, the dynamic response of wet material is



evaluated. Finally, functional relationships for the relevant physical quantities
are derived and presented in the respective sections.

Chapter 2 presents a summary of the updated state-of-the-art concerning the
feasibility of using sand rubber chips mixtures in geotechnical engineering
applications. Chapter 3 describes the basic properties of the investigated
material. In Chapter 4 the mechanical behaviour of sand rubber chips mixtures
under static loading are examined and discussed. Chapter 5 focuses on cyclic
behaviour of saturated composite material as well as long-term cyclic response
of dry and wet material. The dynamic response of wet composite material is
addressed in Chapter 6. Chapter 7 summarizes the research findings and
recommends future studies associated to this work.



2 State of the art

2.1 Static behaviour of sand and tyre-chips mixtures

Compressibility and shear strength behaviour of pure tyre shreds/chips or tyre
shreds/chips sand mixtures are associated with basic properties such as
permeability, specific gravity, void ratio, relative density etc. These properties
have been reported in various studies, for example by Ahmed (1993), Edil &
Bosscher (1994), Masad et al. (1996), Foose et al. (1996), Geosynthetic
Consultants (2008), Anastasiadis et al. (2011). The specific gravity of pure tyre
chips/shreds is in the range of 1-1.23 g/cm’, i.e. less than a half that of typical
soils. The bulk density values of pure tyre chips/shreds are in the range of 0.225-
0.714 g/cm® and the permeability in the range of 1.5-15 cm/s. Due to their high
permeability and low density, tyre shreds/chips can be a suitable material in
establishing a drainage layer for landfill leachate collection or backfill behind
retaining walls (Edeskar, 2006).

For sand tyre chips mixtures various authors concluded that the density decreases
while void ratio increases. Mashiri et al. (2015) and Anastasiadis et al. (2011)
found a decrease of void ratio for the increased tyre chips content up to 35% by
dry mass. Further addition of chips decreases the void ratio. Reddy & Krishna
(2015) observed a lowest void ratio at 30% by dry mass. Anvari et al. (2017)
reported a decrease of void ratio for chips content up to 5% in sand while the
density decreases for any inclusion of tyre chips. The increase in void ratio
contributes directly to the increase of permeability and vice versa. The
permeability of mixtures of steel furnace slag, coal wash and rubber crumbs
reported by Indraratna et al. (2018) shows that increasing rubber content
increases the hydraulic coefficient. It can be pointed out that the increase of
permeability resulting from the increase of void ratio may be associated with the
increase of rubber content.

2.1.1 Compressibility

Few studies were performed to evaluate the compressibility of sand tyre
chips/shreds mixtures. The findings from the tests are reported by Hall (1991),
Humphrey & Sandford (1993), Edil & Bosscher (1994), Masad et al. (1996),
Warith & Rao (2006), Kowalska & Chemielewski (2017), Chenari et al. (2019).



Due to the compressibility of the individual shreds/chips and the larger void
space between rubber particles, increasing the vertical stress yields to an increase
of the vertical strain and a decrease of the void ratio. Pure tyre shreds/chips under
vertical stress in the range of 20-700 kPa, exhibit vertical strains in the range of
21 - 47%. The associated Young’s modulus is very small This could be a
discouraging finding for the possible use of the material alone in road
construction. However, when mixed with sand, the compressibility
characteristics of the mixture becomes tolerable for the application in civil
engineering applications. Of course, the generated vertical strain in the mixture
becomes higher than that exhibited by pure sand and increases to higher value
for higher chips contents. The stiffness of the composite material decreases when
the chips content increases.

2.1.2 Shear strength

The methodology of soil reinforcement mechanism addresses first the selection
of the reinforcing material. Reinforcing material may consist of fibers, tyre
shreds/chips or other particulate materials. To simulate the reality on site,
reinforcing material should be randomly mixed with sand, thus enforcing various
orientations of reinforcement. Shear strength enhancement can only be achieved
for vertical and inclined orientation of the reinforcing elements. Impact of the
reinforcements on the shear strength in sands can be evaluated in the laboratory
through direct shear box or triaxial compression tests. The size of the equipment
is dictated by the particle size of the reinforcement material.

Assuming that tyre chips/shreds are selected as reinforcing material, large scale
direct shear box or triaxial devices should be adopted to avoid potential
boundary/interactions effects caused by large particle sizes. The total shear
strength of the mixtures S equals the summation of soil shear strength S5 and
shear strength induced by reinforcement S7. A possible soil reinforcement
mechanism was described by Gray & Ohashi, 1983 and is reproduced in Figure
1.
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Figure 1: Fiber deformation during shearing (a) perpendicular to shear plane and
(b) inclined at an angle (1) to the shear plane (Gray & Ohashi 1983)

The total shear strength of the reinforced soil is given by:
Sl‘Ol‘ :SS +ST (1)

where Ssis the shear strength of sand or sand with rubber chips in horizontal
direction; S7= AS; + AS; the total increase of the shear strength induced by rubber
chips in horizontal and vertical directions.

Practically, tyre chips are randomly distributed in soils during the preparation of
the mixtures. Pure sand or sand mixed with tyre chips in horizontal direction
derives their shear strength from friction resistance and cohesion from particle
sticking, and can be expressed by:

S¢=c+o0, tang )

where c the cohesion, o, the normal stress and ¢ the friction angle. Any additional
strength increase may be derived from the reinforcement mechanism due to both
vertical and inclined orientation of the chips in the mixtures and assuming that
they are extended in both side of the shear plane, as depicted in Figure 1. During
shearing, tyre chips deform in the shear zone and develop tensile resistance 7k.
In tyre chips, Tk may be divided into two components. The first is normal to the
shear plane and increases confining pressure at failure plane and mobilizes extra
resistance to the induced shear force. The second is a tangential component
which opposes directly to shear. For perpendicular direction of tyre chips,
increase of shear strength can be estimated by:



ASg = Fy (sin@+cos 6 - tan @) (3)

e:arctan(gj )

For inclined orientation of the tyre chips, additional increase of shear strength
can be estimated by:

AS, = Fg[sin(90—y) +cos (90 -y ) tang | (5)

-1 1
¥=tan {k+(tani)} ©)

where ASs and AS; denote the increase of shear strength due to reinforcement, 7
is the tensile strength developed in tyre chips per unit area of soil, ¢ is the internal
friction angle of the composite material, € is the shear distortion angle, i is the
initial orientation angle of tyre shreds with respect to the shear plane; and & is the
shear distortion ratio with & = x/z where z is the thickness of the shear zone and
x the horizontal shear displacement.

Note that the mobilized tensile strength Fr from tyre shreds/chips per unit area
depends on the tensile stress of tyre chips and their concentration (area ratio) in
the shear plane, and can be estimated by:

where Ar is the area of the reinforcement, A is the total area of the shear plane,
Tr is the tensile stress in the tyre shreds within the shear plane.

Extensive researches have been concentrating on evaluating the shear strength of
sand tyre chips mixtures as a key driving characteristic towards a novel ground
improvement technology. Laboratory investigations were performed mainly
using large direct shear box. The results for sand tyre chips/shreds mixtures at
various rubber contents suggest a nonlinear stress-strain behaviour. A linear
stress strain relation was observed for pure tyre chip samples. For chip sizes
smaller than 50 mm, a friction angle in the range of 19 to 30° and cohesion of 3
to 11 kPa were obtained. Tyre shreds size in the range of 50 to 150 mm exhibited
a friction angle of 30° with zero cohesion. Foose et al. (1996) used tyre shreds



smaller than 5cm, 5 to 10cm and 10 to 15cm containing metals. Tyre shreds
content were 0/10/20/30/50% by dry mass. Normal stress in the range of 7 to 70
kPa were selected. Tests were performed using large direct shear device. Results
from this study revealed an increase in shear strength for all shreds contents
compared to that of pure sand. The maximum improvement was achieved at a
shreds content of about 30%. Strain hardening behaviour and non-linearity of
Mohr-Coulomb envelope were also obtained. Similar behaviour was reported by
Edil & Bosscher (1994), Banzibaganye (2014).

Contradictory results were reported for sand mixed with rubber particles smaller
than Smm tested in a standard direct shear box. Cabalar (2011), Ehsani et al.,
(2015) observed a decrease of shear strength for all rubber contents. Anvari et al.
(2017) reported a slight increase only up to 5% of granulated rubber content with
subsequent decreased. The authors argued that the decreased strength was due to
the inclusion of rubber granulate in sand which generates a poor interlocking
compared to sand-to-sand particles contact.

A relatively small number of investigations was performed on sand tyre chips
mixtures under triaxial testing condictions. In comparison to direct shear box,
triaxial compression simulates better the stress loading conditions in the field.
From this reason it is worth that the measurement of shear strength parameters
from triaxial compression are accurate for design purposes. Studies conducted
by Wuetal. (1997), Ghazavi (2004), Zornberg et al. (2004), Rao & Dutta (2006),
Batachowski & Gotteland (2007), Becker & Vrettos (2011), Vinot & Baleshwar
(2013), Balunaini et al. (2014), Mashiri et al. (2014), Kowalska & Chemielewski
(2017), Becker (2017), Madhusudhan et al. (2019), Tasalloti et al. (2021) for
medium to larger shreds/chips included in sand or cohesive soils improved their
strength. Excellent improvement was achieved for confining stress level of
100 kPa or less. Note that the soil used in these studies was essentially non-
uniform. Generally, an optimum tyre chips content in the range of 20% for
medium chips to 35% for larger chips by dry mass were reported. The opposite
behaviour was reported by Ehsani et al. (2017) for rubber granulates embedded
in sand. These findings indicated similar behaviour as those from direct shear
tests.

During shearing in either direct shear or triaxial compression, the dilatancy
behaviour is observed. Specimens with pure tyre chips only show pure
compression. A small initial contraction is achieved followed by dilation for pure



sand samples regardless of the confining stress level. Sand tyre chips samples
initially contract and then dilate. The contraction increases with increasing chips
content in the mixture while the dilation decreases.

The contribution of tyre shreds/chips on the shear strength of the composite
material is elucidated by Zornberg et al. (2004). Figure 2 shows the different
strength contributions for similar/identical sand tyre chips samples. The curve
shows strength contribution from the reinforcement mechanism, internal shear
mechanism, and also the overall shear strength of the composite material. After
a series of tests, the authors found that the strength contribution is high for lower
confining stress and becomes less significant at higher confining stresses. Edil &
Bosscher (1994) reported also a significant excellent contribution for larger tyre
shreds under lower confining stress.

AN
Contribution of reinforcement
. mechanisms to the composite
Composite shear strength shear strength
= Shear strength of
2 pure tire shred
@
I ‘\
@
% | Shear strength
@ | of pure sand
Contribution of internal shear
mechanisms to the composite
shear strength
l Baseline shear strength
>
0% 100%

Tire shred content, ¥ (%)

Figure 2: Schematic interpretation of the contribution of tyre shreds on the shear

strength of sand tyre shreds mixtures under a constant soil matrix relative density
(Zornberg et al., 2004).

2.2 Cyclic behaviour

Flexible tyre chips have been found to damp the energy applied during the
compaction process. This behaviour motivated geotechnical engineers to explore
the effect of tyre chips on the cyclic response of sand. In general, pure saturated
sand may exhibit an earlier liquefaction failure at cycle numbers varying from 1
to 100. However, the cyclic resistance is influenced by the sand particle shape,
the relative density, the applied stress or strain amplitude, the initial pre-cyclic
static stress as well as the added artificial material, in this case the tyre chips.



A newly developed concept for stabilizing soils prone to liquefaction is through
reinforcement using shredded tyre material in form of chips (Towhata, 2008;
Hong et al., 2015). The resistance to liquefaction as well as shear modulus and
damping of sand rubber chips mixtures were evaluated. One can mention
Hazarika et al. (2008), Nakhaei et al. (2012), Kaneko et al. (2013), Mashiri
(2014), Ehsani et al. (2015), Bahadori & Manafi (2015), Li et al. (2016),
Bahadori & Farzalizadeh (2016), Madhusudhan et al. (2017), McCartney et al.
(2017), Zhou & Wang (2019), Amuthan et al. (2020), Hazarika et al. (2020),
Madhusudhan et al. (2020), Rios et al. (2021). The results indicate that increasing
the chips content in the mixtures improves the resistance to liquefaction,
decreases the shear modulus, increases the cyclic axial strain and increases the
damping ratio. Hong et al. (2015) and Shariatmadari et al. (2018) observed the
opposite behaviour. Their findings indicate that increasing tyre chips or ground
rubber in sand decreases both the shear strength and the resistance to liquefaction.
Mashiri (2014) noticed a decrease of liquefaction resistance of sand rubber
mixtures at chips content of 40% by dry mass. This author asserts that in the
mixture at this content, sand matrix void ratio becomes greater than the
maximum void ratio of sand which leads to an increase in residual pore water
pressure. The contradictory findings may also be attributed to type of sand, the
relative density of the mixtures and the loading conditions. It should be noted
that the soil used in these studies was essential non uniform sand.

2.3 Dynamic behaviour

Recently the resonant column device has been used to evaluate the dynamic
behaviour of sand rubber mixtures. The investigations were limited to fine tyre
chips or granulated rubber mixed with sand. This was due to the available testing
facility whereby a maximum 70 mm diameter sample could be tested. The
findings from these studies are summarized below.

Shear modulus and damping ratio of pure sand were first evaluated followed by
those for sand or gravel rubber mixtures. The influence of confining stress,
relative density, mean size ratio of soil to rubber (dso.s/dso,r) as well as the
concentration of rubber on the dynamic behaviour of sand was evaluated (Zheng-
Zheng-Yi & Sutter, 2000; Anastasiadis et al., 2009; Anastasiadis et al., 2011;
Senetakis et al.,2011; Senetakis et al.,2012; Ehsani et al., 2015; Bernal-Sanchez
et al., 2019). Granulated rubber particles with mean grain size in the range of 0.3
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to 5 mm were used in these studies with the maximum of 6.35 mm. The
concentration of the rubber granulates varied from 0 to 35%. Low amplitude
shear modulus and damping ratio of sand rubber mixtures were investigated at
confining stress levels starting from 25 kPa while high amplitude tests at 50 kPa.
Dense to very dense samples were used in these studies.

It was generally reported that increasing the confining stress and the relative
density increases the shear modulus, decreases the damping ratio and increases
the shear strain amplitude (specify) of sand rubber mixtures. For the increased
confining stress, a smoother decrease of the modulus reduction curve was
observed (Anastasiadis et al., 2009). It was noted that the effect of confining
stress on the linear behaviour of pure rubber granulates sample is negligible.
Furthermore, increasing the rubber content decreases the shear modulus,
increases the damping ratio and increases the shear strain amplitude of the
mixtures. The opposite findings were derived by Das & Bhowmik (2020) where
the increase of rubber content increases the shear modulus and decreases the
damping ratio. The reason for this could be that the content of the rubber was
limited to low values with a maximum of 6%.

Senetakis et al. (2011) evaluated the influence of confining stress, rubber content
and dsos/dso,, on the shear modulus and the damping ratio of the composite
material. They noticed that increasing the confining stress increases the shear
modulus reduction and decreases the damping. While at the same confining stress
increasing rubber granulate in the mixture increases shear strain amplitude,
normalized shear modulus and damping ratio of the mixtures. At any given
shearing strain, increasing the ratio of dsos/dsor increases the modulus
degradation and decreases the damping ratio. A high ratio dsos/dso,r implies a
larger contact surface between rubber particles which turns the mixtures from
sand-like to rubber-like. The rubber-like is likely to occur for fine rubber than
for coarse rubber. Pistolas et al. (2018) argued that increasing the confining stress
for the mixtures with dsos/dso.r < 1 leads to soil inter-granular contact caused by
the higher deformation of the rubber particles, and the response may be governed
by soil fraction.

Esmaeili et al. (2013) conducted the laboratory tests on tyre shreds mixed with
railway subgrade to obtain the shear strength and the deformability
characteristics to be applied in subsequent numerical studies. A 2D numerical
model of ballasted track was used. The authors reported that the vertical vibration
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velocity at the ballast should increasing tyre shreds from 5 to 15% decreased the
vertical vibration velocity by 44% at the ballast shoulder.

A large scale field test was performed to evaluate the effectiveness of soil rubber
mixtures as possible geotechnical seismic isolation for structures (Pitilakis et al.,
2021). Three similar tests were performed using gravel rubber mixtures at
granulated rubber content of 0/10/30% by mass. The mixtures were placed in the
test pit underneath the foundation structure and vibrations were applied from the
top. Based on the results obtained, the authors conclude that the mixtures with
30% effectively cut- off all incoming waves, reduce the lateral movement and
rocking stiffness of the geotechnical seismic isolation system. They pointed out
that the effective compaction may not be achieved for the mixtures with rubber
content beyond 30%.

Based on the evaluated behaviour of sand tyre shreds/chips mixture, various
authors recommended the use of composite geomaterial rather than tyre chips
alone as lightweight fill in road construction to prevent excessive pavement
deflections and internal self-heating. The use of this novel composite material
can also help to address the compressibility of softer foundations, liquefaction
resistance, seismic isolation and the problems associated with shear failure. The
technique may also contribute to the cleaning and saving environment. The
decreased shear strength and liquefaction resistance for the added tyre crumbs or
granulated rubber in sand could be an indication that tyre rubber particles of 5
mm diameter and smaller may not be suitable for soil reinforcement.

2.4 Effect of using tyre rubber on the environment

Various field studies were performed to evaluate the possible impact of civil
engineering application of tyre shreds/chips on water quality. Few of them
considered also the analysis of organic compounds and aquatic life. The quality
of water leached from tyre shreds/chips layers was compared with the various
United States standards for primary and secondary drinking water such as IDEM
(Indiana Department of Environmental Management), EPA (Environmental
Protection Agency), RAL (Regulatory Allowable Limit). It should be noted that
all tyre shreds/chips used in these project trials contained steel belts.

Limited field studies were conducted to monitor the water quality effect of
shreds/chips placed above ground water table mainly from the road project field
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trials (Bosscher et al., 1993; Eldin & Senouci, 1992; Humphrey & Kartz, 2000;
Hoppe 1998; Salgado et al., 2003; Brophy & Graney, 2004; Yoon et al., 2005).
Water samples were collected directly from tyre shred/tyre chips or in the
adjacent wells. For the water released directly from shreds/chips layers only the
level of iron and manganese surpassed the secondary drinking water standards
while other metal concentrations were well below the standards. It is further
reported that the increase of the metal concentration does not exceed the primary
drinking water standards. It is also reported that for water samples collected in
wells located at a distance from tyre shred/chips layer, iron and manganese levels
are about the same as in control levels. For other chemical concentrations no
indication of tyre shreds/chips to affect the natural background levels.

Few studies analysed the water quality from the buried tyre shreds placed below
ground water table (Twin City Testing, 1990; Humphrey & Kartz, 2001; Hoppe
& Oman, 2013). It was reported that the metal released from tyre shreds does not
exceed the limits specified by the primary drinking water standards. It was
noticed that for water samples collected directly from tyre shreds the
concentration of manganese, iron and zinc exceed the secondary drinking water
standards. The concentration of these metals decreased for the leachate collected
from wells installed at a distance from buried tyre shreds. Other chemicals
showed no evidence of compromising the secondary drinking water standards.

Volatiles and semi-volatile organisms as well as aquatic toxicity were monitored
in some of the above mentioned field trials. Regardless of where leachate water
samples were collected, it was reported that tyre shreds/chips placed either above
or below ground water table have a negligible increase of organic compound and
do not affect the aquatic life.

A single road section trial was constructed in Europe (Sweden) considering tyre
shreds layer (Edeskédr & Westeberg, 2006). For the environmental point of view,
the collected leaches from construction were analysed for the presence of metals,
organic compound and other pollutants and compared with standard specified by
Swedish Environmental Protection Agency. The authors reported that metals
mainly zinc and organic compounds, PAH and phenols leached from the
construction but their concentrations were minor. It was concluded that
considering the low concentrations and dilution effects, tyre shreds used in
construction have negligible effect on the surroundings.
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3 Material investigated

3.1 Sands

Three types of clean sands S2, S3 and a mixture of the two named sand S4
(50%S2 + 50%S3) were selected for the present study. These are river sands
collected from Bobenheim-Roxheim in Rheinland-Palatinate in Germany. Their
particle size distribution through dry sieving is presented in Figure 3. They are
classified as poorly graded uniform medium sand, uniform coarse sand and non-
uniform sand, respectively. Properties are summarized in Table 1 and include
particle density ps, mean grain size dso, uniformity coefficient C,, coefficient of
curvature C., coefficient of permeability £, minimum and maximum dry densities
and the corresponding void ratios, pa.min, Pd,max, and €min and emax, Optimum water
content, Wopt.

100
[

Figure 3: Particle size distribution of sands and rubber chips
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Table 1: Properties of the sands used
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=] [

N/
y/al
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Description S2 S3 S4
ps [g/em’] 2.65 2.65 2.65
dso [mm] 0.32 0.77 0.5
Cu[-] 1.7 1.5 2.7
Ce[-] 1 0.9 1
Pdmax [g/cm?] 1.591 1.663 1.798
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pamin [g/em’] 1388 | 1.466 1.466
emin [-] 0.665 | 0594 | 0474
emax [-] 0.909 | 0.807 0.807
papr [g/cm’] 1.579 | 1.575 1.685
Wopt [%6] 15.9 10 13.3
k [m/s] 3.8x10° | 4.5x10° | 1.4x10°

3.2 Waste tyre rubber chips

Tyre particles have been obtained from a tyre recycling company Kurz
Karkassenhandel GmbH. Tyre cutting process involves primary shredding where
by 12 cm long shreds free of steel belts and fibres are produced. These pieces
enter in a secondary shredding phase named milling which has two parts. The
first milling phase uses the milling machine that shreds the material from primary
shredding process to 40 to 0.8 mm long chips. The second milling phase involves
grounding these rubber particles to smaller than 1 mm. The material from this
stage 1s sieved to ensure that all rubber particles produced are finer than 1 mm,
after which the larger return to the last milling machine for further grounding.
Tyre particles from primary shredding process were collected. Their chemical
composition as provided by manufacturer include carbon black of 25-40%,
polymer content >40%, natural rubber content 10-35%, acetone extract 10-20%,
ignition residue <10%, free metal content <0.1%, free fiber content < 0.5%.
Other data include particle density between 1 and 1.1 g/cm?, bulk density in the
range of 0.250 to 0.55g/cm?, moisture content < 1%.

In the laboratory, the long tyre pieces were first manually sorted out. The rest
was dry sieved and the rubber size in the range of 4 to 14mm remained. In this
study, tyre particles are described as rubber chips R with their sieve results shown
in Figure 3. The median grain diameter of the chips dso is 5 mm. Water absorption
capacity of the chips was evaluated. Rubber chips have been immersed in water
for 24 hours and water absorption capacity w.. was determined as follows:

M, —-M
e = TR ®)

where M,,: is the mass of rubber chips, Mk is the dry mass of rubber chips.
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After several trials, the results showed that the water absorption capacity of the
rubber chips averages to 2.8%. This value is within the range reported in the
literature. It was concluded that there is no correlation between tyre chips size
and water absorption capacity.

The particle density of rubber chips was determined. The weighed material was
poured into the graduated cylindrical tube filled with water up to a certain level.
ASTM D 6270-2020 provides guidelines for the use of waste tyres but due to the
low specific weight of rubber, the procedure may yield unreliable results. The
displaced volume of water is measured by taking into account the absorption
capacity of rubber chips, and the particle density pr is determined. Several
attempts were performed to evaluate pr and an average value of 1.05 g/cm® was
obtained. This value is within the range of 1 to 1.10 reported in literature.

__Mr 9
PR = de + Vaw ( )
where Mp is the mass of dry rubber (g), Vaw the volume of the displaced water
(cm?®) and V.., the volume of absorbed water (cm?).

Hardness of rubber chips was determined using Shore durometer scale (Shore
A). The results from the tested 15 smoothed surface rubber pieces showed a
hardness value in the range of 64 to 67 with an average value of 66. The range
of hardness values indicates that the rubber chips used are of the same hardness
and can be classified according to hardness scale as medium hard material.

3.3 Sand rubber chips mixtures

To produce the mixtures, the three types of sand S2, S3 and S4 mentioned above
were separately dry mixed with rubber chips. The mixtures were prepared in
dependence of rubber chips content y in percentage by dry mass. The contents
used were 0/10/20/30/100%. The mixture formed were named medium sand
rubber chips mixture S2RM, coarse sand rubber chips mixture S3RM and sand
mixture rubber chips mixture S4RM. An example of the mixture is shown in
Figure 4. The segregation of the individual particles was likely to occur for dry
mixture with chips content beyond 20%. To prevent this problem, the appropriate
mitigation measures were applied. Furthermore, the ratio of dsor/dsos was
calculated for the mixtures. Values of 15.6, 10 and 6.5 were obtained for S2RM,
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S4RM and S3RM, respectively. The particle density of the composite material,
ps,sev Was calculated using equation (10).

Figure 4: Sand S2 mixed with rubber chips at 20% by dry mass

N () (10)

ps,R ps,S

where pj s 1s the particle density of sand, y the rubber chips content and ps, 7 1s the
particle density of rubber chips.

3.3.1 Densities

- Proctor test

Proctor tests were performed to evaluate the effect of rubber chips on the optimal
density of sand. Standard proctor methods described in detail in DIN 18127 were
adopted to evaluate the compaction characteristics of the composite material.
These methods involve the use of a compaction mould having 100 mm diameter,
120 mm height and a 2.5 kg compaction hammer. The choice of the methods was
based on the fact that the material tested have particle size smaller than 19 mm.
The compaction characteristics could not be affected by the effort and the mould
used because of the energy damping capacity of rubber chips (Edil & Bosscher,
1994). The maximum dry density and the optimum water content from these tests
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can be used during the placement and compaction of fills for geotechnical
engineering projects.

The Proctor density and the corresponding water content are provided in Table
1. Sands S2 and S3 exhibited almost similar maximum dry density but at different
optimum water content. Sand S4, a mixture of the two, has higher dry density at
an optimum water content between S2 and S3. Figure 5 presents the selected
results for sand S2RM. It is inferred in the figure that increasing rubber chips
content decreases the density and water content of the mixtures. Additional
rubber chips in the mixture reduces the curve peaking effect. Density vs. moisture
content relationship for the mixtures formed by sands S3 and S4, exhibited the
same behaviour (not shown herein).

1.7
S2RM
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Figure 5: Density-moisture content relationship for S2RM mixtures.

Figure 6 presents the data comparing the results for S2RM, S3RM and S4RM.
The influence of rubber chips on the maximum dry density and optimum water
content is pronounced. It is clear from figure that increasing rubber chips in sand
decreases drastically the maximum dry density of the mixtures. This is due to the
inclusion of the lightweight rubber material in sand. It is also clear that the rubber
chips content influences the optimum water content. Increasing the rubber
content decreases the optimum water content. S2RM requires a large amount of
water content to ease move grains into a denser state (stronger soil structure).
This amount is reduced for the increased sand grain size. Consequently, S3RM
results in smaller optimum water content compared to S4RM and S2RM. Due to
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their low capacity to absorb water, rubber chips were found to decrease the
optimum water content of the mixtures.
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Figure 6: (a) Maximum Proctor dry density and (b) optimum water content for
different sand rubber mixtures

- Minimum and maximum dry density tests

Controlled vibration tests were performed to determine the maximum and
minimum dry densities of the granular soil. These tests were conducted in this
study to evaluate these quantities for sand rubber chips mixtures. A 7.1 cm
diameter and 11.22 cm high mould was used to determine the minimum
densities, while 9.92 cm diameter and 11.1cm high mould was used for the
maximum densities. The details of the devices used and testing procedure are
fully described in DIN 18127-100X. The minimum and maximum dry densities
Pamin,skm and pamax,sry are determined in the tests.

Typical results are presented in Figure 7 and Table 2: Minimum and maximum
dry densities for sand rubber mixtures. The maximum dry density value of 1.588,
1.663 and 1.798g/cm® was achieved for pure S2, S3 and S4. It can be observed
in the figure that increasing the rubber chips decreased both maximum and
minimum dry densities for S2RM, S3RM and S4RM mixtures. Sand S2 exhibits
a better interaction with rubber chips compared to other two sand types. The
lower value of the minimum dry density was obtained for pure S2 while S3 and
S4 exhibit almost the same value. Adding chips in all sands reduces the minimum
dry density of the mixtures. A strong degradation can be observed for S3RM.
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Figure 7: Minimum and maximum dry densities for sand rubber chips mixtures

Table 2: Minimum and maximum dry densities for sand rubber mixtures

S2RM S3RM S4RM

X Pdmin | Pdmax | Pdmin Pd,max Pd,min Pd,max
% | g/lem® | g/em® | g/em® | g/em® | g/em® | g/cm’®
0 1.388 | 1.588 | 1.466 | 1.663 | 1.466 | 1.798
10 1.292 | 1.514 | 1.274 | 1.474 | 1.32 | 1.575
20 1.191 | 1.401 | 1.136 | 1.339 | 1.228 | 1.397
30 1.076 | 1.285 | 0.983 | 1.181 | 1.106 | 1.287

3.3.2 Permeability

The material suggested to serve as road fill, backfill behind retaining walls or
bridge abutment fill should be evaluated for its permeability. In this regard, a
series of laboratory tests were performed to analyse the hydraulic conductivity
of sand rubber chip mixtures. Standard proctor was performed prior to the
specimen retrieval. However, a sample size of 10 cm diameter and 12 cm high
on each type of mixture was produced and sealed in a latex membrane, fixed on
the base of the equipment and enveloped in the permeameter cell. A constant
head laboratory permeability equipment was used. Instead of gravity water
falling, a constant pressure of about 36 kPa was used to press water through the
specimen. The test was performed under a confining stress of 50 kPa. The full
description of the laboratory equipment, sample preparation and testing
procedure can be found in DIN EN ISO 17892-11.

The dependence of the permeability on rubber chips is presented in Figure 8.
These data indicate the lower coefficient of permeability for sand S4 compared
to sands S2 and S3. This is evidenced by the grain size distribution of the
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material, density and the associated void spaces for each sand type. Initially
adding 10% rubber chips in sand S2 reduces its hydraulic conductivity. Further
increase yields an increased permeability coefficient. For S3RM and S4RM,
increasing rubber chips definitely increases the hydraulic conductivity.
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Figure 8: (a) Permeability vs. rubber content for different sand rubber mixtures
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4 Static tests

4.1 Oedometer tests

The compressibility of any construction material is a key parameter to be
considered in the design and construction of earth structures. The proposed
composite material for this study, i.e. sand rubber chip mixtures, was subjected
to loading-unloading-reloading cycles to evaluate its behaviour under
compression. A series of tests were performed using standard oedometer
equipment on a ring of 100 mm and 20 mm diameter and height respectively.
The tests were carried out in accordance with DIN EN ISO 17892-5. The
parameters from these tests can be used to estimate the settlement of fills during
the service life of the structure.

As mentioned earlier, segregation of the individual particles was likely to occur
during dry sample preparation. To mitigate this problem, the calculated sand and
rubber chips amount forming each layer was measured separately. The materials
were mixed and placed in the oedometer ring in two layers and compacted to
achieve the desired density. This method ensured that each layer contains the
same amount of rubber chips. Pure sand and pure rubber chips were first
subjected to loading-unloading-reloading cycles. Their mixture with 10/20/30%
chips contents by dry mass followed. The specimens were subjected to vertical
stresses varying from 50 to 300 kPa. Stress was doubled for each increment up
to 200 kPa. In the last stage, an increment of 100 kPa was applied.

The vertical strain € (%) resulted from the compression tests is affected by the
vertical stress, o, (kPa) and the chips content y (%). The compression of pure

dry sands S2, S3 and S4 under a vertical stress of 300kPa yielded vertical strains
of 2.17%, 2.73% and 1.42%, respectively. These specimens were prepared at a
relative density Ip of 65.6%. Pure rubber chips under the same vertical stress
yield a vertical strain of about 39% at stress 300kPa. The typical results obtained
from various mixtures are presented from Figure 9 to Figure 11. The data plotted
in Figure 9 for S2ZRM show that at any stress level, as expected the vertical strain
increases with increasing vertical stress and rubber chips content. It can also be
seen that major compression takes place in the first loading cycle, a portion of
which is irrecoverable but with significant rebound upon unloading. The
subsequent loading cycles follow the same trend but with small rebound
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compared with the first loading cycle. The evolution of the vertical strain for
S3RM and S4RM mixtures (not shown here) follows the same trend.
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Figure 9: Stress-strain data for (a) dry S2RM mixtures
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Figure 10: Stress-strain data from three types of sand mixed with rubber chips at
10%
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S2RM-D is the dry medium sand rubber chips mixture; S2RM-M the moist
medium sand rubber mixture; S3RM-D the dry coarse sand rubber chips mixture;
S4RM-D the dry sand mixture rubber chips mixture.

A comparison of the stress-strain curves for different mixture types at 10% chips
content is displayed in Figure 10. These data indicate almost similar compression
behaviour for both dry and moist S2RM. Dry S2RM yields smaller vertical
strains whereby the S4RM yields the higher one. At 20% and 30% chips contents
S2RM still develop smaller strains under a vertical stress of 300 kPa while S3RM
yields larger ones. Note that all mixtures at =10, 20 and 30% were prepared at
relative densities of 83.4%, 88.6% and 97.4% respectively. The increase of the
vertical strains can be attributed to the compression of the void space in the
mixtures and the compressibility of the individual chips. These results suggest
that there is a better interaction between sand S2 and rubber chips compared to
that in sands S3 and S4. A stress dependent relationship suggested in
equation (10) can be used to estimate the compression strain.

e[%]= a0,/ P)" (10)
ay=a,. ) +ay.x+1.056 (11)
where y is rubber chips content in percentage.

Table 3: Constants for equation (11)

Mixture a as

S2RM 0.0012 | 0.158
S3RM -0.0005 | 0.325
S4RM 0.0002 | 0.259

The constrained modulus Ey was determined from the tests and the values
obtained for example for S2RM and S3RM are plotted against the normal stress
in Figure 11. As expected, increasing the vertical stress increases the constrained
modulus. Furthermore increasing the rubber chips content reduces the modulus
of the composite material.
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Figure 11: Constrained modulus vs normal stress for S2RC and S3RM

4.2 Direct shear tests

4.2.1 Equipment and testing procedure

Direct shear tests constitute a convenient laboratory method for measuring the
shear strength of soils. This method was used to evaluate the shear strength of
sand tuber chips mixtures. The rubber particle size used exceeded the limit of
one tenth of the specimen diameter for standard direct shear box as specified in
DIN EN ISO 17892-5. However, a direct shear device with box 300 x 300mm
was utilized. The equipment was manufactured and supplied by InfraTest and
has been upgraded. This device has a vertical loading unity capable to apply a
force of up to 50 kN. The shear box 1s horizontally divided into two halves boxes
assembled accurately together by alignment screws passed vertically through the
walls of the top half and screwed into the bottom. The assembled box is placed
in the rectangular brass container prior to sample preparation.

Sample preparation followed the procedures described in DIN EN ISO 17892-5.
The weight of sand rubber mixtures was determined in dependence of the rubber
chips contents by dry weight. Dry mixtures were prepared and significant particle
segregation was only noticed for the mixtures with rubber content beyond 20%.
To avoid this problem, a total mass of material was divided into equal three
portions and the quantity of sand and rubber chips was calculated separately for
each portion. The materials were then mixed and placed into the box and
compacted until the target dry density was achieved. The dry density in the direct
shear tests corresponds to the value of standard proctor curve at 5% water content
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and the calculated relative density was for S2RM was applied to S3RM and
S4RM.

Particular attention was paid to avoid shearing between layers. It was ensured
that the second compacted layer covers and extends an equal portion beyond the
top and bottom of the shear plane. A variable gravimetric rubber content by dry
mass ¥ = 0/10/20/30/100% was used. After sample preparation a rectangular
brass container was pushed in the rigid frame and the top half of the box was
tightly connected and prevented from moving laterally so that when the
horizontal force is applied on the carriage the bottom half of the shear box can
move. The direct shear test set up is shown in Figure 12. Samples were prepared
under dry conditions and their properties are given in Table 4

Figure 12: Direct shear test set up

Table 4: Properties of the tested material, normal stresses and test number

X pd Ib | o
Soil %] | [gem?] | [-] [klza] Test No.
50 DSO01
2 0 1.515 | 0.65 | 100 DS02
200 DSO03
10 | 1.480 | 0.86 | 50 DS04
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100 | DSO05
200 | DS06

50 | DS07

20 | 1.374 | 0.88 | 100 | DSOS
200 | DS09

50 | DSI0

30 | 1.281 | 0.98 | 100 | DSII
200 | DSI2

50 | DSI3

0 | 1.591 |0.65| 100 | DS14
200 | DSI5

50 | DSI6

10 | 1.437 |0.83| 100 | DSI17
200 | DSI8

53 50 | DSI9
20 | 1.312 | 0.88 | 100 | DS20
200 | DS21

50 | DS22

30 | 1.175 | 0.97 ] 100 | DS23
200 | DS24

50 | DS25

0 | 1.669 | 0.65| 100 | DS26
200 | DS27

50 | DS28

10 | 1.532 |0.85| 100 | DS29
200 | DS30

S4 50 | DS31
20 | 1.377 | 0.89 | 100 | DS32
200 | DS33

50 | DS34

30 | 1.273 [0.93 | 100 | DS35
200 | DS36

50 | DS37

R [100]| 064 | - | 100 | DS38
200 | DS39

27




Direct shear tests were performed according to DIN EN ISO 17892-5. Three
similar specimens were prepared for each type of mixture and tested under three
normal stresses of 50, 100 and 200 kPa. Specimens were sheared under a strain
rate of 0.Imm/min as specified later for triaxial tests. Note that the equipment
applies a maximum horizontal displacement of 50 mm. During testing, the shear
force and horizontal deformation were recorded prior to computing the shear
stress T and shear strain y . Sand rubber chips mixtures mobilize higher
strengths at larger shear deformations. Some tests showed even strain hardening
behaviour with no explicit peak. However, the stress at failure was taken to
correspond to peak shear stress or maximum value at 15% shear strain whichever
comes the first.

4.2.2 Results

Selected results are presented in form of stress strain and volumetric strain curves
from Figure 13 to Figure 15 for sands S2RM and S3RM at a normal stress of
100kPa.

Figure 13 plots the shear stress vs. shear strain and volumetric strain vs. shear
strain curves for sand S2 at y = 10% under different normal stresses. As usual,
increasing normal stress increases the shear stress in the composite material. It
can also be observed that increasing normal stress increases the contraction and
decreases the dilative behaviour. The same trend was observed for S2 at y =0,
20, 30% and all the mixtures formed by sands S3 and S4. An exception was
observed for pure sand S2 at 50 kPa that yielded lower dilation and higher
contraction compared to the ones at 100 kPa. This might be caused by the applied
compaction from which a medium dense specimen was achieved that yielded a
higher contraction during shearing.

The influence of rubber chips content on shear strength of sand was investigated.
It has been observed from the results that increasing chips contents in the
mixtures increases the shear strength of all types of sand for the range of normal
stressed investigated. Figure 14 plots the typical examples of shear strength vs.
shear strain curves for S2RM and S3RM at a normal stress of 100 kPa. An
exception was observed for sand S3 at normal stress of 200 kPa not shown herein
whereby the increased chips content decreased the shear strength. It can also be
seen in the plot that the shear strain at failure increases with increasing rubber
chips content. This may result from the increased ductility of the composite
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material and the tensional stress developed within the individual chip in the
region of shear plane. It can also be noted that the increase of shear strength could
be attributed to the reinforcement mechanism that occurred within the shear
plane whereby individual chips develop the tensile resistance. The dilatancy
behaviour plotted in Figure 15 shows that increasing chips content increases the
contraction and decreases the dilation.

By adopting a Mohr-Coulomb failure criterion as shown in Figure 16 the internal
angle of friction and cohesion at peak or maximum stress are obtained as
compiled in Table 5. Increasing the chips content in the mixtures increases the
cohesion in all types of sands. A marginal increase of the internal friction angle
@ was observed for sand S2 at 10% chips content that decreased for more added
rubber chips. For sands S3 and S4 the increased chips content increased the
cohesion and reduced the internal angle of friction. The shear strength of sand is
increased by adding rubber chips. The shear parameters for pure rubber chips are
c = 7.9 kPa and ¢ = 25.2°. With reference to the test data obtained from small
direct shear box on pure sand S2, the results generated from large direct shear
box tests are conservative.

180 3
S2RM S2RM 50kP3|
X:10% T 200kPa X =10% e
T 7 < P ///____,_-1 00
o 90 r / — 1} // /,/
= e 100 | & . 200
e [ ey o
L S ‘/, L e
F e _ 50 Py -
i - T o
i (a) \\:_—:—_—.’:./:-" - (b)
0 L _1 1 1
0 9 18 0 9 18
v [%] Y [%0]

Figure 13: a) Shear stress vs. shear strain and (b) vertical strain vs. shear strain
for sand S2 at 10% chip content at a,= 50/100/200kPa
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Figure 14: Shear stress vs. shear strain for (a) sand S2RM and (b) sand S3RM at

various chips contents; g, = 100 kPa
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Figure 15: Vertical strain vs. shear strain for (a) sand S2RM and (b) sand S3RM
at y=0/10/20/30/100%, o, = 100 kPa
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Figure 16: Normal stress vs. shear stress for pure dry sand S2
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Table 5: Shear strength parameters for dry mixtures

Mixtures dry S2RM dry S3RM dry S4RM
x[%] |clkPa] | ¢[°] | c[kPa] | ¢[] |c[kPa] | ¢[°]
0 0 36.6 0 38.2 0 38.6
10 1.6 39 4.8 35 4.4 37.6
20 7.8 37.8 9.2 33.2 14.9 34.1
30 14 37.1 9.3 30.8 15.8 33.8

4.3 Triaxial tests

4.3.1 Equipment and testing procedure

The dynamic cyclic triaxial testing system was used to perform both static and
cyclic triaxial tests. The system with the commercial name ELDYN was
manufactured and supplied by GDS and is shown in Figure 17. It comprises a
velocity-controlled load frame capable to apply an axial load of up 10 kN at a
frequency of up to 10 Hz through a servo-controlled actuator. A static load at a
constant rate or cyclic load can be applied to the specimen through an axial
movement. The axial load is measured by an internal submersible load cell while
the induced deformation by high accuracy external linear displacement
transducer (strain gauge). The triaxial cell can accommodate a cell pressure up
to 2 MPa. The drainage ports are on the top cap and the base pedestal. Pore
pressure in the specimen can be measured at the top and the bottom. The
confining stress is applied by a pneumatic cell pressure controller.

For saturation, a 2 MPa back pressure/volume controller is used. It also measures
the change in volume of the sample during saturation, consolidation, static
triaxial compression and subsequent cyclic loading stages. The entire system is
controlled by a GDS dynamic controller which provides a 4-channel dynamic
data logger with 16 bits from which various transducers are connected. The
system is shown.
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Figure 17: Dynamic triaxial device and

Prior to the sample preparation, the two halves metal split mould were first
assembled together. Then the latex membrane was placed to cover the inner
surface of the wall. The assembled mould with the porous plate at the bottom
was placed on the rigid platen pedestal. To ensure the clinging of the latex
membrane to the wall of the mould, a vacuum pressure was applied between
them. The specimens were 100 mm in diameter and 150 mm in height. The
selection of a large diameter was dictated by the rubber chip size. It is stated in
ASTM 3999-2003 that the maximum particle size should not exceed 1/6 of the
specimen’s diameter. In this study the maximum particle size was 14 mm.

Sample preparation followed the same procedure applied for direct shear tests
with an exception of the number of layers the increased to five for the triaxial
tests. The calculated weight for each layer were mixed then placed into the mould
and compacted until a thickness equal to one fifth of the specimen height is
obtained. For the purpose of stabilizing the sample, a small vacuum pressure of
15 kPa was applied immediately after sample preparation. For S2RM, dry
densities for triaxial test corresponded to the value of the standard Proctor curve
at 5% water content. The corresponding relative densities were reproduced for
the S3RM and S4RM specimens.
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Figure 18: Specimen for medium sand S2

To account for the effect of water content on shear strength behaviour, a small
water content of 5% was selected. Moist samples were produced by adding the
necessary amount of water to the pre-mixed sand rubber chips. It should be
pointed out that for the moist mixtures at all rubber contents used no segregation
of sand-rubber grains occurred even if the sample was compacted in one portion.

The procedure described above was followed for all samples.

Samples were prepared for sands S2, S3 and S4 at y = 0/10/20/30/100% by dry
mass. Saturated samples were also prepared but only for pure medium sand (sand
S2) at a relative density of 50%. Saturation procedure is fully described in
Chapter 5. The properties of the tested samples are summarized in Table 6 where
pa 1s the dry density of the composite material, /p the relative density, DD stands
for dry drained test, MD for moist drained test, SU for saturated undrained test

and SD for saturated drained test.

Table 6: Properties of the tested specimens, normal stresses and test number

4 pd Ip . o
Soil Condition Test No.
[%] | [g/lem’] | [-] [kPa]

50 STO1
0 1.484 | 0.5 SU 100 STO02
S2 200 STO03
50 ST04

0 1.484 | 0.5 D
5 100 STO5
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200 STO6
50 STO7
0 | L.5I5 [0.65 DD 100 STO8
200 ST09
50 ST10
10 | 1.480 |0.86 DD 100 ST11
200 ST12
50 ST13
20 | 1.374 | 0.88 DD 100 ST14
200 ST15
50 ST16
30 | 1.281 |0.98 DD 100 ST17
200 ST18
50 ST19
0 | 1.514 [0.65 MD 100 ST20
200 ST21
50 ST22
10 | 1.477 |0.86 MD 100 ST23
200 ST24
50 ST25
20 | 1.371 |0.88 MD 100 ST26
200 ST27
50 ST28
30 | 1.275 10.98 MD 100 ST29
200 ST30
50 ST31
0 | 1.444 031 DD 100 ST32
200 ST33
50 ST34
10 | 1.355 |0.32 DD 100 ST35
200 ST36
50 ST37
20 | 1.250 |0.32 DD 100 ST38
200 ST39
50 ST40
30 | 1.133 |0.32 DD 100 STA1
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200 ST42

50 ST43

0 | 1.591 [0.65 DD 100 ST44
200 ST45

50 ST46

10 | 1.437 |0.83 DD 100 ST47
200 ST48

53 50 ST49
20 | 1.312 | 0.88 DD 100 ST50
200 STS51

50 STS52

30 | 1.175 |0.97 DD 100 STS53
200 ST54

50 ST55

0 | 1.669 |0.65 DD 100 ST56
200 ST57

50 ST58

10 | 1.532 |0.85 DD 100 ST59
200 ST60

>4 50 ST61
20 | 1.377 | 0.89 DD 100 ST62
200 ST63

50 ST64

30 | 1.273 [0.93 DD 100 ST65
200 ST66

50 ST67

R | 100 | 0.504 - DD 100 ST68
200 ST69

Tests were performed under strain-controlled conditions according to ASTM
D7181-11. Three similar specimens were prepared for dry, wet and saturated
material and consolidated under three different confining stresses of 50 kPa,
100 kPa and 200 kPa. The applied vacuum pressure was slowly released
immediately after the application of a confining stress of 30 kPa. A strain rate of
0.1lmm/min was applied. In some tests, a strain hardening behaviour with no
explicit peak was observed. Due to the elasticity of rubber chips, sand rubber
chips mixtures can mobilize the maximum shear strength at higher deformation.
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In this study the stress at failure was taken equal to peak deviatoric stress or
maximum value at axial strain of 15% whichever comes first.

The axial deformation and the force during test were measured by high accuracy
external linear displacement transducer and load cell respectively. The triaxial
testing system was not able to measure the volume change of dry and moist
samples (unsaturated condition). To enable the volume change measurement, a
cylindrical pressure tube was introduced (Figure 17). During dilation
backpressure controller compressed the pressurized water into the tube. The
volume compression of the specimen was measured through the compressed
water back to back pressure controller. The compressed volume of water to and
from the tube was measured as dilation and contraction of the specimen by a
build in pressure volume transducer. Calculations were performed following the
equations given in the pertinent DIN EN ISO 17892-9.

4.3.2 Results for saturated sand

The results described herein are for undrained and drained static triaxial
compression tests on saturated medium sand. These tests were performed at
confining stresses of 50, 100 and 200 kPa for samples prepared at a relative
density Ip = 0.5.

The evolution of the stress-strain, effective stress path in p-g plane and excess
pore water pressure in undrained tests are presented Figure 19. As expected
increasing confining stress increases the deviatoric stress and excess pore water
pressure. For all confining stresses the excess pore water pressure initially
increased followed by its dissipation up to zero and even bellow. This results in
the initial decrease of the effective confining stress then increases while the
deviatoric stress increases. The decrease of the excess pore water pressure could
be caused by an initial contraction followed by the dilation during testing. It can
also be seen in p-q plane that all curves follows the same line.

p=(0]+20%)/3;9=0]—-04

Figure 20 displays typical results from saturated drained tests. As expected the
deviatoric stress increases with increasing confining stress and the tests exhibit
an initial volume contractive behaviour followed by expansion (dilation). The
contraction increases with increasing confining stress while the dilation
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decreases. To find shear strength parameters Mohr stress circles were first
constructed by plotting principal stresses at failure against the measured shear
strength. Then a failure envelope was drawn. By adopting the Mohr-Coulomb

failure criterion shown in Figure 21 the internal friction angle of 32.7° and
cohesion of 3.2 kPa were obtained.
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Figure 19: Undrained triaxial tests on saturated medium sand S2 (a) stress
strain curves, (b) stress path and (c) excess pore water pressure.
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Figure 20: Stress-strain and volumetric strain from drained triaxial tests on
saturated medium sand S2
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Figure 21: Results from triaxial tests for saturated sand S2

4.3.2 Results of drained test on dry and wet sand

The results presented herein are for pure sand specimens prepared at a relative
density of 0.65 (medium dense sample).Three type of sand i.e. medium sand (S2),
coarse sand (S3) and sand mixture (S4). The tests were conducted at the effective
confining stresses of 50, 100 and 200 kPa.

Figure 22 presents the evolution of the deviatoric stress and dilatancy with axial
strain for tests at different confining stresses. As expected it can be seen from
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sands S2 and S3 at 50/100/200 kPa that increasing confining stress increases the
deviatoric stress and contraction while the dilation decreases. It is clear that the
tests at all confining stresses peaked. Loose sand S2 samples prepared at Ip =
0.31 and tested at the same confining stresses displayed in Figure 23 exhibit small
deviatoric stress compared to the medium dense samples. These tests did not
peak and the dilatant behaviour showed a full contraction. The same trend was
observed for the tests on dry sand S4 and wet sand S2.

A comparison of the development of the stresses and strains for various types of
dry sand specimens is shown in Figure 24. Medium sand S2 specimens at
confining stresses of 50 and 100 kPa exhibit higher shear strength compared to
coarse sand S3 specimens. The contraction show the opposite trend. Sand S4 (50%
S2 +50% S3) specimens demonstrate almost the same peak shear strength as that
of sand S2 but with dilatant behaviour almost the same as that for sand S3.
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Figure 22: Stress vs. stain and volumetric strain vs axial strain curves for dry
sand samples
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Figure 23: Stress-strain curve and volumetric strain curves for loose sand S2
samples at various confining stresses
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Figure 24: Deviatoric stress vs. axial strain and volumetric strain vs. axial
strain for sands S2, S3 and S4

4.3.3 Results for unsaturated sand rubber mixtures

The selected results for 100 kPa are presented in form of stress vs. strain and
volumetric change in Figure 25 and Figure 26. These results show that the shear
strength increases with increasing chips content in the mixtures. It can be seen in
Figure 25 that pure sand and the mixtures containing 10 and 20% rubber exhibit
a clearly defined peak in the stress-strain curves, whereas samples with 30% and
100% chips did not peak. The same trend is observed in the results at confining
stress of 50 kPa and 200 kPa that are not shown herein. For all specimens at all
three confining stresses an increase in chips content yielded an increase in the
axial strain at failure.

Results for dry and wet S2RM specimens at 0% and 10% chips content are
plotted in Figure 27. Both pure dry sand (test ST08) and wet sand (test ST20)
specimens have almost similar shear strength. Dry and wet mixture specimens
(test ST11 and test ST23) at 10% chips content behave in the same way. The
mixtures containing other chips contents show the same trend. However a small
amount of water content can not alter the shear strength of sand rubber chips
mixtures. As can be seen in Figure 27 a small difference can only be observed
for the stiffness after a certain deformation. Wet specimens are slightly stiffer
than dry ones for the chips content up to 20%. At 30% chips content the opposite
trend 1s observed. A small amount of water added to sand rubber chips mixtures
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helps to prevent the particle segregation during sample preparation. Sand rubber
chips mixtures in their loose state have also been tested. The densities for these
mixtures can be seen in Table 6. Stress-strain curves not shown herein indicate a
stress-hardening behaviour. The influence of rubber chips content on the shear
behaviour follows the same trend as previously described. Lower values of shear
strength are obtained compared to medium dense or dense mixtures. In general,
the contribution of rubber chips to the shear strength of the composite soil was
achieved. This can be observed for example in Figure 28 for dry sand S2 at
various chips contents under a confining stress of 50 kPa. Up to the maximum
percentage of rubber chips investigated (30%) the shear strength increases
continuously for the range of confining stresses used (50 to 200 kPa).

The dilatant behaviour of sand rubber chips mixtures is certainly influenced by
confining stress and chips content. It can be seen in Figure 26 that pure sand
exhibits small initial compression followed by dilation. Increasing rubber chips
content increases the contraction and decreases the dilation. From some
specimens, a higher axial strain is required for dilation to occur. No dilation is
observed for the specimens with 20% chips content and higher. The same trend
was observed for other tests not shown herein. The results for all loose S2RM
(not presented herein) show only contraction behaviour.
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Figure 25: Stress-strain curves for dry sands (a) S2RM, (b) S3RM and (c) S4RM
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Figure 26: Dilatancy behaviour for dry sand (a) S2RM, (b) S3RM and (c) S4RM
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Figure 27: Comparison of shear strength from dry and wet sand S2 at (a) 0%
and (b) 10% chips contents
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Figure 28: Effect of rubber chips on peak shear strength of sand rubber chips
mixture

Further results are presented in terms of shear strength parameters derived at peak
strength. The internal angle of friction and cohesion at peak or the maximum
stress at failure are summarized in Table 7. Increasing the rubber chips content
in the mixtures increases the cohesion for all types of sand. The internal angle of

friction decreases with an exception of wet sand S2RM whereby a small increase
1s noticed at 10% chips content then decreases.
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Table 7: Shear strength parameters for dry and wet sand rubber chips mixtures

Soil
ty(I))le dry 2 wet S2RM | dry SSRM | dry S4RM
X [70] c 2 c ¢ c @ c ¢
[kPa] | [°] | [kPa] | [°] | [kPa] | [°] | [kPa] | [°]
0 95 | 375 168 | 354 | 87 | 354 103 | 37

10 21.1 | 36.5 20 36.8 | 14.5 34 20 35
20 263 | 359 | 224 | 365 | 293 | 32.1 | 265 | 32.8
30 36.8 | 33.8 | 32.1 35 392 | 288 | 31.5 | 31.6
100 203 | 13.2 - - 203 | 13.2 | 20.3 13.2

Figure 29 plots the data comparing the maximum shear strength for different
confining stress levels. The data reported by Youwai & Bergado (2003) for sand
at 30% rubber by dry mass show small values of peak shear strength compared
to other values. This could be attributed to the tyre crumbs instead of rubber
chips. The data from Zonberg et al. (2004), Mashiri et al. (2015) and the present
study for sand S2 at 30%, 35% and 30% rubber chips contents show higher
values. The sand used in these studies is dominated by the smaller grains that
may interact better with rubber chips. Sands S3 and S4, on the other hand, yield
slightly lower values of shear strength. They contain larger particles and their
interaction with rubber chips may be poor compared to that with sand S2.

The influence of the sand mean particle size on the shear strength of the
composite material is displayed in Figure 30. It is inferred from that figure that
S2RM samples with higher dsor/dsos value at a confining stress of 50 kPa exhibit
higher shear strength, while S3RM with lower ratio yield lower values. The same
trend 1s observed for confining stresses of 100 kPa and 200 kPa.

The static stiffness in terms of Young’s modulus of the mixture was calculated
as secant modulus at a deviatoric stress equals 50% of its peak or maximum
values from triaxial tests and is denoted by Eso. Data for dry S2RM are
exemplarily plotted in Figure 31. As expected, adding rubber chips to sand
reduces significantly the overall stiffness of the composite material in both dry
and wet conditions. Similar behaviour is obtained for S3RM and S4RM. The
cause of the decreased stiffness can be attributed to the increased elasticity and
the associated reduced density of the mixtures.
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Figure 29: Peak deviatoric stress vs. confining stress for the experimental data
and previous studies
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Figure 30: Influence of dsor/dsos on peak shear strength of sand rubber chip
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Figure 31: Effect of rubber chips on static stiffness of the composite soil.

4.4 Discussion

Whatever amount of rubber chips that can be added to sand negatively affects its
compressibility characteristics 1.e. increases the vertical strain and decreases the
compression modulus. This is attributed mostly to the compressibility of
individual chips in sand tyre chips mixtures for the increased chips contents. The
results suggest that there is a better interaction between sand S2 and rubber chips
compared to sands S3 and S4.

The shear strength was determined from both direct shear and triaxial tests. From
both techniques the increased chips contents in sand S2, S3 and S4 increased an
overall shear strength. A decrease of internal angle of friction and increase of
cohesion were observed. A marginal difference in shear strength parameters was
noticed from triaxial and direct shear tests. This is obvious because the two
testing techniques are different. A slightly higher friction angle from direct shear
may be due to the fact that, a shear plane is defined in direct shear while in triaxial
compression, a shear plane is formed itself in the sliding region upon sample
failure. Sand rubber chips mixture derives its improved shear strength from the
combined friction resistance between sand and tyre chips and the tensile
resistance developed in tyre chips. The higher improvement achieved for smaller
sand grains sand S2 (dso = 0.32mm) at various chips contents may indicate a good
interaction with rubber chips compared to sand with larger grains, sand S3 (dso =
0.77mm) and sand S4 (dso = 0.5mm). In all mixture types the failure axial strain
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becomes larger or strain hardening behaviour (no defined peak) is pronounced.
This may result from the increased ductility in the composite material,
reinforcement effect and the tensional stress developed in the individual chip in
the region of the shear plane. It was observed from the results that increasing
rubber chips content decreases dilation and increases the contraction. This can
be due to the compressibility nature of the rubber chips particles. For sand to
sand contact, the sand particles tend to move on one another resulting in the
dilative behaviour. For sand to rubber or rubber to rubber contact, the decreased
dilation and the increased contraction may result from the compressibility of the
rubber chips.

As described in section 2.1.2 sand rubber mixture derives its improved shear
strength from the interaction between rubber and sand particles and the
reinforcement effect along the shear failure plane. The tensile strength developed
in rubber chips contributed to the increased shear strength of the composite
material. Increasing the content of rubber chips result in a more ductile behaviour
of the composite material. An optimum chips content around 30% by dry mass
in wet condition (low water content) is recommended to reinforce the uniform
medium sand (sand S2) and coarse sand (sand S3) as well as their mixtures (sand
S4) for engineering applications considering the fact that the higher
concentrations in dry condition may lead to particle segregation.
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S Cyclic triaxial tests

5.1 Equipment and testing procedure

Cyeclic response of sand rubber chips mixtures was evaluated in laboratory using
a dynamic cyclic triaxial testing system. This system with the commercial name
ELDYN was manufactured and supplied by GDS. The equipment and procedure
for sample preparation are described in section 4.3.

Saturated specimens with 100 mm diameter and 150 mm in height were
produced at the selected relative densities /p of 30 and 50%. They were prepared
for sands S2, S3 and S4 at rubber chips contents of 0/10/20/30% by dry mass
under wet condition to prevent segregation of particles. Saturation was
accomplished following the procedure described in ASTM D 5311-2004 using
the back pressure technique. B-values obtained were all above 0.95 at back-
pressure levels of around 800 kPa for pure sand and around 200 kPa for sand
rubber chips mixtures. All specimens were first isotropically consolidated under
an effective confining stress o3 of 100 kPa. To obtain anisotropically

consolidated samples, a stress controlled drained pre-cyclic static deviator stress
of, = 45kPa was imposed in all tests. Cyclic tests were performed stress

controlled according to ASTM D 3999-2003. A defined stress amplitude o,

equal to 50 kPa was applied at a frequency of 1 Hz. The application of this static
stress induces an anisotropic loading condition which simulates the field
condition. Isotropically consolidated undrained cyclic tests were only performed
on pure medium sand S2 for comparison with samples under anisotropic
conditions.

Two types of stress-controlled cyclic triaxial test were conducted: 1) consolidated
undrained single stage dynamic cyclic triaxial tests to evaluate the development
of accumulated excess pore water pressure, and ii) consolidated drained single
stage dynamic cyclic triaxial tests with the measurement of volume change
evolution with cycle number. It should be noted that no post cyclic static test was
performed for the tests under saturated condition. The properties of the tested
samples are summarized in Table 8 where pq is the dry density of the composite
material, /p the relative density. That table contains also test type, i.e. drained

53



(D) or undrained (U), as well as results in terms of number of cycles to initial
liquefaction Nythat are discussed later.

Table 8: Sample properties and test conditions for saturated cyclic tests, o3= 100
kPa

4 pd Ip | O15 | Oley Nr | Test | Test

Soil CSR
[%] | [g/em’] | [-] | [kPa] | [kPa] [-] | type | No.
24 | U | CYol
0 | 1442 03| 45 | S0 | 025 o
23| U |CYos
0 | 1484 [05] 45 | 50 | 025 ————
14| U | CYO05

10 | 1351 |03] 45 | 50 |0.25
20| D |CY06
30 | U |CYO7

10 05| 45 | 50 |025
< 1.393 30| D |CYO8
2 | U [CYoo

2 3| 4 2
0 1246 [03] 45 | 50 | 025 St
2% | U |CYll
20 | 1287 |05 45 | 50 | 025 ot
32 U |CYI3

3| 4 2
30 | 1132 03] 45 | 50 | 025 o——teo
40 | U |CYIS
30 | 1171 [05] 45 | 50 | 025 -
0 03| 45 | 50 |0o2s Mo U JCYDT
1520 | 0. 25 o=t
0 05| 45 | 50 |oo2s Mo U JCYD
1558 | 0. 25 o=t
66 | U |CY2l

10 03| 45 | 50 |025
33 1.328 no| D |CY22
1781 U | CY23

1 5| 4 2
0 1365 [05] 45 | 50 | 025 ——— >
2021 U | CY25
20 | 1188 |03 45 | 50 | 025 ST
21| U |CY27

2 5| 4 2
0 1228 [05] 45 | 50 | 025 "o
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2721 U | CY29
30 | 1.070 | 0.3 ] 45 50 |0.25 o | D cv30
no | U |CY3l
30 | 1.108 | 0.5] 45 50 |0.25 1 D [cv2
7 U | CY33

) 4 2
0 1.553 | 0.3 5 50 |0.25 5 T D [Cvaa
26 | U |CY35
0 1.615 [0.5| 45 50 |0.25 1D [Cv3e
4 U | CY37
10 | 1.388 [ 0.3 ] 45 50 |0.25 7 D oyss
5 U | CY39
“ 10 | 1.436 | 0.5] 45 50 |0.25 0 D Cvao
20 | U |CY41
20 | 1.274 03] 45 50 |0.25 34 T D ovaz
23 | U |CY43
20 | 1.307 | 0.5] 45 50 |0.25 30 | D ovaa
39 | U |CY45
30 | 1.155 | 0.3 | 45 50 |0.25 T D [Cvae
44 | U | CY47
30 | 1.189 |0.5] 45 50 |0.25 P S T
50 1025 5 U | CY49
40 [0.20| 11 U | CY50
0 1.442 103 0 30 [0.15| 83 | U |CYs51
20 [0.10312| U |[CY52
50 1025 12 | U |CYS3
S2 40 (02025 | U |[CY54
0 1.484 105 0 30 10.15/143 | U |CY55
20 10.101949| U |CYS56
40 (020729 U |CY57
0 1.484 0.5 45 30 [0.15| no | U |CYS58
20 10.10| no | U |CY59

S2/S3/S4 denote medium sand/coarse sand/ sand mixture

U/D stand for undrained/drained

no stands for no-liquefaction
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The cyclic stress ratio CSR is defined as follows:

_Olw
CSR = 20 (12)

For dry mixtures, specimens were prepared for sands S2, S3 and S4 at rubber
chips contents of 0/10/ 20/30/100% by dry mass. To include the effect of water
content on cyclic strength, samples were prepared for sand S2 with the same
chips contents at 5% water content. The procedures described in Section 4.3 were
followed during sample preparation. The initial relative densities used were the
same as those used for static triaxial tests. The properties of the tested samples
are summarized in Table 9.

All specimens were first isotropically consolidated under the selected effective
confining stress o3 of 100 kPa. To obtain anisotropic consolidated specimens, a

defined stress controlled pre-cyclic static deviator stress oy ;, was imposed. The

obtained maximum shear strength from the static monotonic tests was utilized to
define the loading level for cyclic triaxial tests. The datum stress prior to the
cyclic loading was set equal to one-half of the peak or maximum deviatoric stress
determined by the static test. Tests were performed stress controlled according
to ASTM D 3999-2003. The stress amplitude oj ., was set equal to 20% of the

datum stress level. Each specimen was cyclically loaded in two successive steps
of 50 and 1000 cycles under a frequency of 1Hz. Strain controlled post cyclic
monotonic static tests were performed to evaluate the shear strength after the
cyclic loading. In this stage a strain rate of 0.lmm/min was applied. Due to the
compressibility of rubber chips, the mixtures can mobilize the maximum shear
strength at larger deformation. However, stress at failure was taken to correspond
either to peak deviatoric stress or to the maximum value at 15% axial strain
whichever comes first.
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Table 9: Sample properties and test conditions for dry and wet specimens (CAD
cyclic tests), o3 = 100 kPa

. V4 pd Ip Sample Olst | Ol Test
Material [%] | [g/em’] | [-] | Condition | [kpa] | [kPa] SR No.

0 1.515 |0.65 187.2 | 37.5 | 0.182 | CY60

S 10 | 1.480 |0.86 b 2203 | 44 | 0.214 | CYeol
20 | 1.374 |0.88 233.8| 46.8 | 0.227 | CY62

30 | 1.281 |0.98 251 | 50.2 | 0.244 | CY63

R 100 | 0.64 - D 67.5 | 13.5 | 0.066 | CYo64
0 1.514 |0.65 192.3 | 383 | 1.184 | CY65

10 | 1.477 |0.86 M 216.6| 433 | 021 | CY66

20 | 1.371 |0.88 226.7 | 45.5 | 0.221 | CY67

0 30 | 1.275 |0.98 24841 49.6 | 0.241 | CY68
0 1.444 |0.31 159.2 | 31.8 | 0.154 | CY69

10 | 1.355 |0.32 b 1783 | 35.6 | 0.173 | CY70

20 | 1.250 |0.32 205 | 41 | 0.199 | CY71

30 | 1.133 [0.32 19741 39.5 | 0.192 | CY72

0 1.591 |0.65 174.5| 349 | 0.169 | CY73

<3 10 | 1.437 |0.83 D 183.4| 36.7 | 0.178 | CY74
20 | 1.312 |0.88 238.8140.1 | 0.195 | CY75

30 | 1.175 |0.97 184 | 36.8 | 0.179 | CY76

0 1.669 | 0.65 1879 | 37.6 | 0.183 | CY77

S4 10 | 1.532 |0.85 D 200.6 | 40.1 | 0.195 | CY78
20 | 1.377 |0.89 217.8 | 43.6 | 0.212 | CY79

30 | 1.273 |0.93 191.1 | 38.2 | 0.185 | CY80

D/M stand for dry/moist

The measurement of the axial load and deformation were performed in the way
similar to that used for static triaxial tests using load cell and a high accuracy
external linear displacement transducer (LVDT), respectively. During the
undrained tests, the excess pore water pressure was recorded by a high accuracy
pore water pressure transducer. The equivalent volume change in drained test
was measured in terms of discharged water directly by the volume change
controller without any other assistance. Pore water pressure ratio 7,, dynamic
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Young’s modulus E; and shear modulus G4 (secant modulus), shear strain y and
damping ratio D were calculated as follows:

Wy (13)
Ed:% (14)
y=~U0+V)ei e (15)
Ga= 2(1Ejv) (16)
0:4% 17)

where o] ,,is the stress amplitude per each cycle, €1y the corresponding axial

strain, v the Poisson’s ratio, £ the area of a dashed triangle which is a stored
energy in elastic material and AE the enclosed area of the entire loop which is a

dissipated strain energy per unit volume in the loading cycle as shown in Figure
32.

285

drySRM  X=20% 03=103 kPa

)
1,0y Ed

e

2.68 3.02 3.36

Figure 32: Stress-strain loops in cyclic triaxial test
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5.2 Results of undrained tests on saturated material

5.2.1 Cyclic resistance of pure sand

The results presented herein were generated from undrained cyclic triaxial tests
for pure medium sand S2 specimens prepared at Ip = 0.3 and 0.5. Saturated
specimens were consolidated by a minor initial effective consolidation stress o5

of 100 kPa. For isotropically consolidated undrained (CIU) specimens the major
principal stress, o = o3 while for anisotropic consolidated undrained (CAU)

specimens o]>03. Specimens were cyclically loaded stress controlled at various

cyclic stress ratio (CSR). Soil resistance depends also on relative density and
confining stress level, and becomes significantly weaker when loading
conditions lead to a stress reversal. For the test set up used herein the combined
shear stress was always positive for anisotropic consolidated undrained tests
(CAU). The cyclic loading in isotropic consolidated undrained tests (CIU) is
always accompanied by stress reversal (compression and extension). The
specimen properties, loading conditions and test numbers can be seen in Table 8.

Failure in saturated specimens due to cyclic loading is defined either in terms of
excess pore water pressure Au or in terms of deformations. For the former, the
pore water pressure ratio 7, is introduced by relating Au to the minor effective

consolidation stress 03 and the onset of initial liquefaction is defined when 7,

attains a value of 1. For the later a threshold value of double amplitude axial
strain of 5% for isotropic consolidated undrained tests CIU or an accumulated
axial strain e.g. 5% or more for anisotropic consolidated undrained tests (CAU)
can be used to indicate the onset of failure (Hyodo et al., 2002; Chen et al. 2019).

The development of the excess pore water pressure has been evaluated. For
validating the testing procedure results for excess pore water pressure are
compared with the predictive equations for fine sand suggested by Egglezos &
Bouckovalas (1998) for a large number of cyclic triaxial tests. The evolution of
pore water pressure with number of cycles is expressed by means of a power law
functions:

Au(N) = Au(l)- N€ (18)
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Au(N) = (Ej o arcsin{N(mb) sin (MD (19)
7

205

where Au(1) denotes the excess pore water pressure after the first loading cycle
and Ny is the number of cycles required to cause initial liquefaction. These
equations have been derived for fine sand with uniformity coefficient C,
approximately 1.5. A comparison is made herein for medium sand S2 that is
coarser but exhibits a similar behaviour. In equation (18) the cyclic stress
amplitude and the confining stress and the void ratio are incorporated in Au(1)
making these values the decisive parameters for the quality of the prediction. The
parameters ¢ and b are set equal to 0.48 and 1.03, respectively, Egglezos &
Bouckovalas (1998). Figure 33 compares the test data and the prediction for
anisotropic consolidated specimens and Figure 34 for isotropic consolidated
specimens. Both show a good agreement. The other two sands tested (S3 and S4)
were either much coarser or less uniform and deviated from the validity range of

equations.
1
Eq. (19)
/////////// CY03
> 05 F Sand S2

05 = 100kPa
01 st = 145kPa
CSR=0.25

0 |

0 15 30

Number of cycle, N

Figure 33: Comparison of test data for Sand S2 with predictive equation (18)
(CAU)
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CY54

Sand S2
o3 = 100kPa
01 st = 100kPa

CSR=0.25

0 10 20 30

Number of cycle, N

Figure 34 Comparison of test data for sand S2 with predictive equation (19)
(CIU)

Figure 35 displays a typical time history of the excess pore water pressure and
axial strain as well as stress paths in the p-g plane data recorded during cyclic
triaxial tests under isotropic consolidation condition for sand S2. Specimens
prepared at Ip = 0.3 and 0.5, isotropically consolidated and cyclically loaded at
CSR = 0.25 liquefied after 5 and 12 cycles respectively. The strain diagram in
Figure 35 shows that the double amplitude axial strain at failure fulfil the failure
criterion (e1 < 5%) when the mean effective consolidation stress reaches zero.
After an initial liquefaction is reached (o5 = 0) for both loose and medium dense

sand specimens cyclic strain increases sharply with almost no mobilized shear
resistance. Similar response was observed for all liquefied sand specimens
loaded at various CSR, see Table 8.

For data recorded from anisotropic consolidation specimen prepared for example
at Ip= 0.5 (Figure 36), the rate of excess pore water pressure increases rapidly
up to 7, approximately 0.65 beyond which a slow increase is observed until 7,
reaches unit. The accumulated axial strain increases continuously with a slow
rate up to a value of 7, = 0.65 with a rapid increase afterwards. This specimen
liquefied at accumulated axial strain higher than 5%. It should be noted that from
this test cyclic resistance is apparent even after the occurrence of initial
liquefaction. The same response was obtained for the liquefied specimens loaded
under various CSR.

61



The development of excess pore water pressure (average 7, ) is visualised in

Figure 37 for isotropically consolidated specimen loaded under various CSR. It
can be seen that the rate of the development is considerable up to 7;, =0.2 already

from the first cycle followed by a slower increase up to a value of 0.5. After this
level the increase is again fast indicating the induced instability of the specimen.

The effect of initial static stress on cyclic strength was identified. Specimen
prepared at /p = 0.3 and loaded with CSR = 0.25, test CY49, with no initial static
stress liquefied only after 5 cycles, whereas test CY 03 with static stress of 45 kPa
prior to cycling liquefied after 24 cycles. Specimen prepared at Ip = 0.5 and
loaded with CSR = 0.25, test CY 53, with no initial static stress liquefied after 12
cycles and the duplicate specimen in test CY 03 with initial static stress of 45 kPa
liquefied after 43 cycles. The same behaviour was obtained for CSR = 0.2, 0.15
and 0.1. Note that some specimens did not liquefy even after 2000 cycles (see
Table 8).

The CSR value causing initial liquefaction after 10cycles is a criterion commonly
adopted for the cyclic resistance of the specimen. Recorded data for isotropically
consolidated specimens are presented in Figure 38. It is inferred that the cyclic
resistance (CSR) for the specimens at Ip = 0.5 is higher than that of those at Ip =
0.3 which is obvious. Data not presented herein indicate that the cyclic resistance
is higher for CAU tests compared to CIU tests.

1.2 1.2

1.0 o5 =100kPa 1.0 55 =100kPa
08 CSR=025 08 I CSR=0.25
2 06F > 06
04 - 04
02 F 02
7 (a) (b)
00 L L L 0.0 1 ] |
0 4 8 0 9 18
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Figure 35: Evolution of excess pore water pressure ratio, axial strain and stress
path for pure sand S2, CIU tests
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Figure 36: Evolution of undrained excess pore water pressure ratio, cyclic axial
strain and stress path for pure sand S2, CAU test
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Figure 37: Average excess pore water pressure ratio vs normalized cycles at
various CSR, CIU tests
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Figure 38: Cyclic resistance for medium sand S2, CIU tests
5.2.2 Cyeclic resistance of sand rubber chips mixtures from CAU tests

e Excess pore water pressure and resistance to liquefaction

Figure 39 displays typical time histories of the development of excess pore water
pressure for S2RM, S3RM and S4RM specimens at 0% rubber content (pure
sand) prepared at Ip = 0.3. Figure 40 shows the corresponding curves for S2RM
at 20 and 30% rubber chips content and /p = 0.3. As shown in Figure 39 S2RM
and S4RM specimens exhibited liquefaction, whereas for S3RM liquefaction did
not occur. S4RM specimens liquefied and exhibited an abrupt failure already
after few cycles. Adding 10% rubber chips to sands increases the accumulated
excess pore water pressure compared to pure sand. Further increase of rubber
chips has the opposite effect and decreases excess pore water pressure.

24 cycles were required to cause initial liquefaction for S2RM specimen at 0%
chips prepared at Ip = 0.3 while S2RM at 30% chips content necessitated 32
cycles. The results for the composite material compacted at Ip = 0.5 show that
pure sand is stronger against liquefaction than all other mixtures. Initial
liquefaction for S2RM at 0% chips was achieved after 43 cycles compared to that
of the specimen with 30% chips content initiated after 40 cycles (see Table 9). It
can be suggested that the rubber chips contents beyond those used in this study
may yield higher resistances compared to pure sand at /p = 0.5.
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A comparison for S2RM and S4RM not shown herein showed that S4RM at 0%
and at 10% chips content at /p = 0.3 exhibit rapid development of excess pore
water pressure compared to S2RM at 0% and 10% chips contents. The rate of
excess pore water pressure generation decreases remarkably from a gravimetric
content of 20% and higher for sand S4RM and moderate for sand S2RM. The
excess pore water pressure for S2RM and S4RM becomes almost similar at 30%
rubber chips content.

A direct comparison among tests for S2RM is visualized in Figure 41 that
displays the computed average pore pressure ratio 7, against number of cycles.

Note that, as mentioned before, 7, is always smaller than 7, by definition and its

highest value remains slightly below 1 at initial liquefaction. Similar trend, not
presented herein (see electronic supplement), was observed in the test series for
S3RM and S4RM at Ip = 0.3 and 0.5. Further comparison of the pore water
pressure from three types of mixtures is presented in Figure 42. It can be
observed from the curves for the mixtures at 10% rubber chips that the rate of
excess pore water pressure development in sand S3 (test CY21) is lower
compared to that in S2RM (test CYO05) and S4RM (test CY37). It was noticed
that the excess pore water pressure build-up in S2RM and S4RM at 30% rubber
chips follows almost the same lines.

1

X =0%
In=0.3
2 05| D
, S3RM
0 l | | 1
0 15 30

t [s]

Figure 39: Evolution with time of the excess pore water pressure ratio for S2RM,
S3RM and S4RM at Ip = 0.3, CAU tests
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As shown in Table 8 all S3RM specimens required a higher number of cycles to
initiate liquefaction compared to the S2RM and S4RM specimens. Note that tests
on S3RM at 0% chips content, /p = 0.3 and 0.5 and at 30% chips content, Ip =
0.5 did not liquefy even after 500 cycles.
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S2RM
2 0. X = 30%
Ip=0.3
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Figure 40: Evolution with time of excess pore water pressure ratio for S2RM at
20 and 30% rubber chips content at Ip = 0.3, CAU tests
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Figure 41: Average excess pore water pressure ratio vs. number of cycles for
S2RM at various rubber chips contents for /p = 0.3 and Ip=0.5; CAU tests
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Figure 42: Average excess pore water pressure ratio vs. number of cycles for
S2RM, S3RM and S4RM at 10% chips contents for /p = 0.3; CAU tests

Figure 43 plots the average pore pressure ratio 7, versus the normalized cycles

number N/Ny. It can be seen that curves from different tests are close to each
other. This is independent on the soil type for all sands investigated. The

relationship7, vs. N/Ny may be approximated by the following equation (20).

Thus, a unique 7, vs. N/Nrrelationship is established, roughly independent of the

relative density and the rubber chips content but still strongly dependent on the

soil types.
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Figure 43: Average excess pore pressure ratio vs normalized cycle number for
S2RM, S3RM and S4RM
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(20)

with the following fitting parameter sets: b1 = 2.3, b = 0.44, b3 = 2 for S2RM
and S4RM; b1 = 28, bo = 1, b3 = 20 for sand S3RM. This equation is valid for
rubber chips contents up to 30%.

e Accumulated axial strains

Settlements induced by earthquake shaking in saturated sands is relevant for the
assessment of liquefaction hazard. This is the consequence of the rapid
generation of the excess pore water pressure causing the soil to liquefy.
Settlements may also be generated in loose or medium dense sands. Excessive
settlements may lead to collapse of constructed buildings or infrastructures.
Cyclic tests under anisotropic pre-cyclic stress condition were conducted to
assess the impact of rubber chips on the deformations in saturated sand. Tests
were also performed for dry or wet mixtures for which results are discussed later.

Figure 44 exemplarily plots time histories of axial strain recorded during
undrained cyclic tests for S2RM, S3RM and S4RM specimens at 0% chips
content prepared at Ip = 0.3. For S2RM specimen, test CYO01, the axial strain
increases slowly with the cycles number at the beginning, then increases rapidly
when the test ends-up in liquefaction failure. S3RM specimen, test CY'17 did not
liquefy, however the accumulated axial strain increases continuously at the same
rate. For S4RM specimen, test CY 33, the instability starts at the beginning of the
tests. This means the axial strain increased rapidly at the start of the test. The
same behaviour was observed for specimens prepared at Ip = 0.5.

Cyclic deformation is affected by rubber chips added to sand. This can be clearly
shown by the average data plotted in Figure 45 and Figure 46. It can be seen in
Figure 45 that a sample containing 10% rubber chips exhibits higher deformation
compared to that of pure sand. Further increase of rubber chips content generally
increases the resistance to axial deformation of the saturated composite material.
The results for the S3RM mixtures not shown herein follow the same trend. The
cyclic deformation of sand rubber chips mixtures is also affected by the relative
density. As expected, the test data from various mixtures revealed that the cyclic
axial strain from the mixtures at Ip = 0.5 is lower than that of the mixtures at Ip
= 0.3. For S4RM at 0 and 10% rubber content the occurrence of initial
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liquefaction after few cycles was immediately followed by a flow failure. Further
addition of rubber chips rendered the composite material more ductile, in
particular at rubber chips content of 20% and higher, see Figure 45.

Comparison of the cyclic deformation for S2RM and S4RM showed that non-
uniform sand S4 at 0 and 10% rubber chips content exhibited earlier abrupt
failure with higher deformation compared to the uniform sand S4. A drastic
reduction of axial strain was observed at 20% and higher chips contents for sand
S4RM. Further comparisons for the mixtures are presented in Figure 46. It is
observed that the rate of the development of cyclic strain for the mixtures at 10
and 30% rubber chips in S3RM is lower compared to that in sand S2RM and
S4RM. The deformation of S2RM and S4RM at 30% rubber chips follows nearly
the same lines. This may be an indication that at higher rubber chips content
S2RM and S4RM may exhibit almost similar dynamic response. The same was
observed for sand tyre chips mixtures at Ip = 0.5.

As previously mentioned, adding a small amount of lightweight rubber chips in
sands (up to approx. 10%) increases the cyclic axial strains. This increase may
be attributed to the reduced density of the mixture, the compressibility of the
individual rubber chips as well as insufficient ductility. Further density reduction
for the increased chips content in the mixtures may be compensated by the
improved ductility which in turn increases the resistance to cyclic deformation.

16 = 0%
Ipb=0.3 S2RM
o3 = 100 kPa

0 20 40
t[s]

Figure 44: Evolution with time of the undrained cyclic axial strain for S2RM,
S3RM and S4RM at 0% chips content at /p = 0.3; CAU tests
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Figure 45: Average axial strain vs. number of cycles for S2RM and S4RM at
various rubber chips contents at /p = 0.3; CAU tests
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Figure 46: Comparison of undrained axial strain for mixture from sands S2RM,
S3RM and S4RM at 10% and 30% chips content at Ip = 0.3; CAU tests

5.3 Results of drained tests on saturated material

For cyclic tests under drained condition, drainage improves the material stiffness.
It was noticed that the fast loading during cyclic prevents full drainage.
Therefore, some excess pore water pressure may be generated leading to
liquefaction particularly for S2RM and S4RM specimens with low rigidity and
ductility (cf. Table 8). This contributes to the stiffness degradation already after
some cycles. For the specimen with enhanced ductility (increased rubber chips
content) excess pore water pressure initiated at the beginning of cycling
dissipated after a sufficient number of cycles. This contributes to the increased
resistance to liquefaction and stabilizes the stiffness value at larger number of
cycles.

5.3.1 Volume change

The change in volume in the drained tests may depend on soil grain size
distribution, rubber chips content and the cyclic stress amplitude. Figure 47
exemplarily plots the time history of the volume change as recorded during
drained cyclic test on pure sands at Ip = 0.3. It can be seen that at 0% rubber
chips content S3RM exhibits lower change in volume than S2RM and S4RM.
Due to larger mean particle in sand S3, it would be hard for the external load to
force water in the voids to flow out. For sands S2 and S4 a state of particle
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parking may occur resulting from combined repeated loading and drainage. The
change in volume in these sands follows nearly the same lines.

The effect of rubber chips on volume can be clearly described by the calculated
average data displayed in Figure 48 for S2RM. Regardless of sand type and
relative density, increasing the amount of rubber chips in sand up to 20% yields
a higher volume change. A decrease was noticed for chips content larger than
20% that can be attributed to the increased overall compressibility due to particle
re-arrangement and the ductility due to the increased rubber content. Note that
for specimens that did not liquefy the volume change increased slightly or
became almost stable around 70 to 120 cycles. The same trend was obtained for
other mixtures not shown herein.

2
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Figure 47: Time histories of the volume change in drained tests for S2RM, S3RM
and S4RM at 0% rubber chips content, CAD tests
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Figure 48: Average volumetric strain vs. number of cycles in drained tests for
sand S2RM at various chips content, CAD tests

5.3.1 Accumulated axial strain

Figure 49 plots the average axial deformation vs. the number of loading cycles
for saturated drained cyclic tests on sand rubber mixtures at /p = 0.3. It can be
seen that the axial strains increases with cycles number but at slow rate and with
an increased cyclic resistance compared to undrained tests. The same as undraned
tests, adding a small amount of rubber chips (10%) to sand decreases the cyclic
resistance and increases the axial strain. Further increase of rubber chips slow
down the development of the axial strain. The results demonstrate a continuous
development of the axial strains in all S2RM and S4RM specimens while in
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S3RM they become stable at N = 150. This behaviour was observed for the
mixrures at /p = 0.5 not shown herein but with an improved cyclic resistance.
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Figure 49: Cyclic axial strain vs. number of cycles for saturated drained sand

rubber mixtures, CAD tests

5.4 Link between undrained and drained test results

In the drained cyclic tests, the volume change data were recorded. During these
tests, a complete cycle of stress loading causes grain slipping followed by volume
compaction and water discharge through the drainage line. A relationship
between excess pore water pressure in undrained tests and volume change in
drained tests can now be established. This relationship is presented by the curves

T, Vs. g, ., in Figure 50 and can be approximated through curve fitting by the

following equation:

1)

o fveoy
Y0.07+£%7,
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Figure 50: Excess pore water pressure ratio vs volumetric strain for S2RM and
S4RM at various rubber chips contents, /p = 0.3 and 0.5

Tests with no liquefaction or sudden failure just after a few cycles are not
included in the regression analysis. Also not included are results from S3RM

since in the majority of the tests on this type of mixture only minor excess pore

water pressures was observed.
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5.5 Long term cyclic response of unsaturated material

5.5.1 Stress-strain curves and accumulated strain

Series of cyclic tests were performed on various sand rubber chips mixtures
under dry and wet conditions. The relative density /p varied and was the same as
in the standard monotonic triaxial tests. In the cyclic tests, a static deviatoric
stress was applied prior to cyclic loading. Post cyclic monotonic tests were
performed to evaluate the effect of cyclic loading on shear strength. The stress-
strain curves for the entire test is presented in Figure 51. The developed strain
vs. time curves are plotted together with average values in Figure 52. It can be
seen in Figure 51 for S2RM specimens that the static strain level above which
the cyclic phase starts is different in the various individual tests. This strain level

mainly depends on the rubber chips content. The same was observed for S3RM
and S4RM.

Figure 52 plots the accumulated cyclic axial strain vs. cycles number for pure
dry sand S2 during the first 50 cycles. The average strain values at the end of
each cycle are also plotted. For ease of discussing the effect of rubber chips on
the developed axial strain, values at the end of each cycle (average value) are
plotted in Figure 53 for S2RM, S3RM and S4RM. Generally, increasing the
rubber chips content increases the accumulated axial strain of the composite
material. This is obvious, because rubber chips are compressible and may lead
the composite material to be more deformable. The observed behaviour
demonstrates the capability of the composite material to absorb energy induced
by cyclic loading.

It was observed that S2RM and S3RM at 0% chips content exhibit almost similar
axial strains. This is because both are uniform sandy material. S4RM exhibits
higher axial strain compared to uniform sand. This implies that the cyclic load
yields a better densification in non-uniform material than in uniform material,
which is well-known. The axial strain from sand rubber chips mixtures at 10%
chips content demonstrates that S2RM generates lower strain compared to that
of S3RM which is lower than that of S4RM. A small amount of rubber chips
initially added to sand S2 reduces its voids ratio in contrast to sands S3 and S4.
S4RM at 30% chips content exhibits smaller strains compared to that at 20%.
Pure rubber chips exhibit smaller cyclic deformation compared to mixtures at
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10% chips content. This indicates that increasing the rubber chips at higher
contents beyond those used may increase the resistance to cyclic deformation.

It can be observed from all curves that the cyclic strains increase logarithmically
with the cycles number. The respective equation (22) can be used to approximate
the cyclic deformation measured in cyclic triaxial tests:

Eep[%] = ¢ In(N) +¢3 (22)

N > 1 is the number of loading cycles, a and b are the constants given in Table
10.

Table 10: Constants c2 and ¢; for cyclic axial strain in equation (22)

loose and dry
7 dry S2RM wet S2RM SORM dry S3BRM dry S4RM
[70]
1) c3 2 c3 1) c3 2 c3 e c3

0 |0.017|0.147 | 0.03 | 0.0125 | 0.023 | 0.246 | 0.0384 | 0.244 | 0.011 | 0.187

10 | 0.060 | 0.511 | 0.065 | 031 |0.099 | 0.623 | 0.144 | 0.581 | 0.087 | 0.728
20 | 0.100 | 0.583 | 0.136 | 0.51 | 0.288 | 094 | 0.175 | 0.698 | 0.181 | 1.092
30 | 0.196 | 0.707 | 0.25 1.06 |0.346|0.743 | 0.171 | 0.660 | 0.22 | 1.092

100 | 0.155 | -0.28 0.155 | -0.28 | 0.155 | -0.28
600
dry S2RM
o5 = 100kPa 30
)
= 10
©
o \\
= 300 0 X[%]
?
) 100
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Figure 51: Stress-strain curves for pre-cyclic monotonic, cyclic and post cyclic
monotonic test for dry S2RM
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Figure 53: Average cyclic axial strains vs. number of cycles for dry S2RM,
S3RM and S4RM at various chips contents

5.5.2 Young’s modulus and damping ratio

Dynamic Young’s modulus Eq4 vs. number of cycles N and damping ratio D vs.
N are presented in Figure 54 for dry S2RM and in Figure 55 for dry S4RM. It
can be seen in these figures that £y increases and D decreases with the number
of cycles; except for the specimens made only of rubber chips. This is due to
densification of the granular material resulting in an increase in material stiffness.
It can also be observed that increasing the rubber chips content in the mixtures
decreases Eq and increases D. The results for wet S2RM not shown herein follow
the same trend. Surprisingly, pure rubber chips specimen exhibits slightly
minimum damping ratio compared to that of sands at 20% chips content but still
higher than that of SRM at 0 and 10%. The cyclic tests on pure rubber chips
yielded Es = 3.2 MPa (G = 1.21MPa) which is approximately 90 times lower
than the corresponding value of pure sand. Stable values of E; and D were
reached after approximately 200 cycles. The same was observed for S3RM.
Whenever required, one may calculate the secant shear modulus and shear strain
using equations (15) and (16), respectively, assuming Poisson’s ratio between
0.3 and 0.4 for dry conditions. The relationship given in equation (23) can be
used to approximate the mixture stiffness with the parameters given in Table 11.

E [MPa]l=cs-In(N)+cs (23)
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Figure 54: Cyclic Young’s modulus vs. number of cycles and damping ratio vs.
number of cycles for S2RM
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Figure 55: Cyclic Young’s modulus vs. number of cycles and damping ratio vs.
number of cycles for S4RM

Table 11: Parameters c2 and ¢; for dynamic Young’s modulus in equation (23)

loose and dry
2RM t S2RM dry S3RM dry S4RM
x| S we S2RM i i
[70]
cq cs cq cs cq cs cq cs cq cs

0 | 428 | 218 |2.855| 2314 | 331 | 1505 | 3.5 |231.6| 6.19 | 2314

10 | 3.77 | 1327 | 2.86 | 130.8 | 294 | 948 | 4.06 | 116.2 | 3.68 | 104.8
20 | 2.81 | 725 | 240 | 647 | 263 | 498 | 2,67 | 455 | 2.16 | 50.3
30 | 1.71 | 364 | 1.56 34 1.15 | 243 | 0.01 26 1.27 | 27.1

100 | -0.02 | 3.33 | -0.02 | 3.33 - - -0.02 | 333 | -0.02 | 3.33
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5.5.3 Post cyclic shear strength

For all unsaturated specimens post cyclic, strain controlled monotonic tests were
performed applying a strain rate of 0.lmm/min. The stress at failure was taken
equal to the peak deviatoric stress or the maximum value at 15% axial strain
whichever occurs first. Figure 56 compares the stress-strain curves for standard
single stage triaxial test and the triaxial test at multi-stage, i.e. static, cyclic and
post cyclic static, on a duplicate specimen for S2RM at 10% chips content. It can
be seen that both tests followed nearly the same lines but with the post cyclic
static curve slightly higher than that of the standard single stage triaxial test. The
effect of cyclic load on post cyclic shear strength is visualized in Figure 57 for
dry S2RM at various chips contents. It can be seen that cyclic loading contributes
to the increased post cyclic shear strength compared to that of common single
stage triaxial tests. The same behaviour, not shown herein is observed for the
data from wet S2RM and dry S4RM. A marginal or no effect was observed for
the S3RM.
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Figure 56: Comparison of stress-strain for standard and post cyclic static
triaxial tests for S2RM
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Figure 57: Maximum static shear strength from standard and post cyclic triaxial
tests for dry S2RM at various chips contents.

5.6 Sample conditions before and after cyclic testing

Sand rubber chip specimens before and after undrained cyclic testing were
subjected to a freezing process to allow cutting and visual observation of the
mixture formation. Samples were initially frozen for 2 hours on the base pedestal
of the triaxial equipment using dry ice as shown in Figure 58 prior to further
freezing in the freezer for 2 days under -20°C. The frozen samples were cut
longitudinally in order to identify the position and orientation of the rubber chips
and the overall formation of sand rubber chips mixtures. It is clear from Figure
59 that compacting the wet mixtures does not alter the mixture formation. During
sample preparation the rubber chips take various random positions and
orientations. As can be seen in Figure 60 there is no evidence of rubber chips
movement within the liquefied specimen.
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Figure 58: Sample freezing left dry ice and right a two days frozen sample in
freezer after sample preparation

Figure 59: Sand S2 at 30% chips content before test
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Figure 60: Sand S2 at 30% chips content after cyclic test

5.7 Discussion

Cyclic strength was determined from a series of tests on saturated and
unsaturated sand rubber chips mixtures at various rubber chips contents under
different loading conditions. For saturated undrained tests, isotropically
consolidated medium sand S2 specimens subjected to various cyclic stress ratio
confirmed that that increasing CSR reduces the cyclic resistance. Obviously the
increase of the relative density increases the resistance to liquefaction of sand.

For saturated sand rubber-chips mixtures, anisotropically consolidated and
cyclically loaded under undrained condition, adding 10% chips increases the
cyclic axial strains and decreases the resistance to liquefaction. For tests under
drained conditions, adding chips up to 20% chips increases volume change and
cyclic axial strain. This behaviour was observed in all sands at the selected
relative densities of 30% and 50%. This can be due to the decreased density and
lower ductility of the composite material. Further increase of chips increases the
resistance to liquefaction, and decreases the axial strain and the volume change.
Cyclic resistance for pure sand S2 at Ip = 0.5 is higher than that of sand with at
30% rubber chips. Pure sand S3 at /p of 0.3 and 0.5 as well as sand S3 at 30%
chips content did not liquefy. This implies that the inclusion of chips contents
beyond those used in this study may yield a higher resistance to liquefaction and
decrease in cyclic deformation.

For saturated specimens, anisotropically consolidated and cyclically loaded
under drained conditions, cyclic loading initiated excess pore water pressure that

88



yielded liquefaction in some of the specimens. This may be caused by the high
amplitude and the relatively high loading frequency (1 Hz) applied. It can also
be due to the reduced rigidity and low ductility of the material, particularly for
sand rubber mixtures. For the specimens that did not liquefy, the excess pore
water pressure initiated at the beginning of cycling dissipated after some number
of cycles.

The increase of the resistance to liquefaction, decrease of axial and volumetric
strains for the mixtures at higher rubber chips content is associated with the
increased ductility in the composite material. This in turn also prevents
liquefaction flow failure. The increase of the resistance to liquefaction may also
be attributed to the rigidity of rubber chips which is lower than that of sand. The
dynamic Young’s modulus and damping ratio from the cyclic triaxial tests under
saturated condition reveal that increasing the rubber chips decreases the modulus
and increases damping. For higher chips contents the results show the
stabilization of shear modulus value after a large number of cycles.

For unsaturated material, increasing the number of loading cycles increases the
cyclic deformation, increases the dynamic Young’s modulus and decreases the
damping ratio. This may be attributed to the material densification during cyclic
loading. Adding 10% rubber content decreases the material density, decreases
the ductility thus resulting in increased cyclic deformation. A progressive
increase of rubber chips content yields a continuous decrease of density and
rigidity and compressibility resulting in an increase of the deformation.

It was observed that the material stiffness decreases and damping ratio increases
for any inclusion of rubber chips in sand. It is known that soil material derives
its damping from the friction between particles. Including rubber chips in sand
increases the capability of the composite material to dissipate energy through the
rubber particle deformation. The material densification induces the higher post
cyclic shear strength compared to standard triaxial tests.

Rubber chips contents used were limited to 30% by dry mass. Higher values were
not considered as they yield too high compressibility that restricts the application
in practice. However, the findings from cyclic triaxial tests suggest that the chips
contents beyond those used may increase the cyclic strength, and this would
require a pre-load prior to construction activities. The findings from this study
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suggest that rubber chips in sand may turn the mixture to excellent performance
as foundation seismic isolation measure.
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6 Resonant column tests

6.1 Equipment and calibration

6.1.1 Equipment

The dynamic response of the wet sand rubber chips mixtures was measured using
a Stokoe-type resonant column device shown in Figure 61. This equipment was
supplied by GDS. It comprises a drive system capable to excite a cylindrical
sample in torsion or flexure. The drive system contains a drive plate that bears
four magnets at its ends, see Figure 61. During torsional tests, four pairs of coils
are coupled in series and apply a net torsion torque on the specimen. The
excitation is induced by accelerometer connected to the top of the drive plate.
Peak strain in torsion or flexure can be measured by a proximeter sensor and the
axial deformation by a linear vertical displacement transducer (LVDT) mounted
on the resonant column top plate. Each coil is associated with a sensor
responsible for transmitting the sample response to the resonant column (RC)
control box.

Specimen can be prepared on top of the solid base pedestal and the cell pressure
is applied to the specimen through pressurizing fluid in a triaxial chamber by a
2 MPa pneumatic cell pressure controller. If saturated samples are considered,
the saturation can be accomplished using both the 2 MPa pneumatic cell pressure
and appropriate back pressure/volume controllers of 2 MPa. The back pressure
and volume change can be measured by a built in sensor while pore pressure by
an external pore pressure transducer connected to the base pedestal. The system
has a high-speed 16-bit data acquisition system with control card and interface
panel. This is directly connected to the computer through a USB from which a
commercial software responsible for test control is running the system.

6.1.2 Device calibration

The fixed-free configuration is used. It corresponds to a cylindrical solid
specimen of polar mass moment of inertia /, fixed at the base and excited by a
torsional moment at the head induced by the accelerated weight of a drive system
with polar mass moment of inertia /o, as can be seen in Figure 62. The latter
includes the inertia of drive plate and the top cap connecting the drive head with
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the soil specimen. If an additional plate (porous stone, perforated steel plate) is
placed between the soil specimen and the top cap, its inertia is added to /o.

Figure 61: Fixed-free Stokoe-type resonant column apparatus (left) and the drive
system (right)

Counterweight Accelerometer Added masses
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Magnet Drive coils

Porous disc Top disc
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Figure 62: Section view of the resonant column device in the test (left) and during
calibration (right), Vrettos & Banzibaganye (2022)

For linear elastic material behavior and purely torsional shear wave propagation
(one dimensional) in the cylindrical specimen of diameter d and length /, the
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equation relating the natural undamped circular frequency of the system w, to
the shear wave velocity Vs in the specimen is given by (Richart et al., 1970):

1
p-tan B = E (24)
where
w, -1
b= 2 (25)

Vs may be written in terms of the shear modulus G and the mass density p

G
Ve = |— 26
S P (26)

In the test, the damped resonant frequency w, is measured rather than w,. For
small values of damping ratio D (e.g. D <0.1) we have @, = w,. f in equation (24)
may be easily determined using the Excel Solver. A very good approximation
may be derived that allows a fast, explicit calculation of the solution. Details are
given in Vrettos & Banzibaganye (2022). While / for the cylindrical specimen is
given in terms of its mass m and diameter d (I = m-d*/8), the determination of /o
can only be performed experimentally by an appropriate calibration procedure
due to the complex layout of the device (cross-arms, magnets, accelerometer,
counterweight). The standard technique comprises a set of aluminum specimens
with central rod and a disc at each of its two ends, see Figure 63. Aluminum
exhibits very small damping thus justifying the assumption of linear elasticity.
The calibration procedure is straightforward: The aluminum specimen is
connected to the top cap of the drive head using screws. Masses (usually three)
with known polar mass moment of inertia 4/,,; are sequentially added to the drive
head, and the resonant frequency @, is measured. The top disc of the calibration
specimen with polar mass moment of inertia /; is counted as an added mass too.
For each distinct stage, the total moment of inertia can be given by the following:

w2.—10—2'9 ,i=1,2,3 (27)

where I, 1s the total added mass inertia at stage i, [ is the inertia of the central
rod and k the torsional stiffness of the central rod. The contribution of 7 is
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neglected in routine testing, thus assuming a SDOF system, since usually /<[
holds. The term [ is however kept in the derivation.

By curve fitting the data set (1,,;;1/a},) using linear regression one determines
pairs (lo ; k) for each calibration specimen. The coefficient of determination is
close to 1. o is determined in this way for various calibration specimens of
different central rod diameter, and a single average value is derived for
subsequent use in soil specimen testing.

In a similar manner, one may determine /o from the frequencies measured at two
configurations with different added masses of polar mass moment of inertia Z,,;
<In; (Tatsuoka & Silver, 1980)

2
Ly =1y @,/ 0, ; Ji o
I(): J l ( 12 ]) _11_2_9 , i< (28)
(a)r’i/a)r’j) -1 :

This approach yields for every calibration specimen different values for /o with
non-negligible scatter and an averaging procedure is necessary to derive a single
value.

Experimental evidence reveals that the variation of /o with frequency (different
calibration specimens) is significant. Hence, when testing a wide range of soils,
a function /o = Io(w,) must be derived from the discrete set of values obtained for
calibration bars of different central rod thickness, either by piecewise linear
interpolation or by a global curve fitting equation (Clayton et al., 2009).

Calibration using common aluminium bars

The calibration procedure using the added masses is applied. The performance
of the device was investigated for different specimen diameters but only the
results for the 100 mm diameter specimen are presented herein. Several
calibration bars were employed so as to cover the expected frequency range in
the subsequent testing for pure soils and their mixture with tyre rubber chips, see
Figure 63. The geometry of the calibration bars is defined in terms of the
diameter of the top and bottom disc di (equal to the nominal specimen diameter
in soil testing) and the central rod diameter d. The bars used for 41 = 100 mm had
d=10,12.5, 15, 17.5, 20, 22.5, 25 and 30 mm. The standard test method based
on sweeping the frequency around resonance was applied. Damping was
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determined by the free-vibration decay method. For complete operational details
it is referred to the handbook provided by the manufacturer (GDS Instruments,
2015).

Figure 63: Various aluminium calibration bars used for the calibration

Three weights of known mass moment of inertia were successively added to the
drive head. Applying equation (27) with the assumption that /<</, holds for all
calibration bars yields for each bar the inertia of the drive head /o. The curves

I, vs. 1/aj, are customarily plotted in a single graph for all calibration bars, as

done herein in Figure 64, and fall on almost straight lines with a coefficient of
determination close to 1.
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Figure 64: Results of the calibration using added masses for 100 mm bars. Curve
labels indicate di/d in mm and the dashed lines are for the regression based on

equation (27).

At the end of the calibration, the values of /o for the drive plate as function of
frequency for 100 mm diameter specimens for all calibration bars starting from
the thinnest were deduced. These are shown in Figure 65. A linear interpolation
of 1o between distinct values is applied during the data reduction in the soil tests.
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Figure 65: Drive head inertia vs. resonant frequency as determined by the
calibration approach using added masses for the 100 mm specimen size.
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6.2 Sample preparation and testing method

Specimens of 100 mm diameter and 200 mm in height were prepared following
the standard procedure described in ASTM D 4015 - 15¢e1 (2015) that requires
the specimen diameter to be at least six times the largest particle size. The
preparation technique is described by Banzbaganye et al. (2019). Material tested
comprises a) pure sands S2, S3 and S4, b) mixtures of these sands with rubber
chips at 10, 20 and 30% content. Wet tamping was applied to prevent segregation
of particles. The total target mass of the sample was divided into five equal
portions, each transferred in a sample preparation mould and compacted to
achieve a thickness of 40 mm totalling 200 mm. A small vacuum of
approximatively 10 kPa was applied to ensure the stability of the specimen
during the removal of the mould as well as the connection to the drive plate.
Figure 66 shows the test specimen at 10% rubber chips content.

Figure 66: Test specimen before starting the resonant column testing

Some of the specimens containing higher concentration of rubber chips under
this vacuum experienced a higher axial compression which required an
adjustment of the level of the coils. In general, sand S3 at 30% chips content was
soft and the tests were stopped at intermediate strain amplitudes. The tests on
sand S3 at 20% and 30% under confining stress of 300 kPa yielded contact
between the magnets and the bottom part of the coils and were cancelled. The
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target relative density in all tests was Ip = 0.5. The test data are summarized in
Table 12 where pq is the dry density of the composite material and y the
percentage of rubber chips.

Table 12: Sample properties and test conditions for resonant column tests

Soil X pd Ip Soil O3 Gmax Dinin
[%] | [g/em’] | [-] | type | [kPa] | [MPa] | [%]
50 63.2 0.37
100 82.1 0.36
0 1484 | 0.5 S2 200 117.8 0.29
300 140.3 0.23

400 160.9 0.35
50 38.2 0.76

100 51.4 0.7

10 | 1.393 | 0.5 S2 200 701 0.63
S2 300 85.2 0.69
50 19.4 1.08

100 27.7 1.1
20 | 1.287 | 0.5 S2 200 395 0.96
300 48 0.98
50 10.2 1.88
100 15 1.82

30 | 1.171 0.5 S2 200 73 I3
300 28.3 1.8

50 80.3 0.4

100 111.7 0.4

0 1.558 | 0.5 S3 200 153.4 0.4
300 183.8 0.37
400 213.6 0.38
<3 50 28.7 0.87
100 40.3 0.83
10 | 1.365 | 0.5 S3 200 53 079
300 69.2 0.68

50 14 1.6

20 | 1.228 | 0.5 S3 100 19 1.51
200 29.3 1.4
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50 53 2.39

30 | 1.095 0.5 S3 100 8.3 2.35
200 14.7 2.18

50 72.2 0.38

100 97.7 0.38

0 1.615 0.5 S4 200 138.6 0.43
300 170 0.39

400 189 0.38

50 33.7 0.86

100 44.2 0.79

10 | 1.436 0.5 S4 200 616 071
S4 300 77.8 0.66
50 15.1 1.08

100 22.5 1.01

20 | 1.307 0.5 S4 200 335 0.96
300 41.4 0.98

50 9 1.56

100 13 1.52

30 | 1.189 0.5 S4 200 206 135
300 25.7 1.28

Each solid specimen was consolidated to the specified cell pressure as given in
Table 12. Tests were performed according to the specifications in ASTM D
4015-15el1 (2015). A harmonic torsional excitation was applied to the solid
cylindrical specimen through the electromagnetic drive system. By monitoring
the amplitude of the applied voltage and frequency, the maximum peak strain
with the associated resonant frequency of the specimen are obtained.

A series of multi-stage tests were first performed and were followed by distinct
single stage tests. In the multi-stage tests, the low amplitude tests (soil remains
within the elastic limit) were conducted by stepwise increasing the effective
confining stress in 50 kPa intervals up to 400 kPa. At each confining stress level
(stage) the shear modulus is monitored at several strains within the elastic
response range. Loading was stopped as soon as the modulus decayed
approximately by 3%. The subsequent unloading (reduction of amplitude) to
small strains with measurement of shear modulus provided a control that no
degradation occurred. Cell pressure was then increased to the next higher level
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and the test was repeated. For sand-rubber chips mixtures stages started from
50 kPa and went up to 300 kPa. In every testing stage the specimen was allowed
to consolidate for a period of approx. 40 minutes to reach an equilibrium. For
high-amplitude testing a fresh sample was tested at each distinct confining stress
level. In intermediate strain testing a series of loading-unloading-reloading was
performed in order to measure modulus degradation. The first unloading was
performed at the beginning of the curve decay and then at G/Gmax = 0.97, 0.9,
0.85 and 0.80.

6.3 Calculation for shear strain

As soon as the strain level exceeds an elastic threshold value, non-linear effects
become evident by a reduction of the shear modulus and an increase of the
damping ratio. The definition of the representative shear strain in the specimen
requires some assumptions, since the induced strain field in the solid cylindrical
specimen is inhomogeneous: it varies in the axial (x) and the radial () direction.
The general case for the fixed-free configuration is considered, as reflected by
equation (24). At the natural circular frequency w,, the distribution of the shear
strain amplitude is expressed in terms of the twist angle 6:

0 r-6 p -cos(ﬂ'xj

7(X,I’):7"—— /

ox I sin B (29)

where 0, = 0(x =) is the twist angle at the top of the specimen and S is defined
by equation (25), see Vrettos & Banzibaganye (2022). If the inertia ratio 1o/ is
sufficiently high, £ is small and the terms containing f cancel which implies that
the twist angle 6(x) varies linearly along the specimen axis, from zero at the base
to a maximum 6, at the head. The twist angle 0; is determined in the test from the
output of the accelerometer that is mounted on the drive head by taking into
account the offset from the rotation axis and the corresponding conversion
factors for the device (Drnevich et al., 1978).

Several rules have been suggested to calculate the equivalent homogeneous shear
strain y., of the specimen by defining an appropriate equivalent radius that is
conveniently specified as fraction of the specimen radius ro:

qu:“'ro'el/l (30)
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The factor o commonly applied to the data reduction of the Stokoe-type
apparatus (Isenhower et al., 1987) is based on the suggestion by Chen & Stokoe
(1979) to set a = 0.82 for shear strain amplitudes below 0.001 % and a = 0.79 at
0.1%. These values were derived by a priori assuming suitable nonlinear stress-
strain relationships for a variety of soils. Based on these findings, an average o =
0.8 is recommended for routine testing by the ASTM D4015. This
recommendation was applied in all tests.

6.4 Results for sands

6.4.1 Small strains response

Resonant tests were performed on the three sands S2, S3 and S4 specimens at
various confining stress in the range of 50 to 400kPa. As mentioned above the
values of /o were taken dependent on frequency according to Figure 65. At the
low shear strain limit in the tests, the resonant frequency is determined from the
readings at three slightly different input voltages to prove that no material
degradation or slippage occurred. Table 12 summarizes the recorded values of
Gmax and Dmin. Figure 67 plots Gmax vs. do for all sands as obtained from the
multistage tests with stepwise increasing confining stress level. The well-known
dependence of shear modulus on effective confining stress is confirmed in all test
series. For the comparison with published experimental data on sand, the criteria
for the selection are the median grain size dso, the uniformity coefficient Cy, and
the relative density in the tests as expressed by the void ratio e. The
comprehensive databank by Wichtmann & Triantafyllidis (2009) encompasses a
large variety of silica sands with some of them fitting into the grain size
distributions investigated herein: sand S2 is similar to sand L3 (dso = 0.35, C, =
1.5), sand S3 close to sand L4 (dso = 0.6, C, = 1.5), and sand S4 similar to sand
L11 (dso = 0.6, C, = 2.5). The data in that study are derived from the tests on a
free-free type of resonant column device with specimen size 100 mm in diameter
and 200 mm in height. In that study, numerical values for each particular sand
are given by means of the general equation:

Gmax:A'F(e)'(o-(,)/pa)n'pa (31)

where F(e) = (a-¢)*/(ate), o, is the effective confining stress (cell pressure), pa

is the atmospheric pressure (100 kPa), and the constants 4, a and n were
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determined via curve fitting to the experimental data. For the three sands, the
corresponding values 4, a, n are as follows: L3: 1620, 1.77, 0.42; L4: 2023, 1.67,
0.41;L11:2240,1.47,0.48, Wichtmann & Triantafyllidis (2009). The respective
curves are included in Figure 67. The agreement with our results is very good for
all three sands, at all confining stresses. The same holds for other specimen sizes.
For details see Vrettos & Banzibaganye (2022).

The damping ratio at small strains has also been assessed. Equipment damping
is a well-known source of potential error. The generation of a counter electro-
motive force in the magnets during the free vibration decay after the power is
shut off at resonance is prevented by the software utilized for control and data
acquisition of the device (GDSLAB). The apparatus damping is negligible as
also confirmed in the very recent study by Facciorusso & Madiai (2020) on a
similar Stokoe-type RC apparatus. In the soil tests the small strain damping ratio
Din was less than 0.4 % with a slight tendency to decrease at higher confining
stresses.
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Figure 67: Maximum shear modulus vs. confining stress for the three sands. The
dashed lines (W&T) are the data by Wichtmann & Triantafyllidis (2009)
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6.4.2 Intermediate strains response

Figure 68 and Figure 69 present the shear modulus reduction and damping
increase with shear strain amplitude for sands S2, S3 and S4. The curves were
obtained at different confining stresses in a single stage testing. The results
confirm the well-known trends that the shear modulus reduction becomes
stronger as the confining stress decreases whereas the damping increases, see
Figure 69. The influence of confining stress on the shear modulus reduction and
damping ratio curves is further described in the next sections. It can be deduced
from the results that the degradation of shear modulus is stronger as the sand
becomes more non-uniform, increasing C, = 1.5, 1.7 and 2.7 for S3 to S2 and S4
respectively, see Figure 70. This is in accordance with the findings reported in
the comprehensive study by wichtmann & Triantafyllidis (2013) thus providing
additional validation of the calibration and the testing procedure.
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Figure 68: Shear modulus reduction G/Gmax vs. shear strain amplitude at different
confining stresses for sands S2, S3 and S4.
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Figure 69: Damping ratio D vs. shear strain amplitude at different confining
stresses for sands S2, S3 and S4
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Figure 70: Shear modulus reduction G/Gmax and damping ratio vs. shear strain
amplitude at confining stress of 400 kPa for sands S2, S3 and S4

6.5 Results for sand rubber mixtures

6.5.1 Small strains response

Values for the small strains shear modulus Gmax for sands S2, S3 and S4 mixed
with rubber chips at different contents are given in Table 12. The respective shear
strain amplitudes were in the order of 10 % for both the sands and their
mixtures. As shown in Figure 71, Gmax increases with increasing confining stress
and decreases with increasing rubber chips content. For pure rubber chips a shear
modulus of around 1.2 MPa was obtained from cyclic triaxial tests (see section
5.5.2 in the present thesis) and similar values are reported in the literature by
Anastasidis et al. (2009). The slower decrease of Gmax With strain compared to
pure sand is attributed to the decreased density, increased elasticity and
compressibility in the mixtures.
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Figure 71: Gmax vs. confining stress for S2RM at different rubber contents; Ip =
0.5

It can be observed in Figure 72 that, as expected, pure sand with larger particles
exhibit higher Gmax value compared to sand with smaller ones. Pure sand S3 with
dso = 0.77, tested at 100 kPa exhibits Gmax = 111.7 MPa, while sand S2 with dso
= (.32 yielded with Gmax = 82.1MPa, and sand S4 with dso = 0.5 gives Gumax =
97.7 MPa. The addition of rubber material, for example 10%, yields a stronger
degradation of shear modulus in sands with larger grain sizes. Gmax for these
mixtures at a confining stress of 100 kPa 1s 40.3 MPa for S3RM, 51.4 MPa for
S2RM and 44.2 MPa for S4RM. The reduction is approximately 64% for S3RM,
37% for S2RM and 54.7% for S4RM. The same is observed for rubber contents
of 20 and 30% and at other confining stresses. These results suggest a better
interaction of rubber chips and sand particles with smaller grain size. The
increase of sand grain size results in a weaker interaction with rubber chips. It
can be suggested that the response of the mixture at lower rubber contents is
controlled by sand-to-sand contacts while at higher rubber contents the rubber-
to-rubber contact strongly affects the overall behavior of the mixture.
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Figure 72: Maximum shear modulus vs. rubber chips content for different types
of mixtures at 100kPa

From the experimental data a design equation for the stress-dependence Gax 1S
derived. A simple power law can be used with a fixed exponent equal to 0.5
which is widely accepted in soil dynamics (Handin, 1978). Curve-fitting yields
equation (32) with the parameters summarized in Table 13 for different types of
sand rubber mixture.

a

0.5
(o}
Gmax = AG -exp(—dG }() £_3j Pa (32)

for 0 < ¥ <30%; 50 < g3 <400 kPa with y in percentage.

Table 13: Constants for equation (32) for different types of sand rubber mixture

Material A dc

Sand S2 & S2RM 820 | 0.0527
Sand S3 & S3RM 1070 | 0.0895
Sand S4 & S4RM 960 | 0.0700

This equation may be used to approximately predict the response at higher rubber
contents that could not be measured due to the high compressibility of the
mixture. For y= 0.5, the predicted Gmax for S2ZRM at 100kPa 1s 5.88 MPa instead
of 82 MPa for pure sand. For S4RM Gmax at 100kPa reduces to 2.05 MPa instead
of 96 MPa for pure sand. For S3RM at 100 kPa the predicted Gmax = 1.21 MPa
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instead of 107 MPa for pure sand. These data show that already at this rubber
content the material behaves almost similar to pure rubber chips. It can be seen
from Table 13 that 4 and d increase with increasing median grain size of the
sand.

The data for the minimum damping ratio Dmin show in Figure 73, as expected, a
weak dependence on confining stress but a significant increase with the rubber
chips content. For pure rubber chips, a Dmin value of around 6% was obtained
from cyclic triaxial tests and similar values are reported in the literature
(Anastasiadis et al., 2009). From the data sets Dmin; 03 a relationship is derived.

Curve-fitting yields equation (33) with constants given in Table 14.
Dyin[%]= Ap -exp(dp - 1*%%) (33)
where y is given in percentage, 0 < y < 30%; 50 < g3 <400 kPa

Table 14: Constants for equation (33) for different types of sand rubber mixture

Material Ap dp

Sand S2 & S2RM 0.30 | 0.174
Sand S3 & S3RM 0.36 | 0.182
Sand S4 & S4RM 0.37 | 0.135

The Gmax and Dmin data with the predictions plotted in Figure 73 and Figure 74
for 100 kPa show an accuracy of the proposed design equations. The same trend
was obtained for other confining stresses covered in this study.
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Figure 74: Minimum damping ratio vs. rubber chips content for different types
of mixtures at 100kPa

6.5.2 Intermediate strain response

To evaluate the shear modulus and damping ratio of sand rubber mixtures at
intermediate strain levels, higher amplitude torsional resonant column tests were
performed at various mean confining stresses. Due to the large specimen size and
inertia, the maximum attainable strain level in the specimen is limited. As
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expected, the experimental results show a reduction of shear modulus and an
increase of damping ratio after an elastic threshold shear strain is exceeded. It
has been observed that increasing the confining stress increases the shear
modulus (G) or shear modulus reduction (G/Gmax) and decreases the damping
ratio (D). Increasing the rubber chips contents decreases G, increases G/Gmax and
D.

During these tests, a sequence of loading-unloading-reloading were performed.
Figure 75 displays typical results for S2RM at 0 and 10% chips contents at
100kPa. The results show that loading upto G/Gmax = 0.97 yields a small strain
value of G/Gmax = 1 in unloading. Further loading reduced the small strain G/ Gmax
value. This is an indication of the elastic threshold shear strain amplitude that
corresponds to the loading G/Gmax = 0.97. For S2RM at 0/10/20/30 % chips
content this strain value is around 1.47x107%/1.92x103/2.54x1073/4.53x107 %.
These data show that increasing rubber chips content increases the elastic
threshold shear strain. The increase is also noticed in other confining stresses.
The same trend was obtained for S3RM and S4RM at different confining
stresses. More results for the tests at 100 kPa can be seen in the appendix. These
observations elucidate the role of rubber chips in the absorption of vibration
energy.
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Figure 75: G/Gmax vs. shear strain amplitude for S2RM at y = 0/10%, o3 =
100kPa

G/Gmax vs. log y and D vs. log y curves are plotted from Figure 76 to Figure 84.
These curves were obtained from high amplitude tests at confining stresses from
50 up to 300 kPa for sand rubber mixtures specimens. The rubber chips contents
used are 0/10/20/30% by dry mass, as before in the cyclic tests. The influence of
confining stress on the behaviour of the mixture is presented in Figure 76 &
Figure 77 for S2RM, Figure 78 & Figure 79 for S3RM and Figure 80 & Figure
81 for SARM. It is inferred from these figures that, as expected, increasing the
confining stress increases G/Gmax and decreases D for all specimens leading to a
more-linear shape of G/Gmax - log y - D curves. The extended range of linear
behaviour refers to the increased shear strain amplitude before the G/Gmax value
drops and at the same time the movement of the non-linear curve to the top right.
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Figure 76: G/Gmax vs. log y for S2RM at different confining stresses and at
various rubber contents

114



6
S2RM . =10%
4L O [kPa] [E]ﬁ
0 50 2%
—_ o 100 e
X L & 200 O
o 300 I:'O :;
ok
2r ﬁ(}@
D§%;
O AN
- g QP
{ i)
OOD\/@
O 1 Ll 1 Ll 1 Lttt 1 Ll 1 Ll
10°° 107 103 1072 10" 100
y [%]
8
S2RM ¥ =20%
6 L O3 [kPa] ﬁ
0 50
i o 100
. & 200
X Al 300 ‘
o)
fL
L [0y
2 - O;%@ Eg>
- ©ORRS '
O 1 Ll 1 Ll 1 Ll Lol 1 L L LIl
10 10 1073 1072 107" 100
y [%]
10
L S2RM ¥ =30%
81 0, [kPa]
i o 50
6 - o 100
- & 200 %
s L 300 @
o A
4+ Eﬁ
% LN
L QR
2 /\O%mg%ﬁi
0 1 Ll 1 Ll 1 Ll 1 Ll 1 Ll
10°® 10 1073 1072 107" 100
y [%]

Figure 77: G/Gmax vs. log y for S2RM at different confining stresses and at
various rubber contents
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Figure 78: G/Gmax vs. log y for S3RM at different confining stresses and at
various rubber contents
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Figure 79: D vs. log y for S3RM at different confining stresses and at various
rubber contents
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Figure 80: G/Gmax vs. log y for S4RM at different confining stresses and at
various rubber contents
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Figure 81: D vs. log y for S4RM at different confining stresses and at various
rubber contents

119



Figure 82 to Figure 84 display the effect of rubber chips content on the mixture’s
dynamic behaviour. The results are for the tests at 100 kPa. It is inferred from
these figures that increasing the rubber chips content increases the shear strain
amplitude. At any particular shear strain, increasing the rubber chips content
increases both G/Gmax and D. Increasing the rubber content leads to the extended
range of linear behaviour of the G/Gmax - and - D - log y curves. This behaviour

was also observed for the specimens at other confining stresses, i.e. 50, 200 and
300 kPa.
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Figure 82: G/Gmax vs. log y and D vs. log y for S2RM at different rubber chips
contents, 03 = 100kPa
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Figure 83: G/Gmax vs. log y and D vs. log y for S3RM at different rubber chips
contents, 03 = 100kPa
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Figure 84: G/Gmax vs. log y and D vs. log y for S4RM at different rubber chips
contents, o3 = 100kPa

The shear modulus reduction curves obtained from various sand rubber mixtures
can be approximated by means of a non-linear hyperbolic law suggested among
others by Vrettos & Savidis (1999) taking into account the rubber chips content
and the confining stress.

G 1
Gmax  1+g-y™

(34)

The parameter g is obtained by fitting equation (34) in the experimental data for
S2RM, S3RM, and S4RM and fixing the parameter a1 = 0.9. An example is
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shown in Figure 85 for S2RM at 100 kPa. It can be deduced that by considering
a mixture formed by one type of sand at a single confining stress, increasing the
rubber content decreases the values of gi. Alternatively, by keeping the
percentage of rubber chips constant and increasing the confining stress yield a
decreasing trend of g values. This implies that for the decreased gi values the
G/Gmax curve becomes more linear. The parameter g1 can be estimated by
equation (35) with constants given in Table 15.

0.3
glzqu'eXp(dq'ZOKEZij (35)

where y is in percentage, 0 < ¥ <30%; 50 < 03 <400 kPa

Table 15: Constants for equation (35)

Material Aq dy
Sand S2 & S2RM 11.53 -0.026
Sand S3 & S3RM 12.29 -0.058
Sand S4 & S4RM 18.82 -0.042
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Figure 85: G/Gmax vs. log y and D vs. log y for S4RM at different rubber chips
contents; o3 = 100kPa; the solid lines are from equation (34)
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6.6 Discussion

In this Chapter the resonant column test was applied as a suitable laboratory
technique to evaluate the dynamic behaviour of sands and sand rubber mixtures
at small to intermediate strain levels. The mixtures were prepared at different
rubber contents and tested under various confining stresses.

With regard to the small strain response, increasing the confining stress increases
Gmax and marginally decreases Dmin. For the modulus, this is due to the increased
net effective stress at the particle contact resulting in stronger soil structure. As
rubber content in the mixture increases, Gmax decreases and Dmin increases. This
is attributed to the decreased density, increased elasticity and compressibility of
rubber in the mixtures.

For intermediate strain response, the reduction of shear modulus and the increase
of damping ratio are noticed as soon as a threshold shear strain is exceeded.
Increasing the confining stress increases G/Gmax, While D decreases. It is also
noticed that at the same confining stress increasing the rubber content enhances
rubber-to-rubber contact and renders the specimen more flexible leading to a
higher shear strain amplitude. At constant shear strain amplitude increasing
rubber content increases G/Gmax and D values. For the mixtures at chips content
less than 20% the overall response is controlled by the soil portion of the mixture
while for 20% and 30% content the dynamic response is controlled both by soil
particles and rubber particles.

For the three sands used, the shear modulus degradation is stronger as sand
becomes more non-uniform but with no appreciable influence of dso. Mixing
soils of larger particles with rubber chips many result in a higher void compared
to soils with smaller particles for the same relative density /p. This contributes to
the drastic reduced density and accordingly the strong degradation of the shear
modulus of the mixture. The increase of void may be due to the fact that the
coarser soil particles hardly penetrate into voids between rubber material while
this is easier for the smaller particles.

During vibration, pure sand particles may derive their damping through friction
between them with a very little or no energy dissipation through particle
deformation. However, damping for sand rubber mixtures may result from both
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the friction between particles and the deformation of the rubber particles. As a
result, increasing rubber content in the mixtures increases the damping ratio.
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7. Summary and outlook

This thesis evaluates the static and dynamic behaviour of sand rubber mixtures
through various laboratory investigations. The classification tests were first
performed on the parent material prior to forming the sand rubber chips mixtures
S2RM, S3RM and S4RM. The proportions of rubber chips used were
0/10/20/30/100% by dry mass. Density tests (Proctor density, minimum and
maximum densities) were performed on the mixtures to determine the expected
range of data applicable in field applications. Permeability tests were performed
to evaluate the mixture drainage. The obtained data confirmed that the mixtures
are light weight with improved drainage characteristic.

Next, the static behaviour in terms of compressibility and shear resistance of the
composite material S2RM, S3RM, and S4RM was investigated by utilizing
oedometer, direct shear test in large shear box as well as triaxial tests. The
mixtures were tested in dry condition. To include the effect of water content on
the mixture behaviour wet S2RM was prepared at 5% water content. For
oedometer tests, mixtures were subjected to a series of vertical stresses loadings
varying from 50 to 300kPa and the resulting stress strain data were evaluated. In
the direct shear tests mixtures were subjected to shearing under normal stresses
in the range of 50 to 200kPa. In these tests both shear force and horizontal
deformation were measured. Triaxial compression tests were performed using an
available dynamic triaxial testing system with the application of deviatoric force
up to specimen failure. Confining stresses varied from 50 to 200 kPa. Axial
deformation and volume change were measured. Saturated undrained and
drained tests were also performed on pure sand S2 specimens. A B-value above
0.95 was achieved as an indication of attained high degree of saturation. In these
tests excess pore water pressure and volume change were additionally measured.
It was noticed that the small amount of water added does not alter the mixture
behaviour. The benefit is that it prevents particle segregation. Increased rubber
content increased the compressibility and shear resistance of the mixtures. A
rubber chips content in the range of 20 to 30% by dry mass can be used to
reinforce sand soils.

Further dynamic cyclic triaxial tests were performed to evaluate the cyclic
behaviour of saturated, dry and wet mixtures. All specimens were first
isotropically consolidated at 100 kPa. For saturated material a static deviatoric
stress of 45 kPa was imposed prior to cyclic stage to simulate field anisotropic
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consolidation condition. Some saturated specimens formed by pure sand S2 were
also tested under isotropic consolidation condition for comparison. Cycling was
applied stress-controlled with amplitude equal to +50kPa. Both undrained and
drained tests were performed on S2RM, S3RM and S4RM. Tests in dry or wet
conditions were also performed. The applied pre-cyclic static deviatoric stress
and the amplitude varied. They were determined from the peak deviatoric stress
obtained from standard triaxial tests. For all tests the loading frequency was 1
Hz. Tests under dry or wet conditions are important particularly with regard to
the occurrence of earthquake loading in the desert regions.

For saturated undrained tests, applied pre-cyclic static deviatoric stress increased
the cyclic resistance. A small amount of rubber chips added to sand increased the
liquefaction but also the cyclic axial strain. Further addition increased the
ductility that contributed to the increased liquefaction resistance and decreased
cyclic strain. In drained saturated tests volume change and axial strain increased
for rubber contents up to 20% and then decreased. For dry and wet conditions,
increased number of cycle induced densification and increased the material
stiffness and decreased the damping ratio associated with the increased
settlement particularly for loose and medium-dense specimens. Increased rubber
content decreased the dynamic Young’s modulus and increased the damping
ratio

Resonant column tests were conducted to evaluate dynamic behaviour of various
sand rubber mixtures. The device was first calibrated in order to increase the
accuracy and reliability of recorded data. Aluminium calibration bars of different
sizes were used and the added mass approach was applied. The Resonant tests
were performed on wet S2RM, S3RM and S4RM specimens of 100 mm diameter
prepared at Ip = 0.5 under confining stress varying from 50 to 400kPa. The
highest stress level was 400kPa for pure sand specimens. Both small and
intermediate strain responses were measured. These tests are typical to assess
soil behaviour during earthquake loading. Increased confining stress increased
G/Gmax and decreased D while changing the mixture from non-linear to linear
behaviour. Further, increasing the rubber content increases elasticity and
ductility in the mixtures, increases the values of G/Gmax and D and increased the
linearity of the G/Gmax - log y - D curves.

In summary, rubber chips in the range of 4 to 14 mm mixed with sands were
found to increase the shear resistance of the mixtures. They yield to an increase
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of the cyclic resistance under saturated condition, to a decrease of stiffness and
to an increase of damping ratio. Increased confining stress increased G/Gmax and
decreased damping ratio of the mixtures. Increased rubber content increased both
G/Gmax and D. Several new design equations were proposed. Mixture

compression strain ¢[%] as function of 6y and y; I, as function of N/Ny; I, as

function of &, ¢y; Gmax Or Dminas function of o3 and ¥; G/Gmax as function of y, o3
and y. Concluding, a chips content around 30% by dry mass can be used to
reinforce sands in an effective manner.

Further research should focus on large scale field trials that utilize larger rubber
chips for example up to 50 mm mixed with sand to investigate their cyclic and
dynamic behaviour in both wet and saturated condition. The laboratory testing
of such material is restricted to the available equipment. It can be expected that
the larger rubber will increase the cyclic resistance while cutting off the emitted
seismic waves. From this trial, environmental effect of placing rubber chips
above or below ground water table can be determined.
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Appendices

A Proctor tests
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Figure A-1: Dry density vs. moisture content for S3RM and S4RM
B Static tests
e QOedometer tests
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Figure B-1: Stress vs. strain for S3RM and S4RM
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Figure B-2: Constrained modulus vs. vertical strain for dry S3RM and S4RM

e Direct shear tests
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Figure B-3: Shear stress vs. shear strain for various dry sand rubber chips
mixtures
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Figure B-4: Volumetric strain vs. shear strain for various dry sand rubber chips
mixtures

e Triaxial compression tests
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Figure B-5: Deviatoric stress vs. axial strain for different sand rubber mixtures
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Figure B-6: Volumetric strain vs. axial strain for different sand rubber mixtures

C Cyclic triaxial tests

e Saturated undrained tests
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Figure C-1: Average pore pressure ratio vs. number of cycles for S3RM and
S4RM, CAU tests
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e Dry drained tests
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D Resonant column tests
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