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Executive Summary

The number of disposed of tires every year in Nova Scotia is more than the number of residents
with 1.4 million passenger tire equivalents collected in 2020. Finding sustainable ways to dispose
of these tires continues to be a problem throughout the wartdynly in Nova Scotia. Disposal

issues, along with a continuing increase in tire production, have resulted in an increase in tire
stockpiles. Stockpiling scrap tires is not a viable option since stockpiles can be a fire hazard and a
breeding ground famosquitos and vermin, which can transfer dangerous diseases like encephalitis

to humans. In Canada, about 40 % of these tires on average cannot be further processed, as it is
not generally economical and ends up as waste occupying valuable landfillGpasequently,

there is a huge demand and opportunity for the development of valuable products that may be
derived from waste tires. Over the last ten years, Dr. El Naggar and his research team are engaged
in several research projects aiming to explorevatige applications of Tire Derived Aggregates

(TDA) in several geotechnical engineering areas considering their life cycle costing benefits. The
team studied the feasibility of using TDA and mixtures of TDA and sand or gravel as an alternative
backfiling material. Over the course of the research, direct shear tests, simple shear tests,
consolidated drained triaxial tests, and cyclic triaxial tests were performed on different samples of

TDA and TDA mixtures to explore their static and dynamic charactaisti

Divert NS is a great partner and supporter of our research group. The previous two research grants
hel ped in the training of three masterods st
collaboration results in developing a number of sustainabld Backfilling alternatives and
applications. The findings of this research were disseminated in several national and international

conferences and published in ttogr international journal articles.



Groundborne vibrations originating from machine foutidas are steadgtate periodic
vibrations characterized by their lemmplitude excitations and low to higrequency. Most of

these vibrations propagate in the soil in the form of surface waves and can travel for long distances.
In principle, machine fouations should be designed such that the dynamic forces of machines
are transmitted to the soil through the foundation in such a way that all kinds of harmful effects,
including grouneborne vibrations, are eliminated. Vibration isolation techniques hese bsed
successfully over the last few decades to reduce machine vibrations. Since TDA is -dageder
material and carries its characteristics, it has an excellent damping ability recommending it to be
used as a vibrations barrier when vibrations @ drrequired. Hence, the main focus of the recent
research conducted by our team in the first phase of this project was focused on characterizing the
dynamic properties of TDA and investigating its merit to be used as a damping material
substituting otheexpensive options like geofoam (Moussa and El Naggar, 2020; Moussa and El

Naggar, 2021; and Moussa et al., 2021).

In the second phase, the focus will be shifted to conduct adaede experimental evaluation of
the proposed innovative use of TDA tontml groundborne vibrations. This experimental proof
of concept is curial to showcase the innovative aspects of the proposed solution and provide

practicing engineers with the data they need for design.



1. Introduction

1.1. Background

The number ofscraptires generated irNova Scotiaeach yearapproximateshe number of
residentsn the provinceMoreover in Alberta around five million tires are dardedannually
(Moussa and El Naggar 201%)is anticipated thats the population of Canageows the number
of scraptires will alsoincreas€Meles2016). Due t@associategnvironmental and health hazayd
thedisposl of scrap tires imandfill is no longempermitedin Nova Scotiathus, thestockpilingof

scraptires is not a Mble option (Edingliler et aR010).

The dsposl of scrap tires in landfilhasresulted in seriouenvironmerdl impactsin terms of
contaminaibn of the land, airand soil Furthermore, the accumulationdiscarded tires in landfill
has negative affectsn human healttdue tothe leaching of heavy metals and harmful chemicals
into the soil. Whenthesetoxins enterthe groundwater, contaof humansandanimals with the
contaminated wateposes significant health riskblence,the development of environmerally
friendly alternativedor the useor disposl of scrap tires is an urgent mattévoussa and El

Naggar 2019)

The use of material made frorhredded scrap tiresn geotechnical engineering applications is
becominga more widespreadlternativeapproachto permit therecyclingof discarded tireDue

to their versatile propertieshredded scrap tireserve as a usefgleotechnical material in civil
engineering aplications (Humphrey et al. 1993 and Lee et al. 1998)ap tires can be shredded
into particles of various sizeFhe ASTM D6270 classification specifies seven categories of
shredded scrap tire products, according to the size ranges of the paritelekerived aggregate
(TDA) is produced by lsredding scrap tire® form particles ranging in size froaround 750

450 mm.The ASTM D6270distinguishes two types afDA. Type A TDA, with a maximum



dimensionof 200 mmin any direction is most suitableor insulation, drainageand vibration
dampening applicationtn contrasttype B TDA, with a maximundimensionof 450 mmin any
direction issuitable for usas a lightweight backfill material for embankm&oit behind retaining
walls (ASTM D6270).Table1.1 summarizeshe ASTM D6270classification of shredded scrap
tire products Shreddedscrap tire productthatare often used in rubbeoil mixtures includdire

shreds, tire chips and granulated rublasill ustrated in Figuré.1.

Table1.1 ASTM D6270 tassification of shredded scrap tpeoducts

Category Subcategory SizeRanges

Powdered Rubber <0.425 mm
Ground Rubber 0.425t0 2 mm
Granulated Rubber ) 0.425t0 12 mm

Tire Chips 12to 50 mm
Tire Shreds 50to 305 mm

Around 75to 100 mm with a

Type A TDA maximum dimensionf 200
Tire Derived Aggregate mm in any direction
(TDA) Around 150to 305 mm with a
Type B TDA maximum dimensiownf 450

mm in any direction
- From50x 50x 50 mm
to 762x 50x 100 mm

Rough Shreds

Due to theexpandingwidespread application of these products, research has recently been
increasingly focused anvestigaing various aspects dieir geotechnical behavior (El Naggar et

al. 2016, Sparkes et al. 2019, Meles et al628cCartney et al. 201&nd Moussa and El Naggar
2021). For exampleMahgoub and EI Naggar (2018aveillustrated thebenefitsof using a layer

of TDA above preexisting pipes and under shallow foundations. In addition, El Naggar et al.
(2013) used TDA inclusions arouatbox culvert and showetieir effectivenes# redudng static

and seismic demands on the culvert.
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Figure 1.1: Three shredded scrap tire products tbimtheASTM D6270 classificationa) tire
shreds, b) tire chips, and c) granulated rubber

Furthermore, several researchbesre showrthat adding shredded scrap tires to granular soils
such as sand or gravelbeneficiafor vibration screening and the mitigationliguefactioncaused
by earthquakeandothersources ovibration (Tsang 2008, Pitilakis et al. 20a6d Hazarikaet
al. 2010). Studies have also shown tlatding rubber materials to granular sads improve th
soil shear strengttAhmed 1993, Edil and Bosscher 1994rnberget al. 2004 Attom 2006 and

Chenari et al. 2017).

1.2. Objectives

The use of TDA in civil engineering applications is getting more and more important due to its
outstanding geotechnical propes. Hence, tis report study aims to highlight ttehear strength
parameters anldehavior of such relatively new recycled matewdéo, the dynamic behavior and
properties of TDA isnvestigated tautilize this material in various dynamic applicatioetated

to civil engineering projects



2. Mechanical Properties of TDA

2.1. Development of an empirical hyperbolic material model for TDA utilizing largeale
triaxial testing

Introduction

Available TDA triaxial data obtained with larggcale machines is limited and is not
comprehensive. Also, most triaxial tests performed on TDA have used mixtures of soil and TDA.
In the present research, a series of consolidated drained tréstsahave been perforchen TDA

in accordance with ASTND718211. The TDA tested is almost the same size as thaiuseshy
civil engineering projects (i.e., tire chips TDA). Ttests were performed by using a lasgale
triaxial machine witra sample diameter of 152 mm (§ and a height of approximately 2.1 times
the diameter. The tests were performed B\ containing steel wire, and only the protruding part
of the steel was removed to protect the membrane. In order to repdicatdety of realvorld
conditions, the taés were performed for avide range of confining pressures. The results of
deviatoricstress versus strain, corrected for volume change as per 8FIBI-11, are presented
and discussed, and empirical equatibmsa number of strength and stiffness pararsetare

proposedThe empirical equations are then used to develop a hypentatérial model for TDA.

Material

The TDA material used in this research was manufactured frassenger car scrap tires by
Halifax C&D Recycling Ltd. The TDAcomplies withthe ASTM D627017 standard. The only
alterationmade by the researchers was the removal of protruding pahis steel wires to protect
the triaxial membrane. Removal of tpeotruding steel also prevents the TDA particles from
locking together via thetsel. The effect of removing the protruding steal the mechanical
properties of the specimens is unknown. Sevalysis was performed in accordance with ASTM
C136/C136M 14, with the exception of the minimum sample size of 6 to 1pdgnitted as per
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ASTM C136/C136M14, as the unit weight GDA is much lighter than conventional soils. Figure
1(a) illustrates the TDA particle size distribution used for this experirdenindicated in the
figure, the TDA particles used ranged in dimem 13 mm to 31 miwith D50 = 22 mm. It should
be noted thaas mentioned in ASTM D62707, Type A TDA shall have maximum dimension
of 200 mm, measured in any direction, 499% of the material should pass through the h@®
squaremesh sieve. Besides, a minimum of 96%a DA passing the 7Gmm square mesh sieve,
with a maximum of 50% passing the-38m square mesh sieve and a maximum of 5% passing
the 4.75 mm sieve. Therefore, based on the gradation, despite the materay close to Type
A TDA, it is classified agire chips as moréhan 50% of the particles pass through ther38
square meshkieve. The average aspect ratio of the used TDA patrticles, defiried ratio between
the length to the width of the particle, wasout approximately 2.1. Figure 1(b) shamsexample

of thepatrticles used in the experiment.

Triaxial Test Apparatus
Figure2.1(c) shows the largscale triaxial teshpparatus thatas used in the research. The shaft
of the test apparatus wastended to accommodate the excessive amowainsolidation and the

higher amount of strain needed for thst. The sample diameter was 152 mm (6 inches), and the
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Figure 2.1: (a) Used TDA gradation, (b) Example of particles used, and (c) The used larg
triaxial test apparatus.
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height of thesample was approximately 320 mm (12.6 incheslich is around 2.1 times the
sample diameter and is in thenge permitted by ASTM D718&11. An Instron 8501 hydraulic
load frame was used for the axial loading. The load andlig@acement were recordet a
frequency of 20 Hz. Thdisplacement was set at a constant rate calculated acctowdigji M
D718%11. To control the pressure and recordubl@me change of the sample and the cell during
the test, tw@DS advanced presswvelume controllers (ADVDPE) wereused. Both ADVDPCs
were kept at the same height and weabrated before the start of each test. The cell pressure
wascontrolled to account for the volume change caused shie movement and changes in the

volume of the sample.

Samplepreparation

Before preparation of the specimens, all TDA particles wieeeked for protruding steel wires. If
these were present, ortlye protruding parts of the wires were clipped to preservtégrity of

the membrane around the specimens. The specimemscempacted in five layers by using a
steel rod. Asshown by Humphrey and Manion (1992) and Kowal@l6), introducing water
has an insignificant influence dme dry density of TDA, thus, the specimens were keptidring
compaction. Although it isgrmissible to perforrsompaction on aidried or overdried TDA as

per ASTMD627008, the researchers noticed a slight change in the physical properties of oven
dried TDA and used only air dryinghe dry density of all the compacted specimens was 710 +
5% kg/m?. During compaction, special care wagen to protect the membrane. The membrane
used was aelatively thick Humboldt membrane, with a thicknesO@&35 mm (0.025 inches).
ASTM standard D71811 specifiesa correction to be applied if tlegror in the deviatoric stress
introduced by the membrane thickness is more than 5% dfethatoric stress. The most critical

cases in the experimentstims study were those with low confining pressure at btgdins. Even



for these cases, the erroever reached 4%; fathis reason, the correction was not applied.
Although themeasures described were taken to protect the membrame,than half the tests
performed had to be repeated dud¢hi® puncturing of the membrane. Puncturing occurred more
frequently as the confining pressure increased. It shoutshtasl that the samples in different tests
were freshly built everyest, where the specimens were built by emptying the contamuethen
compacting TDA for each confining pressure calee only deiation from ASTM standard
D718%11, whichoccurred during sample preparation, was that the maxifiDAa particle size

was not smaller than 1/6 of the specintammeter. However, it should be noted that this ASTM
standard was developed for soil and nataggiregates and that atandards exist for testing TDA
with triaxial machinesi-urthermore, even for conventional aggregates, the maxipauticle size

ratio is not broadly agreed upon. For example,Bhesh Standard BS 1378:1990 specifies a
larger alowed maximum particle size than that specified by the ASTM (maximum particle size of
1/5 of the specimen diameter, BS 1B872.990), which is satisfied in this research. Large particle
sizeslead to increased voids at the sample perimeter, which icganresult in indentation errors

or perforation of the membrane and lower sample density. The results presentegapehiare

for TDA samples that did not have any membriaugentation errors or perforations. The density
of the testedamples was aboutd same as those obtained from the compaction test. The tested
samples also consisted of wghadedIDA, as can be seen from the particle size distribution curve
shown in Figure 1. Hence, in the opinion of the authoesptiundary effect of TDA has less
influence than that of conventional aggregates because the individual TDA particlesrare

flexible and conform more to the applied pressure.



Testing procedure

A total of 9 successful consolidated drained (CD) triag@hpression tests weperformed as
part of this researci.he dimensions of each specimen were measured pribe toeginning of
the saturation stage. Because of the lgagécle size and high void ratio, saturation was relatively
fastand straightforward. The B value wasamared for every tesaind it was always greater than
0.95. As with the saturatistage and for the same reasons, consolidation was relajiviek; To
calculate the rate of axial loading, the volume chamgd deformation of the specimens
undergoing cosolidationwere recorded and plotted against the logarithm of the eléipsedue

to the high permeability of the specimens, the cateulated was greater than the maximum rate
that could becontrolled by the ADVDPC, so the rate of 1 mm/min wigseras the rate of axial
loading. During consolidation, treamples underwent a considerable change in volume, and the
shaft had to be adjusted to keep contact with the shrirdangple. The volume change of the
sample had a direct relationship to the confinonessure applied. Below is the equation for the

curve best fitted to the volume change ofsheple:
w0 opg (1)

where VP is the per cesnstheqgrdiningpressucelofuhmmsammenkda).g e ,
Figure2.2 shovs thevolume change of different samples during the consolidatiage plotted

against the confining pressure, together withfitied curve.

During the axial loading, the amount of load, the displacement and the volume change inside the
cell and the saple were recorded. These values were later used to adjudiniemsions of the
sample and to calculate the amountdetiatoric stress and strain. During the tests, at higher
strains,the specimens started to bulge visibly, and the assuntptithespecimen deforms as a

right circular cylinder was ntonger valid. It was also not possible to determine accwadtees

10
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Figure 2.2: Volume change of the different samples during consolidation.

for the bulging, which occurred because of the elastiage of the specimen. Following unloading,
the specimenseverted almost to their initial form. For these reasonsyeakearchers did not

continue the tests at strains gredtan 20%.

Results and discussion

The triaxial compression test wperformed at six differentonfining pressures. The confining
pressures used were Zg), 100, 150, 200, and 250 kPa. These confining pressereschosen

to resemble the stress levels expectedmbankments, retaining walls, and shallow and deep
backfills. Because of the random nature of the TDA partieled to prove repeatability, for
confining pressures of 5000, and 200 kPa, the test was repeated two times. @@ shows

the volumetric strain versus the axial strain dfferent confining pessures. The changes in
volumetricstrain during axial loading had no meaningful relationsbiphe confining pressure

applied and essentially exhibitsomilar trends.

11



While both the steel and rubber present in the TDAetastic to a higlilegree, the combination
of steel andubber forms a more complex material, particularly sthegparticle reorientation that
occurs during axial loadingan change the orientation of the steel. The presenagds that can

be filled during axial loadingdds anothdayer of complexity to the behavior of the specimens.

Deformation which occurs in saturated soils is attribytedharily to the reorientation and
rearrangement of soparticles and the expulsion of water from the void spastsle the

defarmation of soil particles is considered insignificant (Yi et al. 2015). In contrast, TDA particles
aremade mainly of rubber, which exhibits near perfecteldstch avi or wi th a Poi s
0.5. This means thahe deformation of each TDA particleder load is reversible without any

change in volume. Nevertheless, aghe deformation of soil, TDA particles as a group can
undergo reorientation and rearrangement under loBitittee void spaces available. Figu2e3(b)

compares thaverage amourdf volumetric strain recorded in thssudy with the amount observed

by Lee et al. (1999) andouwai and Bergado (2003). The two studies useddanparison used

TDA with smaller particles, with a maximum effective size of only 15 mm. The figure shows that

changes in volumetric strain in the present study occunae rapidly than in the other studies.

Figure 2.3 (a) Volumetric strain versus axial strain, and@omparison of the volumetric strain
with that observed biee et al. (1999) and Youwai andr§ado (2003)T'he random nature of the
TDA particles raises a questioancerning the repeatability of the tests performed. To adifiess
guestion, the triaxial test was performed two times daicthe confining pressures 50, 100, and
200 kPa. Figur@ 4 plotsthe deviatoric stress against the axial strain for each of testse It is
evident from the figure that the results are in strggement with one another. This demonstrates

the consistency of the results.

12
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Figure 2.3: (a) Volumetric strain versus axial strain, and (b) Comparison of the volumetric
with that observed by Lee et al. (1999) and Youwai and Bergado (2003)
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Figure 2.4: Repeatability of the triaxial tests.

Stressstrain relationships

In order to fit the bst curve to the laboratory resuitarious regression methods were used for the

results associated with each confining pressure, with axial strain &arthble. The equations

13



with two exponential terms had theghest R while maintaining simplicity. To find a reasonably
simple equation that accepts both axial strain emdfining pressure as input variables, the
coefficients ofthe exponential terms were replaced with a linear e confining pressure as

the variabé. With the aid othe leastsquares method, the coefficients of the linear \weze
determined such that?®R or t he f i n0OB5. This prapedard Wwae nepedtes to fit the
best equatiomo the value of E50 calculated from the laboratory restilie equations below use

the amount of strain and confining pressure as input variables and calculate the amount of

deviatoric strain and secant modulus (E50):

. @8 2)
W CTwop TWOEE TWNE od pI, (3)
O p@e TIHO (4)
where 0 is the deivtheadnfininggpc essuess (kkPBR2), Uli s

strain, and E50 is theecant modulus (kPa) at the maximum strain allogvagi= 0.15 in most

applications as per ASTM D7181).

Figure 2.5(a) plots deviatoric stress against axial straindiéfierent confining pressures and
compares the results withe fitted curves. As shown in the figure, the fitted cuesin very
good agreement with tHaboratory results. Theesults indicate that the behavior of the samples
startednonlinearly and then behaves linearly, starting near thet&in vicinity, approximately,

till the end of the test. Thisehavior may be explained as follows: at the bagmofthe test, the
voids between the particles are large and hsticrilate the nonlinear behavior of the TAids
matrix. After sufficient compression occurs (i.e., aro@dd strain), the voids volume reduces

substantially, andhe behavior is goverdeby the linear elasticity of theibber material itself.

14



a) b)

500 - 250 kPa 500
——Lab Results
—— Lab Results " _200kPa - - -(Youwai and Bergado, 2003)  2pg kPa
400F ----- Fitted Curve __ 400
o y m 2
$ & >
w
B 300} 150 kPa g soof —
& ~ 100 kPa o
. = o ,
(5] - et 2
8 B 2 7 =~ kP,
= 200F _ /50 kPa § 200p - . 50 kPa
= e 3 g -
1) A . ¥ -
a ,_,_»—-‘”‘fe (=] ,/ B i
e _—25kPa - -
100 - / ﬂ_f__,____”_ 100 g ” _
o o - e - - =
T LD LT
” J_‘L:J-"ﬁy- -7
0 ";-r-_'-'- i L 3 " 0 = - i i i 3
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Axial Strain Axial Strain

Figure2.5: (a) Comparison between the laboratory results and the empirical equations,
Comparison of the laboratory results with those of Youwai and Bergado (2003)

Figure 5(b)compares the results tfis study with those of Youwai and Bergado (2003). Itlwan
seen from Figure 5(b) that a similar trend betweendhalts of Youwai and Bergado (2003) and

the findings othis study were found.

The nature TDA as a composite méatk(i.e., rubber andteel) and the presence of voids that can
be filled during axialoading adds another layer of complexity to the behavidh@kpecimens.
These factors may be the cause of the staniimdjinear behavior observed in this investigatas

explained in detail above.

Hyperbolic Model for TDA

Duncan and Chang (1970) proposed a simple, praciicdinear stresstrain relationship that is
easy to implement in a finite element analysis of soil. The advantagbkeioimodel are its
simplicity and the fact that the valuesquired in the model can be determined from the restilts
triaxial tests. The disadvantages of their model argh@ assumption of hyperbolic behavior for
stressstraincurves of soil, which means that the model cdmmedictthe residual strength of soil

after the peak stress; (2) tfeect that the model can predict only the elastic behavieoibfand
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fails to predict the plastic behavior; and (3) fhet that the model assumes that the volumetric
strain ofthe soil is only compressive, and cannot representitatant behavior of soils (1999).
Although these disadvantages limit the applicability of the model for soil, siectiaxial test
results presented in this paper showesdual strength or dilabt behavior for TDA, thisnodel

can provide a good representation of the Ti@havior.

According to the hyperbolic model:

y o o— (5)

whereki s the initial t a nf ¢ ¢hadeviamric stréss atraledad Riso d ul u s

the failure ratio. The valuef Ei can be calculated from equation 4.

Assuming that the fail urreanlecaculatesiasat U = 0.

., PROYT X&XO (6)

By substituting Equations (4) and (6) BEguation (5) andweaking the value of Ro obtain the
best fit for the laboratoryesults, the value ofiRan be calculated to be ranging from @D.2.

This yields the equation:

, (7)

Figure7 compares the values calculated by Equation (7) thighaboratory results. The values
calculated by Equation (@ye also very close to the values of the empirical EquatioAgZhown
in Figure 6, there is very good agreement betwéenresults, with is an indicator that the

proposed empiricdlyperbolic model is capable of simulating the behavid@t@A under different
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Figure2.6: Comparison between the hyperbolic model and the laboratory results.

confining pressures. However, thgreement is less for confining pressures of 200 kPa and larger

atstrain levels below 2.5%: however, it is on the conservative side.

TDA strength parameters

As is evident, the deviatoric stress never reached its peadmum during the tests. ASTM
D718111 suggests that inases where the maximum principal stress cannot be obtaieed,
deviatoric stress at 15% axial strain should be considetée asaximum stress. Some researchers
have used the stresslfi%o axial strain as the maximum stress. Depandimthestrain considered
and its corresponding stress, the resulth@ifinternal angle of friction and cohesion calculated by
using the MohrCoulomb failure criterion will be different. Thempirical equations below

represent the befit curve for ourlaboratory results to calculate the angle of internal friction and

cohesion. To give the reader the option to

the equations below providiee strength parameters at the assumed ultimate axial strah.
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where « is the angle of internal friction (°), andrepresents thamount of cohesion (kPa).

Substituting U = 0. 15=px1°anthoe=28kParati ons above

Figure2.7(a) and 7(b) compare the results é@nd c with theesults obtained by other researchers.
Moo-Young et al. (2003)Cetin, Faer, and Gunaydin (2006) and Edincliler, Baykal, 8@y g € | &
(2010) calculated the values o&ind c based on thresults of direct shear tests. M¥oung et al.

(2003) testedour different TDA particle sizes: smaller than 50 mm, betws@mnd 100 mm,
between 100 and 200 mm, and between 268 300 mm. Cetin, Fener, and Gunaydin (2006)
tested twodifferent particle sizes: fine, with particles smaller than 0.4 rang coarse, with
particles between 2 and 5 mm. EdincliBray k al , and S awvwerg @ralepar(cle) 1 0)
measuring approximately 0.6 mm. It should be noted that streagth parameters obtained from
direct shear tests are alwaliferent than those obtained from triaxial testing due tdinfieations

of the direct shear test, whichsummarized abovkeowever the results are compared here to show

the range oYariation.

As in this study, Lee et al. (1999), Zornberg, Cabral, ¥mdtjandr (2004) and Youwai and
Bergado (2003) based tkalues of« and c on the results ¢fiaxial tests. The size of tHEDA
particles used by Lee et al. (1999) was betweenDtoam. Zornberg, Cabral, and Viratjandr
(2004) used TDAarticles with a width of 12.7 mm and four different aspatibs. Youwai and

Bergado (2003) used TDA partisleangingrom 4 to 13 mm.

As shown in Figur@.7(a) and 7(b), there is no geneagkeement among the results obtained by
the differentresearchers, except the study by Zornberg, Cabralymatiandr (2004). It can be
seen from the figures thtite valies of the shear strength parameters report@einperg, Cabral,
and Viratjandr (2004) are compatibléth the estimated values by the current study at $&8&én.

The patrticle size and shape, the presence or absésteel, and the type of test condectiare
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some of thgparameters that can influence the calculated valuesanfl c. The size and shape of

the TDA particles camfluence the void ratio of the samples, which in taffect the stiffness and
strength parameters. Also, the presence of stgeincrease the stiffness of the sample,aride

same time, if the protruding steel wires are lengugh, they can cause TDA particles to become
entangledwvith one another, which can increase the amount of cohesion. Finally, the predefined
failure suface and restrictionsegarding the confining pressure applied can influenceethdts

achieved by direct shear tests.

Summary and conclusions

Consolidated drained triaxial tests were conducted odéiiged aggregate particles the same size
asthose used irivil engineering projects. An advanced laigle triaxiaktesting system was
employed in accordance with tA&TM D718%11standard. The triaxial tests were performed at
various testing conditions. Based on the testilts, an empirical Iperbolic material model has
been proposed to simulate the behavior of tire derived aggregates. The following are the

conclusions drawn from th@esent study:

1 Peak deviatoric stress was not observed in the sttess response of tire derived
aggregateddence, the termination strain was fixed as 20%.

1 The samples tested at higher confining pressures tended towards losing more water during
the consolidation stage than the samples tested to lower confining pressures.

1 The stressstrain response of the tirerved aggregates is found to be nonlinear at the start
and then behaves almost linearly afterwards. The particle rearrangement during axial

loading could be the reason for the observed initialim@ar stresstrain behavior.
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1 No correlation could be fou between the applied confining pressure and the observed
volumetric strainsDuring axial loading, the samples showed no significkfférence in
changes in volumetric strains recorded. Pplossible reason could be the size of the tire
derivedaggregate adopted for testing in the present study.

1 The parameters such as particle size and shape, the presence or absence of steel, and the
type of test conductedan influence the shear strength parameters of dinéved
aggregates.

1 The proposed empirical hyyimlic material model isapable of simulating the behavior of

tire derived aggregates under different confining pressures.
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2.2. Effect of Sample Size on TDA Shear Strength Parameters in Direct Shear Tests

Direct Shear Test

Direct shear testwere performed on three types of apparatus: {argedium, and smalscale

direct sheamachines. With the larggcale apparatus, tests were performed by using square shear
boxes measurin§05x 305 mm and 22% 225 mm. While in thenediumscale appara#y tests

were performed usingZEb0x 150 mm square shear box. Whereas, withsthallscale apparatus,
tests were performed by usiegear boxes measuring 100 3 100 mm and 60 3 60Timenheight

of the mold of the 305 mm shear box wasdified to be 210 m instead of 160 mm by installing

a 50 mm extension on the shear box as shown in Figueto accommodate the high
compressibility of TDA, making the aspect ratio W/H = 1.45, where W is the widkie box and

H is the total sample height. The shbarkes measuring 225 3 225 mm and 150 3 150 mm were
also designed and constructed with a height of 210nesulting in aspect ratios W/H of 1.07 and
0.71,respectively. Moreover, the height of the srsaihle shedboxes was only 43 mm, resulting

in aspect raos W/H of2.33 and 1.40, respectively. This information is summarized in Table 3
and illustrated in Figur2.8 ASTM D3080recommends that the minimum specimen wattbuld

be greater than ten times the maximum parsce. Furthermore, the minimum tial specimen
thickness should not be less than six times the maximum particle diameter. However, it should be
noted that theseecommendations are mainly for conventional soilsA&SM D3080 was

developed for testing of soilsxder consolidated drainedrzbtions, not for TDA.

The shear boxes used in this study were dividedlawer and upper parts, as shown in Figure
2.8; the heightof each part is shown in Tab®3. The lower part of thehear boxes was the

movable part which moved inteorizontal direction away from the machine via an electator
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Figure2.8: Shear boxes and thgerived aggregate (TDA) sample used in the research

Table2.1: Shear Box Characteristics

Shear box dimensions

| 2 3 4 5
Length (L) (mm) na 305 225 150 100 60
Width (W) (mm) na 305 225 150 100 60
Height (H) (mm) Lower part 80 80 80 18 18
Upper part 130 130 130 25 25
Aspect ratio (W/H) na 1.45 1.07 0.71 233 1.40
Aspect ratio (W/D ) na 8 6 4 26 1.6

Note: na = not applicable.
and hada height of 80 mm in the largandmediumscale diret shear boxes and 18 mm in the

two smallscale direct shear boxes.

Each of the direct shear apparatuses used had lthese variable displacement transducers
(LVDT). Onewas connected to the load cell to measure the shear(kiNgeThe second barely
touched the shear yoke amdeasured the vertical displacement (mm), while the thactly
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touched the lower part of the shear box and measured the horizontal displacement (mm). The
LVDTs were connected to a data acquisition system to reberdataeceived from the LVDTs.
The normal stresseapplied to the samples in the direct shear tests by nodaamsleadweight

system, ranged from a minimum@.1 kPa up to a maximum of 196.4 kPa.

TDA Sample Characteristics

The TDA sample used was obtained fretalifax C&D Recycling Ltd. The sample was referred
to as 1.8in. TDA, in accordance with the maximum particle s(BBax) in the sample. Sieve
analysis was conducted tre sample in accordance with ASTM D6904. Thegraduation curve
obtained is shown ifrigure2.9. The unitweight of the tested TDA ranged between 6.3 and 8.3

kN/ m®, depending on the applied normal stress.

As summarized in Table 4, the effective particle $2&0) of the TDA sample was found to be
12 mm (0.47 in.), the average particle size (D50) was 24.5 (@96 in.), the coefficient of

uniformity was 0.74, and theoefficient of curvature was 2.25. The tested sample had

100
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Figure2.9: Graduation curve for the LiB. tire-derived aggregate sample

—@-1.5 Inches Sample

Percentage Finer (%)
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Table2.2: Properties of thd@ire-Derived Aggregate Sample Used

D10 D30 D50 D60 Coefficient of curvature (C,) Coefficient of uniformity (C,)
(mm) 12 15.5 24.5 27 2.25 0.74
(in.) 0.47 0.6l 0.96 1.06 2.25 0.74

approximately 61% flat particles and 39% elonggiadicles. The average length of the tested
sample was2 mm, while the average width and thickness v2drand 7 mm, respectively, and

the length to width ratisvas fourd to be approximately 1.52.

Testing Procedures

The 1.5in. TDA sample was tested in accordance wi&TM D3080 Standard test method for
direct shear testf soils under consolidated drained conditions. Ringt,sample was prepared in
accordance with ASW D691304, and the graduation curve was obtaiasdghown in Figure.2
The sample was then mixed wellpevent particle segregation. After that, the sampledivaged
into five parts, to form five layers. These w@@ured into the shear box layer layer, with the
propercompaction for each layer, for a total compaction enefg$8,000 (Joules). Thus, the
minimum required compaction energy was reached, which is 60% widtliéied proctor energy,

according to ASTM D62708.

For the 305 mm shear %075 blows with the modifiedroctor hammer were used to compact each
layer, with atotal of 375 blows for the whole sample. For the 225 shiar box, 45 blows were
used to compact each layevith a total of 225 blows for the entire sampléewise, for the
sample in the 150 mm shear box, 20 blows wesed to compact each layer, with a total of 100
blows forthe entire sample. In contrast, the samples in the 10G@mdm shear boxes were
oriented by hand to ensupgoper void filling and @ prevent the sample from overflowing the
shear box, since at 43 mm the height ofghear box was somewhat low relative to the sample

size.
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The TDA samples in the shear boxes measuring Bl%, and 60 mm were sheared under three
applied normaktresse®f 50.1, 98.8, and 196.4 kPa. However, for 228 mm shear box, the
normal stresses applied were 888.8, and 196.4 kPa, because the hydraulic arm fosliaar
box could not apply normal stress less tB3ar® kPa. Moreover, the normal stresses agyite
thel50 mm shear box were 151, 175, and 196.4 kPalFmsts, actual kthe-box unit weight
ranging betweef.3 8.3 kN/m3 was maintained (the actual unit weighi& of the sample in the

shear box after applying tliespective normal stress).

The shearing rate was 0.5 mm/min for the laggeimediumscale direct shear tests and 1 mm/min

for thesmallscale direct shear tests. Low shearing rates efargen to prevent any overestimation

of the calculateghear stresses, and the samples weredity aondition,so no accumulation of

pore water pressure occurred.Tdhhe best of the authorsowaknowl e
lower than shearing rates used in the testing of T@frded in the literatureefgstromet al.

1994 Humphreyet al. 199, Moo-Young et al. 2003 Xiao et al. 2013 Bernalet al. 1997 and

Sparke=t al.2019. Moreover researchers have shown that the effect of the sheate@n the

shear strength parameters of cohesiordess in drained conditions is nsignificant {famamuro

and Lade 1993, Tika et dl996 and Anim and Fakhi,l 2012

Results Comparison and Discussion

StressStrain Curves

A total of 25 tests were performed to study the effedhefspecimen size on the TDA shear
strength resultsSome ofthese tests were duplicated to verify the res8litsce, the stresstrain
curves did not show a clear pdakthe considered shear strain range (i.e., arounté¥estrain),
the shear strength parameters were calculated at 10% of the horizontapstntage as

recommended by ASTM D30801L and by Strenk et 2007 among several other researchers.
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Figure2.10plots the shear stress (kPa) against the horizontal strain (%) for shear boxes having the
same appliechormal stress. It was observed that the shear stre®@thorizontal strain was
almost identical for the sheboxes measuring 300 and 100 mm (witb#) andslightly higher

in the 60 mm shear box (6% higher). Tresults obtained for the shear boxes measuring 225 and
150 mm are shown separately, in Fig@rél, because theormal stresses applied to these shear
boxes differed fronthose applied to thehear boxes previously discuss&ince the normal
stresses of 88 and 98.8 kPa were \&oge, the stresstrain curves shown in Figu&lla for

these normal stresses are also very close. Thesameged in Figur@.11b for the normal stresses

of 175 and 196.4 kPa. Moreover, the graphs illustrate clearly théh@siormal stress applied to

the sample increased, thtained shear stress increased for all of the shear boxes.

The shear stresses at 10% horizontal strain for the different normal stresses applied are summarized
in Table2.3 for ease of reference. These shear stresses were usdaduiate the shear strength

parameters of the TDA sample. Figdr#2 shows the relationship between shear saedsnormal

140
= =300 mm x 300 mm
120 | ====100 mm x 100 mm
E 100 — 60 mm x 60 mm } 200 kPa
5 -
«2 80
=
f 60 100 kPa
I 7 P e e e
i 40 i 50 kPa
20 1
0
0 2 4 6 8 10 12 14

Horizontal Strain (%)

Figure2.10: Shear stress (kPa) versus (horizontal displacement/box wpieittent for the 300
100, and 60 mm shear boxes.

27



—
LY
—
—_—
o
-~

i
P
(=]

b

P

=]

= =879 kPa —¢ —151 kPa
120 | -oeeeees 98.8 kPa 120 |---*---175 kPa
el s 196.4 kPa Lamkmme=s F 00 --~-196.4 kPa —_,.a-__-__s‘.‘.-’-“
% _.A"'d-‘-ﬂ i % ,—-z.-'_':.:';'“. -— -
@ - s
c?’ 60 A.-"'*"A‘ --------------- i Gty EE 60 LenTEs T =
g il RO S S W e A A S i s o
P e T el 2 40| 3
20 | 5 20
&
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Horizontal Strain (%) Horizontal Strain (%)

Figure2.11: Shear stress (kPagrsus (horizontal displacement/box width) percent for: (a)
225 mm shear box; and (b) the 150 mm

Table2.3: Shear Stresses (kPa), Angle of Internal Friction and Cohesion for the Shear Bc

Normal Shear stress at 10% Angle of internal
Shear box stress (kPa) horizontal strain (kPa) friction (°) Cohesion (kPa)
305 X 305 mm 50.1 36.6 220 16.4
98.8 56.2
196.4 95.8
225 X 225 mm 87.9 51.4 220 16.6
98.8 57.5
196.4 96
150 X 150 mm I51 75 221 14.0
175 86
196.4 934
100 X 100 mm 50.1 36.5 224 14.0
98.8 51.8
196.4 95.8
60 X 60 mm 50.1 384 23.9 16.1
98.8 59.5
196.4 103

stress for all the tests. Describing the milepgits based on linear equations made it possible to

determine the shear strength parameteishawn infable2.3.

Angle of Internal Friction and Cohesion

It was observed that the angle of internal friction exhibitdight increase as the shear box size
decreases, as shownFigurel3. However, for the 60 mm shear box, the amglaternal friction
showed a significant increase as shanviine figure. There was no increase in the angle of internal
friction with the decrease in shear box size fr8@b to 225 mm (i.e., for specimen width to

maximum particle size, Wik of 8 and 5.Fespectively). A negligibléencrease in the angle of
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Figure2.12: Shear stress versus normal stress for all the tests.
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Figure2.13: Angle of internal friction {) versus shear box size

internal friction of almost 02loccurred with thelecrease in shear box size from 2235 mm
(i.e., for the W/Dhax= 4 test). The angle of internal friction increased by onl§ Wit the decrease

in shear box size from 150 to 100 mm (W 2.6).Finally, there was a sizable increase of 1.5
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in the angle ofinternal friction with the decrease in shear box size fi@® to 60 mm. On the

other hand, the cohesion resultingm interlocking among the TDA patrticles was almdsntical

for the shear boxes measuring 305, 225, &hdim. While it was lessybonly 2 kPa in the 150

and 100 mm shear boxes, respectively, which is marginal. &le¥age cohesion for all the
mentioned shear boxes waound 16 kPa, which is practically small. So, the sk#angth of

TDA is primarily controlled by its angle ofternal friction. It can be seen in Figure 6 that the
difference in the angle of internal friction between W{B 4 and W/Dnax= 6 is only 0.1.
Therefore, based on tlodtained results, it is recommended that a shear boxawitspect ratio
(W/Dmax) greate than or equal to ¢hould be used when evaluating the shear strength parameters
of TDA. If a smaller box is to be used, the differences in the strength parameters should be taken

into consideration when TDA shear test results are useteidesign.

Oneof the previous studies conducted on a TDA sample having a maximum particle size of 1.5
in., similar tothe sample used in this study, was done by Humpdiral; 1993 using a 286 mm
square shear box in which thagle of the internal friction was reped to be 25. Thdifference

bet ween Humpheryos irfternal fictiongepateddn this hesearahriog thee3050 f
mm shear box could be a result of the difference indin@ensions of the two used shear boxes
and that th@ DA used in Humphnewas tested in its original staté&thout removing the protruding

wires so the interlocking between the particles as well as the extra fhetieen the protruding

wires and the shear box walkssulted in a higher shear resistance.

Vertical Strain Behvior

Moreover, as shown below in Taldlefor the sheaboxes measuring 305, 225, and 150 mm, the
strain behavior was contractive under all normal stresses applieel sample. However, for the

shear boxes measuriag0 and 60 mm, the strain behaviorsveantractivedilative. As a result of
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Table 4:Strain Behavior under the Normal Stresses Applied to the Different Shear Boxes

Shear box

Normal
stress (kPa)

applied (kN/m?)

Unit weight
after normal
stress is

Strain
behavior

305 X 305mm

225 X 225 mm

150 X 50 mm

100 X 100 mm

60 X 60 mm

50.1
98.8
196.4
87.91
98.8
196.4
151
175
196.4
50.1
98.8
196.4
50.1
98.8
196.4

6.3
7.25
8.3
6.34
7.3
8.1
6.33
7.28
8.22
6.4
7.34
8.25
6.3
7.3
8.1

Contractive

Contractive

Contractive

Contractive-

dilative

Contractive-
dilative

the compressibility of the TDA particles and the presence of voids within the TDA sdh®le,

TDA patrticles tended to fill treee voids by beingompressed and sliding on each other leading to

a contractive strain behavior in the first three shear bdxewever, the TDA particles in the

smaller shear boxese relatively large compared with the shear box sizeh8garticlesend to

slide on each other during sheartilignot enough space exists within the sample, so the particles

start to push against the shear box top plate leading to a contditdiinee behavior.

Conclusion

To study the effect of sample size onshear strengtharameters of TDA, a nominal 15 TDA

sample wasested by using five different shear boxes, in a total ¢é2. In addition, some tests

were duplicated to validatihe results. From the test results, the following conclusions can be

drawn:
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1 The angle of internal friction of TDA increases as the size of the shear box decreases while
the cohesion did not show a definite trend.

1 The increase in the TDA angle of internal friction observed for the small shear box (60 3
60 mm) could affect # design; thus, such results must be used with caution. Therefore,
for evaluations of TDA shear strength, the use of a direct shear box with an aspect ratio of
shear box width to maximum particle size (W& of 4 or larger is recommended.

1 The differencen cohesion among the differemsed shear box sizes was negligible, with a
maximum variation of 2.4 kPa, which would not afféat designThe contractivelilative
strain behavior observad the two smaller shear boxes probably occua®a result of
the presence of large TDA particlésat did not have enough space to be compressed.
Because this behavior contrasts with TDA behavior in real site conditions, the contractive
strainbehavior observed in the shear boxes meas®®g 225, and 150 micould be a
more reliablendicator to use when considering the settlenbetiavior of TDA layers in
engineering projectsuch as road subgrades and road embankments.

1 ASTM D308G11 recommends a WHax ratio greater than 10. This ratio should not be
imposedfor TDA since the results of the TDA tesfisowed that the same shear strength

wasobtained when using shear boxes with a AiDatio as low as 4.
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2.3. Effect of the Particle Size on TDA Shear Strength Parameters in Triaxial Tests

Materials andMethods

The TDA samples tested in this research were shredded at Halifax C&D Redydlingalifax,
Nova Scotia, Canada, using the conventional tires shredding metpaddgg scrap tires through
shredders in successive shredding cycles until reachentargeted particle size range. In this
study, five TDA samples with differembaximum particle sizes,fx of 19.05, 25.4, 38.1, 50.8
and 76.2 mm, were tested. The us&hA samples are classified as Typd ADA as per ASTM
D627008 with an averagaspetratio of approximately 2, defined as the ratio between the length

to the width ofthe particle.

Any protruding steel wires from the TDA particles were removed entirely to pitbdtiaxial
membrane from puncturing. So, the shear strength parametpesjaly thecohesion resulting
from these samples, are expected to be slightly conservative comp#redatidual TDA used in
civil engineering applications. The samples were sieved follothiagASTM C136/C136Md 14
procedures. In this study, the Tamples were havirgy particle size range between 9.5 mm up
to the maximum patrticle size {) existing ineach sample, as shown in the gradation curves in
Figure 2. Besides, the samples weaened according to their maximum particle sizes4DThe

compacted unit weight ahe tested samples was 6.6 + 0.3 kRl/m

The properties of the five samples are summarized in Tablerhe coefficient ofuniformity
increases as the maximum particle size increases, which means that thensdmigiger particle

sizes covers more particle size range than the samples with spaatiete sizes.

Large-Scale Triaxial Apparatus
In total, 18 consolidated drained largeale triaxial tests were performed to assessfthet of the

particle size on the shear strengtl atiffness parameters of TDA. The samplese tested using
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Table25: Characteristics of the TDA used in the research.

Characteristics Sample#1 Sample#2  Sample#3  Sample#4  Sample #5
Dy¢ (mm) 9.8 10 12 13.1 13.2
D3y (mm) 12.4 13.2 16 19 25
D5 (mm) 14 16 25 29.5 33
Dgo (mm) 15.5 17 27.5 33 39
Dmax (mm) 19.05 254 38.1 50.8 76.2
Size Range (mm) 9.5-19.05 9.5-25.4 9.5-38.1 9.5-50.8 9.5-76.2
Cy 1.58 1.70 2.29 2.52 2.95
C. 1.01 1.02 0.78 0.84 1.21
scs Clasitaton [0 T Tl Tl Ry

a largescale triaxial cell 152 mm (6 inches) in diameter by 320 mheight, which is around 2.1

times the sample diameter aisdn the range suggested BTM D718%11. The axial loading

was applied using the Instron 8501 hydraldiad frame (Norwood, MA, USA). A 1 mm/min

shearing rate was used in this stedyculated in compliance with ASTM D7141 to allow the

dissipation ®any excespore water pressure. An external load cell was used to record the axial
load. Moreovera linear variable displacement transducer (LVDT) was used to record the axial
displacemenfTwo GDS Advanced Pressuwnlume Controllers (ADVDPC) were uséalrecord

the volume change of the sample and control the pressure during the shearing phase. The two
pressurevolume controllers were kept at the same height and calibrated before each test to

minimize the errors. Figure 3 shows the triaxial apparated imsthis research.

The height of the shaft used in the triaxial apparatus was increased to acconthedzatessive
consolidation that occurs to the TDA samples due to the presence ofdadg®etween the TDA
particles and also to allow reaching tlaegeted 20% strain levelhe connection between the
piston and specimen cap was a rigid connection sahbadtitling in the specimen cap will be

minimal, as recommended by ASTM D7181. Choosing a rigid connection between the shaft
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Figure2.14: The Triaxial testing setup.

and the specimen cap is recommenabdn testing a highly elastic material as TDA because TDA
particles have very randoshapes that will be too tough to level the surface of the sample without
cap tilting. This kindof conne&tion was modified after Baldi et g1988) by permission from

ASTM Internationaland it was verified by some researchers as [(20&6)

Testing Scheme

The TDA samples were checked for any protruding steel wires to avoid the puithewiaxial
membrane. The specimens were compacted using a modified proctor hammer. Extensive care was
given to the membrane during compaction to avoid membpaneturing, and the compaction

was done on five layers. According to ASTM D62T®, compaction engy higher than 60% of

the standard proctor will not affect the compactedt weight of TDA significantly. So,
compaction energy equal to, or slightly higher th&0%bo of the standard proctor was applied to

each sample. Researchers found that-@ireed TDA has different physical properties, and adding
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water to the sample will not affect tlkempacted unit weight. So, compaction was done on air
dried sample§Ahmed and Lovell 1993Humphreyand Eaton 1999Vloussa and El Nagga020

and 2021 an#loo-Younget al. 2003)

The sample preparation was done in the following steps. First, the split mosgevasd around

the bottom and the top using hose clamps and a relatively thick Humbaidtrane was stretched
around the split mold. Then, a vacuum was apgetiveenthe membrane and the compaction
mold so the membrane will be stretched. After ttregt,sample was divided into five portions and
each portion was weighed and addedh®s mold so that the compaction will be applied on five
layers till reaching theargeteccompacted unit weight. Next, the surface was levelled, and a porous
stone was added tbe top of the sample and the sample was inverted and centered over the base
of the triaxialcovering the two water inlets. The specimen cap and a pstons were added to

the topsurface of the sample after levelling it as possible. In order to ensure the isolation between
the cell pressure and the backpressure, two hose clamps were tightly secured aspertien

cap and the triaxial bottom plateftér that, the sample height and diametere measured three
times to calculate the initial volume of the specimen. Then, thevgasitonnected to the specimen

cap with grease on it to minimize the friction, and ¢iiindrical triaxial cell was assendd and

placed in the center of the load frame. Finalig loading frame was lowered to be barely touching

the sample so that the uplift forayring saturation, will not push the shaft upward.

The triaxial was filled up with water at a low pressure®@kPa, to circulate the watdmrough the
entire triaxial cell and the two presstuelume controllers while the drainageas kept open so
large air bubbles will stream out of the system. This flushing procecinimized the errors that
may occur due tde compression of the air bubbles. At thaint, back pressure is applied to the

sample, so the air voids inside the sample are loagedith water and entrapped air will be
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removed from the entire systerfihe saturation process is a function of time amessure.
However, due to the higbermeability and drainage coefficient of TDA, the saturation phase is
relatively simple andf a st compared to natur al soi | s.
parameter (B) wagsed to measure the degree of the sampleageon, and all the samples were

saturateduntil reaching a minimum (B) value of 0.98.

The consolidation stage is achieved by increasing the confining pressure while kbeoge
pressure of the sample constant, and it is also considered to beeheltst. Three confining
pressures were used in the research: 50, 100 and 200 kPa. The eblater driven out of the
sample during the consolidation stage was measured uglasgt@& graduated measuring cylinder,
and it was observed that a signifit@ontractioroccurred to the samples during the consolidation

stage, so the height of the shaft had tinlbeeased to reach the desirable strain level.

To measure the shearing rate, the volumetric change was plotted against the lajahéhtime
elgpsed. However, the high permeability of TDA resulted in a shearindnigtter than the rate
that could be controlled by our volume pressure controllers. So, a tateeof 1 mm/min was
used for all the sampleis the initial tests, a 30% strdevel was achieved. However, the samples
weresubjected to a severe potential of membrane puncturing, so a 20% strain level wagochosen
the tests, which is sufficient since the TDA is an elastic material with no peakstregsstrain
curve, and acading to ASTM D718111, in the absence of maximum streks,deviatoric stress

at 15% should be considered as the maximum stdssmlly, TDA experiences a linear bulging
after 10% strain due to the tilting of tepecimen cap. However, using a fixed mection between

the specimen cap and the shiaffulted in a right circular cylinder deformation as shown in Figure

215
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Figure2.15: The sample deformation at 20% Strgmm).

Triaxial tests have several sources of errors that need to be corrected for in ordernmiwve
accurate results. Correction for tbeosssectional area during the consolidation amgaring
phases is considered the primary source of errors in triaxial tests. Several resstudiestshe
crosssectional area correction tac, were they recommended different correcéguations to

get the effective crossectional area.

However, in this research, an advanced MATLAB 2020b model was done to ggb@rential
equation for the volumetric change from which the effective esestionalarea and the
volumetric strain were calculated. These correction factors were applib@ t@sults before

evaluating the shear strength parameters.
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Results

A total of 18 triaxial tests were conducted under consolidated drameditions usinghree
confining pressures; 50, 100, 200 kPa to resemble the stress levels expected in backfills,
embankments and behind retaining walls. A total of five samples were tested, havcrgasing
maximum particle size (k) ranging betweet9.05 76.2 mm. All the sampldsad a diameter of

150 mm and a height of 320 mm.

Consistency and Repeatability of the Tests

The random nature of TDA raises some doubts regarding the repeatability and accuracy of the
driven tests. So, the 25.4 mm sample diggdicated under the three confinipgessures to validate

the repeatability and accuracy of the results. FigGshows that thdeviatoric stresstrain curves

of the duplicated tests are in strong agreement, which ptbhgensistency and the acouyaf

the results. The volumetric strain for the duplicaksts also showed an agreement between the
results, as shown in Figude/. The differencebetween the curves is minimal, which could be

neglected and will not significantly affeitte shear streiiy parameters.

StressStrain Curves
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Figure 2.18: Deviatoric stresstrain curves for the fiveamples.

Figure2.18shows that all the samples exhibited a bilinear ssta behavior witka close initial
stiffness for the 19.05, 25.4 and 38.1 mm samples and a higher stifindss50.8 and 76.2 mm

samples. The samples undergo an initial steep increase @evreoric stress up to 2% strain,
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followed by a linearly increasing deviatoricgess up t®20% strain level. The deviatoric stress
strain curves of this study are in agreement withptieeious studies conducted Bhaneyet al.
1996 Lee et al.1999 Youwai and Bergad@003 and Zornberget al.2004 These researchers
reported fairly linear deviatoric stresfrain curvesThe slight difference in the results between
this study and the previous studies mayatigbuted to: (1) The different maximum patrticle size
used. (2) Different samples witthifferent gradation cumes. (3) Different TDA composition

depending on the TDA sour¢4) Most importantly, the random nature of TDA.

TDA samples do not reach a peak in their deviatoric sg&as curves, and thghenomenon is
clearly observed in Figur@.18. However, ASTM D7181-11 recommendeaonsidering the
deviatoric stress at 15% to be the maximum stress when no peak is obisehedtresstrain
curve. Several practitioners used the deviatoric stress at 10% adréne maximum stress for
TDA to evaluate the shear siigth parameters. In this studshear strength parameters were
calculated at both 10% and 15% strain levels. Mobulomb failure criterion was used in
evaluating the shear strength parameters for thedisted samples. The angle of internal friction

ard cohesion were evaluated as usingftilewing equation from Holtz and Kova¢$981)
t o , OAIl (10)

where t is the deviatoric stress at 10% and 15% strain Ieivéﬂsthe effective cohesiomhich is

the yintercept, and is the effective angle of internal friction.

Table2.6 shows that the angle of internal friction increased by increasing the maxpanticie
size, Dnhax. However, cohesion was almost constant within a range of 3.8rkleas. Moreover,
considering the deviatoric stress at 10% strain as the maximumrsgels in more conservative

shear strength parameters.
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Table2.6: The shear strength parameters for the five samples.

Strain 10% Strain 15%
Sample (Dmax) ?ntgl € olf Cohesion, ¢’ zi&ntgle Olf Cohesion, ¢’
) n ernar ] (kPa) ' n erna! . (kPa)
Friction, @’ (°) Friction, @’ (°)

19.05 mm 17.8 21.6 21.3 30.5
25.4 mm 18.3 21.6 21.5 29.5
38.1 mm 18.6 194 22.3 28.7
50.8 mm 21.4 20.5 23.8 30.6
76.2 mm 21.8 23.4 25.6 32

60 = . ° . 60
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Figure2.19: Angle of internal friction and cohesion for the five samples.

To simplify the understanding of the results, the results were plotted in colasnsispwn below

in Figure2.19 The maximum difference in the angle of internal frictgom cohesion between the
sampl es i s redpEctivaly) wherconsideang thraximum stress to be at 10% strain.
While the maxi mum di f33ePae nespectivalyevehenncensidering tBel
maximum stress to be at 15% strain. It cambied that up to a maximum D50 of 38.1 mm, the

strength parameters were very close.

Figures2.20and2.21present the relations between the angle of internal friction arabltesion,

at 10% strain, with the uniformity coefficient,,®f the tested TDA samples atieir maximum
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Figure 2.20: Angle of internal friction and cohesion ftire five samples vs. their uniformity
coefficient.
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Figure2.21: Angle of internal friction and cohesion for the five samples vs. their maxim
particle sizes.

particle size, Rax regpectively. It can be seen from the figures tharéh&tionships between those
parameters and friction angle are linear and increase as #rm@hax increase. However, those

parameters were found to have an insignificant etiadhe cohesion.
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Volumetric Strain

The deformation that happens for saturated nature soils is mainly due to the exptilsiater

from the samples voids, the reorientation of the soil particles and the deforrofatioe soil
particles, which is almost negligib(@'i et al. 2015) However, higly elastic material as TDA
deforms for the following reasons: (1) Reorientation of the TDA particles, which is generally
irrecoverable when unloaded; (2) Compression of the TDA particles, unlike convestdsal

and this is generally recoverable whernaaded. (3) Unlike conventional soilsending of TDA
particlescontributes to the majority of the compression that happetisetd DA when loaded

(Meleset al. 2013)

Figure 2.22ai ¢ show the volumetric strain that occurred to the five samples uhdehree
confining pressures. The samples showed a steep volumetric contraction followaestdady
decrease in the rate of volumetric change as the strain increases. The mpaitzlensize (Pax)

did not show a correlation with the volumetric stréénas under th&0 kPa confining pressure,
the volumetric strain % decreased by increasing the maxipautitle size. However, under the
100 and 200 kPa confining pressures, there wasmelation between the maximum particle size
and the confining presees, as shown ithe following figures. Overall trends in volumetric
responses are very similar under tiheee confining pressures with a little decrease in the
magnitude as the confining pressunerease. The confining pressure showed an inversely
propational correlation with theolumetric strain as the volumetric strain decreased when the
confining pressure increaséithe samples showed a volumetric strain % betweéeh2l8% under

the 50 kPa confiningressure. However, this range decreased toih€.8% under 100 kPa

confining pressureand the range decreased more under the 200 kPa to it®26%. This
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Figure 2.22: Volumetric strain % for the samples under 50 kPa, 100 kPa, and 200 kPa cc
pressures, respectively.

behavior couldbe attributed due to the presence of fewer voids within the samples when the

confiningpressure increases.

Stiffness

The patrticle size effect on the stiffness of the five samples was evaluated by caltiatiegant
elastic modulus, E50, as reported inlk@2.23 Generally, the elastic modulvsported in this

study is in agreement with the elastic modulus of tire rubber reploytgd] that ranged between

45



73012400 kPa. The secant elastic modulus was calculatedthsifigllowing equation from Holtz

andKovacs(1981)
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Figure2.23: The secant elastic modulus at 10% strain.

wheret is half of the deviatoric stress at 10% and the corresponding axial strain.

Figure2.23 shows that the secant elastic modulus increases when the particlcszses. In
addition, the fact that the elastic modulus increases when the maxpartioie size increases is
attributed to the less freedom the particles with larger size thaerient within the sample as
the maximum particle size (&) is increasing while theiaxial cell diameter was kept constant.
It could also be attributed to the presence of &esl wires in the smaller particles, unlike the

large particles, which usuglcontain muchhigher steel wires content.

Stiffness Degradation of TDA
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Figure2.24: Stiffness degradation curves for TDA based on the strain levels.

The stiffness behavior of geomaterials under static loading could be classified according to strain
levels(AtkinsonandSallfors1991)As shown in Figur.24 at all strains, the @rall stiffness of

all specimens under the confining pressure of 200 kPa is higher than those under 100 kPa.
Likewise, the stiffness of all specimens under confining pressure of 100 kPa is highteiodean
under 50 kPa. Figure 13 shothe stiffness degradation behavior of TDA basetherstrain levels

under the three considered confining pressures. Atkinson and S@lB8r) divided strain levels

into three distinct groups, (i) very small strains, (ii) small strand, (iii) large strains. Very small
strains could only be inducdy geophysical meanand the stresstrain relationships cannot be
reliably measured ithe lab using mechanicaleans at this strain level. Hence, it is assumed that
the stressstrain behavior is lineaglastic in the very small strain ran@&tkinson and Sallfors

1991) For TDA, it can be seen from Figurd23and?2.24that upon reaching strain level near
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0.02%, the stresstrain behavior becomes noticealslgnlinear, and the secant modulusesE
begins to degrade nonlinearly with the increastigin. This strain zone is defined as the small
strain zone and ends at a strain levehlodut 0.3%. The onset of the large strain behavior zone
occurs at a strain level of abduB%. Also, it can be noticed from Figure 13 that at a strain level
of about 1%, the secantodulus of TDA becomes relatively small and loses 50 to 80% of its
threshold Under confining pressures of 100 and 200 kPaTha loses approximately 90% of

its stiffness at &% strain.

Conclusions

To study the particle size effect oasertedqod TDAO
largescale triaxial testsvere conducted on five different TDA samples withximum particle

size (Dnax) ranging between 19.036.2 mm. Based on the results of tkisidy, it could be

concluded that:

1 The effective angle of internal friction of TDA increases by increasing the maximu
particle size.

1 The effective angle of internal friction was also found to increase as the coefficient of
uniformity increases.

1 The cohesion of TDA did not show a defined correlation with the particle size as the
cohesion exhibited a slight decrease folal by an increase by increasing the parside.
i.e., the interlocking cohesion of TDA is not significantly affected by the pasizte(the
difference was less than 3.3 kPa at most). The same conclusion was rep&itéthggar
et al. [6] from diret shear tests on TDA.

1 The secant elastic modulus of TDA increases by increasing the maximum particle size

(Dmax) or the confining pressure.
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At all strains, the overall stiffness of all specimens increases as the confining pressure
increase.

Upon reachin@ strain level near 0.02%, in the small strain zone, the sttessbehavior
becomes noticeably nonlinear, and the secant modukisb&gins tadegrade nonlinearly

with the increasing strain up to a strain level of about 0.3%.

The onset of the largerain behavior zone occurs at a strain level of about GAB%b6strain

level of about 1%, in the large strain zone, the secant modulus ob&bBames relatively

small and loses 50 to 80% of its threshold.

At higher strain levels, 5% and more, undenfining pressures of 100 and 200 ki,

TDA loses approximately 90% of its stiffness.
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3. TDA Soil Mixtures

3.1. Sustainable Mixtures of TDA and Class A Gravel

Material

The gravel and’ DA used in this experiment were graded according to the ASTM standard. The
gravel used in thexperiment was type 1 gravel per Nova Scotia Transportation and Public Works
StandardSpecification which igquivalent to the commonly known Class A gravel. phdicle

size distribution of the gravel is shown in &ig 3.1a The TDA used was shredded and
manufactured by Halifax C&D Recycling Ltd from discarded passenger tires. Thev@Bfested

for size gradation and metal fragments, and it complied Tyifie A TDA per ASTM D627@8
standardFigure3.1b depicts the TDA particle size distribution used in this experiment. As evident
from the figure, the size of tiEDA particles was in the range of-63 mm. To protect the triaxial
membrane, the protrudinmart of the steel wiresere removed from the TDA particles. Removing

the protruding steel can diminish the ability of TDA particlegnterlock during the test which
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Figure 3.1 Particle size distributions of gravel and TDA.
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can decrease the cohesion of the samplesré&)2 represents the results of the opiim water

content test for the gravel in accordance with ASTM D628

Triaxial Test Apparatusand Sample Preparation

All triaxial tests in this research were conducted using alscgke triaxial apparatus capable of
testing samples 0152 mm in diameterln order to apply the axial loading an Instron 8501
hydraulic load frame, capable of recordingliteed and displacement at a frequency of 20 Hz, was
used. Two GDS Advanced Pressure Volume Controllers were utiizedord the volume change

of the samm@ and cell while keeping the pressure constant.

Five sets of samples with different compositions were prepared. Each set included three samples
to be tested undehree different confiningressures. The sample sets consisted of one set of pure
gravel as the reference case and thifierent compositions of gravel and TDA as shown in Table

3.1. Before compaction, water was added to the gravel to igatehum moisture content. All

samples wee compacted with the compaction energy of 600 kilojoules per cubic ostey a

standard Proctor.
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Figure 3.2: Optimum water content of Gravel.
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Table 3.1 Mixture properties.

. TDA (%) | Gravel (%) Dry densi
Composition by weight | by weight r(}l;g/mﬂty
Gravel 0 100 2108

M5 5 95 1815
M10 10 90 1749
M20 20 80 1593
M30 30 70 1483

Results and Discussions

As mentioned, foeach sample during the axial loading, the volume changes inside the sample
were recorded. Usinthhese changes in volume, the amount of volumetric strain of the sample was
calculated and plotted against the axial sti@igure 33 compares thamount of volumetric strain

of the samples under confining pressure of 100kPa. As shown in the flgaralumetric strain

in the samples with a lower amount of TDA resembles the gravel which is to be expected. On the
other hand, as the percentage of TiDéreases, this resemblance diminishes. Additionally, it was
observed in thexperiment, in samples with a lower amount of TDA, confining pressure influences
volumetric strain. However, thisfluence reduces as the percentage of TDA increases. This can

be seen more prominently in M30 samples which bekaw#ar to pure TDA sample.

0.04 4
0.03 4
0.02 4

Volumetric Strain
&
=]
—
L

Axial Strain
Figure 3.3: Volumetric strain of the samples under 100 kPa confining pressure.
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The results of deviatoric stress versus strain for all the sample setdiaing pressures of 50kPa,
100kPa an@00kPa are compared in kig 3.4. The ASTM correction for changes in length and
volume were applied when plotting theaphs. It can be seen that for all samples except M30 after
the deviatoric stress reaches akpamount, it starts decreasiggadually. In other words, as the
percentage of TDA increases, the sample behavior shifts from pure gravel bé&hasials pure

TDA behavior which is to be expected. It is possible that if the test were continued beyond the
strain 0f20%, the deviatoric stress would have reached a peak maximum but continuing the test

was beyond the capabilities of threaxial apparatus. Even reaching these high amounts of strain
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Figure 3.4 Comparison of deviatoric stress vs. strain in each confining pressure.
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required tweaking the triaxial machine and extendingattial loading shatft. It is evident that as

the percentage of TDA increases, the curves become less steep. That isrtorsage in the
percentage of TDA reduces the stiffness of the samples. In addition, the increase in the percentage
of TDA increases the stin that the peak maximum deviatoric stress occurs in. Compared to the
results of other TDA mixtures, geems that the M10 has a higher amount of peak maximum

deviatoric stress in all three confining pressures.

Table3.2 provides the values for cohesion and the angle of internal friction for different mixtures
based on MohCoulomb failure criterion. These values were calculated using the ultimate limit
state. The table suggests thstdusldingTDA to gravel, the angle of internal friction decreases
while the cohesion increases.

Table 3.2Values of cohesion and tlaagle of internal friction.

Composition Cohesion (kPa) The angle of internal
friction (¢)
Gravel _ 19
M5 62 a1
M10 63 =
M20 51 G
M30 109 36
Conclusions

In this study, a series of triaxial tests were performed on different mixture compositions of TDA
and gravel. Thgravel used in this study was (3a&k gravel. The TDA used in the study was TDA
type A per ASTM D627@8 whichis the size used in most civil engineering projects. Sample sets
were prepared with varying percentages of TDA. Esaimple set was tested in three different
confining pressuregnd the results of deviatoric stress and volumetric sugiisus axial strain

were depicted. Finally, the values of cohesion and the angle of internal friction for each mixture
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composition were presented. Based on the results of the conducted testragiptbg following

conclusions can bdrawn:

1 As the percentage of TDA in compositions increases, the volumetric strain of the samples
changes its behavior;

1 Increase in the percentage of TDA leads to increases in the strain that the maximum stress
occurs in

1 The sample with 10% TDA exhibits higher amounts of maximum deviatoric stress
compared to the other TDwixtures;

1 Sample with lower amounts of TDA have higher strength compared to samples with higher
amounts of TDA;

1 Adding TDA to gravel increases the cslan while decreases the angle of internal friction.
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3.2. Evaluation of the Shear Strength Behavior of TDA Mixed withine and Coarse
Aggregates for Backfilling aroundBuried Structures

Methodology

To address thevaluation of the behavior of s@ilTDA mixtures three types of soil were selected
and mixedwith various amounts of TDA, ranging from 0% to 100% by weight. The soil types
selectedvere gravelly (coarse grain) soil, sandy (medium grain) soil, and clayey (fine grain) soil.
Largescale direcshear box (305 mm x 305 mm x 220 mm) tests were then performadiaing

pressures of 50.1, 98.8, and 196.4 kPa.

Previous research has utilized different experimental approaches, includingkl@actests and
the triaxial compression method, to axwate the shear strength propertasl compressibility
behavior of TDA and scilf DA mixtures. In a triaxial compression testere is full control of the
confining pressure and saturation, and the failure progressemtaral plane. However, there is
no control over the pore water pressure at the shear sumfalbeect shear tests, and the failure
plane lies in a predetermined horizontal directiwhich may not be the weakest plane. On the
other hand, the greater simplicity of direbtar tests comped to the triaxial compression method

has made direct shear testingeasatile, frequently used tool for geotechnical designers.

Laboratory Experimensg

Materials

The TDA sample used in this study was type A TDA, which was shreddegracessed by
Halifax C&D Recycling Ltd., located in Enfield, Nova Scotia, Canada. Beaaose of the TDA
particles were flat and elongated, a histogram analysis was perfornfied tbe particle size

distribution of the TDA sample, as recommended by Foose €t36)and El Naggar et al.
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(2016) To conduct the histogram analysis, a TDA sample weighing &é&gtwas randomly

selected and a ruler was used to measure the particles in every direction.

According to ASTM D3080, the maximum particle size of aggregates shealleast 10 times
smaller than the length of the shear box, to eliminate boundary effiest®ver, Humphrey and
Sandford(1993) have suggested that for aggregates with lapgeticles, such as TDA, a direct
shear test can be performed with particted are foutimes smaller than the length of the shear
box. The test results of these researchers shthaethe boundary effect is minimized in this case,
and the particles are sheared in the Wwdk minimal external effects. This finding was confirine

by Zahran and ElI Nagg#2020) who likewise recommended the aspect ratio of particles four
times smaller than the lengdfithe shear box to eliminate the effect of the size of the shear box in

the evaluation of TDAhear strength parameters

In addition, according to Foose et §1.996) the use of tire shreds with a maximiength that is
less than half the diameter of a direct shear ring reduces the boundarg@ifegshearing. Since
the length of the shear box used in this study was limited3er30, TDA particles exceeding 75
mm in length were removed from the sample (amountirantp 3.9% of the sample). Thus, the
maximum particle size was limited to efaurth ofthe shear box length, to eliminate boundary
and size effect§Humphreyand Thoma 1993 andZahranand El Naggar 2020)igure 3.5a
presents théistogram of the initial TDA sample, and Figu8éb shows the histogram of the
sampleused in this study, following the removal of the parti@gseeding 75 mm in length. As
shown in Figured.5, TDA patrticle lengths were mainly in the ranges afDmm, 4050 mm,

50/ 60 mm, 6070 mm, and 7075 mm.

The TDA particles had an average length/width aspect ratio of 2.8, and an dkedagess of 8.9

mm. The dry unit weightgj) of the TDA sample was determinedancordance with the standard
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Figure 3.5 Histograms of (a) the initial TDA sample and (b) the TDA sample used in the
box tess.

test method described in ASTM D698. It should be ntitetl due to the flexibility of th@ DA
particles, the compaction energy had a negligdffect on the dry unit weight. Therefore, in
accordance with Humphrey and Sandf(#8193) 60% of the standard Proctor energy was applied
to the specimen. Similarly, because #uglition of water taghe TDA sample had no effect on the
dry unit weight, the compactidaest was performed on an-girned sampl€Cecichet al. 2016and
ASTM D6270Q. Table 33 shows the physical propertie6the TDA sample used in the shear box

tests.

Table 3.3Characteristics of the TDA and soils used in this study

Soil Type
Characteristics TDA
Gravelly Sandy Clayey

Dyg (mm) ! 19 0.30 0.24 0.007

D3y (mm) ! 28 2.40 0.42 0.021

Dsg (mm) ! 45 5.90 0.65 0.048

Dgo (mm) ! 49 7.00 0.80 0.075
Coefficient of uniformity, C, 2 2.58 23.33 3.33 10.71
Coefficient of curvature, C, 2 0.84 2.74 092 0.84
Optimum water content, w (%) - 7.50 13.0 14.0
Maximum dry density, 7,, (kN frn‘:’) 6.82 19.2 16.8 184

Plasticity index, PI = = - 93

1 Dyg, Dsg, Dsg and Dgg represent the particle diameters where the percentage of particles with diameters below

, , . . - D2
these values are 10%, 30%, 50% and 60%, respectively. Ic, = %‘;’ﬁ, C. = D_”%}E*
L
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According to ASTM D6270, to ensure the effective use of TDA particles, riblyabber contact

should be maximized by reducing the amount of exposed steel. Istubig wirecutters were

therefore used to remove exposed wires from the edges BD#hgarticles.

Relatively uniform gravelly and sandy soils obtained from a local supplier werenubesistudy.
In addition, a clayey soil was obtained from land in Enfield, N®watia. In anatural condition,
the clayey soil sample had a clayey till characteristic. Therefore, it was s t
h, and then broken down into fine grains before being usdfierstudy.The patrticle size

distribution of the soisamples was determined by using a sanadysis in accordance with ASTM

dr i

ed

at

D422. 1t should be noted that for the clayey doit a sieve analysis was performed to find the

distribution of particles larger than 75 pfretained on the no. 200 sieve). Thamydrometer

analysis was conducted to find tHestribution of particles smaller than 75 pm (which passed

through the no. 200 sievdjigure 36 shows the particle size distribution of the TDA and soil

samples used in this study

To find the dry unit weight and optimum water contew) ©f the soil samples, standard Proctor

compaction tests were performed in the laboratory in accordance with 6981 AnAtterberg
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Figure 3.6 Particle size distribution of the TDA and soil samples used in this.study
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limit test was also performed on the clayey soil, in accordancethattstandard test method
described by ASTM D4318, to determine the plasticity indeble 33 presents the physical
characteristics of the soil samples used in this studyactordance with the unified soil
classification system procedure (US@8d ASTM D2487),the gravelly soil was classified as
well-graded gravel with sand, the sandy soil was classaféeploorly graded sand, and the clayey
soil was classified as sandy ledayc Similarly, theTDA was classified as poorly graded, in

accordance with the USCS.

Sample Preparation

As described above, in this study three, types of soil were selected to be mix€DAvplarticles.
Before being mixed with the TDA, the ssimples were dried in an ovear 24 h at 110 °C and
were then broken down into fine grains if required. The T&anple was air dried at room
temperature for 72 h. Following drying of the materials,rdwuired percentages of the soil and
TDA samples weraneasured carefully by weighiccording to the planned mixing ratios. In
addition, the optimum water content of eadil sample was determined, and a corresponding
amount of water was added to eacll sample. The materials were transferred to a tragrev
they were mixed carefullyntil a consistent mixture was obtained. As mentioned above, the
optimum water conterior compaction of the TDA patrticles was found to be zero; hence, no water
was addedo the TDA particles. The mixed materials were theargd gently into the shear box

in five layers and compacted by using standard compaction efforts. At each stapgttine on

the tray was mixed thoroughly before being poured into the shear box. Speeialas taken, and
continuous observations were aea to prevent any inconsistencytire mixtures. This ensured
that segregation of the soil and TDA particles did not oesuthe sample was prepared and

transferred into the shear box. It should be notedsbgtegation is likely to occur in mixtures
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with high percentages of TDA. When segregatomturs, the soil settles beneath the TDA
particles, and the mixture loses its consistency. &ulil Bosschef1994)conducted a series of
triaxial tests on mixtures of sand and tire chifisey found that with déire chip content greater
than 30% by volume, segregation increasetiveen the sand and the tire chip particles. Bosscher
et al. (1992) likewise conducted a fieldtudy, where they observed that segregation occurs in

mixtures containing more than 50P®A by volume.

Table 3.4 shows the percentage of TDA by weight for each mixture. TDA percenta@8s, of
10%, 25%, 50%, and 100% were used. The name of each mixture indicates the coixtemnts,

where G stands for gravel, S for sand, C for clay, and T fok.Tibe digits athe end of each
mixture name indicate the percentage of TDA by weight. For exampéyre GT25 contains
gravel and TDA, with 25% TDA by weight. It should be noted thatpercentage of TDA by

weight is defined as the ratio of the weighthe TDA to thaotal weight of the soilf DA mixture.

The particle size distributions of the gravy@)A, sandTDA, and clayTDA mixtures are

presented in Figur.7. Figure3.7a shows that for a TDAontent of up to 25% TDA bweight,

Table 3.4:Properties of the seilDA mixtures.

Mixtures TDA % (by Weight) Soil % (by Weight) Youlk (KN/m3) Friction Angle ) Cohesion (kPa)
Gravel-TDA
GTO 0 100 19.84 44.0 248
GT10 10 90 18.38 45.4 17.0
GT25 25 75 14.77 439 14.7
GT50 50 50 10.21 422 154
GT100 100 0 6.81 239 18.2
Sand-TDA
STO 0 100 18.73 37.1 48
ST10 10 90 17.72 38.4 13.4
ST25 25 75 15.73 38.3 14.3
ST50 50 50 12.06 31.8 16.2
ST100 100 0 6.81 23.9 18.2
Clay-TDA
CTO 0 100 20.40 18.8 21.8
CT10 10 90 18.93 323 29.2
CT25 25 75 15.33 25.6 29.0
CT50 50 50 11.00 25.0 19.6
CT100 100 0 6.81 23.9 18.2
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Figure 3.7: Particle size distributions of the (a) gradd)A, (b) sandTDA, and (c) clayTDA
mixtures.

the gravel mixtures had fairly similar gradation characteristics, with D50 vednggg from 9
mm to 13 mm. Th@radation characteristics of the gra¥&®A mixture with50% TDA varied to
a greater extent, as the D50 of this mixture was 21 mm, approxirdatghe that of the mixtures
GTO, GT10, and GT25. As can be seen in Figure, the sandl DA mixtures exhibitd a similar

trend, which was further accentuated in the - di®A mixtures, shown in Figurg.7c.

Results and Discussion

Dry Unit Weight of the Mixtures

In Figure3.8, bulk unit weight is plotted against TDA content for the grau@A, sandTDA, and
clay-TDA mixtures used in the larggcale direct shear tests. For comparigorposes, the TDA
content ranges from 0% (corresponding to pure soil) to 100% (corresponding to pure TDA). It can
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Figure 3.8: Bulk unit weight versus TDA content for the s®IDA mixtures.

be seen that the dry unit weight of the mixtures decreameziderably as the percentage of TDA
increased. It should be noted that this decreadeyinnit weight is due to the low dry unit weight

of the TDA (6.82 kN/m3), which is leseanhalf that of the conventional soils used in this study.

A reduction in dry unit weighs beneficial for the design of a retaining wall or a box culvert, since
in such applicationghe lateral earth pressure needs to be minimized for an economic design. |
addition, ifthe soil beneath a fill layer is weak, the use of a light soil mixture helps to overcome
this problem. Hence, seifDA mixtures can be a useful lightweight alternative in geotechnical

applications, especially for backfilling over or aroundied pipes and culverts.

Shear Stress versus Shear Strain Behavior

For all of the considered sellDA mixtures (i.e., gravelI DA, sandTDA, and clayTDA), direct
shear tests were conducted at three confining pressures of 50.1, 98186ah&Pa. Figur8.9
shows the shear stress plotted against shear strain for all mixtures @insidered confining

pressures. As shown in Figused, for 100% gravel (GT0), a peakear stress was observed at all
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mixtures at confining pressures of 50.1, 98.8, and 196.4 kPa
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confining pressures, indicating the shear strength obameples. Likewise, for the 100% sand
(STO) sample, a clear peak shear stress washssyvedat all the confining pressures, indicating

the shear strength of the samplessimailar fashion. On the other hand, for the €ldYA mixtures

CTO and CT10, a peak shesiress was observed at a confining pressure of 50.1 kPa, indicating
the shear strettig of thesamples. However, up to a shear strain of 24%, no peak shear stress was
exhibited by anyf the samples at confining pressures of 98.8 and 196.4 kPa; in other words, the

clay-TDA mixtures exhibited strathardening behavior.

It can be seen in Fige 3.9 that the addition of TDA tdhe gravel decreased the shear strength
resistance of the mixtures upon sheaahgll of the considered confining pressuteshould be
noted that the addition of up to 10% TDA by weight to the gravel did not iasalsignificant
reduction in shear resistance at the confining pressures of 98.8 and 19@t4kBadent from

the figure that the addition of up to 25% TDA by weight to the gravebmatining pressures of
50.1 and 98.8 kPa and the addition of up@% TDA by weight at @onfining pressure of 196.4
kPa decreased the peak shear resistance gradually at ashigliestrain. For mixtures containing
more than 25% TDA by weight at confining pressw£50.1 and 98.8 kPa, and more than 10%
TDA by weight at 196.4 kPa, no peak shear stress exhibited up to a shear strain of 24%. In
other words, the addition of TDA to the graxesdulted in a strathardening behavior of the gravel

TDA mixtures, and they did not faipon applied shearing.

It can dso be seen from FiguB9that the addition of up to 10% TDA by weightttee sand then
increased the peak shear stress at a similar shear strain. At a copfessgre of 50.1 kPa,
increasing the TDA content from 10% to 25% further increasegdhkshear stress at a greater
shear strain. However, at confining pressures of 98.8.86d! kPa, increasing the TDA content

from 10% to 25% by weight did not significantthange the peak shear resistance of the-sand
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TDA mixtures. However, the peak sheasistance of the ST25 mixture occurred at a higher shear
strain than was the case the ST10 mixture. Increasing the TDA content to more than 25% then
reduced the sheagsistance of the mixtures at all the confining pressures considered. It should be
noted thatmixtures containing more than 50% TDA at a confining pressure of 50.1 kPa and more
than25% TDA at confining pressures of 98.8 and 196.4 kPa did not reach a peak sheapastress
shearing. In other words, the addition of TDA contributed to a straideningbehavior of the

mixtures in a similar fashion to that observed in the gr&iBA mixtures.

On the other hand, it is evident from Fig@8that adding up to 10% TDA by weigtd the clay
increased the peak shear stress significantly at attdh&ning pressuresonsidered. However,

the further addition of TDA beyond 10% by weight then decre#@sedhear resistance of the
mixtures, with no failure occurring up to a shear strain of 24%hould be noted that although
increasing the TDA contéfrom 10% to 25% decreas#étk shear resistance of the mixtures, the
shear resistance was still higher than the stesastance of clay alone (CTO). It should likewise

be noted that, if failure is considereddocur at 10% relative lateral displacemé@nt mixtures

that do not exhibit a peak shesress, among all the mixtures, the highest shear resistance was
observed for mixture CT18nd the lowest shear resistance was observed for clay alone (CTO) at
all the confiningoressures considerdeinally, acomparison of the shear stress versus shear strain
results at the confiningressures considered showed that increasing the confining pressure from

50.1 to 196.4 kPanhanced the shear resistance of mixtures containing the same amount of TDA.

Vertical Displacement versus Shear Strain Behavior

Figure3.10shows the vertical displacement plotted against shear strain for the Gixesand
TDA, and clay TDA mixtures at the three considered confining pressungaslbbserved that

gravelTDA mixtures containing up to 25% TDA by weight were initiadlympressed and then
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dilated upon sheang. For 100% gravel (GTO0), compression wagligible at a confining pressure

of 50.1 kPa, and the specimen was mainly dilated ghwaring. However, gravel mixtures
containing more than 25% TDA by weight were mainbmpressed upon shearing at all the
confining pressures considerddshould be noted that in gravEDA mixtures containing up to
25% TDA by weightthe dilation upon shearing was greater at a lower TDA content, with 100%
gravel (GTO)exhibiting the greatest dilation. In mixtures contagnimore than 25% TDA by
weight,compression increased at a higher TDA content, with pure TDA (GT100) exhibiting the

greatest compression.

In general, adding TDA to gravel increased the compressibility behavior of the mixtures upon
shearing. Figur8.10also indicates that the dilation behavior of the mixta®seased at greater
confining pressures. In mixtures containing more than 25% TDAwéNght, increasing the
confining pressure from 98.8 to 196.4 kPa caused only a slight clranige compressibty
behavior of the mixtures upon shearikgr the sand’ DA mixtures, it was observed that mixtures
containing up to 25% TDAy weight were initially compressed and then dilated upon shearing,
at all the confiningpressures considered similar to the saraed observed for gravel mixtures.

For 100%sand (STO), the dilation upon shearing was not significant at any of the confining
pressuresand the sample returned to almost its initial height after compression. In contrast,
mixturescontaining more than52 TDA by weight were mainly compressed upon shearing. It
should be noted that safildA mixtures containing 10% and 25% TDA by weight exhibigéed
similar dilation upon shearing at confining pressures of 98.8 and 196.4. However, mixtures
containing 50% and00% TDA by weight exhibited similar compression behavior \ghearing

at all the confining pressures considered.
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In general, adding TDA to sand increased the compressibility behavior of the mixtures upon
shearing. Figur&.10also indicates that the dtion behavior of the sand mixtures decreased at
greater confining pressures opposite to the behavior observedgratte mixturesAs shown in
Figure 9, at a confining pressure of 50.1 kPa, pure TDA (CT100)owgscompressed upon
shearing, but all # other mixtures were initially compressed &meh dilated upon shearing. For
100% clay (CTO0), the amount of dilation upon sheaviag insignificant at a confining pressure

of 50.1 kPa, and the specimen returned tmitsl height after compressionhts, at a confining
pressure of 50.1 kPa, the addit@inTDA increased the compressibility behavior of the mixtures
upon shearing, with puréDA (CT100) exhibiting the greatest compression. It should be noted
that clay mixturescontaining up to 10% TDA byveight exhibited similar compression upon
shearing at aonfining pressure of 50.1 kPa. However, the dilation of the mixture containing 10%
TDA (CT10)was greater than that of clay alone (CTO). At confining pressures of 98.8 and 196.4
kPa, all theclay mixtures were only compressed upon shearing. It should also be notaddimat

up to 10% TDA to the clay decreased the compression behavior of the mixturshgasing
significantly at confining pressures of 98.8 and 196.4 kPa. The further addifi@qfbeyond

10% by weight, then increased the compressibility behavior of the mixthosgever the
compression observaslas still less than that of clay alone. At confinjprggssures of 98.8 and
196.4 kPa, the greatest compression upon shearingudstedby 100% clay (CTO0). Figurg.10

also indicates that theompression behavior of the mixtureaxreased at greater confining

pressures.

Mohri Coulomb Failure Criterion for the Mixtures

The Mohii Coulomb failure criterion was used to find the cohesiod angle ointernal friction

for the so# TDA mixtures used in this study. As explained above, spekbimen was tested at the
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three normal stresses: 50.1, 98.8, and 196.4 kPa. Failuréefiasd at a peak or, in the absence

of a peak, at 10% relativateral displacementhe Mohi Coulomb failure envelope is defined as

a linear relationship between thermal stress and the corresponding shear strength. The slope of
the line represents ttangle of internal friction and the interception of the linéhwtaxis shows

the cohesion The Mohii Coulomb failure envelopes (Figurg.1l) for the mixtures were
determined by referring to the shear stress versus relative lateral displacement behaeor of
mixtures, as obtained from the direct shear tests. Tha strength parameters of thextures

(the cohesion and the angle of internal friction) were then determined frdailtiie envelopes.

Theproperties of the mixtures considered in this study are summamidedble3.4. A discussion
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Figure 3.11 Mohri Coulomb failure envelopes for the (a) gra¥@®A, (b) sandTDA, and (c)
clay-TDA mixtures
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of the shear strength parametejsi@nd ¢ 0) 0-TDA,tsandTDAy, raral \clayiTDA

mixtures is presented in the following section.

Shear Strength Parametefghe Soit TDA Mixtures

Figure 3.12 shows the angle of internal friction plotted against the TDA content fogrdnest
TDA, sandTDA, and clayTDA mixtures. As shown in Figurg.12 adding up to 10% DA by
weight to the gravel increased the anglentdrnal friction slightly, from 44° td5.4°. The further

addition of TDA up to 25% by weight then reduced the angle of intérmali ct i on fr om 4

C«

42 . 2 I n general, the addigravebdid nai ¢changeghe aingle 2 5 %
of internal friction significantly. It may be argued that floese mixtures, gravel was the dominant
particle in the shear plane and thus contrdaifedshear strength behavior of the mixtures. Adding

more than 25% TDA by weight to tiggavel then sharply redad the angle of internal friction.

Figure3.12also shows that adding up to 10% TDA by weight to the sand increasadgieeof
internal friction slightly from 37.1° to 38.4° (an increase of approximately 4%geimeral, the
addition of up to 2590 DA by weight to the sand did not change the anglatainal friction
significantly. It may be argued that for mixtures containing up to Z&%A by weight, sand was
the dominant particle in the shear plane and thus contrfiledhear strength behaviof the
mixtures. Increasing the TDA content from 25% to 50@n sharply reduced the angle of internal
friction from 38.3° to 31.8° (a reduction of abo2®%). The angle of internal friction then
continued to decrease as the TDA content increased,100% TDA. The addition of up to 10%
TDA by weight to the clay increased the angle of intefinali ct i on consi derabl vy,
(an increase of approximately 72%). It maydvgued that the adhesion between clay particles
resulted in a bond with éhTDA particlesand contributed to the reinforcement of the soil upon

shearing at all the confining pressucessidered. Thus, the angle of internal friction increased up
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Figure3.12 The angle of internal friction versus TDA content for the grd\l2A, sandTDA,
and clayTDA mixtures

to a TDA content of 10%-owever, further increasing the TDA content to more than 10% then
significantly reducedhe angle of internal friction. It may be argued that for -GI&®A mixtures
containing morehan 10% TDA by wight, the clay particles were not able to create a bond with
the TDA particles, and therefore the angle of internal friction decre&sesneral, adding up to
10% TDA by weight to the clay significantly enhanced déimgle of internal friction. However,
adding up to 10% TDA by weight to the gravel or sanly slightly increased the angle of internal
friction. Furthermore, adding more than 10J®WA to the clay then sharply reduced the angle of
internal friction; however, adding up 25% TDA to the gravebr sand changed the angle of
internal friction only slightly. Ishould be noted that the further addition of TDA to the gravel or
sand, beyond 25% TDAy weight, then reduced the angle of internal friction significantly.
However, adding morénan 25%Tl DA to the clay did not significantly change the angle of internal

friction.

Figure 3.13 shows the cohesion intercept plotted against the TDA content for the-gwel
sandTDA, and clayTDA mixtures. The cohesion intercept obtained for the grawilysandy

soils mixed with TDA is referred to as apparent cohesion. It may be afwatetie application of
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Figure 3.13: The angle of internal friction versus TDA content for the grd\l2A, sandTDA,
and clayTDA mixtures

high confining pressures rangifrgm 50.1 to 196.4 kPa to tlspecimens upon shearing resulted
in apparent cohesion in these mixtures. At lowenfining pressures, the shear stress cannot
mobilize completely through the shear plawhjch can result in some slip and palit effects
duning shearing. In other words, confinipgessures lower than 50 kPa can influence the shear
strength properties of the mixturasd contribute to an apparent friction angle (Gray and Ohashi
[49]). Therefore, to avoid aapparent friction angle, the confiig pressures of 50.1, 98.8, and

196.4 kPa were consideradthis study

As seen in Figur&.13 the addition of up to 25% TDA by weight to the gravel decreésed
cohesion intercept from 24.8 to 15.4 kPa. An explanation may be that due to tfexilaglity of
the TDA particles, adding up to 25% TDA by weight to the gravel increaseddhgization of
shear stress in the shear plane, and thus decreased the apparent dolcesasmg the TDA
content from 25% to 50% then increased the appawgsion fronil5.4 to 20.6 kPa. It may be
argued that the grav@IDA mixtures containing more than 25¥®A by weight had a strain

hardening behavior, and their shear strength parameterstieseobtained at 10% relative
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horizontal displacement. Therefora, larger displacement dailure increased the apparent
cohesion.As shown in Figure3.13 the addition of TDA to the sand increased the apparent
cohesion. An explanation may be that because the TDA particles were coarser shad trains,

the TDA deceased the mobilization of shear stress in the shear planeshpanng at all the

confining pressures considered, thus increasing the apparent cohesion.

Furthermore, the saArBDA mixtures containing more than 25% TDA by weight hastrain
hardening behaor, and their shear strength parameters were thus obtained atel&t¥¢e
horizontal displacement. Therefore, a larger displacement at failure increasegpéent
cohesion.It should be noted that the cohesion results obtained for the clay werelelgt s
attributable to the confining pressures. There is also adhesion between clay particiatinala
condition, which contributed to the cohesion. It was observed that the additipna25% TDA

by weight increased the cohesion from 21.8 to 29 kihaay be argued thahe addition of up to
25% TDA by weight to the clay decreased the mobilization of stteess upon shearing at the
confining pressures considered, thus increasing the cohiesevoept. For claytDA mixtures
containing more than 26 TDA by weight, the cohesiontercept then decreased. This may be
attributable to the lower percentage of clay in thigtures, causing the adhesion between clay
particles to become less significant. Herthe,observed cohesion for these mixtures wbeldue

mainly to the confining pressureausing the cohesion intercept to decrease.

In general, adding up to 25% TDA by weight to the gravel caused a sharp dettbasmhesion
intercept. However, the addition of up to 25% TDA by weight to the sarutay resulted in
increased cohesion. It should be noted that for the sand, the codsimept continued to
increase as the TDA content increased. When the TDA cantgeaised from 25% to 50%, the

cohesion of the gravdiDA mixtures increased, anddltohesion of the clafyDA mixtures
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decreased. The further addition of TDA, beyond 50%vbight, did not significantly change the

cohesion intercept of the clay or gravel mixtures.

Shear Modulus

The shear modulus is a mechanical parameter usadalygze the behavior of materidliring

shearing. Equation (2) was used to calculate the shear modulus (Das [51]):
o T (12)

where G is shear modelsshear strBin. The sheah maalulus sah r e s s ,
determined by usinthis equation and referring to the shear stress versus sheabstrainor of
the soit TDA mixtures. To compare the shear modulus of the mixtures usieid study, the secant
shear modulus (G50) was defined as 50% of the shear strength diyitteztorresponding shear
strain.Figure3.14 shows the secant shear modulus plotted against the TDA content gmilthe
TDA mixtures at confining pressures of 50.1, 98.8, and 196.4 kPa. It can be se¢lea #ulition

of TDA to the gravel decreased the secd@ar modulus at all the confinipgessures considered.
However, it should be noted that at a confining pressure of 196.4Hd”decrease in the shear
modulus was not significant for a TDA content of up to 10%bight. It can also be noticed from
Figure 3.14 that adding up to 10% TDA by weight to teand did not affect the secant shear
modulus significantly. However, the further additionT@A to the sand, beyond 10% by weight,

then sharply decreased the secant shear moalusiiisthe confining presures considered.

It can be concluded that for both grad@A and sandlDA mixtures, the stiffnesbehavior of
the mixtures is governed by the parent solid particles at low TDA confente TDA content
increases, the behavior of the TIpArticles starts controlling tletiffness behavior of the mixture

and results in the sharp stiffness decline. On the dittwed, for the clay mixtures, as shown in
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Figure 3.14: Secant shear modulus versus TDA content for the (a) gf&g| (b) sandTDA,
and (c) clayTDA mixtures.

Figure3.14 adding up to 10% TDA by weight the clay significantly increased the secant shear
modulus at all the confining pressuesnsidered. However, the further addition of TDA, beyond
10% by weight, then sharptgdued the secant shear modulus at all the confining pressures. This
behavior is differenthan that observed in the other two mixture groups. The initial increase in the
stiffness ofthe clayTDA mixture with low TDA content is different than the behavioresed

in the gravelTDA and sandTDA mixtures. A possible cause of this behavior change beay
related to the fact that the pure solid gravel and sand patrticles in the mixturehadtexhigher
stiffness than that of the rubber TDA particles. Moreovestd were feweavailable voids in the

gravel and sand in their pustate and therefore introducing tH®A to them increased the voids
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and reduced the collective stiffness of the mixtureti@nother hand, the used clay sample was
softer and had moreoids than the used grawid sand samples. Accordingly, the stiffness of the
pure clay was almost 50% of that of tiravel and the sand. However, the mixing effort introduced
during mixing the clay witlthe TDA patrticles (at low TDA contents) compactld voids and
enhanced the stiffnes§the mixture. When the TDA content increased to 50% and more, however,

segregatiorstarted to occur in the mixture and consequently, the stiffness decreased

Finally, it is evident from Figur&.14 that for mixtures containing the same amouni BfA,
increasing the confining pressure from 50.1 to 196.4 kPa considerably enhansechtiteshear

modulus.

Normalized Lateral Earth Pressure at Rest

The normalized lateral earth pressure at rest is an important factor used in the afeaign
geotechnical application such as a retaining wall. The angle of internal friction add theit
weight of the soil are two variables that affect the normalizedhlagarth pressur&quation 13)

was used to determine the normalized lateral earth pressure (8regzs2014).

— p i @&y 13

where— is the normalized lateral earth pressure at rest, z is the.d@egthe 3.15 shows the
normalizedateral earth pressure at rest plotted against the TDA content for the g&gsand

TDA, and clayTDA mixtures.

It can be seen that adding up to 10% TB)Aweight to the soils decreased tieemalized lateral
earth pressure at rest. For the €[d&YA mixture, adding up to 10%DA by weight significantly

reduced the normalized lateral earth pressure at rest; howssregsing the TDA content from
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Figure 3.15: Normalized lateral earth pressure at rest versus TDA content for the-@i2#&el
sandTDA, and clayTDA mixtures.

10% to 25% then stabilized the normalized laterahgadssure at rest. In contrast, for the gravel

TDA and sandlDA mixtures, the ormalizedlateral earth pressure at rest continued to decrease

as the TDA content increased from 188@5%. With the further addition of TDA, beyond 25%
by weight, the normalized laterabrth pressure at rest continued to decrease farldigd DA
mixtures but did not changagnificantly for the graveTDA and sandl DA mixtures. Hence, it
can be concluded that the addition of 25% TDA by weight to gravel rés@t20% reduction in
the lateral earth pressure. Likewise, the addition of ZB% by weight to sand results in a 19.5%
reduction in the lateral earth pressure. However, adaing 10% TDA byweight to clay can

reduce the lateral earth pressure by 36%, whichesuit in huge savings

Conclusions

The main objective of this studyas to investigate the shear strength behaviapafsegrained
to fine-grained soils containing 0% to 100% TDA by weight, with Tpekticles less than 75 mm
in length. In addition, the compressibility behavior upon shearing of TDA and seilDA

mixtures with various TDA contents was evaluatedifferent confining pressures. The shear
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strength parameters of mixtures with varicliBA contents were determined and compared
according to the MolCoulomb failurecriterion. The effect of the TDA content tre normalized
lateral earth pressure was thiemestigated. The following conclusions can be drawn from this

study:

1 The dry unit weight of the gravdDA, sandTDA, and clayTDA mixtures decreased
almost linearly as the TDA content increased,;

1 The additionof TDA to the gravel decreased the shear resistance upon sheaihthat
confining pressures considered. However, the addition of TDA to theosatay initially
increased and then decreased the shear resistance upon shealtintheatconfining
pressures. It was also found that increasing the confining pressbesmced the shear
resistance of the mixtures;

1 The gravelTDA and sandlfDA mixtures containing up to 25% TDA by weight were
initially compressed, and then dilated upon shearing at allctmdining pressures
considered. The addition of TDA to the gravel or sand increased the compressibility
behavior of the mixtures upon shearing at all the confining pressures. A sinstration
was made for the clayDA mixtures at a confining pressuoé 50.1 kPaHowever, at
confining pressures of 98.8 and 196.4 kPa, the compressibility belohtiw clayTDA
mixture initially decreased with the addition of up to 10% TDAwWsight, and then
increased with further addition of TDA,

1 Adding up to 10% TDAby weight to the gravel or sand increased the angle of internal
friction slightly by about 3%. In general, adding up to 25% TDA by weight t@taeel
or sand did not significantly change the angle of internal friction. Howthesgddition of

further TDA, beyond 25%, to the grav@DA and sandlDA mixtures then sharply
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decreased the angle of internal friction. In contrast, the addition of UP%0TDA by
weight to the clay sharply increased the angle of internal friction, whexn decreased
with further addition of TDA,

The addition of up to 25% TDA by weight to the gravel decreased the appahesion.
In contrast, the addition of up to 25% TDA by weight to the sanday caused the
cohesion intercept to increase. The cohesion intercept foratidT®A mixtures then
continued to increase as the TDA content increased. Howewerasing the TDA content
from 25% to 50% by weight enhanced the cohesion ofgthgelTDA mixtures and
reduced the cohesion of the clapA mixtures;

The addition of TDAto the gravel or sand decreased the secant shear moduluthat all
confining pressures considered. However, for the clay, the secant shear nunehsed
at all the confining pressures with the addition of up to 10% TDA by wedglt,then
declined ashe TDA content increased further. For mixtures with the sEb¥ content,
increasing the confining pressure from 50.1 to 196.4 kPa significamitignced the secant
shear modulus;

Adding up to 10% TDA by weight to the gravel, sand, or clay reduceddimalized
lateral earth pressure at rest. The reduction was the sharpest for ti®Aalayixture.For
the gravel and sand, the normalized lateral earth pressure at rest decreaserDads the
content increased from 10% to 25% by weight, and then did aagelsignificantly as the
TDA content increased further. However, for the clay, the normaktexhl earth pressure
at rest stabilized as the TDA content increased from 10% to &%¥dhen decreased

sharply with further addition of TDA.
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4, Dynamic Properties of Granulated Rubber Using Different Laboratory
Tests

4.1. Introduction

Several researchers have conducted dynamic and cyclic laboratory soil tests to investigated the
dynamic characteristics of granulated rubber using different tests. For ex&endeand Sutter
(2000)obtained the shear modulus and damping ratio for a granulated robteetal that has a
particle size range of 2.00 to 4.76 mm using a resonant columiimstover, Hazarika et al.
(2010) performed cyclic triaxial tests to invesdig the granulatedibber behavior under cyclic
loading. It was found that its behavior under cyclic loadiag viscoelastic. In addition, mixing
parent soil with tire chips could prevent liquefactioa groper percentage of tire chips were used.
Similarly, Madhusudhan et af2017)performedcyclic triaxial tests under a wide range of shear
strains to calculate the shear moduod damping ratio of pure granulated rubber and-saiioer
mixtures. It was founthat a sangubber mixture containing 10%lbber could be used effectively

for seismicbase isolation of lowise buildings. In addition, Sarajpoor et @020)used dynamic

hollow cylinder tests to investigate the various parameters that could affect granulated rubber and

sandrubber mixtures betvior under dynamic loads.

Based on the studies mentioned above, the obtained dynamic properties of gradnomated
different tests could vary. Thus, it is important to highlight and understand the extieateffect
of using a differentaboratory test to obtain shear modulus and dampingvali@s. To the best
of the authors knowledge, this issue has not been addressed yegi@anihlated rubber material.
Therefore, the following paragraph briefly shows the effeatsifig differentaboratory tests on

the obtained dynamic properties of conventional soil.
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Cavallaro et al(2003)conducted various laboratory tests on undisturbed clay samiled tbeir
dynamic properties (i.e., soil stiffness and damping). The dynamic investmatoa carried out

in the laboratory using Resonant Column Test (RCT), Cyclic TorsBimaar Test (CTST) and
Double Specimen Cyclic Simple Shear Test (DSCSS). The reshubtsed that at low and
intermediate shear strain, there was a significant differbateeenstiffness obtained from the
RCT and DSCSS. While, the shear modulus obtained from Q@VESTinbetween the RCT and
DSCSS. Similarly, damping ratios obtained from RCT weoasistently higher than those
obtained from CTST and DSCSS. Another invetan byCavallaro et ali2003)was carried out

to obtain the dynamic parameters for undisturbley samples using RCT, CTST and Cyclic
Triaxial Test (CTT). It was concluded that thermalized shear modulus curves obtained from
RCT and CTST were in a gd agreememntith each other. Whereas, the normalized shear modulus
curve obtained from CTT showeadsignificant shear modulus degradation rate than those obtained
from RCT and CTSTFurthermore, the damping ratios obtained from RCT were significantly
greder than thosebtained from CTST, while, the difference between RCT and CTT results was

negligible.

Furthermore, Subramanian and Bane(@@l6)conducted RCTS and CTSTs on cemieeated
marine clay to investigate the variation of the obtained shearlosodnd dampingatios. Similar

to the findings of Cavallaro et §2003) the shear modulus obtained fr&GTs were higher than
those from CTSTs. Moreover, the damping ratios calculated RGs and CTSTs did not vary
significantly. On the other handhen the cement conteintreased to 10%, there was a significant
variation between both tests. Furthermd@edr et al(2019)investigated the shear modulus and

damping ratio of Algiers Marls. Aariety of laboratory testing apparatuses were used to conduct
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this investigation (i.eCTT, DSCSS, CTST and RCT). The calculated normalized shear modulus

curves fronRCTs showed a rapid shear modulus degradation compared to the CTST and DSCSS.

Furthermoe, there was no significant variation observed in the damping ratios calduteeall

the test apparatuses.

All the abovementioned research studies indicate that using different testing techniques could lead
to a significant variation in dynamic paraiees. Hence, this paper airttsinvestigate the effect
of using cyclic triaxial test (CTT) and cyclic simple shear test (CS8T)etermining shear
modulus and damping ratio. The output of this work is further compared with other published work

regarding lhe dynamic properties of granulated rubber.

4.2. Tested Material and Test Apparatuses

The granulated rubber used herein was supplied by Atlantic Rubber Pavikglne4.1 shows
the gradation curve for the used material. The size of the granuldtieer rages from 2.83 to
4.76 mm. Furthermore, its uniformity {Cand curvature (§ coefficients are 1.43 and 0.97,
respectively. According to ASTM D6270 classificatiortiod shreds, the material used falls in the

category of granulated rubber, which has diglarsize range of 0.425 to 12 mm.

Figure4.2 shows components of the triaxial testing equipment used in this $tuelyriaxial cell

can accommodate a sample size of 70 mm in diameter and 150meight The resulting height

to diameter ratio of 2s consistent with the ASTM D399@commendation. Furthermore, two
pressurevolume controllers were used to measane control the cell pressure and poser
pressure. Additionally, the axial deviatolmad was applied using an Instron 8501 hydraulic
loading frame. An external load cealhd a linear variable displacement transducer (LVDT) were

attached to the load framerweasure the deviatoric load and axial displacement of the specimen.
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Figure4.1: Gradation curve for granulated rulbbe

Figure4.2 Cyclic triaxial test set up, adapted from Mouasd EI Naggar [P

A cyclic direct simple shear (DSS) device manufactured by GDS Instruments was asaduct
the cyclic simple shear tests. This apparatus can accommodate a specin@n/8izamin

diameter and up to 28.1 mm high inside 26 Teflon coated steel ringsstEaktiing has a thickness
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of 1.1 mm. However, before placing the granulated rubber, anadexbrane was used to cover
the inside circumference of the specimen mold. FiguBeshows the cyclic DSS device used and
a mounted specimen inside the steel rings. pamus stainlessteel discs with sharp concentric
teeth were placed at the top and bottifrthe specimen to transfer the shear load to the specimen.
A 2 kN load cell and 2VDTs (with a range of £10 mm) are used to measure shear and normal

forces and displacemerd§the specimen.

4.3. Testing Program and Sample Preparation

Multi-stage loading undrained cyclic triaxial tegisre carried out in this studynder strain
controll ed condi ti ondusedmhdren wer®25@ anchliOhkia, andthes s ur e
shear strain (929) ampl it udamrrespandsteadcertin shear sbainl t o
amplitude; howeer, the confining pressure was kepnstant throughout all the stages for each

test. As stated by the ASTM D3999 stand@arddetermining modulus and damping properties of

soils, no generation of excess povater pressure is allowed between each stage; therefore, 20

Figure4.3 A DSS specimen mounted for testing
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cycles with extremely smadixial stains were applied between the stages to dissipate any excess
pore water pressuigenerated between each stagelti-stage loading cyclic simple shear tests
(CSST) were also conducted similar to t68T. However, since the DSS device was able to
capture smaller shear strain amplitudbs,shear strain amplitudes for the CSST varied from 0.01
to 10%. Furthermore, the verticalt r e s)sisedwele @5, 50, 1006 200 kPa corresponding

to vertical stress levels druried pipelines, culverts, or shallow foundatiorable4.1 summarizes

the testing schemesed in this study. Both C.T.T. and CSST tests were performed at a cyclic

loading frequencyf 0.5 Hz.

Because of the large specimen size, CTT specimens were prepared by tamping granulated rubber
in five layers in the specimen mold. Each layer was compacted by 20 @idiaes tamping rod.

All specimens were preparedardry condition as the dry densitytbe TDA is not significantly
influenced by introducing watéKowalska2016) In addition, all specimens were saturated until

S k e mp paverptessure coefficient {Balue) became greatdran 0.97The CSST specimens

was also compacted using a tamping rod; however, sinteitjet of the specimen was only 28.1

mm, the granulated rubber material was plaodtiree layers instead of five, and each layer was
compacted by 25 blows of the tampeurthermore, alspecimens were flushed with water until

there was almost no air trappedide the specimens.

Table 4.1:Summary of the testing program.

Y 0’c Or 0’y
Table %) (Pa) No. of Cycles Per Stage
Stage one: 100
CTT 01,1,2,5,7.5,10 25,50, 100 Other Stages: 50
CSST 0.01,0.05,0.1,1,2,5,7.5,10 25, 50, 100, 200 All Stages: 10
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4.4. Results and Discussion

Due to the enormous amount of data obtained from both CTT and @3®ATLAB code was

developed to process and calculate the dynamic properties of the granuitdexdmaterial. The

obtained data from CCT are a series of hysteretic sétemg curvesan example of which is

shown in Figuret.4a. The procedure presentgdASTM D3999 [28)was adapted to calculate the
shear modulus (G) and da mptiesssgrainrcaves. On tifether f r o m
hand, the output of CSST is a series of hysteretic Stiemsshear strain curves, and an example

is shown in kgure4 .4b.

Figure4.4 Hysteretic loops aj= 10% from (a) CTT and (b) CSST

Backbone Curves

The backbone curves for both tests were obtained by plotting the maximumirandim shear
stress versus the maximum and minimum shear strain from a spgsiicetic loop at each strain
level. In the present study, th@th hysteretic loop was uséal plot the backbone curves (Figure

45). Figure4.6 shows the backbone curves for the Gt CSST at consolidation stresses of 25,

87
















































