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4. European Tire Recycling Association
5. Recycled Tire Polymer Fibers
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2. Cyclic olefin copolymer
3. Landfills
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9. X-Ray Diffraction
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6. Scanning Electron Microscope
7. Unified Soil Classification System
8. Poorly-graded Sand



FYFYLOFY Ll ¥ oyl BY wlor i) Luazo § o3l pos switiden 1 o | o3 Ll .o o 6,06 0 ve

G g e Sl aiin ST g STk dile (5 ailee
iy JH35 S polie oS Zeal oY D) (o o515
“GL clabglie (yaizman g dule (&l (Emin) dxsaS g (Emax)
s ASTM D4253) ojaibisl  clo sy, &b awbe
g (6 55 030l (ASTM D4254

aleS 5 (Emax) o Jol5S Connd Ol sy o(F) UKD o
loas ool i awle ~BLII clabglis 5 ansls (&l (emin)
5, (fo) Bl (ao o) Jlade il b aS 09l oo canlin
Jo5s o a3l aig ) a8 aily so o358 emin g emax Jlade
b sblite o) ol s Gl ol Sospie i
4 SUIlade ol i b (Sl SaS ogate (39 (RalS
128l s 5 el J¥o

sl GLIL SB 1 sy WL as aslsl b
o9 0095 b el ,0 Ul S o9 0095 Jdods a5 35 e
S s 5 28l bolie ogate (55 (S slaails
bee Gl

i g oad bl 1515 (6)l580 carge Sl o9z (o
Gl 2sde @iz SL lawgs 1515 sl eanJlesl 55
3525 500 (Gam 31005 oo min iuli8l Eely olys o anl)d
3lis il zalS S slaals olos 45 555 o cge LI
ol T3l emax 5 ousle Bl boglie 1o (g i
oo (50 31 (6L Lol - ¥

O glaboglis 5 il ansle 1 Caoglie Shmis (sl
Gl oo ooliiul ek L Giales] 5l bl als
bl & o ez 51l s S olKiws (ASTM D3080)
GRS 09 e VY glil g e dae Veexd e (Al
lodijy o 15,0 eyl SO abewsay (Jloy) go90e (Gliyms)
lrale 7S Gyt (O by 5 &S Jops b ol
o Sy S Jlesl (Sl ygise bawgs (W) (S5
9 b @2ralr 5 (5es 0 8o b (P wg)) gy by
-o3lail e e o /0 V B0 b (sl sie glageS Lasi (V) (59505
w0 digei @ Jlael bl oy plrals i ol 68
Foshe VSl S L 5L aS 0 e lee VY L 2lp o
g oubions by s iales] caled ;o .0 Jlosl aids 5
Sip JS&be LS VoV 5 OV XY (0n) (g3g0e ik dw o
ozl

14. Magnetite
15. Loadcell

Yewdl () Veaeglgs (YY) iandS (LYAID)
(YI) M ewife 5 (1F) Teu,ls (16)

oy dols SLaailo g S o 9Sang yKpo 3 ¥ S

awlo —SLII glabglxo -Y-Y

S j0 oaldsl )l Bas guandils b gillas) duwle slaloglss
L Gilhe (8L5k U s reeh SUI (o) Glise polia 5 ()
loas boglire Sis &0 (V) alay

M/
ﬁ(%)=M Y x100 M

f s

e LIl bglse 1o SLII o)z 9o ) fo YL alalf, )
Cobglie sl o SKis aule pyr My 5 GUI o> My
2 oz TA 51X Y Ll (fo) SL polie b ansle -
LY o ilazs 5 18 Laias llie ol slasiabesT o yasb
S adlaz 5L oad 00,54y cds Colys anle ¢ BLII i
Sy 05h 6y diges 3l GiSu S 0 ol pess 5 U
sl 00 005381 S & by 05 B cogee )
Gsei US pyr 4 o |y SUI e a5 (V) b,
2 obREegh s by iy wmiee bS]
Sl a8y Jl5ay S -SL glabsle b L ye slaiegh
(YY) ),Ke ¢ Valipour ¢ \Y Kalkan)

dwlo —BUI glabglie Jols Comms —F-Y
aanls 5 Coglin gjluge ,o BUI 56 it sl
anle ~BLI slabglins 5 anle Ciliie slodiges a5 ceul 5Ls
gl (Dr) gmd o515 51 (loas J 7S Ll ps 5o e stalojl 0,50
5 1FO B XD o 151y sl ciie polie anl by

(Ji ladiges s o515 e cudpay a5 il o A

10. Calcite
11. Dolomite
12. Albite
13. Chlorite
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1. Introduction

In recent years soil reinforcement and improvement techniques have gained widespread applications in
different aspects of geotechnical engineering. It is apparent that reinforcing/stabilizing a weak/problematic
soil is more economical than replacing it with select fills. A contemporary method of soil reinforcement/
improvement is the application of fibers-natural or synthetic (polymeric) with random distribution within the
soil (Hejazi et al. 2012). More recently, there has been a trend in utilization of recycled fibers for soil
reinforcement/improvement purposes (Valipour et al. 2021). This treatment dwells on the application of
Recycled Tire Polymer Fibers (RTPFs) for enhancing the shear strength of Babolsar sand.

2. Material Properties and testing scheme

The Recycled Tire Polymer Fibers (RTPFs) are derived from the recycling of automobile tires. An image of
the RTPFs is presented in Fig. 1. The RTPFs have a specific gravity of 1.14 and average diameter of 0.67 mm.
For the testing program the fibers were cut into 5 mm long pieces; hence, the fiber length to diameter ratio is
7.5. Babolsar sand, that is type of sand sampled from the coast of the Caspian Sea, was implemented in the
laboratory testing. The sand was washed and sieved into uniform fractions, from which the target gradation
(see Fig. 2) was proportioned for testing. The sand comprises sub-rounded to rounded particles and is classified
as SP according to USCS (Unified Soil Classification System).

The fiber-sand mixtures were admixed from dry fractions of the sand and fibers according to:

M; (1
%) = —— x 100
fe(%) W, + I,

Where; f: is the fiber content (percent), and Mrand Ms are the dry mass of fibers and sand, respectively. The
fiber contents of fc=2%, 4% and 8% were selected for the fiber-sand mixtures.

Direct shear tests on the sand and fiber-sand mixtures were conducted using a conventional direct shear
apparatus in accordance with ASTM D3080. The direct shear box accommodates a specimen that is 100 mm x
100 mm in plane and 22 in height. Both the sand and fiber-sand mixtures were reconstituted using the dry
tamping method in three layers (each *7 mm thick) with the initial (i.e. pre-shear) relative densities of D=35%,
50%, 65% and 80%. The direct shear tests were performed with the shear displacement rate of 1 mm/min to
the maximum shear displacement of 12 mm, under the normal stresses of 6,=32, 57 and 107kPa.
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3. Results and discussion

3.1. Effect of fibers on peak internal friction angle

From the results of the direct shear tests the variations in peak internal friction angle (¢,) are determined
for the sand and fiber-sand mixtures. Accordingly, i) for any arbitrary initial relative density (Dr) the peak
friction angle increases with the increase in fiber content (fc), ii) at a constant fiber content (f:) the increase in
Dy results in higher peak internal friction angle, and iii) the increase in normal stress (1) leads to lower ¢ (this
outcome stems from the nonlinear peak failure envelope in the t-on» plane).

Fig. 1. Scanning Electron Microscope of Recycled Tire Polymer Fibers (RTPFs)
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Fig. 2. Babolsar sand gradation implemented for testing program

3.2. Effect of fibers on maximum dilation angle

The results of direct shear tests enable the evaluation of changes in the maximum dilation angle (¥max) for
sand and fiber-sand mixtures. Based on the experimental findings; i) for any arbitrary initial relative density
(Dr) the maximum dilation angle increases with the increase in fiber content (fc), ii) at a constant fiber content
(fc) the increase in Drresults in higher maximum dilation angle, and iii) the increase in normal stress (o») leads
to lower Ymax.

3.3. Effect of fibers on frictional efficiency

In the reinforcement/stabilization of granular soils the frictional efficiency, Ey, is defined as the ratio of peak
strength for the reinforced soil to peak strength of the original soil, that is:

(tang,) )

E fiber—sand
6 =
(tan¢p)sand
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For the fiber-sand mixtures with fc= 2%, 4% and 8%, the average frictional efficiency is 1.15, 1.24 and 1.31,
respectively. Hence, the increase in fiber content results in a stronger reinforced/stabilized sand with higher
shear strength.

3.2. Effect of fibers on residual internal friction angle

Test results imply that the residual internal friction angle (¢r) increases with the increase in fiber content
(fo); that is to say, fiber addition to the sand is conducive to a stronger load bearing structure for the mixture.
In comparison to Babolsar sand with ¢=39.6°, the fiber-sand mixtures with f.=2%, 4% and 8% have residual
internal friction angles of 42.1°, 43.7° and 45.7°, respectively. Therefore, 2%, 4% and 8% fiber addition
eventuates to 6%, *10% and *15% increase in the residual internal friction angle (¢-), respectively.

4, Mechanism of fiber-soil interaction

A schematic illustration of the fiber-sand interaction is shown in Fig. 3. Accordingly, when the fiber-sand
mixture is subject to shear displacement along the shear plane, the fibers undergo distortion. Hence, as long as
the fibers are not pulled out of the sand the tensile stress (T) is mobilized within the fibers, which impedes the
shear displacement along the shear plane and enhances the shear strength. The fiber pullout from the sand is
amenable to the shear stress (73) at fiber-sand contact that in turn depends on soil gradation, particle shape,
relative density, etc.

Sand-Particlesy

YIShear-Planein
$Direct-Shear-Test

Fig. 3. Fiber-sand interaction at the shear plane in direct shear tests

5. Conclusions

Direct shear tests were performed on Babolsar sand and mixtures of Babolsar sand with Recycled Tire
Polymer Fibers (RTPFs). The main conclusions drawn from the experimental results are as follows:

1- The introduction of RTPFs with random distribution to Babolsar sand results in the increase of peak
shear strength as reflected by the increase in peak internal friction angle.

2- Reinforcement of Babolsar sand with RTPFs leads to an increase in the maximum dilation angle.

3- From the viewpoint of soil reinforcement/stabilization the addition of RTPFs is most effective at lower
normal/vertical surcharge pressures and higher RTPF content.

4- The sand reinforced with RTPFS may be implemented in applications such as backfills behind retaining
walls, reinforced soil walls, and sub-base layers in pavements with low traffic.
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