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Engineering Properties of Tire Chips and Soil Mixtures

REFERENCE: Edil, T. B. and Bosscher, P. 1., “Engineering Proper-
ties of Tire Chips and Seil Mixtures,” Georechnical Testing Journal,
GTIODI, Vol. 17, No. 4, December 1994, pp. 453464,

ABSTRACT: The primary abjective of the research described herein
is to assess the pertinent engineering properties for reusing shredded
scrap tires as a construction material for light-weight fill marenal in
highway construction, for drainage material in highway and landfill
construction, and for other similar applicatons. Reuse of scrap tres
would not only provide a means of disposing of them but wouid also
help solve difficult economical and twechnical problems. This paper
presents the characteristics of shredded scrap tires and their engineering
propetties and behavior alone or when mixed with soils. The properties
considered include compastion, compressibility, strength and daform-
ability, and hydraulic conductivity. Described are new test procedures
or modification of existing methods developed 1o characterize this
unusual materiai,

KEYWORDS: tire chips, size disuibution, compaciion, compression,
shear strength, friction ange. resilient moduius, Poisson's ratio, hydrau-
lic conductivity

Since the banning of the disposal of automobile and other vehicle
tires in sanitary landfills, scrap tire stockpiles have begun 1o grow
in the United States. It is estimated that, on the average, scrap
tres are generated one per capita annually, resulting in a significant
disposal problem. Currently, it is estimated that 2 billion scrap tires
are stockpiled across the United States and that these stockpiles will
continue o grow at a rate of 200 to 250 miilion tires per year.
This siruation has producad an acute need for finding new benefi-
cial ways to recycle and rense scrap tires, in particular for large-
volume use. Some new ways of using scrap tires arc emerging.
Notable among these are the burning of ground-up tires in power
plants as fuel and the mixing of some in asphalt in pavement
censtruction {Ahmed and Lovell 1992).

" The manufacturing process for tires combines raw materials into
2 special form that yields unique properies such as flexibility,
Sirength. resiliency, and high-frictional resistance. If tires are reused
35 a consruction material, the unique properties of tires can oace
again be exploited in a beneficial manner (Ahmed 1993). The
benefits of using scrap tires are panticularly enhanced if they can
be used 1o replace virgin construction materials made from nonre-
Rewable resources. Additionally. scrap tires are shown 1o have
Significamt sorption capacity for erganic liquids and vapars (Park.

M. and Edil 1993). Recent research indicated that shredded tires

do not show any likelihood of being a hazardous waste material
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or of having adverse cffects on groundwater quality (Edil and
Bosscher 1992). &

The research described hereir is an investigation into the engi-
neering properties necessary for use of scrap tires in construction
replacing, supplementing, and improving common earthen materi-
als of construction. Using large volumes of scrap tires in construc-
tion is desirable for:

® climination of the need for disposal of scrap tires in landfills

® mitigation of the problems of fill settlement and instability
due to the lighter weight of tire chips

® reduction of the use of valuabie natural aggregates

In this context, the use of shredded tires in highway applications
was considered a potentally significant avenue for putting scrap
tires into beneficial reuse. There are a number of ways in which
shredded tires can be used in highway construction, for instance,
as an aggregate replacement in the construction of nons
sound-barrier fills, light-weight embankment fills crossing soft or
unstable ground, regular fills, retaining-wall backfills, and edge
drains. Potential uses in waste landfills include replacement of
drainage layer and daily cover malerials and construction of sorp-
tion barriers for liquid and vapor organic chemicals. The light-
weight fill and sorption barrier appiications are particularly inter-
esting because they would provide not only a means of disposing
scrap tires but’ would also help solve difficult economical and
technical problems. The primary objective of the research
described herein is to cvaluate the reuse of discarded shredded
tires as a fill and drainage maierial in construction.

One important compenent of such an investigation is the charac-
terization of the mechanical and hydraulic properties of this new
construction material. Because of its rather different physical prop-
erties. the engineering properties of tire chips and its mixtures with
soil cannpot be determined simply by performing standard test
procedures developed for soils and aggregates. The existing test
procedures require scrutiny and, in most cases, further
modification/development for use in determining the mechanical
properties of tire chip products in an unambiguous and general
manner. In the following sections. developments in test procedures
for tire chip products and the measured mechanical properties and
behavioral traits are presented. Many of these findings have already
becn applied to the design. construction. and analysis of a test
embankment that was constructed in 1989 at the Rodefeld Landfill
in Madison. Wisconsin {Bosscher et al. 1992).

Characterization and Classification of Materials

To characterize and classify the range in size and shape of
shredded tires, an inventory of the scrap tire stockpiles and shred-
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ders in Wisconsin. was developed by visiting most of the tire-
shredding operation sites (Edil et al. 1990). Most processors use
fairly small mobile shredding equipment with engines ranging
from 20 to 75 kW. These shredders use 2 shearing process in
contrast to the tearing process in the older versions of shredders.
The shearing process produces more uniform products, makes
cleaner cuts, and minimizes the partial pulling of the reinforcing
wires out of the tire chips. The production rate ranged from 100
to 400 tires per hour depending on the machinery type and desired
chip size. The cost of shredding ranged from $30 1o $65 per ton,
a ton equaling approximately 100 dres.

The size of the tire chips is dictated primarily by the design of
a particular machine and the serting of its cuming mechanism.
Small-size chips are produced by processing the matarial through
more than one shredder, each adjusted to produce finer cuts than
its predecessor. Classifiers can also be used o separate the finer
sizes from coarser ones. Usually the chips are irmegular shaped.
with the smaller dimension being the size specified by the manufac-
narer and the larger dimension two 10 four times as large. Samples
collected from sites visited range from 25 by 50 mm o 100 by
450 mm with the most common size chip being 50 by 75 mm.
Classifiers are not typically used on these sites. Figure 1 provides
information regarding the tire chip sizes (minimum dimension) of
sampies collected from four shredding sites. The names of the tire
chips were assigned based on the location of the shredding process.

The average specific gravity of the tire chips was measured to
be 1.22. However. specific gravity values ranged from 1.13 10
1.36 depending on the metal content. Tire chips without metal
have a narrow range of specific graviry around 1.15.

Five, different soils were used in mixtures with tire chips. Four
of these soils were granular materials including a well-graded
glacial oupwash graveily sand and three uniformly graded clean
sands (referred to as casting sand. Portage sand. and lake sand)
{Edil and Bosscher 1992). Compaction tests on the outwash sand
were run using both the standard and modified compaction effornts,
Maximum dry unit weights of 19.7 and 21.2 kN/m? and optimum
moisture contents of 9 and 7% were measured, respectively, from
the standard and modified Proctor tests [ASTM Test Method for
Laboratory Compaction Characteristics of Soil Using Standard

. Effort (12 400 fi-Ibf/f’) (600 kN-m/m*) (D 698) and Test Metbod

for Laboratory Compaction Characteristics of Soil Using Modified
Effort (56 000 f-1bf/ft") (2700 kN-m/m!) (D 1557). respectively].
A low plasticity (CL} clay was also mixed with fire chips. This
clay is known as Valley Trail clay and has an optimum moisture
content of 18.5% and a maximum standard Proctor dry unit weight
of 16.8 kN/m’. It has a P200 of 99%. an LL of 42, and a PI of 22.

Compaction Characteristics

Since the particular use considered herein for tire chips involves
construction of fills with tire chips, their piacement characteristics
in fills and the improvement of the mechanical properties by speci-
fying the optimum compaction during placement become
imporant. Tire chips are more flexible and compressible than sail
particles and as such have a greater capacity to dampen the energy
imparted. Secondly. the practical range of tire chip sizes are on
the order of 25 or more min, making the existing compaction tast
standards for soils inapplicable directly for tire chip products,
Because of the granular nasmure of the tire chips, the first approach
involved treating the compaction characteristics in terms of relative
density similar w clean sands and gravels. For this purpose, the
procedure outlined in ASTM Test Method for Maximum Index
Density and Unit Weight of Soils Using a Vibratory Table (D
4233) was used to determine the maximum unit weight using a
vibratory table. Because of the wires of the tire chips that tangie
with ezch other and the absorbent nature of rubber to vibrations,
this procedure proved inappropriate for studying packing and com-
paction characteristics of tire chips. Later, field experience aiso
confirmed that vibration provides no significant compaction (Edil
and Bosscher 1992).

This sitwation led to impact methods of compaction such as
described in ASTM D 698 and ASTM D 1557, standard and
modified Proctor compaction tests, respectively. These procedures
require use of 4-in, (101.6-mm) or &-in. (152.4-mm)-diameter
moids, with the larger diameter mold for soils containing a sizabie
amount of grains larger than ¥4 in. (19 mm) in diameter. [f more
than 3J0% by weight of a material is retained on a 3/4-in. (19-mm)
sieve, these methods are not recommended for use. Since most
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tire chips contain a significant amount of material larger than
3/4 in. {19 mm). it became necessary to study the possible effect
of mold size on the measured compaction characteristics.

Three successive series of compaction tests were performed. In
a statistical design of the experimenial program, a number of
variables and fixed paramelers were considered 1o study the com-
paction characteristics as summarized in Table 1.

Two compaction mold sizes were considered in this experimental
program. The 6-in. 1152.4-mm) mold is a standard mold typically
used for materials containing coarse grains. A new |2-in. (305-mm)
compaction mald was constructed. and the automated compaction
hammer was modified such that the same compactive energy per
unit volume is delivered irrespective of the size of the compaction
mold. The compaction shoe alse had to be enlarged to compact
in the 12-in. {305-mm) mold. This large mold size is not part of
an ASTM standard. Table 2 gives the compaction parameters used
in the case of each mold size for the two levels of compaction
energy: the standard and the modified Proctor energies. Tire chip-
soil mixwures were hand mixed and then placed in the compaction
molds in layers as required for compaction. If the sand:tire chips
ratio was low, i.e., typically less than 30% by volume, segregation
occurred and sand tended to settle at the bottom of the mold;
however, higher sand contents stayed unsegregated. Segragation

was also observed in the field in a mixure with a sand content

of 50% by volume when vibratory compaction was applied
{Bosscher et al. [992).

Two types of sand with different gradations were used in mix-

tures with Rodefeld tire chips in the first and second test series.
The moisture contents of the sand-tire chips mixtures were adjusted
on the basis of dry weight of sand used in the mixture to either wet-
of-optimum or dry-of-optimum moisture content of the respective
compaction effort. The nominal moisture contents used in the first
series of lests were 10 and 7% for the standard Proctor and 8 and
3% for the modified Proctor tests. respectively, for “wet” and “dry”
of optimum conditions. The second series of tests was performed
on dry mixtures (at hygroscopic moisture).

The order of running the tests was randomized. The statisticai
design generated a biock size of two with the block generator
confounded with four-facror interactions in the first series of tests
according to the statstical code (JASS 1986). The analysis of the
results indicated that the most significant factor thar controls unit
weight is the soil:chips rauo (Edil er al. 1990). It was apparent
that soil type and mold size also affect compaction unit weight.
These variables explained over 99% of the measured unit weights.
Compaction effort and moisture conient were insignificant.

The second series of tests was designed and performed involving
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only three factors (see Table 1). Five levels were used for the
sand:chigs ratio to define the influence of this variable more clearly.
The test results were analyzed by a statistical program called SAS
{1989}, which follows the general linear models procedure. The
analysis indicated that unit weight increases with increasing
sand:tire chips ratio as should be expected. Furthermore, sand type
and its interaction with the sand:tire chips matio also appeared to
be significant. This test series indicated that mold size and its
interactions with the other two variables are insignificant. These
results apply to all tests conducied. including those for pure sand.

In order to assess the effect of mixing tire chips with cohesive
soils. a third series of experiments was initiated {see Table 1), The
test results were analyzed by a statistical program called MINITAB
{1989). The analysis indicated that unit weight increases with
increasing clay:tire chips ratio as should be expected. This test
series indicated that moisture content. mold size, and its interac-
tions with the other variables are insignificant.

The efficiency of packing, L.e. porosity. appears to be controlled
by factors other than just soil:chips ratios such as chip size (Edil
and Bosscher 1992). Porosity, rather than dry unit weight, may
prove to be a2 more discriminating parameter characterizing the
mechanical behavior of mixmures of materials with highly differing
unit weights such as soil and tire chips. Table | gives the ranges
of unit weights and porosities measured.

Compression Behavior

Tire chips are highly compressible because of their high pordsity
and high rubber content. A mass of tire chips would compress,
when a load is applied, primarily due to two mechanisms:

i. Bending and reorientation of chips into a more compact
packing arrangement.
2. Compression of individual chips under stress.

Compressibility of tire chips is guite high compared to soils and
probably will be the governing design factor in many highway fil}
applications. To develop an early appreciation of the compression
characternistics. a series of quasistatic repetitive constrained com-
pression iesis were performed on pure tire chips as well as on
mixtares with soils in a mold. The compression tesis were per-
formed by placing the maierial in a 6-in. (1.52-mm) Proctor mold
{at a dry unit weight of tire chips of about 4 kN/m') and then
appiying a vertical load using a compression machine.

Figure 2 provides the verticai displacement (compression) versus
ioad response of pure Rodefeld tire chips. The initial porosity of

TABLE i-—Compaction and constrained compression tesis and ranges of measured values.

-.—"—"'I-—‘
Vanable or Fixed
Paramsters 15t Series of Tests 2nd Seres of Tests 3rd Seres of Tests
;l‘)ld size 6 in/12 in. (152.4 mm/305 mmy 6 /12 a0, (1523 mm/305 mm) 6 in/12 . 11524 mm/ 305 ram}
TUll:chxps 1atie 1weight) 70:30/50:50 0:100/30:70/50:50/70:30/100:0 30.76/7¢:30
Ype of son Ourwash sand/casting sand Ourwash sand/casting sand Vailey wrat] clay

OMpactive effon Standard/modified Proctor
“ossture content " Wedry of optimum
umber of tasis 32

Bt wesght kN/m' 11.9~16.6
Sosuy at seating load, % 13.5-272
e strayn 0.012-0.133
¥ehie strain 0.004-0.105
siraned modulus. kPa 2200--82 000

Standard Proctor
Wet/dry of epumum
8

Standard Procior
Dry thygroscopic)

30

53143 8.5-16.8
259541 12.9-40.5
0.042-0.296 0.048-0.159
0.013-0.121 0.007-0.065
100097007 1300~-1G 000

=E*‘Ciucﬁng 100% sand.
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TABLE 2-—Compaction parameters.

Moid Number Weight of Number of Compactive
Compactive Size, of Hammer, ° Hammer Blows per Energy,
Effont mm Layers N Drop., m Layer im!
Standard 1524 3 45 0.30 3 593
Standard J0s 3 272 345 id 593
Modified 1524 3 45 0.30 140 2693
Modified 305 5 272 045 - 2693

tire chips is abour (.67, which decreases 1o a porosity of 0.5 as a
result of about 37% compression at a vertical pressure of about
690 kPa. Hall (1991) reported about 30% compression under a
pressure of 69 kPa for his tire chips (19 to 38 mm in size). Figure
2 indicates that major compression takes place in the first cycle.
A portion of this compression is irrecoverable in this laterally
confined test, but there is significant rebound upon unloading, The
subsequent cycles tend to have similar load-displacement curves,
however with less rebound than the first cycle. An interesting
observation is that the slope of the recompression/rebound curve
becomes markedly lower beyond a certain vertical load of ahout
300 kPa. The other chips, namely Edgar and Franklin (see Fig,
L), displayed a similar response. The only exception is that the
final compression was the same at the end of each cycle for
Rodefeld and Franklin, whereas for the smaller-size Edgar chips
there was a greater final compression at the end of the second
cycle, which thereafier stayed constant. A similar compression
test performed on pure sand for comparison indicated that the
displacement was only about 5% compressicn at a vertical stress
of 690 kPa. This corresponds to about 14% of the compression
of pure tire chips at the same load. Figure 3 gives the percent
compression of tire chips—sand mixwres at a pressure of 690 kPa
as a function of volumetric sand content. Beyond a sand content
of about 40%, the compressibility is significantly reduced from
about 30 10 40% to less than 20%. Sand filling the open voids of
the tire chips skeleton reduces volumetric compression. These tasts
indicated a significant plastic (unrecoverable) strain under the first
cycle of load application followed by reduced plastic and elastic
strains under subsequent load cycles. This importans finding serves
as the key 1o design of tre-chip fills with tolerable setttements
(Edil and Bosscher 1992).

The compacted specimens of the three series of rests, listed in
Table 1. were subjected 10 quasistatic compression in their molds

700 prorrryrrper
600 E-
5 500 - First Cycie of Loading
4. L
= 400 —
w :
8 300 |
@ 200 E
100 :. J : "
: - Unloading 1
0‘5 . iV : b Lo, 1 reebobosiocd
Y 5 10 15 20 25 30 s 40

Strain (%)

FIG. 2—Consirained stratn-stress response of Rodefeld nire chips.

to investigate the effects of the chosen factors. This type of laterally
constrained compression tests is used to determine deformation
modulus of deep fill materiais where lateral constraint is approxi-
mated in the field. The compression tests were preceded by the
application of a small initial seating load 0 obtin a reference
initial specimen height for strain computations since the surfaces
of the specimens are quite uneven. The seating load was about 24
kPa in the first series. 6 kPa in the second. and 9.6 kPa in the
third series of tests. Subsequent to the application of the seating
ioad, the vertical load was increased quasistatically to a maximum
value in about 6 min and then was lowered back 1o the seating
load followed by three cycles of loading/unloading between the
seating load and the maximum load. The maximum loads were
196 and 672 kPa in the first series of tests in the 12 and 6-in. (304
and 152-mm) molds, respectively. In the second and third series
of tests, the maximum load was about 120 kPa for both malds,

The quasistatic constrained repetitive loading test results were
examined in terms of the maximum strain obtained at the end of
first cycle of loading as well as the maximum strain generated in
the subsequent cycles of loading as shown previously in Fig. 2
on a typical displacement-load plot. The strains are called. respec-
tively, “static™ and “cyclic” strains. The ratiges of these strains are
reported in Table 1 along with the constrained modulus. which is
the slope of the cyclic loading portion of the strain-stress plot
{Edil and Bosscher 1992).

The staric sirain decreased as the percentage of seil (sand or
clay) increased. The only variable which dramatically affected the
amount of static strain was the soil:chips ratio. The cyclic strain
also decreased with increasing soil percentage. Similar to the com-
paction results, the key predictor is the soil:chips ratio. No other
factors tested in either the sand or clay test series affected the
cyelic strain, However. the type of sand and the size of the mold do
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FIG. 3—Compression versus sund content ot tire chips—sand micures,
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affect the magnitude of the siatic stain. A comparison of repetitive
constrained moduli indicated that clay mixtures generally have
somewhat lower moduli at the same soil:tire chips ratios.

Resilient Modulus

The resilient moduius of pavement materials defines their recov-
erable deformation response under repetitive loading. [tis a primary
miaterial property used in the analysis and design of flexible pave-
ment systems. Under repetitive loading. materials undergo certain
unrecoverable {or plastic) deformations in addition to the recover-
able tor elasuie) deformations. The plastic strains can be determined
by momtoring the accumulating unrecovered strains during the
cycles of repettive loading. These permanent strains are indicative
of the rut potential in a flexibie pavement system. Therefore a
senes of resilient modulus tests were performed on tire chip and
soil-tire mixtures. The resilient modulus testing of tire chips pre-
sented unique problems not addressed in present standards. A
procedure for tire chips was developed by following the new SHRP
protocol P46 as closely as possibie. The major issue causing a
deviation from the P46 protocol was membrane failure due to the
wire ends extending from the tire chips. A PYC membrane (0.1
mm thickness) was utilized in place of the fatex membrane: how-
ever. there was concern about the membrane thickness affecting
the resulis. In order to assess the effect of membrane thickness,
wo tests were run on the outwash sand. one with a typical latex
membrane and one with the PYC membrane. The data are plotied
in Fig. 4a. The results indicate that the PVC membrane produces
4 noticeable but small increase in the measured resilient modulus,
perhaps due to added confinement.

Four resilient modulus tests were run on mixtures of sand and
chips prepared by compaction in the laboratory. Compaction was
achieved by tamping in a split mold. Due to excessive sample
displacement and distortion, pure tire chips could not be tested.
The resuits of the laboratory-prepared specimen tests are shown
in Fig. 4b. The results indicate that the modulus is strongly corre-
fated with the sand:chips ratio. The largest jump in resilient modu-
lus occurs as the chup percentage increases from 0 to 0%,
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Poisson's Ratie

Fdr the structural analysis and design of hj ghways as a multilayer
elastic system. two fundamental mechanical parameters are needed:
elastic modulius and Poisson’s ratio. During the first cycle of load
application. large plastic {unrecoverable} strain is observed.
whereas essentially nonlinear elastic behavior is observed for afi
subsequent load cycles. Therefore. the analysis of highway systems
including tire chips or tire chips-soil mixtures can be performed
using the elastic theory under waffic loads. For such analysis,
Poisson's ratio is required in addition tc the resilient modulus, M.
One approach to assess Poisson's ratio, v, is to compute it from
the coefficient of earth pressure at rest, K, in accordance with the
following equation

K,
I + K

()

To measure K, first acylindrical tube (about 305 mm in diameter
and 254 mm long) was instrumented with strain gages in accor-
dance with the scheme described by Edil and Dhowian (1981).
Sand and tire chip samples were placed in this K, tube and subjected
to vertical pressure by a loading piate during which the lateral
strains in the tube caused by the tire chips were monitored. The
thickness of the mbe was carefully selected so that the strains were
sufficiently low to approximate the at-rest condition on one hand
and sufficiently high to be measured accurately. This method was
not successful in measuring the Poisson’s ratio of either sand or
tire chips even though a similar system was used by Humphrey
and Manion (1992) for tire chips. Consequently, it was decided
to measure Poisson's ratio directly in a uniaxial (unconfined) com-
pression test.

In the uniaxial test, the tire chips were compacted in a 305-mm
mold t0 2 height of 254 mm and subjected to an axial pressure of
5.8 kPa. At 5.8 kPa, the mold was removed and four segments of a
PYC membrane were placed on the sides of the standing specimen.
These segments were attached together using latex rubber as shown
in Fig. 5 to allow lateral expansion with negligible lateral confine-
ment. Thereafter. the axial pressure was increased in increments
of about 3.1'kPa up to 2 peak pressure of 18 kPa while the lateral
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FIG. dg-—Cumparison of membrane npe on resifient modulus of sand.
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expansion of the specimen was measured at midheight by a tape
and the vertical displacement was measured by an LVDT, Three
loading cycles were applied 10 sec how stable the results were.
The suress-strain curves of the third cycle of loading are shown
in Fig. 6. Poisson’s ratio varied between 0.2 and 0.3 during the

20.""I""f“"l""l“"!""%""I”r.
18 B o— Lateral Strain | - -]
= NG —a& - Axial Strain L]
% 1 6 ;._ e e -
o 14 e ]
E — g
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<

- Initial Stress
S‘X.,ll.,,l..‘l....l,:.‘

Strain {%)
. FIG. 6—Stress versus axial and luteral strain on pure tire chips {average
Pousson's rano = (.17).

three cycles of loading. These values of Poisson’s ratio comespond
to K, values of 0.3 to 0.4, These K, values are similar in magnitude
to those reported for a variety of tire chips with or without exposed
belt material, i.¢e., K, of 0.25 to 0.50 (Humphrey and Manion 1992;
Humphrey et al. 1993),

Shear Strength

Shear strength is a fundamental mechanical property that gov-
erns fill stability design. Tire chips appear to have high friction
angles based on observed angles of repase of tire chip piles. The
angle of repose of loose tre chips gave values of 37 to 43°. The
angle of repose of compacied tire chips was as high as 85°. These
values imply that tire chips exhibit higher friction characteristics
compared to normal soils: however, the integrity of individual
chips under shearing action and potential shear degradation are
issues that need to be investigated for a proper characterization of
the material. Reported test results indicate a range of friction angles
for pure tire chips. Humphrey and Manion {1992) reported friction
angles for tire chips ranging from 19 to 25 with cohesion intercepts
between 8 and 11 kPa. Foose (1993) measured a friction angle of
30° without any cohesion intercept for tire chips ranging in size
from 50 1o 150 mm. Since there is no weil-defined failure point,
the failure load was taken at 25-mm horizontai displacement in a
305-mm direct shear apparatus. The 2ffect of tire chip inclusions in
the sand matrix on the shear strength of sand. i.e.. the reinforcement
effect. is also an interesting issue that should be explored.

Based on these premises, a large-size direct shear apparatus was
constructed as shown in Fig. 7. The test apparatus consists of two
305-mm-diameter shear rings. The fower ring can slide relative to
the upper ring by means of roller bearings for minimal frictional
resistance. The normal stress {vertical load) is applied on the
specimen by means of an air Bellofram®. and the shear stress is
applied by means of an MTS? acwator with 2 25-kN capaciry.
The actuator has a built-in load ceil and displacement gage. The
output of these sensors is recorded by a data acquisition system,

In order to test the new large direet shear apparatus. initial tests
with Poriage sand were performed at two unit weights correspond-



Belletram Preumatic
Actuator

[~

25 kN
Hydraulic
b Actuator. PAT S SysTE
£ oo
WOT < i i co E
- Y-

Shear Ring
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ing 10 Joose and dense conditions. and the results were compared
with the tests performed on the same sand using the conventional
direct shear apparatus with a 63.5-mm-square box, This compari-
son indicated that the large direct shear box performs satisfactority.
There was small but measurable friction in the case of dense sand
tests attributed to sand grains possibly forced between the rings
during relatively intense compaction of the sand to generate a
dense condition.

Large direct shear tests were performed on Rodefeid tire chips
in four mixtures with Portage sand. The specimens were prepared

- by compacting the premixed materials in four lifts into the direct

shear ring. Each lift received 15 blows of a 22.5-N wooden ram
-dropped from a height of 300 mm. The mixture ratios and the
resulting unit weights are given in Table 3.

The results of a test on a mixnre of Rodefeld tire chips and
outwash sand at a weight ratio of 25:75 under a range of vertical
stresses is presented in Fig. 8. Figure 9 gives the failure envelope
for the rixture with the largest amount of tire chips. These data
are directly reduced from Fig. 8. Also indicated in Fig. 9 are the
results pbrained from the tests on pure Portage sand in the loose
and dense packings. Addition of more than 10% tire chips results
in shear strength greater than that of the dense sand at low or
moderate normal stresses. However, at the highest normal stress
level employed (76 kPa), the effect of tire chips on shear strength
was not as dramaric irrespective of the tre chips content. It is
clear that randomly mixed tire chips can reinforce sand to a strength
greater than the swrength of pure sand at its densest state while
resuiting in a somewhat lighter material. The unit weight of the
sand portion in the mixtures was computed to be about 17.3 to
i7.5 kN/m’. iooser than the densest siate.

The reinforcement effect of tire chips seems due 10 those chips
that lay across the shear plane. In random mixtures, it is likely
that more chips are encountered across the shear plane. In an effont
10 delineate the reinforcement orientation effect of tre chups. a
senies of tests were performed in which the same size ure chips
were vertically inserted across the shear plane as shown in Fig.
10. The corresponding shear strength diagram is given in Fig. 11

The reinforcing effect of tire chips is dependent on the amount
of tire chips across the shear plane as well as the intensity of

TABLE 3—Specimen parameters for direct shear tests.

Mixture Ratio Mixsure Rauo
by Weight, by Volume. Linit Weight.
I"V::nn--: W . | Ve KN/
0:100 0:100 17.0
486 6:94 17.1
8.8:91.2 13:57 16.8
15:85 21.79 16.6
3575 35:65 16.0
e,
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normal stress. In the case of ten chips. the strength envelope shows
bilinearity with a friction angle of 55° up to 40 kPa normal stress
and thereafter 41°, The shear strength of the reinforced sand is
always greater than the dense sand. This is remarkable in view of
the fact that the weight ratio of ten chips is only 3%. When the
number of chips is reduced to only 5 across the shear plane, the
reinforcement effect is evident but not as significant. The resulting
shear strength is comparable 10 that of dense sand even though
the unit weight is somewhat jower (17.3 versus 17.6 kN/m').

Hydraulic Conductivity

This section summarizes an investigation of the hydraulic con-
ductivity of scrap tire chips and mixtures with sand under varying
hydraulic gradients and vertical overburden pressures. Shredded
scrap tires mixed with sand were investigated for use as a drainage
material in road edge drains, leachate collection systems. or other
drainage applications.

This phase of the research focused on the physical atuibutes of
tire chips for use as a drainage material, that is. the hydraulic
conductivity under anticipated overburden pressures. In order to
measure the hydraulic conductivity under varying pressures, a
special constant-head, rigid-wall permeameter was constructed
(Edil et al. 1992). The test variables in the hydraulic conductivity
tests included: (1) vertical pressure (0 to 172 kFa). (2) hydraulic
gradient {0.5 to 1.2), and (3) mixtures with sand (0 to 100% by
volume). In this phase of the research project, Rodefeld tire chips
were investigated. The dry unit weight of tire chips when placed
in a container (without vertical pressure) averaged about 4 KN/,
which corrasponds to a porosity of 67%.

The sand used in hydraulic conductivity tests in mixtures with
tire chips was a clean, uniformly graded (poorly sorted) lake sand
having a specific gravity of 2.65. The hydraulic conductivity of
this sand is about 0.07 cmy/s at a porosity of 40%. This sand would
meet typical specifications for drainage materials.

The permeameter, shown in Fig. 12, consisted of a rigid steel ring
with an inside diameter of 284 mm. Due 1o the high permeability of
tire chips. the principal design consideration was 1o minimize the
resisiance of the permeameter itself to flow. This was accomplished
by machining the base plate with 2 nerwork of concentric circular
grooves. channels. and numerous vertical holes leading to four
effluent wbes with inside diameters of about 8 mm. A top loading
plate was conswucted with vertical holes allowing water 10 cnter
and be distribured laterally by a similar network of circular grooves
and channels. On the inside of the top and botom plates. stainless
steel screens were used to support a No. 200 nylon mesh (0.075-
mm openings) intended to prevent sand grains from entering the
grooves and impeding flow. The impact of the filters was small
in the permeameter (Edii et al. 1992). A verticai load could be
applied on the specimens through the top plate by means of a
Bellofram?® air cylinder.

A constant g, h at varving heads implies that the flow is essen-
tially wrbulent. The flow rate in the tests with pure tire chips
vanied with the applied driving head: however, g, i was constanl,
On the other hand. the flow rate was nearly constant at varying
heads when sand or sand-tire chips mixtures were tested. These
observations indicate that flow through large, open pores of tire
chips is turbulent and that smaller pores formed by sand result in
laminar flow (Edil et al. 1992).

Hydraulic conductivity of pure tire chips is very high and there-
fore difficult to measure, A test using a 254-mm-thick mass of
tire chips under a driving head of 127 mm gave a flow rate of
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16 140 cm’/min. which is only slightly lower than the rate of flow
through the perrmeameter without a specimen (16 990 cm¥min).
It is possible to make a correction for the equipment resistance o
Beflofram fiow and compute a hydraulic conductivity for tire chips. However.
Alr Cyltndme because of the small difference in the rate of flow, the error in
computed hydraulic conductivity would be quite high. The rate of
flow when sand or sand—tire chips mixtures are tested is nearly
ten times lower. In these cases. the effect of the permeameter

resistance on the computed hydraulic conductivities is negligible.

Hydraulic conductivity values were calculated based on the mea-
sured flow rate without any correction for equipment resistance.

The reported values would be indicative of the wrends discussed:

however. in the case of pure tire chips. they would be lower than

the actual hydraulic conductivities. perhaps as much as by an order
of magnitude. OFf course, the values for sand-tire chips mixtures

Sand +
Tira Chips

corfespond to correct hydraulic conductivities.

The hydraulic conductivity is given as a function of hydraulic

gradient in Fig, 13. Hydraulic conductvity of pure tire chips with-
out overburden indicates a dependency on gradient. The implica-
tion is that the flow through the pores of tire chips is turbulent

FI1G. 12—3chematic diagram of the permeamster and the hydraulic conductivity will depend on the driving head.

When an overburden pressure of about 100 kPa is applied. this
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dependency is reduced. Applied pressure reduces the porosity (i.e..
the pare sizes) and tends to make the flow less turbulent. Figure
13 also shows the hydraulic conductivity versus gradient relation-
ship for pure sand and a 50:50 volumetric mixture of sand and
tire chips. Since the flow is governed by the smaller pores of the
sand in these cases, hydraulic conductivity exhibits essentially no
dependency on the gradient and the flow is laminar. The core-
sponding plots at 100 kPa of pressure aiso showed no dependency.
The influence of overburden pressure on hydraulic conductivity
of pure tire chips and sand is demonstrated in Fig. 14 at a constant
hydraulic head. The most significant drop in permeability takes
place at the first increment of overburden pressure applied; thereaf-
ter, it continues to drop at a lower rate.
* It is clear that while overburden pressure causes some reduction

in hydraulic conductivity of tire chips. a significantly high hydrau-
lic conductivity is retained at pressures as high as 100 kPa. Hydrau-
lic conductivity under no confining pressure is close 1o 1 cmfs;
however, this value reflects the limitation of the permeameter, and
the actual value of hydraulic conductivity is probably several times
more. For instance, Hall (1991) reported an average hydraulic
conductivity of about 2 cm/s under no confining pressure based
on his tests. Nevertheless, hydraulic conductivity of tire chips can
be expected to remain high. at least on the order of [07' cm/s or
more under typical overburden, a value comparable to the hydraulic
conductivity of gravel. Hall (1991} reported only a 2% reduction
in hydraulic conductivity under a pressure of about 69 kPa.

The dependency of hydraulic conductivity on percent sand
mixed into tire chips at various vertical pressures is shown in Fig.
15. At less than 30% voiumetric sand content, sand does not
completely fill the voids of the tire chips and tends to flow down

@ L B I I LI to the bottom of the container and collect there. blocking the lower
5 r & . 1 voids in the tire chip skeleton. However, in mixtures with more
- © ) . . . .
= o : , - than 30% sand content, sand is retained in the voids throughout
~ - Head = 178 mm | the tire chip skeleton and essentially controls the hydraulic conduc-
Iz " ] tivity of the mixgqure (in the range of 0.02 w0 0.06 cmis). The
5 ~&— 100 ./‘ Tire Chips practical implication of this observation is that if the hydraulic
a8 01 o —& -100% Sand : conductivity of tire chips needs 10 be reduced. mixing 30% or
S E— —n ] more sand by volume would accomplish this objective.
o C —
L —8 -

(4] =t . .
3 r 0 Conclusions
o b
5 Based on the test results, the following cbservations and conclu-
E“ 0.01 Lol et : ! oo b sions are made regarding the enginecring properties and behavior

T 20 40 50 80 100 120  of tre chips and tire chips-soil mixtures:
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FIG. 14Hydraulic conductiviry versus vertical pressure.

t. Densification of tire chips is best achieved by application of
pressure rather than vibrations. The unit weight of soti-tire chip
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mixtures is controiled most significantly by the percentage of soil
in the mixture and sornewhat by soil type. Other factors {water
content, compactive effort) are found 10 be insignificant. There
seems (0 be areadily achievable level of densification which cannot
be improved by controlling the moisture content and/or increasing
the compactive effort. Furthermore, standard Proctor tests using
2 6-in. (152.4-mm) mold can be used 1o determine compaction
characteristics of tire chip products of equal or less than 75-mm
chip size. ¢

3. Tire chip-soil mixtures exhibit a significant initial plastic
compression under load. This could be as high as 40% of the
initial placement thickness for pure tire chips. Once the material
is subjected to this level of compression with the associated reduc-
uon in porosity. it behaves like an elastic material. Therefore. a
constant overburden (like a soil cap) may be placed over tire
chips to limit the compressibility under a road. The constrained
deformation moduius in the elastic range of pure tire chips is about
100 times smaller than pure sand: however, inclusion of as low
as 309 sand by weight in the tire chip matrix resiores the modulus
10 a levei comparable 1o pure sand. Clay mixtures exhibit jower
moduli than sand mixtures at the same mixing ratios. Both the
lateraily constrained and resilient modulus tests can be used 1o
determine the deformation properties of tire chip products.

3. The porosity of tire chips affects the material's stiffness. The
material’s porosity is affected by the size of the tire chips and by
the presence of soil within the tire chip voids.

4. Tire chips display frictional behavior and appear to improve
the fractional response of sand in mixmures,

5. Tire chips have high hydraulic conductivity when unconfined
'more than 1 cm/s;. The flow through ure chips is turbulent,
ind the hydraulic conductivity depends on hydraulic gradient.
Overburden pressurs reduces hydraulic conductivity: however, a
telatively high hydraufic conductivity on the order of 0.1 emJs or
Mare can still be expected under typical drainage applicatons.
There may be some concern about leachate quality since scrap
fires are considered a waste material. Laboratory and field evidence
Waitable do not show any likelihood of scrap ure shreds being a
hazardous waste or having a potenuial for significant adverse effects
0 water quality (Edil and Bosscher 1992).

6. Hydranlic conductivity and compressibility can be reduced
significantly by mixing sand at least 30 10 50% by volume with
tire chips. At such concentrations, sand begins to control the overail
behavior of the mixmure.

The preceding conclusions support the use of tire chipsras a
lightweight fill if properly confined. Tire chips also offer great
potential as a drainage material in construction.

) 4
Recommendations for Testing and Specifying Tire Chips

The following recommendations are offered by the authors to
aid first-time users of tire chips in testing and development of
construction specifications based on the results presented here
and elsewhere:

1. Specify tire chip quantities on the basis of weight. not volume.
2. Tire chip size should not be a critical specification item.
Construction activities may be eased by specifying tire chips
less than 75 mm {maximum dimension). Compression perfor-
mance of large and small tire chips is comparable (Edil and
Bosscher 1992; Edil et al. 1990).
. Compaction specifications should not be based on a final
unit weight. but the optimum number of passes should be
determined based on 2 iest section in the field. Vibratory
compaction should not be specified.
The unit weight of pure tire chip fills typically ranges from
3 to 6 kN/m’. This number is a function of chip size and
compaction. The specific gravity of tire chips ranges from
.13 10 1.36 (average value of 1.22) depanding on the metal
content. These values along with the specific gravity of other
soils can be used 10 determine the unit weight of soil-tire
Tixtures.
»sibility is the governing parameter in designing
-al fills using tire chips. To achieve minimum com-
pressibulity. a minimum soil cover thickness of | m (over
the tire chips) could be specified (Edil and Bosscher 1992;
Edil et al. 1990). Use of a geotextile to separate the cover
soil from the porous tire chip fill is recommended to prevent

X

hS
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migration of the soil into the tire chip matnx, which coutd
cause localized depressions. T

6. Specifications for repetitive constrained modulus tests on tire
chip products (with a maximum dimension of chips ~75
mm) should include:

. Minimum of 6-in. (152.4-mm)-diameter moid.

. Standard Proctor compactive effort during sampie com-
paction,

. A seating stress of 15 kPa.

. Repetitive vertical stress of 123 kPa

. Cyclic loading frequency of ~0.5 Hz.
Repeat cyclic load until load-deformation curves converge.

. Computation of cyclic strain (based on specimen length
at seating stress) determined from last cycle of load.

. Computation of repetitive constrained modulus as the ratio
of cyclic stress (125 kPa) to cyclic strain.

m ™D Aan [l -]

o

7. Sand or clay soils can be used in tire chip mixes, although
the mixing of clay and tire chips in the ficld may prove
difficult. In addition. sand mixtures exhibit higher moduli
than clay mixmures at the same soil:tire chips ratio.
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SAND REINFORCED WITH SHREDDED WASTE TIRES

By Gary J. Foose,' Craig H. Benson,’ and Peter J. Bosscher,” Members, ASCE

ApsTRACT: The objective of this study was to investigate the feasibility of using shredded waste tires to
reinforce sand. Direct shear tests wers conducted on mixmres of dry sand and shredded waste tires. The following
factors wers studied to evaluate their infuence on shear strength: normal stress, sand matrix unit weight, shred
content, shred iength, and shred orientation. From results of the tests, three significant factors affecting shear
strength were identified: normal stress, shred content, and sand matrix unit weight. A model for estimating the
strength of reinforced soils was also evaluated to determine its applicability to mixures of sand and tire shreds.
When the model is calibrated using results from one shred content, it may be useful for esimating the friction
angle for other shred contents. In all cases. adding shredded tires increased the shear strength of sand, with an
apparent friction angle (') as large as 67° being obtained. Shred content and sand matrix unit weight were the
most significant characteristics of the mixes influencing shear strength. Increasing cither of these variables
result=d in an increase in &°. Tests were also conducted on specimens consisting of only shredded tires (no

sand), and the friction angle obtained was 30°

INTRODUCTION

Approximately 240,000,000 tires are disposed in the United
States ecach year and currently 5 billion tires are stockpiled
{**Markets'* 1991; Tarricone 1993). If growing stockpiles of
discarded tires are to be avoided, additional recycling and re-
use of tires are essential. Such increases are contingent on the
development of secondary markets (Edwards 1992), that is,
markets that consume tires after collection. These markets
must possess three primary atributes: (1} a need for large
quantities of tires: (2) minimal requirements for processing;
and {3} robustness to difficuities encountered from commin-
gling and contamination (*‘State’’ 1994). Furthermore, the ap-
plications using reclaimed tires should be permanent. That is,
the products in which used tires are employed should have a
long life cycle such that the recycied tires will not be sent to
the landfill in another form a few years after the product is
produced.

The objective of the study described herein was to investi-
gate the feasibility of using shredded waste tires as a means
to enhance the shear strength of soil. A series of direet shear
tests were conducted on mixtures of sand and tire shreds to
determine which factors influence their strength. The factors
that were evaluated included normal stress, sand matrix unit
weight, shred content. shred length, and shred orientation. Re-
sults of the tests have also been fit to a soil reinforcement
model to determine its applicability for predicting the shear
strength of sand-tire shred mixtures.

BACKGROUND
Shredded Waste Tires as Construction Material

The drawbacks associated with stockpiling waste tires have
promptied interest in developing new ways to reuse or recycle
waste tires. Shredded waste tires are now being used as
subgrade reinforcement for constructing roads over soft soils,
as aggregate in leach beds for septic systems, as an additive
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10 asphalt, as a substitute for leachate collection stone in land-
fills, and as sound barriers [e.g., Hall {1991); Ahmed and Lov-
ell (1993); Park et al. (1993)]. Crumbed or shredded waste
tires are being used as a fuel-supplement in coal-fired boilers,
an admixture in bituminous concrete, and in low-grade rubber
products, such as truck bed liners, doormats, and cushioning
foams (Bader 1992; Ahmed and Lovell 1993).

Large sarthwork projects using recycled tires such as those
encountered in highway construction are an ideal application
for shredded tires because there is potential to use vast quan-
tities of tires while improving or maintaining performance of
the carthen structure. For example, the Oregon Department of
Transportation used 400,000 tires as a lightweight fill above a
landslide in conjunction with a counterweight of soil to in-
crease the factor of safety for slope stability. Slightly larger
deflections than commonly encountered with fills constructed
of soil only have been observed on this project, but the fill
has performed satisfactorily (Upton and Machan 1993).

Large earthwork projects over soft soils have also been con-
structed in Minnesota {52,000 tires used), Pennsylvania, and
Vermont (2,700 m’ of tires used). Satisfactory performance has
been documented in each of these projects (Read et al. 1991;
Blumenthal and Zelibor 1993; Turgeon 1989; “‘Recycled”
1989; "*Tire Fill'" 1990). Plans are also being made in North
Carolina for a test embankment using 65,000 tires (Ahmed and
Lovell 1993). )

Bosscher et al. (1993) conducted 2 detwailed field study and
reported that an embankment constructed with outwash sand
and tire shreds has performed satisfactorily even after being
subjected to extensive heavy wuck waffic. The emnbankment
was constructed in seven sections having different types of tire
shreds and had different arrangements of soil (mixtures versus
individual layers of shreds and soil). Bosscher et al. (1993}
found that after a two-year period, sections constructed with
pure tire shreds seuled slightly more than sections constructed
with soil. However, sections composed of tire shreds that were
overlain with a thick (1 m) soil cap performed equally as well
as the sections constructed with soil only.

However, there have been reports of problems with em-
bankments constructed of shredded waste tires igniting (*'How
o'’ 1996), A roadway embankment containing shredded waste
tires near Pomeroy, Washington had to be closed because it
caught fire.

One factor limiting more widespread use of shredded tires
is lack of information regarding their bulk mechanical prop-
erties. However, some laboratory studies investigating the en-
gineering properties of tire shreds and soil-tire shred mixtures
have been conducted. Edil and Bosscher {1994) and Hum-
phrey and Manion (1992) have shown that tire shreds and soil-



tire shred mixtures are highly compressible at low normal
pressures. However, most of the compression that occurs is
plastic: that is, the compressibility decreases substantially once
the tire shreds have experienced one load application. Thus,
preloading can be used to elimirate plastic compression once
the fill has been constructed. Confinement has also been shown
to reduce compressibility. Bosscher et al. (1993) and Hum-
phrey and Manion (1992) have indicated that a vertical stress
tmposed by a soil cap | m thick will significantly reduce com-
pressibility and deflections of overlying pavements. This find-
ing, which is derived from both laboratory studies and finite
element modeling, is consistent with field observations made
by Bosscher et al. (1993).

Bosscher et al. (1993), Ahmed and Lovell (1993), and Hum-
phrey and Manion {1992 report that tire shreds and soil—tire
shred mixtures can be compacted using common compaction
procedures. They have found that unit weight is primarily con-
trolled by the amount of soil in the mixture, whereas compac-
tive effort and molding water content appear to have little in-
fluence. Bosscher et al. (1993) and Ahmed and Lovell (1993)
also report that vibratory compaction is ineffective for com-
pacting soil~tire shred mixtures.

Edil and Bosscher (1992) and Humphrey et al. (1993) report
on the shear stength of tire shreds and soil-tire shred
mixtures. Edil and Bosscher (1993) conducted direct shear
tests on mixtures of outwash sand and tre shreds in a large-
scale shear box. They found that for dense cutwash sand, add-
ing 10% tire shreds by volume in a random arrangement re-
sulted in greater strength than the sand alone. They also report
that placing tire shreds vertically (as opposed to randomly)
resulted in higher shear strength on a plane perpendicular to
the shreds. However, only a few tests were conducted and
definitive conclusions regarding the effects of shred content
and orientation could not be made. Direct shear tests on pure
shredded tires were also conducted by Humphrey et al. (1993}
They reported an effective friction angle ranging from 19 to
25" and an effective cohesion ranging from 4.3 to 11.5 kPa.

MATERIALS AND METHODS
Soil and Shredded Tires

Dry Portage sand was selected for use in this study because
its unit weight can be readily controiled and nearly identical
specimens could be sasily constructed. The particie size dis-
tribution for Portage sand is shown in Fig. 1. Portage sand has
a coefficient of uniformity of 1.0, a coefficient of curvature of
1.0, and a specific gravity of 2.68. The minimum unit weight
of the sand is 15.5 kN/m® and the maximum unit weight is

177 kN/m®. Portage sand has a peak friction angle of 25°
when its unit weight is 15.5 kN/m’ and 34° when its unit
weight is 17.7 kN/m?® (Foose 1993; Benson and Khire 1994).

The shredded waste tires used in this study were selected
from shredded tires remaining from a previous swdy con-
ducted at the University of Wisconsin—Madison (Edil and
Bosscher 1992). The stockpile included a mixture of different
types of tires (steel and fiber reinforced) that were shredded
at different sites in Wisconsin with various types of machinery.

The tire shreds were segregated into three groups based on
length: <5 em; 5-10 cm; and 10-15 cm. Herein, the groups
are referred to as the 5-cm shreds, 10-cin shreds, and 15-cm
shreds. The longest dimension of the shred was recorded as it
length. A maximum length of 15 cm was selected because it
was believed that mixtures containing shreds larger than this
size could be severely affected by boundary effects when
sheared in the direct shear machine used for 18sting. A mini-
mum shred length of 0.6 cm was selecied because shreds
shorter than this are difficult to separate from the sand after
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testing. Histograms ilustrating the range of shred lengths in
each group are shown in Fig. 2.

A photograph of grab samples collected from the three
groups of shreds is shown in Fig. 3. Care was taken to main-
tain a wide range of surface textures in each group (e.g..
treaded and sidewall). Within each group, the shreds had sev-
eral notable characteristics. For the 5-cm shreds it was difficult
to distinguish whether the shreds were derived from tread.
sidewall, or other parts of a tire. In contrast, the 10-cm and
15-cm shreds were readily recognized as portions of tires.
Three basic types of tire reinforcement were identified: large
metal wires roughly | mm in diameter, fine metal wires with
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diarneter less than 0.5 mm, and reinforcing fabric. Many of
the shreds had sharp, tangled, and twisted metallic reinforce-
ment protruding {rom the rubber mass (Fig. 3).

Mixtures of sand and shredded tires were prepared at spec-
ified shred contents defined on a volumetric basic {i.e., volume
of tire shreds/total volume of specimen). A volumetric basis
was used (instead of gravimetric) because the writers believe
that a volumetric specification would be more casily imple-
mented in the field, e.g., by courting the relative number of
truck loads of soil and tire shreds. However, preparing speci-
mens in the laboratory was more easily performed using mea-
surements of weight instead of volume. Thus, to calculate vol-
ume from a known weight, an average specific gravity (G o)
was determined for each size group of shreds using a proce-
dure similar to ASTM D 854 (Foose 1993). The average spe-
cific gravity for each group of shreds was 1.2]1 for 5-cm
shreds, 1.25 for 10-cm shreds, and 1.27 for 15-cm shreds. The
slight increase in specific gravity with increasing shred size
reflects a greater quantity of metallic reinforcement.

An approximate peak interface friction angle for the treaded
portion of shredded waste tires and Portage sand was measured
in a direct shear machine, Specimens were cut from shredded
tires and placed in a direct shear ring (diameter = 8.35 cm).
The treaded surface of the tire was set flush with the shear
plane by mounting it on a disk of plywood. Shearing was then
conducted at normal stresses between 7 and 70 kPa. The peak
interface friction angle was 34" when the unit weight of the
soil was 15,5 kN/m’ and 39° when the unit weight was 16.8
kN/m’. These friction angles are slightly larger than those for
sand alone at the samne unit weights. This may be due to the
difficulty of precisely mounting the shredded tire in the shear
box so that it was just flush with the interface between the
two shear rings.

Direct-Shear Machine

Ideally, the shear strength of soil~tire shred mixtures should
be evaluated using triaxial shear tests. However, testing
mixtures of soil and tire shreds in triaxial shear is difficulr,
because of the size of the shreds and the sharp metallic rein-
forcement emanating from the shreds. Because tire shreds are
relatively large, a wiaxial apparatus used for testing must also
be fairly large. The membrane used must be tough enough to
resist puncture by metailic reinforcement yet adeguately com-
pliant such that the stiffness of the membrane would not in-
fluence the measured strength. To avoid these problems, the
writers chose to evaluate shear strength using a large-scale
direct shear machine. The writers believe that errors in shear
strength incuwrred by using dirsct shear rather than triaxial
shear were accepiable for this feasibility study.
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The direct shear machine is described in detail by Foose
(1993). Stainless stecl rings having an inside diameter of 27.9
cm were used to construct the shear ring. The top and bottom
halves of the shear ring were both 15.7 em 1all. Normal stress
was applied with a pneumatic piston acting on a top plate. The
shearing force was applied with an oil-driven diaphragm sys-
tem and measured with a load cell. The rate of displacement
was 0.13 cm/min. Horizomal and vertical displacements were
measured with linearly variable differential transformers
{LVDTs). A computerized data acquisition system was used to
record the data.

The 15-cm shreds had an average length of 12.2 cm. This
length is slightly less than one-half the diameter of the shear
ring. The writers acknowledge that this could result in signif-
icant boundary effects influencing the results of tasts on the
15-cm shreds and that the effect of shred Iength is difficult to
assess from the tests conducted in this machine.

Direct-shear tests were conducted on unreinforced Portage
sand in both the large-scale machine and in a Wykeham-Far-
rance machine having a 6.4-cm-wide square box (Model
25301} to ensure that the large-scale machine was operating
properly. Nearly identical Mohr-Coulomb failure envelopes
comresponding to peak swength were obtained with both ma-
chines (Foose 1993).

Preparation of Specimens

The specimens were prepared directly in the shear ring. Ap-
proximately one-fourth of the tire shreds needed to atain the
desired tire shred content were initially hand piaced in the
bottom of the ring. Sand was rained into the shear ring on top
of the shreds using a circular motion similar to the motion
used to prepare a specimen for a relative density test (ASTM
D 4254). The specimens were then vibrated on a vibrating
table untll the desired sand matrix unit weight v,, (defined as
the weight of sand divided by volume of the sand matrix) was
achieved. This process was repeated until the height of the
specimen was 27.5 cm. A more detailed description of the
preparation procedure is contained in Foose (1993).

Definition of Failure

The direct-shear machine had a maximum lateral dispiace-
ment of 2.54 cm. Some specimens tested at low normal stress
{~0 kPa) exhibited a distinct peak shear stress at displace-
ments less than 2.5 cm [Fig. 4(a)]. In these cases, shear
strength was reported as the peak shear stress. However, for
the majority of the tests, a peak shear stress was not reached
after 2.5 cm of displacement. Instead, the shear stress contin-
ued to increase throughout the test {Fig. 4(b)l. For these tests,
the increase in shear stress was greates: for displacernents up
1o 2.0 cm. After 2.0 cm of displacement, the shear stress in-
creased only slightly. Additional tests conducted using a mod-
ified shear box permitting 9 cm displacement had no clearly
defined peak swength. Increases in strength mobilized by the
additional displacement were less than 5% of the sirength mea-
sured at 2.5 cm displacement (Tatlisoz 1996).

Specimens for which no peak shear stress was observed,
shear stress at a displacement of 2.5 cm (relative displacement
of 9%) was reported as the shear sirength. A description of
the failure criterion applied to each test is contained in Foose
{1993).

PRELIMINARY INVESTIGATION
Significant Factors

A preliminary investigation consisting of a two-fevel half-
fractional factorial design (Box et al. 1978) was used (o iden-
tify the major factors influencing shear swrength of mixiures of
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TABLE 1. Design of Praliminary Experiment
Shrad Matrx Reasponse—
content [ Shred unit | Normat shear
{by vai- | length | Orianta- | weight | stress strangth
Run | Block | uma) | (em) tion {(kN/m®) | {kPa) [kPa]
() (2) (3) (4} {5) {6} N )]
i i 10%: i5 Random 16.8 25.5 31.9
2 i 10% 15 Verical 16.8 6.2 18.6
3 1 19% i3 Random 14.7 6.2 3.3
4 i 0% 5 Vertical 14.7 255 372
5 iy - 0% 5 Random 14.7 6.2 1.0
[} 1 30% 5 Vertical 16.8 6.2 0.7
7 1 30% 5 Random i6.8 5.3 352
8 1 0% 5 Vertical 14.7 155 34
9 2 10% i5 Yenical 14,7 6.2 324
10 2 10% 5 Randoem 16.8 6.1 314
il 2 10% 5 Vertical 14.7 6.2 1318
12 2 30% i5 Vertical 16.8 5.8 78.6
13 2 0% i3 Randem 16.8 6.2 .8
14 2 10% 5 Vertical 16.8 255 25.0
15 2 30% 15 Random 14.7 255 42.1
16 2 10% 5 Rzpdem | 147 255 19,3

sand and tire shred. The five factors studied in this first phase
of experimentation were normal stress, sand matrix unit weight
Ym shred content, shred length, and shred orientation. The
measured response was shear strength (peak shear stress or
shear strass at displacement of 2.5 cm). The two levels for
each factor were low versus high normal stress {6.2 versus
25.5 kPa), low versus high sand matrix unit weight (14.7 ver-
sus 16.8 kN/m®), 10% versus 30% shred content, 5 versus 15-
cm shreds (shred length), and random versus vertical shred
orientation. A summary of the experimental design and the
measured responses is listed in Table 1. '
Achieving a sand maurix unit weight . of 14.7 kN/m’,
which is less that the minimum dry unit weight of Portage
sand (Yms = 15.5 kN/m’), was possible because the addition
of buiky shredded tires resuited in void spaces between the

TABLE 2. Results of Praliminary Experiment

Standard
arror of Significant
Factor Eftect afect t-statistic | (a = 0.05)
' {1) (2) (3) {4) {5)
Average 4.250 0.323 13.165 -
Block ~0.475 0.646 —0.736 |No
Normal stress 3.525 0.646 5460 [Yes
Unit weight of] —1.525 0.646 ~2.362  iYes bor-
soil marmix der2line
Shred contant -2.375 0.646 ~3.678  |Yes
Shred length 1.400 0.646 2.168  [No border-
line
Orientation 0.875 0.646 1.355 [Ne

Noie: Critical -statistic = 2.262 at significance level of 0.05.

TABLE 3. Resuits of Repeatability Anzliysis on Specimens
Having 30% Reinforcement Content and 5 cm Shreds

Narmal strass Shear strangth
{kPa} (kN/mY)
{1} (2}
9 18
9 16
9 . 16.5
9 18
9 17.3
50.3 63
50.3 62
50.3 &0
503 58
50.3 o4

shreds that could not always be filled with sand. The presence
of air-filled pockets and their effect on unit weight is the pri-
mary reason why the writers chose the term sand matrix unit
weight instead of *‘unit weight of the sand.”” The sand matrix
unit weight is the weight of all sand and occluded air per unit
volume of matrix.

A summary of the results of the two-level half-fractional
factorial experiment is shown in Table 2. Yate’s algorithm
(Box et al. 1978) was used to calculate the effects; the variance
of an effect was estimated assuming that higher order inter-
actions were negligible. Three factors were found 1o be sig-
nificant at the 95% confidence level (t-statistic > 2.362}: nor-
mal stress, shred content, and sand matrix unit weight. Shred
length and orientation were not significant for the ranges of
parameters explored, although shred length was borderline.
Also, the testing block [i.e., Block | versus Block 2 (see Table
2)] was not a significant factor, meaning there was no serial
or temporal correlation between measurements,

Repeatability

Another objective of the preliminary investigation was (o
assess repeatability of the testing procedure. Five replicate
tests were conducted at two normal stresses on the mixture
havmg a shred content = 30%; S-cm shreds; and v. = 16.8
kN/m”, Results of these tests are listed in Table 3. For replicate
specimens tested at 9 kPa, the average shear strength was 17.2
kPa and the reported shear strengths ranged from 6.5 to 18
kPa. For the replicates tested at 50.3 kPa, the average shear
sirength was 61.4 kPa and the reported shear strengths ranged
from 58 10 64 kPa. Results of the replicate tests are indicative
that the procedures used to construct and shear specimens are
repeatable.

PARAMETRIC STUDY

Following the preliminary investigation, a more detailed
testing program was designed to examine how suength enve-
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lopes for sand-tire shred mixtures are affected by shred con-
tent. normal stress, sand matrix unit weight, and shred length.
The first three factors were found to have a significant effect
on the shear sirength of sand-tire shred mixtures at the 5%
level (Tabie 2} in the preliminary investigation. Shred length
was also studied because it was found to be borderline signif-
icant in the preliminary investigation. However, inferences
from the investigation of the effect of shred length were pos-
sibly infiuenced by boundary effects in the direct shear ma-
chine. Hence, results pertaining to the effect of length are not
discussed in this paper. A discussion of shred length can be
found in Foose (1993). -

Noniinearity of Strength Envelope

Shear-strength envelopes for sand-tire shred mixtures were
developed for various mix designs. Mixtures having high sand
matrix unit weight (v, = 16.8 kN/m*) had strength envelopes
that were nonlinear (Fig. 5). Similar strength envelopes for
sand reinforced with randomly oriented discontinuous inclu-
sions have been reported by Gray and Ohashi (1983), Gray
and Al-Refeai (1986), Maher and Gray (1990), and Benscn
and Khire (1994), Nonlinear strength envelopes were obtained
for mixtures with high =y, at all three lengths of shreds and
reinforcement contents. Therefore, it is unlikely that this be-
havior is strictly the resuit of boundary effects in the direct-
shear apparatus.

The principal goal of this study was to demonstrale that
shredded waste tires can be used to increase the strength of
sand. Hence, it was not clearly established whether or not the
strength envelopes for mixtures having high sand matrix unit
weight (v, = 16.8 kN/m’) were curvilinear or bilinear. The
slope of the initial portion of the envelope was defined as the
initial friction angle &} (Fig. 5), whereas the siope of the latter
portion of the envelope was defined as &y, In general, ¢; was
similar to &' for unreinforced sand at the same unit weight.

Maher and Gray (1990} and others refer to the normal siress
at which the transition between &) and 3 occurs as the critical
normal stress. For the writers” experiments on sand reinforced
with shredded waste tires, the normal stress corresponding to
the transition between &} and ¢: was not clearly defined.
Therefore, the critical normal stress was interpreted as a range
of normal stresses rather than a precise stress at which the
transition from &) and &3 occurred,

Envelopes for lower v, (v, = 14.7 kN/m? or 15.7 kKN/mh)
were approximately linear in the range of normal stresses that
were tested (3~-120 kPa). The only exception was a single mix
having v, = 15.7 kN/m’. Nevertheless, to retain consistency,
the terms &) and &; were used to describe all of the strength
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envelopes. That is, when the envelope was lincar, &) was the
slope of the envelope and no transition from | 10 &} existed,

Effect of Shred Content and Sand Matrix Unit Weight
on ¢}

Strength envelopes for specimens prepared with a dense
sand matrix (v, = 16.8 kN/m’) reinforced with 10-cm shreds
and varying shred content are shown in Fig. 6. Increasing the
shred content results in significant increases in shear strength,
which is manifested in part as an increase in d,.

A graph of &| versus shred content for all tests is shown in
Fig. 7. All specimens reinforced with shredded waste tires had
¢} that was higher than the friction angle for unreinforced sand
having similar unit weight. Furthermore, &) increased with
increasing reinforcement content.

Greater &) was also obtained when the sand matrix unit
weight was increased. The two bands shown in Fig. 7 contain
data for specimens having v. = 16.8 kN/m’ (upper band) or
Y = 15.7 and 14.7 kN/m’ (lower band). That is, the specimens
with low or medium v, had lower &) (and lower shear
strength) than specimens with high v.. On average, &} is ap-
proximately 15° higher for specimens having high v, = 16.8
kNAn' as compared to those having medium and low .. The
increase in &) for unreinforced Portage sand due to the same
change in unit weight is only 9°.

Volume Change
Specimens having low or medium- vy, (y. = 14.7 or 15.7

 kN/m*) compressed during shear. For these specimens, there
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was no clear relationship between shred content or shred
length and volume change.

. In contrast, specimens with high <y, dilated during shear,
and greater dilation occurred in specimens having higher shred
content {Fig. 8). The increased dilation that occurred at higher
shred contents was probably caused by an expansion of the
zone active in shear. Similar behavior has been observed by
others in shear tests conducted on dense, reinforced sands
[e.g., Shewbridge and Sitar (1989); Benson and Khire (1994)].

TESTS ON SPECIMENS CONTAINING ONLY TIRE
SHREDS

Strength envelopes were also developed for specimens con-
sisting solely of shredded tires. The specimens were prepared
using a random arrangement of tire shreds without compac-
ton. -

Results of the tests are shown in Fig. 9. The same envelope
was obtained regardless of length of the shreds; it was essen-
ually linear having &) = 30° and an effective cohesion of 3
kPa for the range of normal stresses considered (<80 kPa).
This &} is larger than the ¢| reported by Humphrey et al.
(1993), who found &) for shredded tires to be between 19°
and 25°. However, Humphrey et al. (1993) reported cohesion
intercepts between 4.3 and 11.5 kPa, which compares favar-
ably to the writers’ data (Fig. 9).

None of the specimens exhibited a peak shear stress for
displacements up to 2.54 cm. Thus, the reported &) may be
less than the friction angle that would exist in the field or
under conditions in which greater displacements may occur.
In fact, the writers have observed stable stockpiles of shredded
tires having siopes stzeper than 1:1. This is possibly indicative
" that the friction angle existing in the field may be much larger
than that measured in this study or by Humphrey et al. {1993).
[t may alsc be that shredded tires have significantly higher
cohesion in the field or that the Mohr-Coulomb failure criteria
may not be an appropriate description of shear swength of
shredded waste tires. Similar observations have been reported
by Edil and Bosscher (1992). They observed stable stockpiles
of shredded tires having a slope of 85°.

ESTIMATING STRENGTH ENVELOPES

Conducting a parametric study of the strength of soil—~tire
shred mixtures, such as the study described in this paper, may
not be practical during design. Thus, a mechanistic model pro-
posed by Maher and Gray (1990) for estimating the shear
strength of sand reinforced with randomily distributed fibers
was evaluated in this study to determine its applicability for
esumating the shear strength of sand~tire mixtures. The model
is formulated based on force equilibrium principles for ran-
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domly distributed fibers in soil. It was selected for two rea-
sons: (1) It has been shown o be reasonably accurate for es-
timating the shear strength of reinforced soil (Maher and Gray
1990); and (2) it is relatively simple and thus can be readiiy
applied by the design engineer. The writers acknowledge,
however, that the model does not include many factors nec-
essary for a comprehensive constitutive modet.

Details describing formulation of the model can be found
in Maher and Gray (1990). The key assurnptions used in this
formulation are that (1) The length L and diameter d of the
reinforcing fibers are constant; (2) the fibers provide no resis-
tance to bending; (3) the smaller portion of each fiber that lies
on either side of a failure plane is uniformly distributed be-
tween zero and half the length of the fiber; (4) orientation of
the reinforcing fibers relative to a fixed axis (e.g., the shear
plane in a direct shear test) follows a uniform distribution; (5)
the number of fibers in the soil mass and the number of fibers
intersecting the failure plane are randomly distributed follow-
ing a Poisson process: (6) sand-fiber composites have a bilin-
ear failure envelope; and (7) at normal stresses less than the
critical normal stress the fibers slip, whereas at greater normal
stress they yield. In this analysis, tire shreds are assumed 1o
behave as the fibers used in Maher and Gray's (1990) model.

Two equations are used to predict the strength envelope. Eq.
{1} is used to calculate the increase in shear strength AS for
normal stresses less than o)

2

AS = N, ('n‘ %‘) {20’ tan 3)(sin 8 + cos B tan ') (D)

where N, 15 defined in (2); d = diameter of reinforcement; o’
= effective normal stress; & = friction angle between the sail
and fiber; & = angle of shear distortion (Fig. 10); &' = friction
angle for the sand; and { = an empirical coefficient that ac-
ceunts for sand granulometry and fiber properties. The param-
eter N, is )

_ 2B
T nd?

where 3, = volumetric reinforcement content (tire shred con-
tent). The angle of shear distortion is

8 = arctan (é) (3

4

(D)

where x = shear distomion; and z = thickness of the shear zone
(Fig. 10). For normal stresses greater than the critical normal
stress (o). the increase in shear strength predicted by the
model is (Maher and Gray 1990)

3

ASy = N, (-n %-) {20! um.B)(sin 8 + cos Btan &' XL) (4}

A IRNAG YF REOTECKNIC AL ENGINEERING / CERTEMIREDS 4008 / TRE



DEFORMED

/ FIBER \

- r— ——

W
SHEAR

z TR
’L Ta ZONE
ANZ/ARTaN N7 /AN N2\
3 '
i
i

]

kN

INTACT
FIBER

FIG. 10. Flbers Asinforcing Soil [from Gray and Ai-Refeal
(1986)}

TABLE 4. Maasured and Predicted ¢,

{
Shred  [Matrix unitjfrom 20%| Shred (Measured| Predicted {Difterence
iangth waight shred | content b 3 indi
{em) {kN/m7} | contert {%} {dag) {dag) {deg)
{1} 2) (3) (4} (5} (8) 7
5 14.7 2.5 30 43 44 +1i
b 14.7 2.5 10 36 33 -3
5 15.7 2.6 30 48 45 -3
5 15.7 2.6 10 34 34 0
5 i6.8 33 30 65 55 ~10
5 16.8 3 10 43 43 -5
10 14.7 34 30 44 34 0]
10 14,7 34 10 n KE] ]
10 157 2.3 0 45 40 -5
10 15.7 2.3 10 36 31 ]
10 16.8 4.7 36 55 58 +3
10 16.8 47 10 46 44 -2
.18 147 39 30 4% 44 -5
15 14.7 19 10 k¥ 33 -d
15 . 157 5.1 30 59 50 -9
15 15.7 52 10 35 k1) +1
15 16,8 §.4 30 &7 68 +1
15 16.8 i0.4 10 47 52 +5

Note: Parameter [ calculated from tests conducted with shred contemt = 20%.
Difference 15 predicted — measured &,

where the parameters in (4) have the same mecaning as those
in (1)

Fitting the experimental results to the model proposed by
Maher and Gray (1990) required several simplifying assump-
tions. First, it was assumed that the average shred length for
each group of shredded tires could be used to represent the
length of reinforcement in the model. Second, the diameter of
the reinforcement was assumed to equal the “‘diameter’” of
the shredded tires in each group. Because the shredded tires
had irregular shapes, an effective diameter was used that cor-
responds to a circular cross section with equal area. Third,
because the thickness of the shear zone was unknown, its
width was assumed to range from the average shred length to
one-half the average shred length. The friction angle between
the soil and fiber 5 was assumed o equal 34°. Finally, because
the normal stress on the fibers was unknown, it was assumed
10 equal the vertical normal stress applied during shear. Errors
resulting from this assumption are compensated for by the fi--
ting parameter {. Finally, the shear distortion x was assumed
to be 2.54 crm (the maximum displacement in the direct shear
tests). Based on these assumplions, all variables in (1)={4)
were known or could be estimated, except L.

Maher and Gray (1990) report that { is an empirical coef-
ficient that accounts for sand granulometry, fikgg properiies,
fiber aspect ratio, and other factors not accounted for in the
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analyses. However, from a practical perspective, { is a fitung
parameter.

To obtain . it was back-calculated {using (1}—(4)} from
strength envelopes obtained for specimens having 20% shred
codtent. Table 4 contains a surnmary of the calculated [ for
mixtures having a shred content of 20%, Values of [ vary from
2.5 10 10.4, with larger values corresponding to shreds of
greater length, For sand reinforced with shredded tires the pa-
rameter [ is the most significant factor in (1). Thus, it appears
that some important phenomena of reinforcing sand with
shredded waste tires may not be accounted for by the model.
It is also noted that the effect of the dimensions of the rein-
forcement are accounted for entirely by the parameter {, be-
cause the effect of diameter in (1) is canceled out in (2).

A sensitivity analysis was conducted to determine the sig-
nificance of the assumed shear-zone thickness. The width of
the -shear zone was varied from the average shred length to
one-half the average shred length. For the assumed range of
shear-zone thickness, the parameter [ did not change signifi-
cantly. This is to be expected considering that in (3) changes
in the width of the shear zone alter the parameter 8, which is
multiplied by tan &' in (1). Because tan ¢’ is typically less
than 1 and 8 is generally small, changing the shear-zone thick-
ness results in only small changes in the predicted increase in
shear strength.

Predictions of &} for shred contents of 10% and 30% were
made using (1) and the { obtained for tests conducted at a
shred content of 20%. Measured and predicted ¢; for shred
contents of 10% and 30% are summarized in Tabie 4. On
average, &; predicted using the model was 2° lower than the
measured ¢;. However, this close agreement can be mislead-
ing; the predicted & was as much as 10° lower than™and as
much as 5° higher than the measured &;.

Nevertheless, Maher and Gray's (1990) model does appear
useful for estimating strength envelopes for mixes with dif-
ferent shred contents based on results of direct shear tests per-
formed at a single reinforcement content. However, once a mix
is selected for use, prudence would dictate that additional tests
be conducted to verify that the strength predicted with the
model is in fact representative of the actual strength of mix-
ture, and that similar strength envelopes will be obtained in
the field.

SUMMARY AND CONCLUSIONS

The shear strength of sand-tire shred mixtures was investi-
gated in this study. Three factors were found to significantly
affect their shear strength: normal stress, shred content, and
sand matrix unit weight. Furthermore, in all cases, sand con-
taining shredded tires had higher shear strength than sand
alone. Several conclusions are made based on the test results.

Sirength envelopes for mixtures containing dense sand dre
nonlinear. Envelopes for loose or medium density sand are
approximately linear in the range of normal stresses applied.

Addition of shredded waste tires to Portage sand increased
its shear strength. Initial friction angles as large as 67° were
obtained when the sand matrix was dense. The friction angle
for unreinforced Portage sand at the same unit weight is 34°,

The initial friction angle &) increased as the shred content
was increased.

Sand matrix unit weight is an important parameter affecting
the iniual friction angle. Mixtres with a sand matrix unit
weight of 16.8 kKN/m’ have an initial friction angle that is !5°
higher (on average) than the friction angle for reinforced spec-
imens having a sand matrix unit weight = 14.7 or 13.7 kN/
m*. The friction angle for Portage sand alone increases only
9° for a similar change in unit weight.

A nearly linear strength envelope having ¢} = 30° was ob-
tained from direct shear tests performed on specimens con-



sisting solely of shredded tires, Similar ¢, was obtained re-
gardless of the shred length that was used.

A model proposed by Maher and Gray (1990) was used to
predict the initial friction angle for sand—tire shred mixtures.
On average, the measured and predicied ¢; differ by 2°. How-
ever, in some cases the difference in &) is as much as 10°
The fitting parameter { is the most significant factor in the
model, which suggests that crucial phenomena of reinforcing
sand with shredded tires are not accounted for in the model.
Nevertheless, such a model may be useful during design for
cvaluating the benefits of different mixtures. )

Shredded waste tires and mixtures of sand and shredded
waste tires may be useful as soil reinforcement in highway
fills, leachate coliection systems on steep slopes, and other
applications where strong and lightweight fill is needed. How-
ever, further study is needed to assess other important factors
such as the importance of shred length, the economic aspects
of using shredded waste tires as soil reinforcement, the cf-
fectiveness of shredded waste tires as reinforcement in cohe-
sive fine-grained soils, and to see if results obtained in the
laboratory are representative of field applications.
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Construction and Performance of a
Shredded Waste Tire Test Embankment

PeTER ]. BosscHER, TuNcer B. EpiL, aNnp Neiw N. ELpIN

The construction and performance of a test embankment designed
to evaluate the use of shredded waste tires as soii replacemem
in highway construction are described. The shredded tires offer
the advantage of low unit weight and durabilitv. The test em-
bankment was designed and built 10 test key variables inciuding
chip size. confining overburden pressure. and use of chip-soil
mixtures or chip-soil layering. The embankment consisted of sec-
tions, zach 20 ft long. containing differing chip-soil compositions.
The embankment was constructed parallel 1o the access road of
a sanitary landfill and exposed 10 the heavy incoming truck traffic.
Ficld data were collected to assess the stabilitv and deformation
of the road surface. compaction of tire chips, and quality of tire
chips leachate. Observations were made to assess the potential
difficuity of depositing and compacting layers of tire chips. Nor-
mal construction machinery can be used successfully with tire
chips. though rubber tires can be punctured by the exposed wires
at the edge of the chips. Vibratory or static compaction does not
significantly induce compaction in tire chips. Afier an initial ad-
justment period, the overall road performance was similar to most
gravel roads. Tite chips used as a replacemem for fill under a
road perform better when covered by 3-fi-thick soil caps com-
pared with chips covered by only 1 ft of soil. Furthermore. the
void ratio of the pure tire chips affects its sziffness. The leachate
quality data indicate that shredded automobile tires show no like-
lihood of having adverse effects on groundwater quality. The
findings support the use of properly confined tire chips as a light-
weight fill in highway applications.

With the banning of whole tires in sanitary landfills. stockpiles
of waste tires are growing in the country, For example. it is
estimated that there are 20 million waste tires in’ Wisconsin.
with an additional 4 million generated each vear. Whole tires
are not easily disposed of for several reasons. including their
peor compressibility and their potential combustibility and
associated toxic fumes. Recycling is also difficult due 10 the
composite structure of tires: integrally combined rubber, syn-
thetic fibers. and steel wire. Shredding is one common meazns
of modifying waste tires to ease disposal. Finding large-
volume uses of shredded tires is dasirable to increase the
lifetime of sanitary landfilis.

The findings from an experimental test embankment de-
signed and constructed to provide information regarding the
behavior of waste tire chips as a fill material are summarized.
The research specifically examined the difficulty of construct-
ing a fill made of tire chips. the stability and deformability of
tire chips used below a road surface, and the environmental
acceptability of the leachate that passed through the tire chip
fill (I).

P. }. Bosscher and T. B. Edil. Depaniment of Civil and Environ-
mental Engineering, and N. N. Eldin. Deparumen: of Agricultural
Engineering, University of Wisconsin-Madison. Madison. Wis, 53706.

CHARACTERIZATION AND CLASSIFICATION OF
TIRE CHIPS

To characterize and classify the range in size and shape of
shredded tires. an inventory of the waste tire stockpiles and
shredders in Wisconsin was developed by visiting most of the
tire-shredding operation sites. The shredding process was vi-
deotaped at the sites visited, representative bag samples were
taken. and the owners/operators were interviewed. Data were
collected regarding shredding operations, type of machinery
used, product cost, and product types and characteristics.
Most processars use fairly small mobile shredding equipment
of 30 to 100 HP. These shredders use 2 shearing process in
contrast 1o the tearing process in the older versions. The
shearing process produces more uniform products, makes
cleaner cuts, and eliminates the parual pulling of the rein-
forcing wires out of the tire chips. The production rate ranged
from 100 to 400 tires per hour depending on the machinery
type and desired chip size. The cost of shredding ranged from
$30 to 365 per ton. 1 ton equaling approximately 100 tires.

The size of the tire chips is dictated primarily by the design
of a particular machine and the setting of its cutting mecha-
nism. Small chips are produced by processing the material
through more than one shredder, each set to produce finer
cuts than its predecessor. Classifiers can also be used to sep-
arate the finer sizes from coarser ones. Usually the chips are
shaped irregularly, with the smaller dimension being the size
specified by the manufacturer and the larger dimension two
to four times as much. Samples collected from sites visited
range from 1 x 2in. 104 x 18 in.. with the most common
size chip being 2 % 3 in. Classifiers are not typically used on
these sites, Figure 1 shows information concerning the min-
imum tire chip sizes of samples collected from four shredding
sites. The names of the tire chips were assigned on the basis
of the location of the shredding process.

Afer reviewing the tire chip samples coliected. three dis-
tinct size groups were recognized. The Edgar chips were the
smallest and were produced by a tearing action resulting in
significant amounts of ioose metal fibers. At the other ex-
treme, the Verona chips {no: plotted in Figure | because of
size extremes) had passed through only one cycle of shredding
and consisted of large siriplike pieces up 1o a length of 12 in.
Between these two extremes were the Franklin and the Ro-
defeld tire chips. These chips had an intermediate size, the
Rodefeld chips being somewhat coarser than the Franklin
chips. Because of the availability of the Rodefeld chips at the
construction site. it was decided to use the Edgar, Verona.
and Rodefeld tire chips with the Rodefeld the main tire chips
to be investigated. The large chips. referred to as the Verona
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chips. were originally sampled at the Dane County Vercna
Landfiil. However, the first cycle of shredding at the Rodefeld
site produced a product similar to the Verona chips. There-
fore, in the construction of the test embankiment. the coarse
Rodefeld material was used. However, the name “"Verona”
was retained for ease of identification.

-

TEST EMBANKMENT DESIGN AND
CONSTRUCTION

The test embankment was constructed in Dane County Land-
fill No. 2 (Rodefeld Landfill) near Madison. Wisconsin. This
site offered a sufficient supply of the main chip size to be
tested and an abundant soil source. The test embankment was
constructed parallel to the access road near the landfill en-
srance. allowing the diversion of a known quantity of heavy
traffic (incoming refuse trucks) onto the test embankment as
desired. The trucks were individually weighed as they brought
their refuse to the landfiil. providing a record of the traffic.
Regular weather monitoring and ground and surface water
monitoring at the {andfill site provided environmental data.

Test Embankment Design

In designing the test embankment, the following factors were
considered:

1. Tire chip size and type.

2. Soil type and chip-to-soil ratio for chip-soil mixture. and

3. Placement conditions (pure chips, mixed with secil. or
favered).

An available soil at the landfili site (2 glacial outwash grav-
elly sand) was chosen to be mixed with the chips. The grain
size curve of this sand is given in Figure 2. [t is a well-graded.
predominantly coarse-grained material with some fines in it
It is classified as an A-1-b(0) granular material in the AASHTO
systern and an SW well-graded sand with gravel in the USCS.

Three soil-chip compositions were adopted for study: pure
tire chips, tire chips mixed with soil, and tire chips layered
with soil. For the chip-soil mixture, a ratio of 30 percent tire
chips and 50 percent sand by volume was chosen. The mixing
was achieved in the field by a relatively simple operation using
a backhoe. The layered tire chip and soil section was buiit by
piacing alternating 1-ft lifts of tire chips and sand, In this
section, an overall ratio of tire chips to sand was targeted to
be the same as used in the mixture,

In two of the sections a thicker seil cap was designed to
assess its effect in reducing the deformation of the chips under
traffic loading. In addition to testing tire chips, it was decided
to include a fiber-reinforced soil in the construction of the
test embankment. Reinforcement fibers obtained from Syn-
thetics Industries were mixed into the sand at two different
ratios and placed in two separate sections in the test em-
bankment. This paper will focus only on the behavior of the
tire chip sections of the embankment, However, reference i3
made to these fiber-reinforced sections for the purpose of
comparison.

On the basis of site geometry and number of variables. the
test embankment has etght sections, each 20 ft long as shown
in Figure 3. The six tire chip-soil cross sections are shown in
Figures 4a and 4b. Along with the approaches built of sand.
the test embankment included a total of 10 sections to be
monitored and compared. The test embankment has a nom-
inal height of 6 ft with side slopes of 1V:2H. The crest width
ts 16 ft wide to permit safe passage of large trucks,

Field Compaction

After scraping off the surface organic soils. an elevation sur-
vey was made of the foundation base. A geotextile was then
placed to separate the foundation soils from the embankment
materials. A geotextile was also placed between the tire chips
and the soil cap in Section 4 as well as over the whole em-
bankment before placing the gravel wear coarse and the or-
ganic soiis on the slopes. The embankment was constructed
in six lifts of approximately 1 ft each. During the compaction
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of the first lift, surface elevation measurements were made
after each pass of the compactor. Since the surface was ir-
regular due to the large tire chips, these measurements were
made from-a 2 x 2 ft steel plate placed at the center of each
section. The cempactor used was a Case 1102 PD 12-ton
sheepsfoot reiler with vibratory capability {26 fi-tons). The
north half of the first }ift was compacted with vibration on.
whereas the south half was subjected to no vibratory action.
The corresponding lift thicknesses were computed from the
surface elevations.

Examination of the data indicated that vibratory action
improved compaction of the tire chips somewhat (23 measure-
ments out of 40 showed more compaction for the vibrated
side}, but not enough to support use of vibratory rollers. A
comparnison of the first pass with the fifth pass indicated no
additional compaction in the tire chip sections. In general.
tire chips showed little plastic deformation due to compaction.
unlike the soil sections.

The density achieved during construction was monitored
by computing unit weights from a record of the weights of
the soils and chips used and the embankment dimensions.
Figure 5 shows the calculated unit weights of each material as
they were encountered in each section {e.g.. 51 = Section 1).
Densities of the Rodefeld and Edgar tire chips {medium and
finest size) were comparable at 25 to 35 Ib/ft® range. but the
density of the Verona chips (coarser chips) was decidedly
lower at 19.3 [b/ft> even though the Verona chips were con-
fined with an additional foot of sand because of their large
initiai compression during the placement of the soil cap (1).
Sand used in interlayering with the Rodefeld chips in Section
1 was not compacied as well as the top cap sand layer in
Sections 3 and 4 (60 Ib/ft versus 105 to 111 Ib/fr?). In Section
1 this may be due to the lack of inertial mass of sail to compact
against, whereas in Sections 3 and 4 the soil mass is two or
three times thicker. The Rodefeld/Sand mixture used in Sec-
tion 6 had an average unit weight of 75 Ib/ft’.

Embankment Instrumentation

The instrumentation of the embankment was designed to eval-
uate the compressibility of the embankment. Slope stability
was not deemed to be a problem because of the high friction
angle of tire chips: the angle of repose of the piles of tire
chips was more than 50 degrees. The compressibility behavior
of the test embankment was monitored by regular surveys of
surface markers and settlement plates located in the em-
bankment. For surface surveys. target markers were placed
at seven locations in the center of each section, as shown in
Figure 6. The marker consists of a 2-in. square. Ya-in.-thick
plate with a 10-in.-long #4 rebar anchor welded in its center.
There are 70 markers on the embankment and the 1wo ap-
proaches. Periodic surveys of these markers provide the x, v.
and z coordinates of these points and the changes thereof,

In addition. 10 seulement plates were placed in the em-
bankment. The settiement plates are standard Wisconsin DOT
plates. comsisting of a 2-ft-square plate with a rod and a friction
pipe. They were placed roughiy in the midheight of the em-
bankment {on the third compacted lift from the base) in each
test section. An additional plate was placed on the foundation
base in Section 4 to measure foundation settlement (see Figure
4b).

Twao leachate coliection lysimeters used for obtaining leach-
ate samples were constructed by cutting a I-fi-deep, 10-ft by
12-ft hole in the sand base (see Figure 3). The collection
lvsimeters were placed in the base of Sections 2 and 3 because
these sections contained pure tire chips and were thought to
be the sections in which the leachate would be the most af-
fected by the tire chips. The lysimeters consisted of a 10- x
12-ft square, 30-mil-thick PVC liner with i-ft-high sidewalls.
It was filled with gravel and fitted with 2 4-in. pipe boot. A
nonwoven geotextile covered the collection system. The base
of the hole was sloped 1o the center and in the direction of
the 4-in. pipe. The pipe conducts the collected leachate to
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the south side of the slope into a 66-in.-deep cvlindrical con-
tainer of inside diameter 6 in. The container is fitted with a
cap and allows retrieval of leachate samples. The pipes and
the container were ail built using PVC.

Construction Observations

The following observations were made during the construc-
tion process:

1. The handling and placement of the tire chips were not
problems. The backhoe seemed more capable of spreading

the material evenly for each section than the front-end loader
or grader.

2. Tracked equipment had no trouble maneuvering over
the shredded tire fill. but trucks oceasionally became stuck
and had to be pulled out when the lifts of pure tire chips were
more than 2 ft thick. Flat tires on dump trucks also occurred
from driving over tire chips.

3. Vibratory compaction did not have an advantage over
nonvibratory compaction because of the low inertial mass of
the tire chips and their tendency to rebound.

4. Although the chips compressed with each pass of the
roiler, rebound of the chips was visibie behind the compactor.
Only the first pass appears 10 induce a small amount of per-
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manent compaction, with the other passes being totally
ineffective.

TEST EMBANKMENT PERFORMANCE
Traffic and Maintenance

The embankment was constructed paraliel to the access road
of a sanitary landfill and exposed to the heavy incoming truck
traffic, which is weighed before entering the landfill. Ap-
proximately 60 to 100 trucks per day weighing an average of
21.6 tons per vehicle pass over this embankment. The stan-
dard deviation of truck weight is approximately 10 tons; the
weight of some trucks is more than 45 tons. On June 4. 1990,
the test embankment was opened to trafhc. On June 8. 1990,
the embankment required regrading because of immediate
rutting under the traffic load. This was accomplished by add-
ing 32 tons of crushed rock (base course) over the whole test
embankment. From June through August the embankment

went through several cycles of regrading. opening to traffic,
rutting and pothole formation. closing to traffic. and back to
regrading. The west approach of the embankment was par-
ticularly affected even though it was built using soil without
any tire chips. Furthermore, dust due to traffic was threat-
ening the air quality near the landfill. On October 3. 1990,
the west approach was regraded using 31 tons of base course.
In addition, minor work was performed on the east approach.
Later a calcium chloride treatment for dust control was ap-
plied. and the embankment was reopened to traffic on Oc-
tober 26, 1990. On December 3. 1990. the test embankment
was closed to traffic for the winter after a record snowfall (17
in.). On April 10. 1991. potholes that developed in the east
approach, especially at the contact with the asphalt pavement,
were repaired, and the embankment was again opened 10
traffic. Traffic has been routed over the embankment through-
out spring, summer. and fall 1991 with virtually no closures.
At the present time. an asphalt concrete pavement is being
placed on the embankment to permit traffic throughout the
coming winter months and to investigate the performance of
asphalt concrete pavement founded on a tire chip fill.
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Roadway Rating

Gravel roads provide service 1o agricultural, forestry, and
recreational areas with fairly high traffic volumes. Surface
evajuation and rating of such roads are needed for planning
their maintenance and overall management. A system for
evaluarting and rating gravel roads was developed by the U.S.
Army Cold Regions Research and Engineering Laboratory
{CRREL) in 1987 {2}. A simplified visual method for gravel
road evaluation based on the work at CRREL was prepared
as a PASER manual by the Transportation Information Cen-
ter of the University of Wisconsin-Madison (UW) in 1989 {3}.
The evaluation is based on major factors such as the road
cross section. drainage, and adequacy of the gravel layer. Five
road conditions are used to evaluate and rate gravel roads:
crown. drainage, grave} layer, surface deformation, and sur-
face defects.

Using the PASER system, the test embankment surface
conditions were inspected and evaluated afier the Srst year
of service on April 5, 1991, by the Wisconsin DOT Distriet
I maintenance supervisor and UW personnel. The overall
condition of the road surface was excellent {a score of 10) for
drainage, good to excellent (a score of 8 to 10) for crown,
and somewhar variable (a score of 6 to 10) for potholes, This
over condition after the initial period of adjustment and re-
pairs puts the test embankment among the better gravel roads.
However. there were notable variations in the ratings of each
section. For instance, the crown rating was 10 for all sections
constructed using earth and for three of the six sections con-
structed uwsing various tire chip products {Sections 3, 5, and
6). Pothote ratings showed more variation between the var-
ious sections constructed of earth or tire chips. Just about
every section and the two approaches (built entirely of earth)
developed potholes under the heavy garbage truck traffic.

The embankment surface was regraded one final time on
April 10, 1991, rendering the rating of all sections excelient
{a score of 10). After 7 months of continuous traffic, the
embankment surface conditions were again assessed. The rat-
ings were similar to those found on April 5, 1991.

Surface Settlement

To date, five surveys bave been run on {a) the ground surface
elevation: (&) the surface markers placed just after the con-
struction was completed, which became buried after addi-
tional grave! was applied; and (c) the settlement plates buried
in the test embankment. .

Three of these surveys were carried out with total stations
permitting the collection of three-dimensional data. whereas
the other two surveys obtained only the elevation of the sur-
veyed points. The results from these surveys permit a quan-
titative evaluation of the performance of the embankmeant.
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A review of the lateral movement of the individual markers
indicated that there was no apparent bulging of the slopes of
any sections or any noticeable longitudinal stretching. The
measured lateral movements of the markers placed on the
embankment crest (Markers 3, 4, and 5) also indicated rel-
atively small movements (less than 1 to 2 in.} between the
initial and final surveys, Consequently. the measured eleva-
tions of the embankment crest markers can be used in studying
the overall settlement of the embankment section free of local
surficial disturbances. The markers were not removed
throughout the observation period. and actually the base coarse
overlay was excavated 1o reach the markers during the
surveys.

Figure 7 shows the settlement data collected from several
surface markers (shown in Figure 6). The data in Figure 7
are the average settiement of Markers 3 and 5. the two surface
markers located near the track made by the truck tires as a
function of sumber of days of traffic. The data indicate that

. the settlement increased rapidly during the frst 20 days after

truck traffic was first allowed on the embankment, corre-
sponding to the time of major pothole and rut formation.
After the surface was regraded and a crushed gravel layer
added, the settlement rate tapers off (20 to 60 days). After
60 days, the seitlement remains relatively constant. This is
further supported by Figure 8, which gives the settlement rates
for each of the sections in these time intervais of traffic load.

Using the maximum values of settilement (at 152 days of
traffic on Figure 7} as the measure of performance, compar-
isons of the sections support grouping of the sections as
follows:

1. Best performance - Sections EA (east approach}, 7. and
B {Sections 7 and 8 are not shown-—they are the fiber-
reinforced soils);

2. Higher performance— Sections 3. 4, and 6;

3. Lower performance — Sections WA [west approach (also
not shown)], 2. and 5: and

4. Poorest performance—Section 1.

Examination of these groups indicates that the best perfor-
mance is found in sections composed entirely of seil or fiber-
reinforced soil. The exception to this is in the west approach;
however, this approach was built initially with frozen soil.
which is thought 1o have contributed to its lower performance.
On October 3, 1991, this soil was removed and the west ap-
proach was reconstructed. Since thea, its performance has
been similar to other earthen sections. The nexi-best-
performing group is composed of sections having thick soil
caps {Sections 3 and 4) and a section made with a mixture of
chips and soil {(Section 6}. The presence of a thick soil cap is
important to reduce the amount of plastic deformation of the
chips. The mixture of soil and chips provides performance
similar to the pure chip sections with a thicker soil cap; how-
ever, the amount of chips recycled in either Sections 3 or 4
is larger than that recycled in Section 6. In addition. the extra
operation of soil mixing could be aveided by constructing
roads similarly to Sections 3 or 4. The sections made of pure
chips that did not have the thicker soil cap did not perform
as well, most likely because of the lack of confinement of the
surface tire chips. The worst-performing section was the lay-
ered section. The performance can be traced back to the lack
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of compaction imparted to the soils (see Figure 3) in that
section as well as the near-surface tire chips without adequate
confinement.

Compressibility of Deep Materials

The settiement of the surface markers depicts the plastic de-
formation associated prnimarily with the surface materials
(crushed stone, gravel, and some tire chips). where the stress
increase due to the traffic loading is the largest. The move-
ment of the deep settiement plates describes the response of
the deeper materials (chips. chip-soil mixture, or layered chips-
soils) to smaller stress increases from traffic loads. A com-
panison of the observed surface marker settlement with the
movement of the deep settlement plates indicates a much-
reduced response of the deep settlement plates. though the
trends are similar: higher initial movement compared with the
period after 60 days. Table | summarizes an analysis of the
stiffness of the deeper materials as measured by the movement
of the deep settlement plates. The stiffness index is defined
as the ratio of the overburden stress to the plastic strain. A
comparison of the stiffness differences between the sections

supporis the previous performance grouping based on surface
settiement. The settlement plate-data is useful for further
differentiation within each of these performance groups. In
addition to the influence of thick soil caps. the data indicate
effects of the tire chip void ratio. In Table 1. the bulk unit
weight gives a measure of the void ratio of tire chips except
for Section 6. where the bulk unit weight is that of the chip-
soil mixture. A comparison of SP4 and SP6 indicates that the
Verana chips do not perform as well as the Rodefeld chips
even though they were subject to a higher cap overburden
sTress.

Test Embankment Environmental Testing

Waste tires are essentially a solid waste. and the recycling of
tires in highway applications will probably require a permit
from state or federal environmental regulatory agencies. To
obtain an early evaiuation of potential environmental prob-
lems before construction. duplicate EP toxicity and AFS
leaching tests were performed on tire chip samples by the
State Laboratory of Hygiene (). The test results indicate that
the shredded antomobile tire samples show no likelihood of
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TABLE ¢ DEEP LAYER COMPRESSION DATA FROM
SETTLEMENT PLATES FOR 58 TO 152 DAYS OF TRAFFIC

Tahon- | Doxripoan. DUk Lml S Loy Overowrden Pwsnc  Sofinen
Scolegterns

Wagh Thkness  Seous Scun Index
Fiee
Pt Fext 2] i L3 2y
18Pt Layered 0.4 156 0.93 ;9‘ 159 1846
1-5F1 Layoed 9.4 0.208 1.43 I8 4.1 1943
2.5m Rodefeid 337 0.069 1.9 m 36 T5M
5507 Edger 34 0478 1.3% 118 4.1 P3
6-5P8 Rodedeld! 57 0.040 1.27 T3 35 . e
Sand
Maxtrt
A-5P% Veroa + 19.3 0.09% 1.38 545 13 Hezr 3
3-5P4 E::ddd - 26.2 0032 . 202 48} 1.6 30378

TABLE 2 WATER QUALITY ANALYSIS
OF LEACHATE—EAST LYSIMETER

SAMPLE Links LETET RIpETER
pH [ 7 T.7
Albkabraty mgh- 513 5
HBanum uglt 210 350
BOD mg/l. 14 kit
Calewurn mgl. 170 340
Chiiritic mgl. 450 1400
con mypl &) 360
Conduesvity mhasom 5150
lroty mg/l. 0.05 0.7
toad et <3 n
Mapneizm myl 150 30
Mengxnea: wgl. pali} 3200
Sodium my/l yit] 00
Sulfaz mg/l 340 450
Toxa: solids mgl 2000 4630
Liw pyl, 44 560
Hardneas mp/i. 1130 2500

being a hazardous waste. Table 2 provides the results of the
water quality analyses performed on two sarnples taken from
the east lysimeter established under the tire chip test em-
bankment. Samples were retrieved initially on a monthiy ba-
sis, quarterly since April 1990, and are retrieved semi-
annually now. The data given in Table 2 are typical of the
changes observed in the water quality samples obtained.

A review of the data to date support our expectations based
on earlier leach tests. The pH is stable around 7.5, Consistent
with that pH. most of the parameters stay within acceptabie
limits. As indicated by the leach tests, there is an elevated
manganese concentration in the field samples 100, especially
in the last samples.

To clarify the possible source of higher manganese con-
centration in the samples, ground and surface water data from
the vicinity of the test embankment were obtained from the
Dane County Public Works Department. It is believed that
the geological formations here cause the higher-than-usual
manganese concentration. The test embankment is located at
the foot of the landfiil. The volume of water pumped out of
the two lysimeters and the elevations of the lysimeters indicate
that surface and groundwaters are entening the lysimeters
laterally through the slope cover soil, The generai character-
istics of the water quality at the site are reflected 10 a cerain
extent in the measured quality of the lysimeter leachate
samples (/).

CONCLUSIONS

On the basis of the results of the research program, the fol-
lowing can be concluded:
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.1. Normal construction machinery can be used successfully
with tire chips, though rubber tires can be punctured by the
exposed wires at the edge of the chips. Vibratory or static
compaction does not significantly induce compaction in tire
chips.

2. After an initial period of adjustment, the overall perfor-
mance of a gravel road founded on tire chips appears similar
1o that of most gravel roads.

3. Tire chips used as a replacement for fill under a road
perform better when covered by 3-fi-thick seil caps compared
with chips covered by only I f1 of seil.

4. The void ratic of the pure tire chips affects its suffness.
The void ratiois affected by the size of the tire chip and by
the presence of soil within the tire chip voids.

5. Shredded automobiie tires do not show any likejihood
of being a hazardous waste. Compared with other wastes for
which leach test and environmental monitoring data are avail-
able, the tire leach data indicate little or no likelihood of
shredded tires having adverse effects on groundwater quality.

6. The preceding conclusions support the use of tire chips
as a lightweight fill in highway applications if properly
confined.
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ABSTRACT:

This paper describes research undertaken to develop design procedures for using shredded
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scrap tires are particularly enhanced if they can be used to replace virgin construction
materials made from non-renewable resources. This paper addresses the use of tire chips
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INTRODUCTION ’

Since the banning of the disposal of automobile and other vehicle tires in sanitary
landfills, scrap tire stockpiles have begun to grow in the U.S.A. It is estimated that on the
average, scrap tires are generated one per capita annually resulting in a significant disposal
problem. Currently, it is estimated that 2 billion scrap tires are stockpiled across the United
States and that these stockpiles will continue to grow at a rate of 200 to 250 million tires per
year. This situation has produced an acute need for finding new beneficial ways to recycle
and reuse large volumes of scrap tires.

The manufacturing process for tires combines raw materials into a special form that yields
unique properties such as flexibility, strength, resiliency, and high frictional resistance. If
tires are reused as a construction material instead of being burned (burning is currently the
leading method of reuse accounting for 17% of scrap tires), the unique properties of tires
can once again be exploited in a beneficial manner. The benefits of using scrap tires are
particularly enhanced if they can be used to replace virgin construction materials made from
non-renewable resources. Recent research indicates that shredded tires do not show any
likelihood of being a hazardous waste material or of having adverse effects on groundwater
quality (Edil and Bosscher_, 1992).

In this context, the use of shredded tires in highway applications was considered a
potentially significant avenue for putting scrap tires into beneficial reuse. There are a
number of ways in which shredded tires can be used in highway construction as an
aggregate replacement, for instance in the construction of nonstructural sound-barrier fills,
light-weight embankment fills crossing soft or unstable ground, pavement frost barriers,
regular fills, retaining-wall backfills, and edge drains. The light-weight fill application is
particularly interesting becéuse it would not only provide a means of disposing scrap tires
but also help solve difficult economical and technical problems associated with settlement

and instability of highway éonstruction over soft ground. The primary objective of this



paper is to present design parameters for embankments constructed using discarded

shredded tires based on iaboratory model studies and field perforrnance of test fills,

DESIGN OF PAVEMENT STRUCTURES OVER TIRE
CHIPS FILLS

Based upon the American Association of State Highway and ‘Transportation Officials
(AASHTO) guidance, the design of pavement structures is partly based on the mechanical
properties of the subgrade (AASHTO, 1993). For flexible pavement design, the critical
subgrade property has been identified as the elastic or resilient modulus. This property
should be determined from laboratory tests on representative samples in stress and moisture
conditions simulating those of the primary moisture season. Alternatively, they may be
determined by correlations with other subgrade properties. An effective roadbed resilient
modulusis then established which is equivalent to all the seasonal modulus values. Like
the effective subgrade resilient modulus for flexible pavement design, an effective modulus
of subgrade reaction (K-value) should be used for rigid pavement design (AASHTO,
1993). Since the K-value is directly proportiohal to roadbed resilient modulus, seasonal
moduli developed similar to the flexible pavement design can be used in the estimation of
an effectve design K-value. These design properties, for tire chips and tire chips-soil

mixtures are deterrnined in the following sections.

Flexible Pavement Design

The flexible pavement design method recommended by AASHTO (1993) is based on an
application of elastic layer theory in which the asphalt pavement is characterized as a multi-
layered elastic system. The Asphalt Institute (MS-I, 1991) provides a comprehensive
multi-layer elastic pavement design procedure based on established theory, experience, and
test data. In this method the subgrade, the lowest layer, is assumed infinite in the vertically

downward and horizontal directions. The other layers, of finite thickness, are assumed
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infinite in extent in the horizontal directions. Traffic is expressed in terms of repetitions of
an equivalent 80 kN (18 kip) single-axle load applied to the pavement on two sets of dual
tires. The design is based on identifying a flexible pavement structural number (SN) to
withstand the projected level of axle load traffic. The determination of the required
structural number 1s based on specific conditions prevailing including the effective resilient

modulus of roadbed material.

Rigid Pavement Design

The performance of rigid pavements is less sensitive to changes in soil conditions than is
the performance of flexible pavements. The AASHTO design procedure is based on the
AASHTO Road Test pavement performance algorithm. Before determining design slab
thickness, it is necessary :to estimate the possible levels of slab support that can be
providesl. This is accomplished by developing an effective modulus of subgrade reaction,
K. The effective K-value is dependent upon several factors beside the roadbed material
resilient modulus such as the type and thickness of subbase, loss of support due to erosion,
and depth to rigid foundation, i.e. bedrock. If the pavement slab is placed directly on the
subgrade (i.e., no subbase), the composite K-value can be obtained from a plate load
bearing test or from the theoretical relationship between K-values from a plate bearing test
and the elastic modulus of the roadbed material. The following equation can be used to
calculate the modulus of subgrade reaction (Poulos and Davis, 1974) from the resilient

modulus:

(D

where B = foundation width

p = load or force

0 = deflection or displacement

Mg, = resilient modulus



Equation 1 is derived from elastic theory for averagé displacement of a uniformly loaded

rectangular area. K-values are given in the units of MN/m%m or MN/m3. Often plate

bearing tests are not run but use of published correlations of K to various soil gradations is

made. K-values range from 80 MN!mé for the best subgrade soils to about 20 MN/m? for
the poorest subgrade soils. Therefore, in order to classify the performance of tire chips as
a subgrade material, a K-value must be assigned to this material. In summary, both the
flexible and rigid pavement design methods are based on the mechanical behavior of the

subgrade as measured in the resilient modulus, Mp.

'CHARACTERISTICS OF TIRE CHIPS

Size

The size of the tire chips is dictated pnmarily by the design of a particular shredding
machine and the setting ‘of its cutting mechanism. Small size chips are produced by
processing the material through more than one shredder, each adjusted to produce finer cuts
than its predecessor. Classifiers can also be used to separate the finer sizes from coarser
ones. Usually the chips are irregular shaped with the smaller dimension being the size
specified by the manufacturer and the larger dimension 2 to 4 times as much. Samples
collected from sites visited range from 25 x 50 mm to 100 x 450 mm' with the most

common size chip being 50 x 75 mm.
Deformability

One important component of the design of an embankment is the deformability of the
construction material. Quasi-static constrained repetitive loading tests were performed to
characterize the corﬁpressibility of tire chips and mixtures with sand and clay (Edil and
Bosscher, 1994). The compression tests were performed by placing the mixture in a 152-

mm diameter mold and then applying a vertical load using a compression machine. Figure



1 provides the vertical displacement (compression) versus load response of pure tire chips

50 to 75 mm in size. The initial porosity of tire chips is about 0.67 (at a dry unit weight of

tire chips of about 4 kN/m3) and it decreases to a porosity of 0.5 as a result of about 36%.
compression at a vertical pressure of about 690 kPa. Figure 1 indicates that major
compression takes place in the first cycle. A portion of this compression is irrecoverable in
- this laterally confined test but there is significant rebound upon unloading. The subsequent
cycles tended to have similar load-displacement curves however with less rebound than the
first cycle. An interesting observation is that the slope of the recompression/rebound curve
is nearly constant and markedly lower beyond a vertical load of about 350 kPa. Chips of
both smaller and larger sizes displayed a similar response. In contrast, a similar
compression test performed on pure sand resulted in a displacement of only 5%
compression at a vertical pressure of 690 kPa. This corresponds to about 1/7 of the
compression of pure tire chips at the same load. These quasi-static constrained repetitive
loading tests were characterized in terms of the naximum strain obtained at the end of first
cycle of loading as well as the maximum strain generated in the subsequent‘ cycles of
loading as shown in Figure 1. The strains are called respectively suatic and cyclic strains.
Constrained modulus is defined as the slope of the cyclic loading portion of the strain-
stress plot. These tests indicated a significant plastic (unrecoverable) strain under the first
cycle of load application followed by reduced plastic and elastic strains under subsequent
load cycles (Edil and Bosscher, 1994). The key predictor of these parameters was the
soil:chips ratio. Beyond a sand content of about 40%, the compressibility is significantly
reduced from 30 to 40% strain to less than 20%. Sand filling the open voids of the tire
chip skeleton reduces volumetric compression. No other factors tested (compactive effort,
moisture content, and mold size) in either the sand or clay tests affected the cyclic strain.
However, the type of sand and the size of the mold do affect the magnitude of the static

strain. A comparison of repetitive constrained moduli indicated that clay mixtures generally



have somewhat lower moduli than sand mixtures at the same soil:tire chips ratios (Edil and

Bosscher, 1994},

Resilient Modulus

For the structural analysis and design of highways as a mult-layer system, two
fundamental mechanical parameters are needed: an elastic modulus and Poisson's ratio.
Because only minor unrecoverable strains are observed after several load cycles, tire chip
products exhibit essentially non-linear elastic behavior after the first few cycles of load
application. Therefore, the analysis of highway systems including tire chips or tire chips-
soil mixtures can be performed using the elastic theory under traffic loads. For such
analysis, Poisson's ratio is required in addition to the resilient modulus, Mg. Direct
measurements of Poisson's ratio in uniaxial compression tests on pure tire chips indicated a
Poisson’§ ratio between 0.2 and 0.3 (Edil and Bosscher, 1994).

The resilient modulus of pavement materials defines their recoverable deformation
response under repetitive loading corresponding to a given state of stress. Therefore a
series of resilient modulus tests were performed on tire chip and soil-tire mixtures. The
resilient modulus testing of tire chips presented unique problems not addressed in present
standards. A procedure for tire chips was developed by following the new Strategic
Highway Research Program (SHRP, 1989) Protocol P46 as closely as possible. The
major issue causing a deviation from the P46 protocol was membrane failure due to the
wire ends extending from the tire chips. A PVC membrane (0.1 mm thickness) was
utilized in place of the latex membrane . The tests indicate that the PVC membrane
produced a noticeable but small increase in the measured resilient modulus (Edil and
Bosscher, 1994). Due to excessive sample displacement and distortion, pure tire chips
could not be tested. However, the resilient modulus of pure tire chips can be computed
from the measured constrained modulus using the following relationship (Poulos and

Davis, 1974):



(1-2v){1+v)M,
1-v
where M = constrained modulus

My = @)

v = Poisson’s ratio

Mg = resilient modulus
The results of the resilient modulus tests on laboratory ﬁrepared specimens of soil-tire
chips mixtures are shown in Figure 2 along with the resilient moduli for pure tire chips
computed using Equation 2. The results indicate that the modulus is strongly correlated
with the sand:chips ratio and tends to increase with bulk stress. ‘Bulk stress is defined as
the sum of the applied deviator stress and three times the confining preésure. A large

decrease in resilient modulus occurs as the chip percentage increases from 0% to 30%.

VERIFICATION OF M,

-

The measurement of M in the laboratory does not guarantee that the values found can be
successfully applied in the design methods described earlier. In order to verify the
applicability of the measured My values for the tire chips or tire chips-soil mixtures and the
use of the AASHTO pavement design methods, two testing programs were performed: 1)
large-scale model testing of rigid plates over tire chips, and 2} actual field testing of flexible

pavements over tire chips.

Model tests

Description

Large-scale models of tire chip embankments were constructed in the University of
Wisconsin Structures and Materials Testing Laboratory and tested under repetitive loads.
The model embankments were similar in thickness to the field test embankment. The

objectives of the model testing were: (1) to generate deformation response data of various



tire chips-embankment construction configurations under highway loading conditions and
(2) to provide a means (;of back-computing tire chip modulus for comparison with known
moduli for soils in order to derive practical design indices.

To confine the embankment material in the laboratory, a wooden box about 3.6 m in
length, 2.8 m in width, and 1.2 m in height was constructed. The model test set up is
shown schematically in Figure 3. The height of the embankment itself was 1.5 m. The
repetitive loading was generated by means of an MTS 244.7 kN structural load actuator.
To mimic typical traffic loads on the road, a sine function type of loading with an amplitude
between the maximum load and nearly zero was applied (see the inset in Fig. 4). A steel
bearn was connected to the actuator to transmit the load to two wooden plates (0.3 m
square) acting as the contact medium between the steel beam and the road material and
separated from each other by 1.6 m center to center. The separation and size of the wooden
plates were chosen to simulate the actual car/truck wheel loadings. Linear variable
differential transformer (LVDT) transducers were attached to each wooden plate to measure
vertical displacements relative to a separate reference frame. The tests results were
recorded using a data acquisition computer to rapidly record load and displacement data.
Custom software built using a data acquisition authoring language (ASYST) was used for
this purpose.

The expenmental program included four model embankments:

Model 1: 0.9 m of tire chips under 0.6 m of outwash sand

Model 2: 1.2 m of tire chips under 0.3 m of outwash sand

Model 3: 1.5 m of tire chips without any cover soil

Model 4: A layered system consisting of (from the bottom): 0.3 m of tire chips, 0.3 mof .
outwash sand, 0.3 m of ure chips, and 0.6 m of outwash sand.

In each model, the cover outwash sand was separated from the underlying tire chips using

a geotextile. In Model 4, additional sheets of polyethylene were placed between each layer.
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Model | was the first test conducted in the series. The initial load amplitude was
increased gradually. After a few hundred cycles, excessive plastic deformation developed
under the wooden plates due to compaction of the tire chips and outwash sand. These
deformations had the appearance of typical local shear failure in compressible soils. At that
moment, loading was interrupted and the surface leveled by adding sand (or tire chips, n
Model 3) over the load application areas. Loading was then resumed with a higher
amplitude. At the end of approximately 1000 cycles of load application with occasional
leveling of the surface, the model embankment would be desmed compacted and ready for
traffic loading. To simulate traffic loading, a cyclic load was applied 10,000 times at a
frequency of 0.5 Hz with readings taken every 2000 cycles. The applied pressure by the
wooden plates simulating wheel loads, cycled approximately between 7 and 200 kPa
except in Model 3 (1.5-m Tire Chips) which was only loaded to 50% of the load of the
other model tests due to the high cyclic displacement which exceeded the limits of the
displacement transducers.

A typical load-displacement hyteresis curve is shown in Figure 4. The shape of this
curve is quite representative of all other data recorded from the model tests. A subgrade
modulus of the resilient response, K, was computed as the change in load over a cycle of
loading divided by plate area and displacement. Figure 5 shows this subgrade modulus as
a function of number of load repetitions for all model tests.

The stiffness of the subgrade increases as the volume of the sand increases in each
model. This increase is attributed to two main factors:

1) an increase in bulk sﬁess due to the increased unit weight of the sand/chip mixture and
the surcharge weight of sand on the tire chips (resulting in an increase in stiffness of the tire
chips)

2) substantially higher sand bulk modulus than that of tire chips.

For instance, Model 4 (layered sand-tire chips) exhibited nearly a two-fold increase in

stiffness compared to Model 1 (0.6-m sand cover - 0.9-m tire chips). Both of these models
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were covered with 0.6 m of sand; however, in the cake of Model 4 the volume of tire chips
was 2/3 that of Model 1.' Other effects from plastic sheeting between layers and additional
wall friction may have contributed.to the additional stiffness measured in Model 4.

The plastic displacements that accrued during the 10,000 cycles of loading are shown in
Figure 6 for the three models loaded to approximately 200 kPa (Models 1,2 and 4). The
plastic displacements are all less than 12.5 mm except for Model 2 (0.3-m Sand - 1.2-m
Tire Chips) case. It is not clear why Model 2 accumulated larger plastic displacements.
Model 3 was loaded to 30% of the load of the other model tests and it had plastic

displacements less than 10 mm.

Numerical analysis of model tests

The model test sections wefe anatyzed for elastic deformation using the finite element
method (FEM) code known as ANSYS (ANSYS, 1996). As observed both in the model
tests and‘in the field (Bosscher et al., 1992), embankments constructed of tire chips initially
go through a period of excessive unrecoverable (plastic) deformation which is followed by
resilient elastic behavior. 1t is anticipated that in actual road construction using tire chips,
an early regrading may be required until the system stabilizes and then the roadway can be
paved. Thereafter, the integrity of the pavement would depend primarily on the resilient
(elastic) properties of the supporting layers of the system including the tire chips. In order
to properly design a suitable pavement thickness, the designer requires mechanical property
values of tire chips and soil-tire mixtures. There exists a body of knowledge about the
mechanical properties of soils as measured on soil specimens and verified by large-size
model testing or field analyses. To obtain corresponding values for tire chip products, the
mechanical properties measured on laboratory specimens of tire chips must also be verified
to be the operating moduli in the field by large-size model testing or field analyses
incorporating mass behavior. Then, such values can be used \;vith confidence. A

comparison of verified mechanical properties of tire chips products with those of soils will
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then permit recommendation of design values for tire chips. These design values can be
expressed i the form tfpicaﬁy used by the designers. For instance, it could be a resilient
modulus to be used in multi-layer structural analysis or it could be a group index or
subgrade modulus (Edil and Bosscher, 1992).

The objectives of the finite element analyses were therefore: (1) to assess the applicability
of the assumed material deformational properties of tire chips based on laboratory tests 1o
actual mass behavior and (2) to provide a comparative basis to assign values to practical

design parameters used by highway designers.

Assumptions and Limitations

1. Linear elastic idealization of the material properties

Figure 7 shows the idealization of the tire chips and soil muxtures as linear elastic

materials (defined by two constants: Young's modulus, E, ie., resilient modulus and

Poisson's ratio, ) after a number of initial load cycles. It was initially assumed that the

material constants are independent of the level of stress. The constrained modulus tests of
the tire chips however show that the material becomes stiffer as the load increases (Edil and
Bosscher, 1994) implying that the tire chips in the embankment exhibit non-linear stiffness
which is a function of the state of stress. The relationship given in Equation 2 was used
with a Poisson’s ratio of 0.2 in calculating the elastic or resilient modulus to be used in the
finite element method analyses. In order to take into account the effect of stress level in the
model tests, specific repetitive constrained modulus tests were performed using a mold
305-mm in diameter at stress levels of 45 to 120 kPa. Similarly, repetitive constrained
modutlus tests were performed on outwash sand in a mold 152-mm in diameter. Based on

these tests, the material properties given in Table 1 were adopted for use in the model tests.
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2. Method of Analysis '

The boundary conditic;ns of the model embankment are neither axisymmetric nor two-
dimensional, in fact it is basically three dimensional. Both two and three dimensional
analyses were performed on the mode] geometries. The two dimensional analyses (both
plane strain and plape stress) indicate that the difference between the three dimensional
analysis and the two dimensional analysis was small relative to the variation of results due
to the scatter in the rmaterial properties. Hence, a two dimensional (plane strain) analysis

was used.

3. Wooden Box Boundaries

The wooden wall boundaries of the box were assumed to have no friction in Models 2
and 3 (the 0.3-m soil cover and the pure tire chip cases) because of low normal stresses
obtained along the boundaries in the initial analyses due to the light weight of tire chips.
Howevet, Coulomb interface elements were used at the lateral boundaries for Model 1
because of the significant normal stresses generated by the 0.6-m sand layer. The friction
angle between wood and the other two materials making up the model (tire chips and
outwash sand) were estimated based on a simple laboratory experiment. In this experiment
a 305-mm diameter PVC mold (300-mm height) was filled with either tire chips or outwash
sand and placed on a honizontal wooden board which was gradually tilted until slippage
occurred between material and wood. These tests gave friction angles of 25° between
wood and tire chips and 30° between wood and outwash sand. The results with or without
an additional overburden load were similar. In Model 4 (the layered system), initially
frictionless boundaries were assumed however this assumption subsequently had to be

modified to frictional boundaries for more realistic modeling.
Results of Numerical Analysis

The model tests described above were analyzed by the FEM method. The modeling of
the cases is schematically shown in Figure 8. A summary of the results of the FEM
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analysis is presented in Table 2. This table shows that the FEM typically over-predicts the
amnount of displacemnent measured at the surface of the model test. It is important to note
the differences between the various analyses that were conducted. "Model Number" refers
to the same number as used in the model tests. "Geometry” briefly describes the model
represented in each FEM run. The measured deflection is the amount the laboratory model
deflected under the maximum applied load; the predicted deflection is the amount of
deflection predicted by the FEM analysis. "Property Choice” refers to the choice of single
or multiple values to be used to describe the stiffness of the tire chips. A single property as
given in Table 1 was used most of the time, however multiple values as given in Table 3
were used in Model 3 where a single thick layer of tire chips was analyzed. The values in
Table 3 reflect the dependency of the modulus on the stress level and were obtained from
repetitive constrained modulus tests at the stress levels indicated. The boundary
characteristics refers to the modeling method used to describe the interaction with the wall.
A comparison between the measured and actual values indicates that an elastic finite
element model provides a reasonably accurate response of the materal to loading.
Therefore, the assumed moduli based on the tests on specimens can be used in the analysis

of mass behavior of road sections built of tire chips.

Test Embankment

Description

A test embankment was constructed parallel to the access road to a landfill near Madison,
Wisconsin. This arrangement allowed the diversion of a known quantity of heavy traffic
(incoming refuse trucks) onto the test embankment as desired. Regular weather and
ground and surface water monitoring at the landfill site provided environmental data.

Based on site geometry and number of varables, the test embankment had 8 different
sections, each 6 m long (Bosscher et al., 1992). Along with the approaches built of sand,

the test embankment included a total of 10 sections to be monitored and compared. Six
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sections had tire chips of various sizes and placement\ conditions such as pure chips, mixed
with soil, or layered:

Section 1: A layered section (three 0.3-m thick tire chips and two 0.3-m thick soil cap)
Section 2: 1.5-m of tire chips under 0.3 m of soil cap

Section 3: 0.9-m of tire chips under 0.9-m thick soil cap

Section 4: 0.9-m of coarse tire chips under 0.9-m thick soil cap

Section 5: 1.5-m of fine tire chips under 0.3-m thick soil cap

Section 6: 1.5-m of 50:50 by volume tire chips-soil mixture under 0.3-m thick soil cap

In Sections 1, 2, 3, and 6, tire chips of 50 to 75 mm in size were used. Sections 4 and 5
had coarser (up to 300 mm in size) and finer (about 25 mm in size) tire chips, respectively.
A well-graded glacial outwash gravelly sand (same as in the laboratory and model tests)
was the soil used in the construction. The top 0.3 m of the soil cap was constructed using .
crushed rock: (base course). The two soil sections (Sections 7 and 8 constructed to test
fiber reinforcement for another pfoject) and the two approaches were constructed using
only the outwash sand.

The test embankment had a nominal height of 2 m with side slopes of 1V:2H. The crest
width was 4.8-m wide to permit safe passage of large trucks. Two of the cross-sections
are shown in Figure 9. The construction of the test embankment and the instrumentation
used to monitor the performance of various sections are described by Bosscher, Edil and
Eldin (1992).

The heavy incoming truck traffic which is weighed prior to entering the landfill could be
diverted onto the test embankment. Approximately 180 trucks per day pass over this
embankment t;vith an average truck factor of 2.035 (Edil and Bosscher, 1992). The
number of equivalent 80 kN single-axle load applications contributed by one passage of a
single vehicle is called the truck factor. The gross weight of some trucks is over 45 tons.
On June 4, 1990, the test embankment was opened to traffic and subjected to 152 days of

traffic. The embankment required several cycles of grading early on but eventually
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stabilized. On November 20, 1991 the embankment was overlain with an asphalt concrete
pavement to permit traffic throughout the winter months and to investigate the performance
of asphalt concrete pavement founded on a tire chip fill. Traffic has been routed over the
embankment throughout 1991 and up to 1995 with no closures. The test embankment was
removed in 1995 for landfill expansion.

Using a manual for gravel road evaluation (Gravel-PASER Manual, 1989), the test
embankment surface conditions were inspected and evaluated after the first year of service
and prior to application of asphalt pavement. The performance of the asphalt concrete

pavement was similarly evaluated and rated using an Asphalt-PASER Manual (1989).
Verification of Design Method and My values

The Asphalt Institute MS-1 method was used to predict the amount of damage that would
be accumulated in each section of the test embankment from incoming traffic after the
embank;nent was paved with asphalt concrete. A computerized procedure (DAMA, 1982)
based on the Chevron N-Layer program, developed by Chevron Research Corporation and
published by the Asphalt Institute, was used to predict this damage and service life of the
pavement on the test embankment. The DAMA program calculates selected deflection and
critical strain values at points along each interface within the embankment however only the
maximum strain at a given depth is used for damage computations. Pavement life based on
both fatigue cracking of each asphalt stabilized layer and subgrade deformation distress is

determined using monthly cumulative damage concepts.

Choice of Input Parameters

The input parameters needed for this model are 1) layer geometry, 2) traffic loads, 3)
asphalt cement and hot mix asphait (HMA) characteristics, 4) subbase and base elastic
parameters, and 5) damage parameters. The input values for each of the layers are listed in
Table 4. These values represent performance of tire chips after the initial 7000 to 22,000
equivalent single axle loads (ESAL) of traffic.
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Results of Runs

The DAMA program predicts the number of load repetitions to failure for each distress
mode (fatigue and deformation) and critical layer from distress strain criteria and the
maximum strain responses. Damage, computed on a monthly basis for a given monthly
traffic repetition input value, is accumnulated until failure for both distress modes. The
design life and number of load repetitions to failun:: are summarized for cracking and
deformation. The governing layer for the _design situation is also noted. .

The results from use of this program are shown on Figure 10. This figure shows the

design life predicted for each section of the test embankment. Section 1 is missing due to a

limitation of the DAMA program in the number of layers it can analyze.

Comparison to Actual Conditions

The test embankment was paved on November 20, 1991 using a 2.5 inch surface course
asphalt (Grade 3, WisDOT Specification Section 401, [WisDOT, 1989]). On Dec. 28,
1991, nearly a month after the embankment was paved and again opened to traffic, the
pavement was inspected and photographed. Subsequently on June 1, 1992, August 24,
1992, and August 12, 1993, the pavement was evaluated using this Asphalt-PASER
system. Photographs were also taken at these times. In June 1992, the overall condition
of the road surface was found to be excellent (a score of 9-10) except for a few notable
exceptions. The sections that showed significant distress of the asphalt surface were 1,2,
and 5 (score of 2-4). Section 6 was rated as good (score of 7-8). The distress in Sections
2 and 5 was already apparent a month after paving. Between the period of June 1 and
August 24, 1992, there was no notable change in the pavement ratings. The survey
conducted on August 12, 1993 confirmed the original rankings of the embankment sections
however the distress observed in the earlier surveys had grown more.

The nature of pavement distress in Section 5 involved both transverse and alligator cracks

and rutting (in both tracks). It represents classical subgrade failure. It is noted that
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common to all sections that showed some clear asphalt distress was a single foot of soil
cover overlying the tire chips. All other sections which performed excellently over nearly a
year had more than one foot of soil cover over the tire.chips.

Immediately after paving, survey nails were driven into the pavement at three points (one
in each track and one at the centerline of the roadway) in each section. A survey of these
points was conducted immediately as well as on May 6, 1992 and August 25, 1992. The
results from these surveys indicated rutting in the damaged sections up to 40 mm.

The performance of the pavement as revealed by the PASER rating system confirm the
trends predicted by the Asphalt Institute (MS-1) method as shown in Figure 10. In fact the
same method predicted inferior performance in test embankment Sections 2 and 5 (Section
1 could not be analyzed) which coincides with the PASER ratings. Additionally, superior
performance of Sections 3, 4, 7 and 8 as well as the émbankzmut approaches were
predicted. Section ¢ was rated intermediate in performance between these extremes in

Figure 10 which mimics the field performance.

MODULUS OF SUBGRADE REACTION FOR RIGID
PAVEMENTS

From constrained modulus testing and tire chips fill model test results described
earlier, modulus of subgrade reaction (K) for use in rigid pavement design has been
determined for tire chips. The K-value for tire chips varies based on the amount of
confining overburden pressure placed on the chips. Figure 11 illustrates this. The values
in Figure 11 were determined from back-calculations from the constrained modulus using
Equation 1 with a Poisson’s ratio of 0.2 as determined from the uniaxial compression tests.
Figure 12 presents the K-values for chips with varying amounts of soil placed over the
chips. These values were computed from the finite element runs of the models tested in the
laboratory. The values are verified by the K-values (see Figure 5) obtained from the model

tests. Both Figures 11 and 12 indicate that K is a function of stress (due to the weight and
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stiffness of the soil cover layer as well as vehicle loatls). For a 1-m soil cover

(recommended based on field and laboratory observations), a modulus of subgrade reaction

" of 16 MN/m?3 is recommended. Additional support for these values maybe gained by
running plate load tests on the test embMent however such tests could not be performed

within the scope of this project.

CONCLUSIONS

Based on this investigation, the following observations and conclusions are made
regarding the design of highway embankments using tire chips and tire chips-soil mixtures
as highway fill material:

1. Tire chip-soil mixtures exhibit a significant initial plastic compression under load. This
could be as high as 40% of the initial placenent thickness for pure tire chips. Once the
material 1s subjected to this level of compression with the associated reduction in
porosity, it behaves like an elastic material. The constrained deformation modulus in
the elastic range of pure tire chips is about 100 times smaller than pure sand however
inclusion of as low as 30% sand by weight in the tire chip matrix increases the modulus
to a level comparable of pure sand. Clay mixtures exhibit lower moduli than sand
mixtures at the same mixing ratios. Laterally constrained modulus tests can be used to
determine the deformation properties of tire chip products.

2. Tire chips used as a replacement for fill under a road perform better when covered by
thick soil caps (~ 1 m) compared to tire chips covered with a thin layer of soil (~ 0.3
m). Afier an initial period of adjustment, the overall performance of a gravel road
founded on tire chips is similar to most gravel roads.

3. The porosity of tire chips affects the material’s stiffness. The material's porosity is
affected by the size of the chips (smaller chips tend to have lower porosity), applied

pressure and the presence of soil within the tire chip voids,
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Existing design methods for flexible and rigid pavements can be used with the

appropriate modulus for tire chips and tire chips-soil mixture.

The preceding conclusions support the use of tire chips as a light-weight fill in highway

applications if properly confined.

RECOMMENDATIONS FOR DESIGN

The following recommendations are offered for design of highway fills using tire chips

based on the results presented herein as well as other publications:

1.

Tire chip size should not be a critical specification item. Construction activities may be

- eased by specifying tire chips less than 75-mm (maximum dimension). Compression

performance of large and small tire chips is comparable at the same density.

. The unit weight of pure tire chip fills typically ranges from 3 to 5.5 kN/m3. This

number is a function of chip size and compaction. The specific gravity of tire chips
ranges from 1.13 to 1.36 (average value of 1.22) depending on the metal content.
These values along with the specific gravity of other soils can be used to determine the

unit weight of soil-tire chips mixtures.

. Compressibility is the governing parameter in designing structural fills using tire chips.

To achieve minimum compressibility, a minimum soil cover thickness of | m (over the
tire chips) should be designed. Use of a geotextile to separate the cover soil from the
porous tire chip fill is recommended to prevent migration of the soil into the tire chip

matrix which could cause localized depressions..

. An initial period of differential settlement in the fill should be expected. Final surfacing

should be constructed after this period.

. A satisfactory flexible pavement structural design can be achieved by use of multi-layer

elastic theory using appropriate resilient moduli for tire chip products as obtained in the

laboratory. The resilient modulus test cannot be run on pure tire chips. The elastic
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modulus can be estimated from the repetitive constrained modulus test and Poisson's
ratio.

6. The modulus of subgrade reaction (K) used in the AASHTO rigid pavement design
method depends on pressure levei.and soil cover thickness. For a l-m soil cover, a
modulus of subgrade reaction of 16 MN/m3 is recommended for pure tire chips.

7. Spontaneous combustion of shredded waste tire embankments have been reported
(EW, 1996) in the State of Washington. Many other embankments have been built and
in operation in other locations around the U.S. without any reports of ttﬁs

phenomenon.
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Table 1 List of Material Properties Used in Finite Eletnent Analyses _
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Material Modulus (kPa) Poisson’s Ratio Unit Weight
(kN/m3)
Tire Chips 1,770 0.2 5.5
Outwash Sand 57,480 0.3 16.4
Wood 10,059,000 0.3 3.1
Table 2 Results from FEM Runs
Model Measured | Predicted Property Boundary
Number Geometry Deflection Deflection Choice Characteristics
(mm) (mm)
1 0.6-m Sand- 5.65 11.94 Single With Wall
0.9-m Tire Friction
Chips
2 0.3-m Sand- 21.84 22.86 Single No Wall
1.2-m Tire Friction
Chips
3 1.5-m Tire 26.67 25.91 Mulg No Wall
Chips Friction
4 Layered 483 9.65 Single Fixed
Table 3 Multiple Elastic Parameters used in Model 3 - .
Max and Min Pressure | - Corresponding Modulus Poisson’s ratio |
in the Test (kPa) Depth in the (kPa)
Model (m)
120 - 45 0-0.3 1,770 0.2
50-20 0.3 -0.6 1,295 0.2
35-16 0.6 - 1.5 1,055 0.2

Table 4 Input Parameters for DAMA Flexible Pavement Analzsis

Layer Name Material Type Modulus Value Poisson's Ratio
Asphalt 2 calculated” 0.25
Base Course 3 K1=1,357 MN/m3 0.25
Outwash Sand 4 M;=69,000 kPa 0.25
Tire Chips-Sand 4 Mr=4,140 kPa 0.25

Mixture

Tire Chips 4 Mr=480 kPa 0.20
Base 4 M;=69,000 kPa 0.25

*The program calculates asphalt modulus based on mean monthly air temperature.




OT!‘IIlllillliill(1lllll‘lli:llf|

4L 131k

10 :'E{// Firs%t Cycle of Loading :
B e e e : :
e KA ¢ :
? 20 i, W _ ......... ._:
o : " - 3
= +Reloading .
= 25 ]

30 : -

35 ‘Uhloﬂ'adiru_:;"*é

40 !lzlilll!ill;|§:ili llll:illlliisl
0 100 200 300 400 500 600 700

Stress (kPa)

>

lllli?l‘ltllllillil

Figure 1. Constrained Stress-Strain Response of Medium Size Tire Chips.

- o  No Chips P
L] © 30% Chips |-
L. o 50% Chips “;'""f ..........
- x  70% Chips }- :
a 100% Chipd® ° Cod
. v v o] Qo : o

10° I

Resilient Modulus (kPa)

100 1000
Bulk Stress (kPa)

Figure 2. Resilient Modulus of Till-Chip Mixtures



MTS actuator

7

DRRANN

Displacemert Sensors

v

RN NN

|

Disp lacoment reterenca
frame

Wood box

A
A
§\§\\§§m
£
breed
1 )
Fed (I e lx
AL R Te T e hr e, Ly
[eLelny u.a...i. PP Lo oo
It e ..m...w..._.. e P
..wi..h:h-.-..“.”. ._-l..m .”-u ”-n- a%, 8%
A e LAt B E AL L ¥ P
0% e sy w A r iy "y
o s o L fe
Yo by ey n Y, ad, b, Ty
o oo o oo " 508
AR R g Ty 0 2% e . "yl
L e L AL Pt oL T te Pt Pl
A N 8 Y ey NINEN iy
A Lrert e L ket ate il P
.
L L L pod
et ut n ety nly ity n et e, ad,
R R e L) Pag
2y Ty w w ..v.r ", a4
wdadadnd e i
papat, e uf, b o]
Ll el il L il Fad
R L R ik
._r..vﬂ.ﬁ Lo sl -lﬁ.
g i F o A )k _..-rl-
w0, Yy a )
J-. -....ﬂ...n ol
3
e L ik b Fod
Tl C i T Ty L e 1%3 3 Y
st e FeLala e lnLifi ol fsf
ARA AL an s L e e ey A
(AT L P L L A n g n S naf
T 4R, 4R, pm Ty m ]
A AL AL AL LAl s i
E A S o T L iy Y L Y e Ty
LA LAl e Ll Nl [’y
laﬂl. I‘ ‘Il n--‘ﬂ’ -lr l' ll l' l' { ‘ll
TEER LR LR R L el el ko] LILILIs
I e L L A e L e Ll L L Rk AR AT
T L L A T T Ty e e T b T ) ]
5o 0 dadedrlideledadedrdnd, el
AT kL s et s a s, Aoty
Fude o, FrleLare St el
If'a l' l( -' !'lnflf 1' e n- n' Ay 3
sl afr e lrliLalnlafe e e Ful sl ludelnl
et ety ulnfal,eh st et e, e el
of e Sl felelele faleFole e lnd
w A ay a iy Ry ady e , Ay 2y o 1
A s sSeLoFelz e feFuFarufn el nd
Apafut et e nl, Py ! ) N T
L AL e L AL LR LRt ALY
) paynt, e - -ty e 1
L Ed v LTSS LA R S Fuda e Sl
Al ] - LAt =1
R R TR

e |
i

9

SNNNN

{

N

e e e e Ll 2

Figure 3. Schematic of Model Test Setup (Not to scale)

--m-~«

]

|iiili’!l;|il

Illl’llliii%]l

i At 116 nl

FITTF

2 L1

—_—m_m_———w‘-__.nunm—_MH

11

Time (sac}

+

-wmmmw-_

{N¥} prO}

_-——dn_l-_ k.1

0

n o 19 [
~— - OF
' [ v

un
b

{(NY) pEO1

O 19}
ﬂq.u (s}
¥

-12 -11

-13

Displacement (mm)

Figure 4. Typical Load-Displacement of Model Tire Test



Moduius of Subgrade Reaction, K (MN/m")

Plaslic Displacement (mm)

10t 1 e % ; ;
. x®_ X y r ______ ¥
410 T e T T PSS
s - 0.61m Seil-0.31m Chips 1
3 10* g g - 0.30m Soil-1.22m Chips L
1 — o - 1.52m Chips ;
i - -X - - Layered (0.91m Sail - 0.61m Chips) | ]
. L % : ]
W ey T T e e — e — 0
'e--e----iw--—m—:—-o—-——-%— ———————— -+
o ‘F | i i i
1 3 i T 3
0 2000 4000 6000 8000 10000
Cycles '

Figure 5. Resilient Modulus of Subgrade Reaction vs. Number of Cycles

.

1 1 £ ]

60

50

1 ) 13

—&—-(,3m Sand - 1.22m Chips
—& -Layered{0.91m Sand - 0.81m Chips)

40

30 7

LRI LML

— & -0.61m Sand - 0.91m Chips

20

R am R |

4000

60C0 800G 10000

Number of Cycles

Figure 6. Plastic Displacement vs. Number of Cycles



Load

o
Displacemant

- >

Plastic delormation

Elastic deformation

Plastic deformation

Lhad

P
Displacement

i
1 i
Elastic deformation

Figure 7. Load-Displacement Curves (Actual and Idealized)
from Constrained Modulus Test.

Axis of symmatry

load
DI AL
7
1.52m
o o
- d 0
L o
-
1.83m
MODEL 1
Axis of symmetry
l load E=1.77 MPa
E=1.29 MPa
_____ E=1.05 MPa
[+ ay 2y
MODEL 3

/| = Outwash Sand

Axis of symmetry

cad
Y
(LS 2o
= P
9 D
d b
ray Fay 3
MODEL 2

Axis of Symmetry
|

1
I 3 .{.J.if/ﬁxed Boundary

A
AN Y ‘

D227

g

FANRRFANNRRVAN

S eel Beam

0

MODEL 4

= Tire Chips

Figure 8. Schematics of Finite Element Method Analyses



SP1 ISF’2
Geotextile I
Section 1-1 P PTITLRAT N A
(Medium Tire Chips & % .
Sand Layers) 2.

. SP6
Geotextile SP5 I I
WA AN 1 S Py M_O_‘im
Section 44 RN ININI <8 |t B4 TN  0.6lm
(Large Tire Chips) —— R —
. » AP AAI AP \“Q .

ST LLLAALST SAANNNNAN
L S I N S

Dasign Life {years)

Section
Figure 10. Prediction of Design Life of Asphalt Concrete Paved Sections



K (MN/m®)

Figure 11

7.5

6.5

5.5

4.5

. Calculated K values from Constrained Modulus Tests on Pure Tire Chips

i :

i l

& @
Max pressure (kPaj)

i !

100

30

e ;

K FEM (MN/m°)

1.52m Chips

0.3m Sand 0.61m Sang
& &
1.22m Chips  0.91m Chips

Layerad
(0.91m Soil
&
0.81m Chips}

Figure 12. Calculated K values for Various Depths of Soil Cover

© 120












REVIEW OF ENVIRONMENTAL SUITABILITY OF SCRAP
TIRES

Nilay Tatlisoz, Tuncer B. Edil, Craig H. Benson,

- Jae K. Park, and Jae Y. Kim

Environmental Geotechnics Report No: 96-7

Department of Civil and Environmental Engineering
University of Wisconsin

Madison, Wisconsin

February, 1996






1

REVIEW OF ENVIRONMENTAL SUITABILITY OF SCRAP TIRES

1. INTRODUCTION

Since rain water will percolate through earth structures constructed with
shredded tires, concern exists regarding the potential for leaching 'of organic and
inorganic constituents. Tires contain numerous ingredients such as carbon black,
vulcanizing agents, metallic reinforcements, antioxidants, pigments, accelerators
(Miller and Chadik 1993) and may also contain petroleum residues obtained
through use. Thus, leaching studies have focused on both organic and inorganic
compounds. Table 1. summarizes the studies conducted on ftire leachate

characteristics.

2. POTENTIAL CONTAMINANTS REPORTED IN THE LITERATURE
2.1 Organic Compounds

A study prepared for the Minnesota Pollution Control Agency (MPCA) (1990)
indicates that under alkaline conditions, the concentration of polynuclear aromatic
hydrocarbons (PAHSs) leached from tire chips exceeds drinking water standards.
PAHs may leach from carbon black, recipe extenders (Miller and Chadik 1993), or
petroleum residues.

The second class of potential contaminants includes nitrogen énd sulfur
containing organic compounds which form the basis of vulcanizing agénts, anti-

oxidants, and/or accelerators. Volatile organic compounds (VOCs) are used in tire
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manufacturing for mixing the rubber, promoting elasticity, and producing stickiness.

Although most VOCs are driven off during the curing process, approximately 8% of
total VOCs used in rubber manufacturing remain in the tire (Miller and Chadik
1993).

Miller and Chadik (1993) present results of a laboratory ‘analysis of organic
compounds. They conclude that aromatic components of gasoline {e.g., ketones),
carboxylic acids, and aniline can be leached from tire shreds. Several other
volatile compounds such as benzene and toluene were also present in their
leachate. In a field study conducted by Miller and Chadik (1993}, however,
benzene was not found in the leachate. Toluene was found in the field leachate at
low comcentrations, and trimethyibenzene and 3-ethyltoluene were present in
significant concentrations.

A study for the Rubber Manufacturers Association {(RMA) (1990) indicates
that volatile organics such as toluene, carbon disulfide, and methy! ethyl ketone
may leach from tire chips. However, benzene was not detected in any samples.
Only phenol was detected as a semi-volatile _compound. The concentrations of.
organic compounds are below TCLP (Toxicity Characterization Leachability
Procedure) limits.

Edil and Bosscher (1992) report biological (BOD) and chemical oxygen
demand (COD) as indicators of organic compounds in leachate collected in their
laboratory and field studies in Wisconsin. They report that laboratory tests show

decreasing BOD and COD with time (Grefe 1989). In the field, however, they could



4
not determine whether organic compounds in the leachate were generated by

percolation through the tires or from surrounding soil.

2.1 Inorganic Compounds

Steel belts which become exposed during shredding are also a potential
source of contamination. The Minnesota Poliution Control Agency (1990) tested for
the presence of 14 metals in tire chip leachate. The laboratory test program
concentrated on “worst case” conditions (in this case low or high pH conditions);
USEPA’s method SW-846 was used for sampling and handling procedures. The
study reports that silver and mercury were not detected in any tests, whereas
selenium, arsenic, calcium, iron, zinc, and chromium were detected. Depending on
the test condition (e.g., pH), the concentration of some metals (barium, cadmium,
chromium, lead, selenium, and zinc) exceeded Minnesota's Recommended
Allowable Limits (RALs) for drinking water.

Grefe (1989) reports that zinc, barium, iron, and manganese were detected
in their laboratory leachate tests (AFS-American Foundry Society test and EP-
toxicity test). Concentrations of iron and manganese were above or at drinking
water standards, whereas concentrations of zinc and barium were below drinking
water standards. |

Edil and Bosscher's (1992) field test showed no significant leaching of
barium or lead, but possible leaching of zinc and manganese. They indicate that
leaching of zinc, manganese, and iron may also have occurred from the

surrounding soil. Their field ddta showed high concentrations of cationic index
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parameters, such as conductivity, hardness, and calcium and magnesium

concentrations, which may be due to leaching through the soil from activity at the
site, such as roadway dust treatment.

Field study performed by Humphrey and Katz (1935) repored
concentrations of barium, cadmium, chromium, copper, lead, and selenium that
were lower than drinking water standards. Their field samples were taken 3 times
in 28 months from groundwater monitoring wells installed in the vicinity of a tire
chip roadway embankment. Only manganese was found at concentrations above
drinking water standards in three of the wells adjacent to tire chip sections and the
control well. Humphrey and Katz (1995) also explained the higher cationic index
parameters as the result of the dust treatment in the summer and deicing treatment
in the winter.

Miller and Chadik (1993) report that zinc and arsenic were found in their
laboratory leaching tests at concentrations below drinking water standards. Low
concentrations of chromium were also detected. They also pointed out that
biological activity, co-precipitation, or the common ion in the leachate may make
evaluating leaching of metals from tire chips complex.

The RMA (1990} study indicates that no silver, cadmium, and selenium exist
in tire chip leachate. However, barium, chromium, and lead may leach at low
concentrations that do not exceed TCLP limits.

Kim (1995) reports on an analysis of tire chip leachates that were obtained
from column tests., Leachate samples were collected 830 days and 790 days after

initial exposure from columns containing tire chips and soil or soil only. Filtered
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and unfiltered leachate samples were analyzed. Tap water was also tested for

control purposes. Analyses were conducted for metals such as zinc, barium,
arsenic, lead, and chromium. None of the samples had concentrations exceeding
drinking water standards. However, unfiltered leachate from the column tests
conducted with tire chips had higher concentrations of zinc and barium than the
unfiltered leachate from the column containing soil only. Also, arsenic was found in
higher concentrations in the unfiltered and filtered leachate from the soil-only tests.
l.ead was found in the highest concentration in the unfilteréd leachate from the soil-
tire chip tests. Filtered samples usually resulted in low metal concentrations.
Differences in the metal concentrations in samples from different specimens may
also be-due to the different sampling period (i.e. 830 days for the soil-tire chip fest

and 790 days for sail only tests).

3. TEST METHODS

Batch tests are usually used to determine the leaching characteristics of
tires. The mass of tires, extraction liquid, and volume of the container vary from
study to study, even when standardized procedures like TCLP (Toxicity
Characterization l.eachability ‘Procedure EPA, 1986) are used. With a few
exceptions (Waste Management Pennsylvania 1989, Kim 1995), the experimental
focus has been on leaching under stagnant conditions, which is not realistic. For
example, a tire chip embankment partially submerged in groundwater is not in a
stagnant condition. In a more realistic condition, liquid in the pores of a tire chip

\

mass is diluted by the flowing groundwater.
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Although the analytical equipment is usually the same for each study (e.g.,

gas chromatrography for organics or spectrbmetry for inorganics), procedures for
sample handling and the detection limits vary. Handling and detecting organic
compounds requires more attention than is required for inorganics. In addition, the
precision of measurements at the parts per billion (ppb) level is questionable in

most of the cases.

3.1 TCLP and EP-Toxicity Tests

The TCLP is normally used to determine if a waste material is hazardous. In
the TCLP, the type and size of container and the extraction liquid are defined. The
container has zero head space and a volume of 500-600 mL. Two types of
extraction liquid are recommended, having a pH of 4.93 and pH of 2.88. The
minimum amount of solid placed in the extractor is 100 grams for a non-volatile
compound analysis or 25 grams for a volatile compound analysis. The study by the
RMA (1990) used 600 g of tires in the TCLP. The time period for leaching is 16
hours in the TCLP.

The EP-Toxicity test (Extraction Procedure Toxicity Test), which was
developed before TCLP, is also used for classifying a waste material as hazardous.
EP-toxicity differs from TCLP because it specifies a 24-hour leéching period, no
standard size extractor, and a pH of 5.0. The BMA (1990) compared leaching
results from TCLP and EP-toxicity tests and found that there was no significant
difference between the EP-toxicity and TCLP results. In the RMA (1890} study, 300

grams of tire chips were used in the EP-toxicity test.



3.2 Batch Tests

The MPCA (1990) used batch tests. In their study, the container volumes
and weight of the tire chips varied. However, in the report, concentrations were
normalized with respect to the weight of tire chips in the containers, providing a
basis for comparing different concentrations of leachate.

Miller and Chadik (1993) used 20 L polyethylene carboys with
approximately 15 kg of tire chips, even though plastic contairiers can sorb or leach
chemicals. The American Foundry Society batch test was used by Grefe (1989). In
Grefe's study, tire chips were leached using distilied water at a liquid to solid mass

ratio of 5:1.

3.3 Column Tests

Waste Management of Pennsylvania (1989) investigated tire chip leaching
in column tests (20.3 cm diameter and 121.9 cm long) with leachate flowing at a
percolation rate of 5.8 cm/day. Kim (1995) used steel containers (61 cm diameter
and 91.4 cm long) for column testiﬁg of soil and tire chips. In Kim's study, the

influent reservoir containing the tire chips (5 to 10 kg) had a volume of 170 L.

4. FACTORS AFFECTING LEACHATE CHARACTERISTICS
Factors that can affect the characteristics of leachate from tire chips include
the aquatic environment in which the tire is exposed, the age of the tire chips, the

size of the tire chips, and the time period that the tire chips are exposed to water.



4.1 Aquatic Environment/pH

The aquatic environment is described by the chemical characteristics of the
solution, such as pH. MPCA (1990) investigat_ed how acidic and alkaline
environments affect tire chip leachate. Four different leaching tests designed to
simulate a range of pH conditions (pH 3.5, 5.0, 7.0, 8;0) were performed. It was
concluded that the highest concentration of metal ions {such as calcium, iron, and
magnesium) occurred at a pH of 3.5. At this pH, cadmium, chromium, selenium,
and zinc from old tire chips exceeded Minnesota RALs for drinking water.
Leachate from new tire chips contained zinc, arsenic, and cadmium at
concentrations exceeding the RALs when the solutions had a pH of 3.5 or pH of
5.0. However, none of the leachate samples exceeded the EP-toxicity criteria,
which are used for classifying wastes as hazardous. It was also reported that
slightly alkaline conditions (pH=8.0) resulted in the highest concentration of
hydrocarbons. |

Miller and Chadik (1993) prepared slightly acidic (pH=5.4), neutral {pH=7.0},
slightly alkaline (pH=8.6) solutions to investigate how pH affects leachate
characteristics. They also reported pH changes during the test, which were
attributed to microbial enzymatic activity. They did not have a strong correlation
between pH and the concentration of metal ions in the leachate. They proposed a
possible reaction mechanism resulting in adsorption of metal ions by tire chips.

Edil and Bosscher {1992) report that tire chip leachates are slightly alkaline

(pH =7.13 to 7.43), based on their field test results. They also recommend not



10
using tire chips in highfy acidic or alkaline environments 1o avoid generating

stronger leachates.

4.2 New vs. Scrap Tires

Leachate from new tires may also contain inorganic and/or organic
compounds. The leachate study on new tires prepared for the RMA (1990} found
that leachate from new tires contains inorganic and organic compounds, but none
of the concentrations exceed TCLP levels. MPCA (1990) indicates that newer tires
contain slightly higher concentrations of leachable PAHs (new tires=1.2 ppb, old
tires=0.6 ppb).

The Canada National Water Research Institute (1992) reports that new tirés
are also toxic to rainbow trout as scrap tires, which suggests that toxicity is
associated with materials présent in or on the rubber as a result of manufacturing
process as opposed to being picked up later, when the tires are used or after they
have been discarded. Toxicity concentrations of scrap tires, however, were found

higher than those of new tires.

4.3 Tire Chip Size

Due to their larger surface area, it is expected that tire chips generate
stronger leachates than whole tires. Miller and Chadik (1993) report that leachates
from medium and large chips had higher concentrations of benzene (215 ppb and
253 ppb) than leachates from small chips (62 ppb). They aiso report that

ethylbenzene, xylenes, and 2-ethyltoluene were found in approximately the same
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concentration regardless of chip size. They conclude that the effect of chip size is

specific to each compound detected. However, they also report that higher or
lower concentrations of a particular compound from smaller chip sizes can be due
to variability in test samples. The study prepared for RMA (1990) indicates that

leachates from ground and unground tires are comparable.

4.4 Immersion Time

The Canada National Water Research Institute (1992) investigated the
toxicity of leachate generated by 5, 10, 20, or 40 days of exposure to tires on
rainbow trout. Contaminants leached from tires reached lethal toxic concentrations
for rairbow ftrout within 5 days. Aﬁérwards, no appreciable change in
concentration occurred in 40 days. Waste Management of Pennsylvania (1989)
indicates that no significant change in leachate concentrations throughout a 80 day
exposure period. Miller and Chadik (1993) report that benzene concentrations in
laboratory leaching tests are highest at the beginning of a test and decrease
rapidly and exponentially with time. In contrast, they found that toluene
concentrations were initially low and then increased slowly with time. Miller and
Chadik (1993) also report that the zinc concentration continually increased for 63
days and thereafter decreased.

Edil and Bosscher (1992) also report time-dependent composition of
leachate collected in lysimeters underneath their shredded tire embankment. They

attributed the changes to construction activities, such as roadway dust treatment
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with calcium chloride and asphalt paving. Humphrey and Katz (1995) indicate that

the time since construction (28 months) may be too short for substances to migrate
from the tire chips to their monitoring wells. However, there was no significant
increase in the concentrations of metal ions at three sampling dates and even
some of the metals had lower concentrations at the {ast sampling date (e.g., Zn
concentration decreased from <0.01 mg/L to less <0.003 mg/L for unfiitered
samples taken from the vicinity of tire chip embankment). In addition, leachate from

tire chips can be diluted when it mixes with groundwater.

4.5 Microbial Activity

Miller and Chadik (1993) report that gas was produced in several of their
laboratory containers after 180 days of immersion. They also observed that
attempts to maintain a constant pH using a buffer solution failed, which is indicative_
of a biological decomposition process (Miller and Chadik 1993). However,
because Miller and Chadik (1993) performed no microbial analyses, there are no
data to confirm their hypothesis.

The MPCA (1990) indicates that it is not necessary to investigate biological
activity in scrap tires because the vegetation survey they performed in the field
showed no difference between vegetation in waste tires and in background areas.
The lack of a difference in vegetation indicates that off-gases generated Dby

biological activity in scrap tires are not significant.
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Kim (1995) observed gas formation in columns containing soil-tire chips and

soil only, indicating possible biological activity. Gases formed a few months after

starting the tests. Methylene chloride dissappeared in a few months in the tanks.

5. EFFECT OF LEACHATE ON GROUNDWATER

Several studies have been conducted to asses how metal ions, VOCs, and
semi-volatile organic compounds leached from tire chips under worst case
scenarios (such as acidic and alkaline conditions) affect groundwater quality.
When tire chips are used as fill in earthwork construction, however, such ex’greme
conditions are not likely to exist. Most often, tire chips are exposed to groundwater
or percelating rain water. Thus, leachate from aqueous solutions that simulate
groundwater or rainwater (or actual groundwater or rainwater) should be
considered when investigating groundwater impacts.

The Minnesota Poliution Control Agency (1990) used a field test to
determine how groundwater characteristics changed when exposed to tires.
Concentrations of inorganic and organic compounds in groundwater samples
collected under tire chip stockpiles were compared to concentrations in
groundwater samples. Groundwater samples collected from Floodwood,
Minnesota showed that zinc concentrations increased from less than 0.1 mg/l
(background) to 0.87 mg/L {tire chips), iron concentrations increased from 5.8 mg/L
to 298 mg/L, and magnesium concentrations increased from 6.2 mg/L to 383 mg/L.
In contrast, the concentration of petroleum hydrocarbons decreased from 11.8 mg/L

(background) to less than 0.5 mg/L (tire chips).. This may indicate that
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hydrocarbons can be removed by tires if a concentration gradient exists between

the tire and the surrounding environment. The study also indicates that samples
collected beneath stockpiles at the Floodwood site exceeded Minnesota RALs for
barium, cadmium, chromium, and lead while background samples did not exceed
RALs. Soil samples taken from the area have concentrations of arsenic, barium,
calcium, and selenium higher than in background samples. In contrast, aluminum,
iron, magnesium, and zinc were found in lower concentrations.

Two of the nine laboratory test solutions that Miller and Chadik (1993)
evaluated can be considered similar to groundwater in terms of pH (slightly
alkaline) and total dissolved solids (< 1321 mg/L). In these solutions, the benzene
concentration was as high as 0.0115 mg/L. Toluene had the highest concentration
among other organic compounds (O.H? mg/L). Although the most predominant
metal icns were zinc and arsenic, their concentrations were 4,25 mg/L and 0.008
mg/L, respectively, which are lower than drinking water standards.

Humphrey and Katz (1995) installed six groundwater monitoring wells in the
vicinity of a tire chip embankment to investigate the change in groundwater quality
due to tire leaching. They found no relationship between concentrations of metal
ions in samples from the control well and the other wells.  Sometimes, the
concentrations from the control well were higher than the other \A;elis (e.g., the zinc
concentration was 0.01 mg/L in the control well and 0.004 mg/L in a well close to

the tire chip embankment).
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. Figure 9.6 Photograph of Sections 5 (foreground)
and 3 & 4 (background) on June 1, 1992

10, Environmental Sultability

Waste tires are essentially a solid waste and recycling of tires will likely need an
analysis and exemption from the Wisconsin Department of Natural Resources. An
analysis is needed to support the department's ultimate decision. Furthermore, the
information generated through waste characterization testing should also be of use in
evaluating disposal and recycling proposals for abandoned tire piles.

In order to obtain an early evaluation of potential environmental problems, duplicate
EP toxicity and AFS leaching tests were performed on tire chip samples by the State
Laboratory of Hygiene (Edil, Bosscher, and Eldin, 1990). The duplicate results showed
excellent correlation for all substances (see Appendix C). These test results indicate that
the shredded automobile tire samples show no likelihood of being a hazardous waste.
The shredded tires appear to release no base-neutral regulated organics. The tire
samples showed detectable but very low release patterns for all substances tested and a
declining concentration with continued leaching for most substances. Four metallic
elements (Ba, Fe, Mn, and Zn) exhibited increasing concentrations with continued
leaching. The highest concentrations for Fe and Mn were at or above their applicable
drinking water standards, while those for Ba and Zn were well below their standards.
Styrene-butadiene rubber is the most important synthetic rubber used by the tire
industry. This material is known to absorb large amounts of hazardous organic
chemicals from the surrounding environment (Park, Kim, and Edil, 1992). This can
actually impart certain benefical environmental attributes to shredded tires. In
summary, shredded tires leach very small amounts of substances compared to other
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wastes. By comparison to other wastes for which leach test and environmental
monitoring data are available, the tire leach data indicate little or no likelihood of
shredded tires to have effects on ground water. '

In a study conducted for the Minnesota Pollution Control Agency (1990), it was
reported that metals are leached from tire materials in the highest concentrations under
add conditions. This study indicated that Ba, Cd, Cr, Pb, Se, and Zn concentrations in
adjusted acid conditions (pH of 3.5 to 5) exceed the recommended allowable limits set
by the Minnesota Department of Health for drinking water. However, the field ground
water and soil samples near tire construction areas had a pH of 6.1 t0 6.9 and did not
exceed the recommended allowable limits. This study also found that polynuclear
aromatic hydrocarbons and total petroleum hydrocarbons are leached from tire
materials in the highest concentration under basic conditions (pH of 8.0). This study
indicates potential problems under either addic or basic conditions, i.e., if waste tires
are utilized in locations where exposure to pH extremes is expected.

It is apparent that there is need for additional field studies. As part of this project,
leachate samples were collected 10 times from the two lysimeters constructed under the
test embankment since April 11, 1990. Both the quantity of the leachate generated and

its. quality are monitored. The chemical analysis of the leachate samples was performed
by the State Hygiene Laboratory. The parameters tested include COD, BOD, Cl, SO4,

pH, alkalinity, hardness, TDS, Ba, Fe, Mn, Zn, Pb, Na. '

The two lysimeters were sampled originally on a monthly basis and later at decreasing
frequency for a period of more than two years. Prior to retrieving each sample the
lysimeter collector was pumped out and the samples were taken from the next fresh
inflow. The cumulative volume of water pumped out of the lysimeters is given in
Figure 10.1. There is a drastic growth of water inflow into the West lysimeter after the
initial 50 days period. This is a result of lateral surface water penetration into this
portion of the test embankment where the West lysimeter is located. The base elevation
of the embankment drops towards west and a swale cut on the north side of the
embankment collects the surface water draining from the side slope of the landfill and
conducts westward to a drain pipe under the west approach. This water invades the
West lysimeter giving rise to collection of significant quantities of water in the collector.
The east lysimeter being located at a higher elevation is not affected as much as the
West lysimeter and is likely to collect more of the water percolating vertically down the
tire chips embankment. However, this too would terminate after November 20, 1991
when the embankment was paved with asphalt.
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Figure 10.1 Cumulative Volume of Water Pumped from Lysimeters

The results of water quality analyses performed at the State Hygiene Laboratory are
summarized in Tables 10.1 and 10.2 along with the limits given for the parameters
considered in the primary and secondary drinking water standards.

Based on a review of the data, the following summary observations are made:

1. The lysimeter data show little or no likelihood of significant leaching of tire chips for
substances that are specific public health concern, such as lead and barium. The
leachate pH indicates slightly alkaline conditions (7.3 to 7.9).

2. Tire chips may have some leaching potential for two other metallic elements,
manganese and zinc. Leaching of these elements also occurs from soil. Iron
concentrations in the leachate were quite low, comparable to concentrations detected in
undisturbed soils by monitoring wells.

3. The lysimeter samples contained high concentrations of cationic compound _
parameters, such as conductivity, hardness, caldum, and magnesium. It is very difficult
to separate the source of these as soils or tire chips based upon the lysimeter data.

These parameters also show increases after the fall of 1990 which may have been due to
the roadway dust treatment on the embankment by application of calcdum chloride in
early October, 1990 (see Figure 10.2). The leach test data indicate that tire chips are very
unlikely to release these constituents in the concentrations observed in the lysimeters.



Table 10.1 Water Quahz Data from West Lysimeter
——————— —
Limits for |
Primary
and
Secondary
SAMPLE | Unit Drinking 14/11/90 { 5/9/90 | 6/6/90 | 7/5/90 | 8/3/90 | 9/4/90 | 12/14/90 | 328/1 | 10/1091 6/1/92
Water
Standards
pH su 1.6 7.5 7.6 7.9 7.3 7.5 7.8 7.2 7.1 7.8
Alkalinity §{ mg/L 381 557 656 722 710 726 760 729 766 910
Barium ug/d. | 1000(PY | 240 240 | 230 1 210 | 360 | 470 690 430 430 160
80D mg/L 41 15 <6 5.2 17 40 LA 4.1 <3 e
Calcium | mg/L 190 180 | 160 | 140 { 120 I 110 160 240 200 300
Chloride | mg/L 250 (S) 770 370 1 300 § 230 | 120 | 150 480 760 580 810
COD mg/L 200 110 84 120 | 140 | 230 290 140 71 240
Conduc- jumhos/om 3880 2560 3100 2960 3840
tivity
Iron mg/L 0.3(S) 005 <005§024 | 057 | 0.26 4 0.25 0.96 0.13 0.56
Lead ug/L 50 (P) <3 <3 <3 <3 <3 <3 <3 5 <3 <3
Magnesium| mg/L 190 160 { 150 | 130 | 120 | 130 180 220 240 320
Manganese| pg/l 30 () 170 200 220 350 | 2500 | 2100 1900 1200 45 2600
Sodium mg/L 330 200 { 220 1 130 86 a9 140 87 58 230
Sulfate mg/L 250(S) 130 97 130 150 144 110 117.5 140 93 42
Total solidsi mg/L S00(S) i 3010 | 2150 | 1400 | 1330 | 1180 | 1290 | 1850 2610 1770 | 2240
Zinc ued. | 5000 (S) 19 12 17 ND 16 44 19 30 13 750
Hardness | mg/l. 1300 | 1100 § 1000 | 900 | 780 | 830 1100 1500 1500 | 2100
Table 10.2 Water Quality Data from East Lysimeter N
Limits for
12/14/9G 1 3728891 | 10/10/91 | 6/1/92
Standards - .
nH su 1.7 74 7.8 7.5 7.3 7.7 7.3 7.4
Alkalinity 1 mpg/L 533 | 567 1| 625 1 671 | 705 792 616 657
Barium pg/L 1000 Py 1 220 210 | 240 | 190 | 270 | 310 350 190 570
BOD mg/l. 14 10 39 75 57 70 5.7 —_
Calcium mg/L 200 170 180 110 130 140 340 290 180
Chloride | mg/L 250 (S) 460 { 340 | 130 | 170 | 200 1400 900 1200
COD mg/L 280 170 | 220 | 320 | 290 | 390 560 200 78
Conduc- jpumhos/cm 5150 3880 | 4820
Uvity
Iron mg/L 0.3(%) 1.3 <005 012 | 054 | 53 | 036 0.7 0.15 1.6
Lead p/L 50 (P) 9 <3 5 4 15 6 22 <3 <3
Magnesium|  mg/L 200 150 150 96 110 120 390 240 270
fanganese! ug/l, 50 {3) 230 270 1 300 {1200 | 1700 | 2300 3200 3200 1300
Sedium mg/L 280 220 | 260 98 120 140 200 210 210
Sulfaie mg/l, 250 (S) 140 140 92 150 180 450 P4 260
Total solidsl m 1g/T. 500 (5) 2000 | 1480 § 1110 { 1290 | 1510 4530 2460 3080
- Zinc pg/l | 5000 (S) B4 46 44 540 1 560 120 560 84 13
Hardness | mg/L 1300 | 1100'1 1100 | 660 780 860 2500 1700 1500

e e e Tty
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Figure 10.2 Calcium and Chloride Concentrations vs. Time

4. The lysimeter samples contained very high concentrations of anionic compounds,
alkalinity, chloride, and sulfate. Chloride concentrations increased dramatically in the
samples retrieved subsequent to October 1990 dust treatment on the embankment (see
Figure 10.2). The leach test data for tire chips were extremely low in these parameters
indicating that tire chips are very unlikely to release these constituents in any significant
concentration. The high concentrations seen in the lysimeter samples for these
substances are most likely due to another source.

5. The lysimeter samples contained elevated and relatively constant concentrations of
organic compounds represented by COD and BOD, with no particular pattern over
time. The leach tests indicated that the tire chips release these parameters but the
concentrations decline rapidly. Tire chips may have contributed organic substances to
the lysimeter fluids but are not likely to be responsible for the continuous presence of
these compounds over the monitoring period.

Lysimeter samples showed concentrations of most parameters that were much higher
than those seen in most groundwater monitoring wells near the embankment. The data
indicate that effects of leaching of tire chips can be heavily masked or overwhelmed by
leaching of soil materials used in the embankment. The data appear to be strongly
influenced by other sources and factors as well. Some of the sources and factors that
may have affected the measured concentrations include the following;
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1. There was a salt (calcdium chloride) treatment of the embankment surface course in
October 1990 to control dust and air quality.

2. Asphalt pavement of the surface in November 1991 would inhibit downward
percolation of water along the longest path through the tire chips after this date (only
would impact the tenth sample).

3. While it was intended to drain the lysimeter collectors prior to sampling and then to
collect a sample from the subsequent fresh inflow, there is doubt that this was followed
strictly after the first few samples. So some samples may reflect the cumulative effects
of collection over a period of time.

4. The type of flooding of the West lysimeter in particular, as described above, would
allow intrusion of large quantities of surface water laterally traversing only a small
amount of tire chips into the lysimeters. The quality of this water would overshadow
the contribution of the tire chips to the measured parameters.

5. There is a possibility that the base course material used may have some salt to keep it
from freezing. o

6. The slopes of the adjacent landfill upstream from the lysimeters and the slopes of the
embankment itself were treated with fertilizers to support vegetation. ‘

These considerations help understand some of the concentrations above normal
groundwater concentrations measured in the lysimeter samples. It is not a pristine '
water but not much of the observed concentrations are attributable to tire chips. '
Highway construction results in disturbance of soils and allows stripping of certain
elements. The gravel used in constructing the base course may contain dolomite or
limestone; if so, this would be a major source of constituents such as hardness,
alkalinity, caldum, magnesium and sulfate. The leaching effects of tire chips could be
more easily evaluated if the tire chips had some unique tracer constituent. The leach
tests did not reveal one and what is known of tire composition does not suggest one.
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December, 1995



A series of tank tests have been conducted at the University of Wisconsin-Madison.
The primary objective of the tank tests was to investigate the movement of organic
contarninants through compacted clay liner materials. The scrap tires are shown to have good
organic compound sorption capacity and therefore tire chips were placed above the compacted
clay in the test tanks to help mitigate the organic compounds. The tank tests simulated the long
term behavior of tire chips in contact with landfill leachate.

A 30-cm thick compacted clay was placed at the bottom of each tank which resnlted in a
60-cm deep influent reservoir on the top of the clay. Tire chips were placed on the compacted
clay in the influent reservoir. The volume of the influent reservoir was approximately 1'}0 L:
The tests started in May, 1992. After permeating with tap water (approximately one month), a
synthetic leachate was introduced. The synthetic leachate consisted of tap water and contained
16 mg/L. of each of methylene chloride, trichloroethylene, and toluene. As a tracer, bromide
was injected at a concentration of 20 mg/L in the form of lithium bromide. Also, some
disinfectants, mercury chloride and sodium azide, were introduced together to prevent any
biological degradation of the injected organic compounds. The tests were terminated in mid
1995.

At the end of the tests, the liquid samples taken from the mid-depth of the influent
reservoirs were sent to the Soil & Plant Analysis Laboratory (Madison, WI)} to analyze the
potential leaching of inorganic substances, especially metals, from tire chips during the test

periods. Table 1 describes the tank tests.

Table 1. Description of Tank Tests.

Sample Elapsed time Tire Chip Quantity
(days) |
Tank 4 830 10kg/170L

Tank 5 790 Okg/170L



Raw and ﬁlten:d samples using 0.45 pm glass fiber filter were prepared. For the
quality control, a sample of tap water was also sent together for analysis. Samples were
analyzed using an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) equipment at the
Soil & Plant Analysis Laboratory. Ten inorganic ions were selected for analysis and their
measured concentrations in the influent reservoir liquid found at the end of approximately 800

days of exposure and in tap water are listed in Table 2.

Table 2. Concentrations of selected parameters in the samples from the tank tests (unit = ppb).

Analysis - Filtered Samples Raw Samples
Parameters | Tap Water  Tank 4 Tank 5 Tank 4 Tank 5
(Tire Chips) (No Tire Chips) (Tire Chips) (No Tire Chips)
1i 22 1187.8 1057.0 13162 1145.4
S 13000.0 655.0 5807.0 756.0 5871.0
Cr 4.9 7.7 6.4 8.7 7.5
Zn 96.5 1.0 25.2 92.4 27.3
As ND.' 1.4 7.9 5.7 12.1
Se ND.' 4.4 7.5 3.1 6.2
Cd N.D.' N.D.' N.D. ' N.D. ! N.D. !
Ba 24.2 72.3 949 121.5 101.8
Hg 24 13.8 38.5 205.5 475.7
Pb 1.8 N.D. ! 0.4 8.4 1.0
pH 6.9 6.7
DO? <10ppm  <10ppm

1: Not detected.

2: Dissolved oxygen.

3



The concentrations of Li and Hg in the tank samples were high because significant
amounts of them was injected as a tracer and disinfectant during the test periods. As previous
investigations also showed, Hg was uptaken by the tire rubbe;'. Consequently, the
concentrations of Hg in Tank 4 is lower than those in Tank 5. Some metals seems to have
leached from the clay.

If the concentration of a metal in Tank 4 is higher than that in Tank 5, the metal can be
considered to be leached from tire chips. In the cases of Zn, Ba, and Pb, a higher
concentration is observed. Five of the metals, Zn, As, Se, Ba, and Pb, were re-analyzed using
replicates of the same samples. Since As and Se have been considered to be leached from ures
these two metals were also included in further analysis even though the concentrations of them
in Tank 4 were not significantly higher than those in Tank 5. The range of concentrations from

all analyses are listed in Table 3.

Table 3. Range of five metal concentrations from replicate samples of tank tests (unit = ppb).

=

Filtered Samples - Raw Samples
Metals Tank 4 Tank 5 . Tank 4 Tank 5
(Tire Chips)  (No Tire Chips)  (Tire Chips) -(No Tire Chips)

Zn 1.0-3.8 21.2-26.1 62.1 - 96.3 25.4-273
As 1.3-44 63-79 3.9 -57 9.1-12.1
Se 44-73 50-75 3.1-5.1 ' 6.2

Ba 72.3 - 110.8 93.6 - 96.2 121.5-123.2 95.9 - 102.3

Pb N.D. 0.3-06 8.4 - 8.5 1.0- 1.1




6. SYNTHESIS AND CONCLUSION

No leaching study in the literature yielded concentrations of inorganic and
organic compounds that exceed TCLP and/or EP-toxicity limits. However, some of
the inorganic compounds (e.g., Zn, Fe, Ba, Mn etc.) were found in concentrations
higher than drinking water standards. Variability in the type of test setups, amount
of tire chips and extraction liquid make the comparison among literature findings
difficult, even though some tests were performed following standard procedures
(e.g., TCLP). Converting leachate concenirations and the concentrations of
different standards [TCLP, USEPA's Recommended Maximum Contamination
Level (RMCLs), and Wisconsin's Groundwater Preventive Action Limits (PALs)]
from the mass of compound per volume of liquid to the mass of compound per
mass of tire chips, helps to compare the findings. Such a comparison is presented
for laboratory studies in Table 2.

Two studies (RMA 1990, Miller and Chadik 1993) identified organic
- compounds that may exist in the tire leachate. The concentrations of toluene and
pheno! exceed Wisconsin PALs, but not RMCLs or TCLP limits. Although Miller
and Chadik (1990) report high benzene concentrations {nearly twice the TCLP limit
for benzene), the RMA (1990) study indicates no existence of ‘benzene in the tire
leachate.

Analysis of inorganic compounds is easier than organics and thus is
performed in almost every study in the literature. Zinc, iron, barium, manganese,
selenium, lead, chromium, and cadmium were found at concentrations higher than

the RMCLs and Wisconsin PALs in most studies. Zinc and iron (two compounds
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with the highest concentrations) are not classified as hazardous metals in TCLP

limits. Concentration of ars‘enic exceeded Wisconsin PALs, but not RMCLs, in the
study by Miller and Chadik (1993). In contrast, arsenic was not detected in the
RMA (1990) study. The concentrations of barium reporied by Grefe (1988), MCPA
(1990), and Kim (1995) were below RCMLs but above Wisconsin PALs. lron
concentration reported in the MCPA (1990) siudy is the highest concentration
obtained at the “worst case” condition {i.e., pH=3.5).

Although inorganic and organic compounds are found in tire chip leachates,
they are generally below TCLP limits and are not significantly greater than
USEPA's RMCLs and Wisconsin PALs, regardiess of differences in the test
conditions. It is also important to consider that in many studies the extraction liquid
or test setup is designed for "worst case” conditions that do not necessarily exist in
the environment that tire chips are used. For example, laboratory tests performed
under stagnant conditions or tire chips exposed to aggressive extractions do not
simulate conditions likely to exist in a tire chip embankment. Thus, in the field,
lower concentrations are likely {o exist. In fact, in results of two field studies, (MPCA
1990, Humphrey and Katz 1995), tire chips were found to have no significant effect

on groundwater quality.
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-~ CONCLUSIONS

According to the Soil & Plant Analysis Laboratory, the tank test samples were not easy
to analyze. For example, the determination of Se was less reliable than the other ions because
it was interfered with bromide. Each sample contains considerable amount of bromide
introduced as a tracer. Some metals showed great difference between the raw and filtered

_samples because the filtering process can remove precipitates of metal ions.

The analysis of raw samples can be considered to represent the total release of metal
ions form tire chips. Based on the analysis of the raw samples, it can be said that tire chips
release at least Zn, Ba, and Pb among the ten tested metals in the aqueous environment. In
terms of the effect of metal release from tire chips on the surrounding groundwater system, the
filtered sample results may be more appropriate to assess the potential effect. According to
Table 3, the concentrations of the three released metals in Tank 4 ,i.e., Zn, Ba, and Pb, were in
the same levels or less than those in Tank 5. Thus, the released metals from tire chips may not
readily spread out and affect significantly the surrounding aqueous environment. However,
under different conditions of the surrounding groundwater system, e.g., level of dissolved

oxygen, pH, groundwater flow, etc., different impacts may happen in the field.






CORRESPONDENCE/MEMORANDUM

State of Wisconsin

DATE: October 19, 1989 FILE REF: 4410-1

To: paul Xoziar - SW/3

FROM: Robert Grefe - SW/3 /! % /

SUBJECT: rReview of the Waste Characterization of Shredded Tires

This memo is in followup to my memo dated January 31, 1989 and the waste
characterization information provided by the State Laboratory of Hygiene (LOH)
to the Department under contract. The information consists of various
Jeaching test data transmitted to you in July of this year. 1 provided a
verbal analysis to you on the data in early August. This memo formally

documents my review of the leaching test data.

The LOH_suggested some changes to the proposed leach test protocol in d ¢
meeting in June. They explained that they could not do an oil & grease
analysis under the circumstances of the leaching tests. They did not report
tota] dissolved solids or conductivity. Given the 1ow level of organics and
other dissolved substances in the data, these variances are not serious. In
all other respects, they appear to have followed the recommendations in my
memo, including the use of the AFS test leach test method with three elutions.

The leaching tests were performed in duplicate, with the duplicate results
showing excellent correlation for all substances. The duplicates appear to
have been performed for all leach tests, although the supplementary test
results provided on August 1, 1989 did not include the initial leach test
results for Cd.

Yo summarize, the leach tests indicate that the shredded automabile tire
samples show no 1ikelihood of being a hazardous waste. The shredded tires
appear to release no base-neutral regulated organics, including the PAH
compounds that I suggested would be the most Tikely substances to be extracted
from tires. The tire samples showed detectable but very low release patterns
for all substances tested and a declining concentration with continued
Jeaching for most substances. 1 suspect that several of the substances were
released from surface coatings rather than leached from the tire material.
four metallic elements (Ba, Fe, Mn, and In) exhibited increasing
concentrations with continued leaching. The highest concentrations for Fe and

Mn were at or above their applicable drinking water standards, while those for
8a and In were well below their standards.

My summary judgement is that the test results indicate that shredded
automobile tires leach very small amounts of substances compared to other
wastes. The leaching behavior does not indicate that use of tires in earthen
embankments or ather earthwork structures would constitute a threat "o



Shredded Tire Waste Characterization - Review

groundwater or surface water. The minor amount of leaching of indicators and
some metals suggests that tires are best used in buried locations above the
water table, rather than in surface applications or in contact with open water
bodies. Use of shredded tires need not be restricted in ways different from
those placed on whole tires. :

This opinion does not mean that use of tires should be deregulated. Waste
tires are sti111 a public health and nuisance threat. They present problems
with both aesthetics and combustion effects. Their use in earthwork
structures should continue to be reviewed on 1 case-by-case basis. There is
flexibility within the low-hazard waste exemption (s. 144.44(7)(g), Stats.) to
review and approve use of waste tires either in an individual project or in a
category of projects controlled by a single sponsor.

Rlanks

Blank water samples were run for all of the EP Toxicity, Base-Neutral, and AFS
test results. The three sequential blank samples for each test all showed
suitably Tow detectable or nondetectable concentrations for the substances
tested for in each test. There was no significant variation between samples.

EP Toxicity Test Resylts
The EP toxicity test was run for the elements Ba, Cd, Cr, Pb, and Hg, but not
for As, Se, or Ag. Relatively high detection levels were used for Cr and Pb.

Basg-Ngu;ra? Qrganics Test Results

Both duplicates exhibited identical results. No compounds were detected at
detection limits of 2 to 40 micrograms per liter for the listed 45 compounds.
The analytical equipment used was GC-MS. There were no changes in the
particular detection limits for each compound between either duplicate, the
sequential elutions, or between blanks and samples. This information, plus
the low organic content indicated in the AFS test results, indicates that
there were no interference effects present which might distort sample results.

AFS Test Resylts

The LOH followed the AFS test procedure for evaluating the leaching behavior
of metals, anions, and organic and inorganic indicator parameters. The
shredded tire samples were leached in three sequential elutions with distilled
water at a liquid to solid mass ratio of 5:1. Detection limits for metals
were in the single micrograms per liter {ug/1) range, while the indicators and
anions had detection limits in the milligram per liter (mg/1) range. In
contrast to the results of the tests discussed above, several substances were
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detected in one or more of the elutions. The results allow discussion of the
trends in leaching behavior of groups of substances.

pH The samples indicate that the shredded tires cause the leaching medium
to be slightly alkaline (7.13 to 7.43), with no apparent trend over the
three elutions.

Alkalinity and Hardness
In both samples, alkalinity showed a constant concentration (17-19 mg/1)
over the 3 elutions, while hardness showed a slight decrease (19 to 13
mg/1). The hardness appears to consist entirely of Ca, as elemental
anaiyses revealed no Mg over a detection limit of 1 mg/1.

Anjons and Organic Indicators
C1 decreased from 3.9 to Tess than 0.3 mg/).
S0, decreased from 6.5 to 1 mg/1.

BOD decreased from 22 to 6.5 mg/7. In both duplicates, no results were
obtained from the second elution, apparently due to some toxicity

effects on the organisms. COD decreased from 68-72 to 24-27 mg/1. The
BOD/COD ratio declined from .33 to .25 over the three elutions. :

NG,-NO, concentrations were an order of magnitude below those for TKN
and decreased from .37 to .02 mg/1. TKN decreased from 3 to 1.2 mg/1.

Most of these parameters exhibited the greatest decline in
concentrations between the first and second elutions. Concentrations
are iow compared to leachate or other contaminated liquids. The organic
fraction appears to be moderately biodegradabie. The rapid decrease
between the first and second elutions indicates that the majority of the
mass for these substances may come from surface coatings rather than the
structure of the tire compounds.

Metallic Elements
Below Detection 1imits

The following elements were not detected at the indicated detection
limits in any elution:

As 10 ug/}
Cd 0.2 ug/1
Cr 3 ug/]
Cu 20 ug/?
Se 5 ug/1
Ti ND=3 ug/]

Decreasing Concentrations

Pb decreased from 15 to less than 3 ug/l.
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Na decreased from 4 to 1 mg/1.

The greatest decreases occurred between the first and second elutions.
The concentrations involved are very low compared to other waste
leaching results and many natural groundwater resuits. As with the
substances in. the previous section, it may be that the majority of the
leached mass originates in surface coatings on the tires. Pb is a
comm?n road surface contaminant due to the use of lead compounds in
gascline.

Increasing Concentrations

Ba exhibited a constant or slightly increasing concentration of
approximately 110 ug/1.

Fe concentrations increased at the third”e1dt16n from below the
detection 1imit of 50 ug/1 to 150-230 ug/].

Mn. concentrations increased between the second and third elutions, from
80-85 to 250-300 ug/1.

IZn concentrations also increased between the second and third elutions,
from .38-40 to 360-630 ug/].

The patterns in the increasing trends indicate that these substances are
being extracted from the mass of the shredded tires rather than from a
surface coating. The delay in release until the third elution may be
due to oxidation of the wire bead or tire compounds. If so, leaching
under anaerobic conditions may be less than the leach tests indicate.

The Mn concentration at the third elution exceeded the drinking water
standard (50 ug/1), and that for Fe was close to its standard (300
ug/1). The concentrations for Ba and In were an order of magnitude
below their respective standards.

Neither groundwater standards nor leach test results can be used to predict
the actual effects of shredded tires on groundwater in a dispoesal or reuse
project. However, by comparison to other projects where leach test and
environmenta) monitoring data are available, the tire data indicate littie or
no likelihood of shredded tires to have effects on groundwater even in
_restricted groundwater flow regimes. Confirmation of this can be obtained
from the monitoring of pilot or full scale projects. | recommend the use of
collection basin lysimeters rather than groundwater monitoring wells for this
purpase, :

reg

cc. Gene Mitchell - SW/3
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ABSTRACT: This paper evaluates the feasibility of using shreddsd
tires for mmoval of organic compounds from lacdfiil leachaie. From the
batch sorpuon isotherm expeniments, tire chips were found to have 1.4%
1o 5.6% of the sorption capacity of granular activated carbon on a volume
basis. The sorption eqguilibrium occurmed within 2 days for 0.6, 1.3,
and 2.5-cm size tire chips. The capacity of tire chips 1o adsorb organic
compounds in a multisolute systemn was aimost equal so that in single-
sotute systems. Only 3.4% 10 7.5% of the grganic compounds sorbed in
tire chips were desorbed. A design method was proposed to estimnates the
thickness of a tire layer required for a target organic compound remioval
from the landfill leachate based on a structure-activity relationship ob-
tained from laboratory tests. Warer Environ, Res., 68, 4 (1996).

KEYWORDS: diffusion, landill, leachate, organic compounds, shred-
ded tires, sorption.

The rmanagement of scrap tires has become a growing problem
in recent years. Annuaily over 240 million scrap tires are gen-
eratad in the U.S. {Serap Tire Management Council, 1990; U 8.
EPA, 1991). Additionally, approximately 2 billion waste tires
have accumulated in stockpiles or uncontrolled tirs dumps across
the country (U.S. EPA, i991). It is estimated that less than 7%
of the 240 million tires discarded in 1990 were recycled into
new products and about | 1% were converted into energy. Over
77%. or about {88 million tires per year, were landfilled. stock-
piled, or illegally dumped. and the remaining 5% were exported.
Whoie tires are difficult to landfill because they tend to float 1o
the surface and also take up a large volume of valuable fandfil]
space. Stockpiles of scrap tires are located in many communities,
resulting in public health, environmental, and aesthetic prob-
lems. The piled tires provide breeding sites for mosquitoes, which
can spread serious diseases and bear porential fire hazards. The
simple disposal methods thus bring in public health, aesthetic,
and environmental problems. Desirable disposal methods should
at least inciude three facers: minimum environmental impact
maximum reutilization of potential resources, and zconomic
feasibility.

Tires are principally composed of vulcanized rubber. rubber-
ized fabrc containing reinforcing textile cords, steel or fabric
belts, and sieel wire-reinforced rubber beads. Although natural
rubber is still used in tires, synthetic rubbers have become an
integral part of modern tire manufacturing. Styrene-butadiene
rubber {SBR} is the most important synthetic rubber used by
the tre industry. This is a resuit of its good mechanical and
physical properties coupled with its favorable cost. The SBR is
made by copolymerizing 75% butadiene and 15% siyrene, Other
elastomers such as natural rubber {cis-polyisoprene}. synthetic
cis-polyisaprene, and cis-polybutadiene are also used in tires in
varving amounis. Carbon black is used 1o sirengthen the rubber
and aid abrasion resistance. Extender oil, a mixture of aromatic
hydrocarbons, serves 10 soften the rubber and improve work-

ability. Sulfur, the vulcanizing agent, 1s used to cross-link the
polymer chains within the rubber and to harden and preven:
excessive deformation at elevated temperatures. The accelerator
is typically an organosuifur compound that acts as a catalyst for
the vulcanization process. Zinc oxide and siearic acid-also act
to control the vuicanization process and to enhance the physical
properties of the rubber {Dodds er al, 1983). A typical com-
position of tire rubber is shown in Table |.

Park et al. {1991a) investigated the permeation -of organic
compounds through SBR gaskers used for potable water distri-
bution systems and found a high organic compound sorption
capacity for SBR. Many hazardous organic compounds have
recently been detected in leachate from industnial hazardous-
waste and municipal solid waste landfills (Gibbons er af., 1992).
However, both the earthen liners and geomembranes {flexibic
membrane liners) were found to have limited abilities for con-
1aining organic compounds (Park er @/, 1991h; Edll er af.. 1992a;
Sakti et af., 1992; Park and Nibras, 1993; Park er af,, 1994),

Park et al. (1991b} evaluated the effact of organic carbon con-
tent in clay using the Ogata and Banks® solution with the pa-
rameters commonly encountered in hazardous-waste landfill sites
{Figure 1). The left-hand abscissa denotes the pore volume. The
right-hand abscissa denotes the time when the breakthrough
curve reaches 10% of the initial concenuration (0.1 ). In the
case of methylene chloride, the breakthrough time was not sig-
nificantly affecied by an organic carbon content of up to 1%,
However, toluene and trichioroethylene (TCE) breakthrough
times were greatly affected by organic carbon content. It was
postulated that the breakthrough time could be significantly re-
tarded by installing a layer{s) of shredded iire chips in proper
locations in landfills.

There may be seme concern over a potential detrimental and

environmental impact caused by scrap tires. EPA's toxicity

charactensiics feaching procedure {TCLP) was used for varnous
types of tires under different sérap tire processing scenarios
(House of Represeniatives. 1990}, Carbon disulfide was detected
ranging from no detection to 0.067 mg/L. Toluene was detected
at the range from 0.007 10 0.19 mg/L. Phenol was detected at
the range of no detection to 0.046 mg/L. Trace levels of banum.
chromium, lead. and mercury were also detected. All resuits
reported were below EPA's regulatory levals {House of Repre-
sentatives, 1990). Anather series of leaching tests using ihe
American Foundry Society (AFS) procedure was conducted bY
the Wisconsin Department of Natural Resources (Grefe, 1989).
Zinc and lead were detected at concentrations of 0.38 ta 0.63
myp/L and no detection to 0.015 mg/L. respectively. at ihree
sequential elusions. fron and manganese concentrations ranged
fram no detection to .23 mg/L and 0.082 10 0.3 mg/L. respec:
tively. No base or neutral priority pollutants were detected. EP
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Table 1—Rubber compounding compesition (adopted
from Dodds et al., 1883). '

Compansst % Weight
s8R B2.1
Carpon black o
Extender oif 1.8
Zinc oxde 1.8
Steanc acid 1.2
Sultur - 11
Accelerater a7

toxicity test results for barum, cadmium, chromium, lead. and
mercury were a1l below the detection limits. Additionally, feach-
ate generated by percolating water through tire chips used in
construction of a roadway was monitored in the field for a period
of 2 years for.a range of parameters {Edil and Bosscher, 1992}
On the basis all of these studies. it can be said that the potential
leaching of toxic pollutants from scrap tires is minimai.

The objectives of this research were: (1) to determine the ca-
pacity of shredded tires 10 adsorb and desorb hazardous nrganic
compounds, (2) to estimate the partition and diffusion coeffi-
cients of organic compounds in tire chips, and {3) to develop
design guidelines for use of shredded tires in landall.

Materials and Methods
Shredded tires were obtained from a local tire processor, No
attempt was made to separate tires based on different manufac-

turers or sizes. The density of shredded tires with metal material

was measured to be 1.22 g/om’. Before tests, the tires were washed
with deionized water, dried in a2 40°C oven for a day, and stored
in a desiccator. The tre chip sizes tesied ranged from 0.6 10
25cm.

Methylene chloride (MC}, TCE, toluene, and m-xylene were
selected for testing. These organic compounds are the most fre-
quentiy detected compounds at waste disposal sites {Plumb and
Bitchford, 1985; Gibbons er al., 1992). The organic compounds
selected cover wide ranges of the aqueous solubility (S) and the
malecular weight (MW),

Gas chromatographic analysis was performed on a Vanan
3600 gas chromatograph with §0-m-long, 0.23-mm D Supel-
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Figure 1—Eflect of clay organic carban content on the
breakthrough porae volume.

cowax-10 megabore column and a flame ionization detector
(F1D). An aliquot of 2-ul. sample was directly injected into the
column using a gas-tight microsyringe. Helium was used as a
carrier gas. The column temnperature was programmed to initially
hold at 60°C for 5 minutes, then climb to 230°C at a rate of
15°C/min and then 1o hold for | minute. A Varian® 1093 Sep-
tum Equipped Programmable Injector was programmexd to start
at 50°C, to immediately climb 10 230°C at a rate of [50°C/
min. and then hold for | minuie to clean any potentiai contam-
ination of the injector by residual organic compounds. The FID
detection limits were approximately 0.5 mg/L for MC and TCE
and 0.3 mg/L for 1oluene and m-xylene, respectively.

A series of batch sorption-desorption tests were conducted
using tire chips. The batch sorption test consisted of submerging
tire chips in a 350-mL glass reactor, mixing the tire chips with
the solution containing 1arget organic compounds for up 0 2
weeks, and measuring the concentration periodicaliy, Each re-
actor is 15-cm long and 3-cm in diameter with a sampling port
and Teflon® plugs. Four glass reactors were used and rotated by
a rotary agitator. All experiments were conducted in a 20°C
constant lemperature room. 1hers was no significant loss of
target organic compounds through reactor joints for a weck
{<35%). Afier equilibrium was achieved, the solution containing
the tarpet organic compounds was replaced with detonized water
and a desorption test was performed for 7 days.

The partition coefficient, K, expresses the ability of the tre
chip to sorb organic compounds from the solution. K is the ratio
between the organic compound concentration in the medium
and the organic compound concentration in sorbate at equilib-
rium as follows:

G=K-G (1)
Where
C, = the organic compound concentration in tire chips, mg/
) L:and
C; = the organic compound concentration in the liguid, mg/
L.

K can be determined from the experimental data using the fol-
lowing reiationship:
_ Mo X by

= LT it 2
M, X Cy 0 ()

K

Where

M., = the weight of organic compound sorbed at equilibrium.
£

M, = the initial weight of tire. &,
p, = the density of tire, g/cm®; and
C,, = the concentration in the medium at equilibrium, mg/

L.

The rate of diffusion is expressed in terms of the diffusion
coefficient. The mass balance for pure Fickian diffusion is ex-
pressed as follows: :

de

=-p= 3
F=-D— {3)

Where

F = the mass flux, mg/cm?/s;
0 = the diffusion coefficient, cm?/s;
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¢ = the concentration of organic compound in tires, mg/cm?;

and
x = the distance along the direction of diffusion, cm.

The concentration of an organic compound in the matenal
diffused at any point varies with time according 1o Fick’s second
Jaw. The experimental system is represented by the condition
that a plain sheet of tire chip is suspended in a well-stirred so-
lution of limited volume. The mass transport of organic com-
pounds in a tire chip and the boundary conditions at the interface
between the tire chip and the solution can be expressed as follows:

dc ar 3 ac &Fe
‘é?_qu_—éx( Dax)_DéT;E 4
aC A de dc
i —— e e == T} e =
A 3 Iy ,.Dax atx=+land >0 (5

Where

24 = the length of the solution in contact with both sides of
the tires, cm;
€ = the concentration of the organic compound in the so-
lution, mg/L;
t = the time, s; and
2{ = the thickness of the tire chip, cm.

The length of the solution in contact with both sides of the tire

chip, 2A, is the ratio of solution volume 1o the surface area of
the tire chip. The boundary and initial conditions arc:

C=Co c{x,0y=0 at—/<x<+l (6}

The anaivtical solution of Equation 4 subject to Egquations 5
and & is approximated as follows (Crank, 1975):

0.5
Sl exp(I:) X erfc (“?":") {Nn
Cg [+ ot o

where T = D % ¢/ and o = /K X L.

The sorption half-time, ,,4, is defined as the time when C/
C, 15 0.5. Equation 7 can be converted to the following equation
by using the sorption half-time, ;2 {(Reynolds et al,, 1990);

42

K*xDp

f,: = 0.585 X (8)

If K and ¢t,,; are determined from the batch isotherm test, then
D can be estimated using Equation 8.

A thermodynamic model derived by Park and Bontoux {1991}
was used 10 evaluaie A, /M, at any concentration. The math-
ematical expression of the thermodynamic model is as foilows:

[ I

= 4 b e
S, AR ETE ®)

Where

M, = the mass of organic compound sorbed. mg;
A, = the mass of tire chips. g;
aand b = regression constanis: and
S = the agueous solubility, mg/L.

The recorded weight gain data can be evaluated .based on
percent weight pain of the organic compound by the tire chip,
where percent weight gain was cajculated by the following
expression (Berens, |985; Park er al., 1991a):

. DX X
% weight gain = mﬁ )]
I T

Where

V) = the volumetric fraction of organic compound sorbed per
unit volume of tire chip; and '
P = the density of organic compound. g/cm®.

V', is a function of the organic compound sorbed, i.z., weight
gain, and is given as:

M po

YT Mo+ Mo (b

Where

M. = the weight gain calculaied from the concentration
changes in the Hguid phase during the experiment, g;
and

M, = the initizl weight of the tire chip, g.

Resuits and Discuasion

A series of batch sorption iests were conducted using only a
single compound to assess the sorption capacity of tire chips.
The K and D values were estimated using Eguations 2 and 8§,
respectively. The concentration changes over time were predicted
using Equation 7 with these estimated X and 0 values and com-
pared with the measured concentrations 10 assess the accuracy
of this data analysis method. Figure 2 gives a comparison of the
predicted curve and the measured data, typical of the case for
other arganic compounds tested. It can be seen that the predicted
curve using the estimated K and D values is in good agreement
with the observed data. Thus, this method was used to determine
K and D values throughout the study.

Table 2 surnmarizes the single-solute sorption test results for
tire chips along with M,/ M, values for granular activated carbon
{GAC). which are calculated on the basis of the parameters re-
ported by Dobbs and Cohen (1980). Because of its higher octanol-
water partition coefficient and lower solubility, m-xylene had 2
to 3.5 times greater partition coefficients than toluene and TCE.
As expected, MC has the lowest partition coefficient because of
high solubility and a low octanol-water pantition coefficient. but

1.9 ¢ " Y - . v T
Toluene
08 Predicted by the model —

;U)

EB 0 Measured data
t .
2
= 0.6
[
g
&
g 0.4
5
3
£ 02
0.0 . ) . L ; ] "
0 50 100 15C 200

Elapsed Time, s

Figure 2-—Comparison between the caiculated curve and
measured data.
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Table 2~-Summary of experimental conditions and results for single-soiute experiments.

Qrganic Tire~liquid ratia, Cud Lyze Tire Mo/ GAC M,/
compounds % by voluma C, hr M., g/kg M, a/kg K D, emi/s

MC 1.22 0.476 120 09 23 89.G 1.23 %1077
2.83 0.431 . 100 04 21 45.4 1.37 x 1077
4 63 0.421 a5 03 20 28.2 1.59 x 1077
5.96 0418 B0 02 20 22.0 171 %1077

TCE g7z 0.373 30 0. 154 230.4 0.74 % 1077
2.09 0.167 8 1.3 103 235 4 0.65 x 10
388 0.108 2.7 0.8 77 208.5 1.01 x 107
5.26 Q.080 1.7 0.8 85 206.3 0.82 x 107

Toluene 1.23 0.202 1 26 72 3161 1.06 x 107
2.88 0.096 3 1.3 49 345.0 078 x 1077
377 0.083 1.7 09 46 280.0 0.92 x 1077
4.21 0.074 1.9 0.8 44 285.9 0.79 X 1077

m-Xylene 0.74 0.135 6.8 5.1 122 BSG.1 0.24 x 1077
2.45 0.062 2.1 1.7 105 601.8 .37 x 1077
3.52 0.048 1.t .12 100 569.1 0.45 x 1077
434 0.038 12 1.0 96 © 5554 -0.33 x 10”7

the highest diffusion coefficient because of 115 smaller molecular
diameter. It can be seen that tire chips had 1% to 4% of the GAC
sorption capacities. Because tire chips have approximately 1.4
times greater apparent density than GAC, the sorption capacity
of tire chips per unit volume would be approximately 1.4% to
5.6% that of GAC.

The thermodynamic relationship of M /M, and C,,/S for the
results of single-solute experiments expressed in Equation 9 is
plotted in Figure 3. The thermodynamic model appeared to
predict the sorption of organic compounds to tire chips accu-
rately.

Another series of batch sorption tests was conducted to in-
vestigate the effect of organic compound mixtures on sorption
capacity. The MC, TCE, and 1oluene were added simultaneousiy
to a reactor. The experimental conditions and results for the
batch sorption test are surnmarized in Table 3. Tire chip size
varied from 0.6 10 2.5 cm and tire-liquid radoes from 0.75% to
1.12% by volume. There seemed to be no significant difference

0 500 000 1500 2000 2500 3000
L e N 0,006
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1.5 -
- Toluene
g L ~ 0004
=
E; 19 + m-Xylene
=
= < 0.002
0.5 &
o 1 ! i ] ! 0.000
8 50 100 150 00 250 300

II{C“IS)

Figure 3-~Thermodynamic reiationships of four organic
fempounds in singte-solute experiments.

(e PR,

between the sorption capacities for the multi- and single-salute
systems.

The changes in the liquid phase TCE concentration aver time
for three different tire chip sizes from a multisoiute test are shown
in Figure 4. The haif sorption times for TCE and toluene were
approximately 3 times less for [.3-cm-size tire chips than with
2.5-cm chips. However, the haif sorption times for 0.6-cm-size
tire chips were practically the same as the 1.3-cm-size tire chips.
The equilibrium concentrations for different tire chip sizes were
almost the same. The equilibrium was reached within 2 days
for TCE and toluene: thus, the reaction rate may not be a limiting
factor if tire chips are used in landfills as a sorbent. This indicates
that the size of the tire chips does not need to be smaller than
1.3 cm. Practical tire chip sizes wouid range from 1.3 to 2.5 em
or even greater,

- Park et al. {1991a) found that the partition and diffusion coef
ficients can be predicied from the relationships with the octanol-
water partition coefficient (K. and the molecular diameter (D..).
respectively. Figure 5 shows the logarithmic relationship between
the measured pantition coefficient and K,.. Figure 6 shows the
reiationship between log B and D,,. The foilowing empirical
relationships are obtained from the experimental results in the
equilibrium concentration range of 2 to 24 mg/L:

log K = 0.824 + 0.614 iog Kow (1D
log D = —4.426 - 3001 D, (13

Sorption-desorption tests were also conducted with tire chips
(Table 4). During desorption. the mass of compound sorbed
previously was not leached out completely. After desorption
reached equilibrium. most of the organic compounds sorbed
still remained in the solid phase. Of the organic compounds
sorbed in tire chips. only 3.5% to 7.9% were desorbed. indicating
the desorption is irteversible,

A continuous-flow experiment may be more suitable for eval-
uating the sorption capacity of tire chips in landfills. However,
the sorption of orpanic compounds onto lires was relatively fast
and reached eguilibrium within a few days. Considering the de-
tentian time of leachate in landfilis, the batch results could be
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Tabie 3—Summary of experirnental conditions and rasults for muitisclute sxparimants,

Ruft no., % tre-liquid Organic tia, Mouy/M,, Waeight gain,
ratio, tire chip size compounds Co/Ca hr 9/%xg *% x D, cmls

Run 1 MC 0.789 NA® 118 0.12 KER! NALE
0.75% TCE 0.277 8 3.0t 0.3C J44.5 NA®
25% 25cm Toluene D254 . 8 .30 G.35 233 NAP
Run 2 MG 0.807 NA* 103 G0 286 NANS
0.82% TCE 0.267 8 2.54 0.25 3323 NAS

1.3 X 1.3cm Toluene 0.237 8 KR 1] 0.32 383.3 NaT
Run 3 MO 0.B56 NA* 0.56 a.cé 13.7 NAD
1.12% TCE 0.296 27 1.9%9 0.20 209.9 1.37 % 1077
0.6 x 06cm Toluane 0.254 24 217 0.33 3876 1.59 x 1077

* Not avalable; bacause the concentration decrease of methylene cnionge was too smaf 1o observe the [, # was not possible 1o esimate the diffusion

coefficient.

£ Not avadable; the same method for the diffusion coefficent cauld not be used because the shape of the tire chips changed. The ditfusion througn

the sides of chips could not be ignored.

used for field conditions. Equations {2 and 13 allow the predic-
tion of the partition and diffusion coefficients for various organic
compounds, which, in turn, allows the estimation of the sorption
capaciry and rate. The thickness of the tire chip layer nesded to
remove a given amount of organic compounds, 4 {(cm), may
then be determined in a waste management system using the
following refationship:
M,

d=247E X107 X — T 4
a=mn (%)

Where

n = the porosity of the tire chip layer and
M, = the required mass of tire chips per unit area, (kg/ac).

If a certain percentage of these organic compounds needs to be
removed from the leachate, then the mass of tire chips required
can be estimatad as follows:

f'Qr'fd'Pz‘ 10’

M, = (1 = /- 100 iamR L

{15}
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Figurs 4—The affect of tire chip size on the TCE somption
rats.

Where

F= the fraction of organic compound to be removed
Q, = the leachate generation rate (m?/ac/yr); and
ty = the landfil design life, yr.

Note that the tire chip layer depth is not a function of organic
compound concentration but a functon of the fraction of organic
compound 1o be removed.

Let’s assume that the leachate generation rate i a landfill is
600 m¥/ac/yr (typically 20% of the annual precipitation), the
concenuation of benzene, TCE, m-xylene, and pentachloro-
phenol (PCP) is | mg/L each, and a landfill design life time is
20 years. For 90% removal of each organic compound over 20
years of the landfill design life, the thickness of a tire chip layer
is estimated to be 39.4, 22.4, 8.7, and 0.7 cm, respectively. [fa
30-cm-thick tire layer is used. then the removal efficiencies of
benzene, TCE, m-xylene, and pentachlorophenol are expected
10 be §6.4%, 90.1%, 94.6%. and 99.0%. Figure 7 shows the re-
quired tire laver thickness for 50% organic compound removal
over various design lives. As a rule of thumb, [0 automobile
tires are needed 1o form a $0-cm-thick layer aver 1-m° area,

It should be noted that organic compounds that reguire large
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quantities of shredded tires tend to be more biodegradable. In
general, the compounds with high solubilities {>2 000 mg/L)}
and less chlorine atoms (<2 chlorines} are relatively easy 1o bio-
degrade. Therefore, it may not be necessary to increase the
thickness to much greater than 30 em,

As shown in the aqueous phase batch isotherm tests, tire chips
could sorb significant amounts of organic compounds. The in-
stallation of a 15- ta 30-cm-thick tire chip layer over the landfill
liner could result in three major advantages: (1) retardation of
potentially hazardous erganic compound movement from land-
fills by sorption, (2} an effective avenue of disposal for scrap
vehicle tires, and (3) substitution of sand and gravel typically
used in the drainage layer of the leachare collection system by
tire chips (tire chips behave as an excellent drainage materiai as
shown by Edil er al., 1992b). One study indicated that in the
protective cover and primary leachate coliection system, which
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Figure 7—Thickness of a tirs layer for 30% organic
chemical removal.

consists of a minimum 43-cm-thick layer of select granular ma-
terial overlain by a minimum 15-cm-thick additional layer of
an alternative select-free draining material, the replacement of
the overlaying | 5-cm-thick select-free draining material by tire -
chips could result in 40% cost saving (Waste Management of
Narth America, Inc., 1990). The following additional advantages
are also likely to be achieved: (1) decreasing persistent organic
compound concentration in liquid phase, (2) furnishing a longer
detention time for acclimation and biodegradation, (3) providing

" ideal sites for microbial consortia to grow, and {4} maintaining

constant liquid phase concentration by sorption or desorption.

Conclusions
From the batch isotherm experimenis using shredded tire
chips, the [ollowing conclusions can be drawn. Tire chips are

Table 4—Sorption-desarption tests of tire chips. The numbers in brackets denote % of the total mass in each phase.

Mnasa distribution, mg

Initial Finat
Liquid Solid Totat Liquid Soiid Total K
Scrption
Methylene chlonde 17.48 0.0G 17.48 7.04 10.44 17.48 122
(100} 0.0 (100 {40.3) (89.7) 1100}
TCE 18.91 0.00 18.91 317 15.75 18.91 408
(100} (0.0} {100y {16.8) (83.2} {100}
Toluene 19.32 0.00 19.32 3.7 16.15 19.32 419
(100} R} 1100} {16.4) {83.68) (100
m-Xylene 18.35 Q.00 18.35 1.63 16.72 18.33 841
{100} (G.0} (100} {8.9} {911 1003
Dasorption % desarbed
Methylene chlonde 0.08 10.44 10.53 0.45 1G.08 10.53 33
(0.8) (992} (100} (4.3} {95.7) (100}
TCE 0.24 15.75 15.99 1.46 14,53 15,99 77
(1.5} (98.5} (100 (9.1) (80.9 (100
Taluene 019 1815 16.34 1.47 14.87 168.34 79
{(1.2) (98.8) (100 8.6} 81.5y {100}
m-Xylene 0.6 16.72 16.87 0.94 15.93 16.87 a7
{0.9) (88. 1) (100 5.5} {S4.4) (100)
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found to have relatively high organic compound sorption <a-
pacities. Tire chips have i.4% to 5.6% of the sorption capacity
of granular activated carbon on a volume basis. The sorption
equilibrium occurs within 2 days for 0.6, 1.3- and 2.5-cm-size
tire chips, although the sorption rates for 0.6- and 1.3-cm-size
tire chips are slightly faster than 2.5-cm-size tire chips. Rec-
ommended tire chip size would be 2.5 cm. The capacity of tire
chips to adsorb organic compounds in a multisolute sysiem was
not much different from that in single-solute systems.

The partition coefficient incrzases logarithmically with the
octanol-water partition cocfficient, and the diffusion coefficient
decreases with increasing molecular diameter. Of the omganic
compounds sorbed in tive chips. only 1.5% to 7.5% were de-
sorbed. The partition coefficient after desorption tests were 1 10
15 times greater than those obtained from sorption tests. A 30-
cm-thick tre chip tayer as a primary leachate collection sysiem
is expected to sorb significant levels of organic compounds,
thereby reducing the liquid phase concentration. ‘T his will result
in the mitgation of organic compound movernent from landfils.
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Figure 2. Relationship between the partition and octanol-water partition coefficient.

From a series of column tests, the VOC removal efficiencies were measured with a 20-cm thick
ground tire layer. Figure 3 shows the VOC removal efficiencies at different Qa/Qy ratios along with
error bars. The VOC removal efficiency improved significantly with the decrease in the Qa/Qy ratio.

Nonpolar compounds such as TCE, toluene, and m-xylene were removed more than 90% at the
Q./Qu ratio of 40, while polar (and semi-polar) compounds such as MC and chloroform were removed
less (50 - 70%) due to their lower octanol-water partition coefficients. At the typical full-scale acration
basin Q,/Qy, ratios of 5 to 10 (Namkung and Ritmnann, 1987), MC and chioroform were removed more
than 80% and TCE, toluene, and m-xylene were removed more than 95% . When the Qy/Q,, ratio
increased to above 20, the removal efficiency dropped significantly for polar compounds. This indicates
that the diffusion within ground tires is a sorption limiting factor at the Qu/Qy ratio above 20 while the
surface sorption or the mass flux through a liquid film on the surface of ground tires is a limiting factor
at the Q4/Q,, ratio below 20.

The humidity in the off-gas is known to be one of the most important factors in removal of YOCs
in the off-gas. It has been known that the humidity in the off-gas of > 45% significantly reduces the
sorption capacity of GAC (Cagwin and Lager, 1990). The off-gas stripped from the column was passed
through a layer of dried or wetied ground tires at the Qy/Qy ratios of 5, 10, and 20 so as to investigate
the effect of humidity on the sorpton. Also ground tires were submerged in an activated sludge aeration
basin for four weeks to grow microorganisms on their surface. Then, the experiments were conducted
under the same condition to assess the effect of biomass growth on the ground tire surface on the
sorption capacity. The microorganisms were not acclimated with target compounds.

Table I summarizes the percent removal efficiencies with dried, wetted and biomass grown
ground tires. A layer installed with dried ground tres had slightly higher removals of MC, TCE, and
toluene thar that with wetted or biomass grown ground tires. In general, the removal efficiency was
reduced by approximately 5% when ground tires were wetted or covered with biomass. The moisture
content of dried ground tires after off-gas sampling was still very low (~ 0.4%), indicating that the
results represent the sorption capacity of ground tires for a dried off-gas.
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Figure 3. VOC removal efficiencies at various air/water flow ratios.
Table III. Percent VOC removal efficiencies depending on ground tire conditions.
Q/Qw MC TCE Toluene
ratio | Dred | Wetted | Biomass | Dried | Wetted | Biomass | Dried | Weted | Biomass
35 89.6 84.5 85.0 96.2 92.2 90.0 08.5 97.8 94.0
10 70.8 68.0 72.0 95.5 92.6 87.0 95.6 93.4 92.0
20 335 41.0 . 30.0 90.4 86.4 72.0 87.5 85.0 §1.0

The biomass grown ground tire layer removed approximately 7 to 20% less VOCs than the dried

ground tire layer. This may indicate that the diffusion of VOCs through the biomass or the sorption rate
on the biomass is slower than the diffusion through ground tires or the flux through a liquid film
covering ground tires. It appears that a critical residence time is required to remove VOCs by a ground
tire layer., When the Q/Q,, ratio is 20, the removal efficiencies by biomass grown ground tires dropped
more noticeably than dried or wetted ground tires. Again, the removal efficiencies were more markedly

reduced for MC with three differently treated ground tires than for TCE and toluene.
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Further study is underway to evaluate the effect of biodegradation on the removal efficiency and
service time. Similar to GAC, the removal efficiencies of polar compounds were not good with ground
tires. We are currently testing with Styrofoam® since this has a good sorption capacity for polar
compoundgs.

A potential application of this technique is to install the ground tire layer above aeration basins or
channels with a simple supporting structure. This will eliminate the need to cover the entire aeration
basins or the wastewater treatment plants. Another potential application is to install a bed consisting of
ground tres, soils and compost. This requires a off-gas collection system.

CONCLUSIONS

The removal of VOCs in the off-gas appears to be feasible with a layer of ground tires installed
above an activated sludge aeration basin or a grit chamber. The removal efficiency was greatly affected
by the air/water flow ratio. When the ratio is greater than 10, ground tires are thought to be too
inefficient to use as a sorbent. However, at the ratio below 5, ground tires showed a great potential as a
cheap and readily available sorbent. It is believed that this concept has a great potential for field
application in POTWs and industrial wastewater treatment plants.

From the batch sorption isotherm tests and laboratory-scale column experiments, the following
conclusions can be drawn:



(1) Ground tires had slightly higher sorption capacities than tire chips since ground tires do not have
fabrics or steel wires. The sorption capacity increased logarithmically with the increase in the
octanol-water partition coefficient.

(2) The VOC removal efficiencies by a ground tire layer were > 95% for nonpolar compounds and >
80% for polar compounds at the Q,/Qyy ratio between 5 and 10.

(3) The Q/Qy ratio affected the off-gas VOC removal efficiencies by 25 to 40% for polar compounds
but slightly for nonpolar compounds.

(4) The humidity in the off-gas affected the sorption capacity of ground tires slightly (< 5% decrease in
the removal efficiency).

(5) A biomass grown ground tire layer removed approximately 7 to 20% less VOCs in the off-gas than
a dried ground tire layer.

(6) The service times for a 30-cm thick ground tire layer with the Qu/Qy, ratio of 10 were all less than
three weeks for the organic compounds tested and thus, the sorbent utilization rate was low at this
ratio. However, when the ratio was decreased to 5, the service times almost doubled.

(7) In general, polar compounds were less sorbed by ground tires than nonpolar compounds.
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Figure 4 shows the breakthrough curves of the target VOCs with respect 1o treated air volume
with a 30-cm thick ground tire layer. It can be seen that MC and chloroform are not well removed by
ground tires due to the high polarity of these compounds compared with nonpolar compounds (TCE,
toluene, and m-xylene). The service times for 30% removal of MC, chloroform, toluene, and TCE were
approximately 3, 6, 18, and 17, respectively. m-Xylene did not reach 30% of the influent concentration
after 25 days of operation.
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Figure 4. VOC breakthrough curves in a multi-solute system.

An attempt was made to fit the breakthrough curves using the homogenous surface diffusion
model (HSDM) constant pattern solutions developed by Hand er al. (1984) along with the parameters
measured. Unfortunately, however, the curve fitting was not successful for the five organic compounds
tested. Further investigation is underway to develop a mathematcal model suitable for the ground tire
sorption mechanism.

The ground tire utilization rate, R (g/L), the rate at which ground tires are spent, can be
expressed as follows (Snoeyink, 1990): '

R = P = P ©
Bed volumes to breakthrough  Volume treated/Q,




The ground tire utilization rates at the Qa/Qy ratio of 10 were estimated to be 72, 11.5, 4.7 and 5.2 g of
ground tires/L of air wreated for MC, chloroform, toluene, and TCE, respectively. These rates appeared
to be significantly higher than activated carbon, indicating inferior sorption performance. Therefore, the
air flow rate should be reduced at least by half to use ground tires more efficiently as a sorbent.

Park er al. (1993) found that only 3.5 to 6.8% of the organic compounds sorbed in tire chips in
the liquid phase were desorbed. Afiter 25 days of operation of the colurmn for the determination of
breakthrough times (Figure 4), a desorpton test was conducted. MC and chloroform were almost
saturated, and the breakthrough toluene and TCE concentrations were approximately 60% of the influent
concentrations. The feed was replaced with deionized water while other operational conditions remained
unchanged. Then, sampling was conducted immediately for 6, 16, 24, and 36 hours consecutively.
None of the samples showed a sign of peaks in a GC output. This indicates that the desorption in the
gas phase is irreversible and the desorption rate is very small as found in the liquid phase by Park er al.
(1993).

. From the breakthrough curves, the mass of organic compounds sorbed per unit mass of ground
tires (X/M) were estmated to be 2.2, 5.1, 6.7 and 6.5 mg/g for MC, chloroform, toluene and TCE,
respectively. Since the mass of ground tres were 150 g, the total mass of organic compounds sorbed
onto ground ures are 336, 774, 1005, and 975 mg. If the desorption occurred at the detection limits of
0.5 mg/L for MC, chloroform, and TCE, and 0.3 mg/L for toluene as a conservative estimate, the
miasses lost during 6 hours of the off-gas sampling are calculated to be 6 mg for MC, chloroform, and
TCE, and 3.6 mg for toluene. Therefore, the percent desorbed during 6 hours of the desorption test are
at the most 1.8%. This indicated that the sorption mechanism is a chemical bonding.

The column tests were conducted using 10-, 20-, and 30-cm thick ground tire layers to determine
the service time using the adsorption column design technique developed by Bohart-Adams (Hutchins,
1973). The eqguation is expressed as follows: '

-

t=ax+b (2)

N
here a=slope = 9 .
wher pe v

= 1 = 1 ,Q_Q_ - )‘

b = intercept K. C. In ( Ca 1k

C,, = initial concentration of solute (mg/L);

Cp = desired concentration of solute at breakthrough (mg/L);
K = rate constant (L liquid/mg ground tires/hr);

Np = adsorption capacity of ground tires (mg/L);

x = depth of the ground tire layer (m);

V = linear flow velocity (m/hr); and

t = service time of the layer (hr).

Figure 5 shows the service times for 30% removal versus bed depth for chloroform, MC,
toluene, and TCE. The slope a and intercept b for the four compounds were estimated to be 5.1, 2.9,
17.25, and 15.0, and -1, -18.7, -120, and -66.7, respectively. This allows the calculation of the service
time at various depths of ground tire layers and linear flow velocity. From this relatonship, the service
time at another linear flow velocity can be determined by multiplying the original slope a by the ratio of
the original and new flow rates.

If the Q4/Qy ratio decreases to 5, then the service times for chloroform, MC, toluene, and TCE
are calculated to be 13, 6, 34, and 31 days. If the ratio decreases further to 1, the service time would be
52,30, 170, and 155 days. Therefore, if the Q5/Qw ratio is less than 5, the installation of a ground tire
layer above the aeration basin will be feasible and economical. Since aerated grit chambers typically
have the Qa/Qy ratio of less than 1, this technique is very awractve. Furthermore, the ground tre layer
above channels will also be effective for VOC removals.



Batch isotherm tests were conducted using 300 ml glass bottles to determine the organic
chemnical sorption capacity of ground tires. The sorption test in the liquid phase was thought to simulate
the saturated condition which would occur in the off-gas above the acration basin. The bottles were not
rotated. Instead, the bottles were manually shaken in a regular interval. This method gave almost no
loss in the target organic compounds.

A 190-cm long and 2.5-cm in diameter laboratory-scale column shown in Figure 1 was aerated
under various air to water flow rate (Q,/Q,) ratios ranging from 5 to 40. The column received a constant
flow containing the mixture of chloroform, MC, toluene, TCE, and m-xylene from a 10-L Teflon bag.
The target initial concentration of each organic chemical ranged from 5 to 50 mg/L. A Teflon diaphragm
pump was used to feed the influent. By a coarse bubble aeration, the target VOCs were stripped from
the column and subsequently passed through a 10-, 20-, or 30-cm thick layer of ground tires located 10
cm above the water level. Before reaching the reactor, the air supply.passed through a series of
anhydrous CaSO; and charcoal bed designed to remove organics and grease present in the air stream.
The air supply was monitored using an air flowmeter. The Q,/Q,, was controlled by varying the air flow
rate with the fixed hydraulic residence time (HRT) of 30 minutes.

Charcoal tube ' L—_I Precisl‘;jon
sampling

Tire packing o pump

et

Teflon
diaphragm

pump
Feed inlet

[ T

Clean air inlet 101 Teflon feed bag

Sampling and
discharge line

Figure 1. Schematic of column test apparatus.

The experimental conditions and specific objectives are summarized in Table II. For easy
handling, ground tires were packed in a plastic net (1 x 1 mm screen size) and installed in the column
after a steady state condition was achieved, i.e., when the off-gas VOC concentrations were steady.
Samples were collected for analysis 30 minutes after tire packing. Each sampling lasted for 10 minutes.
Most experiments were repeated two to five dmes under the same condition. The empty bed contact
times (EBCTSs) in the ground tire layer ranged from 0.25 to 2 minutes. The total porosity of ground tre



layers ranged from 0.55 to 0.58. The pressure drops were all below around 0.01 cm H2O/cm of ground
tire packing. Al experiments were operated at 20°C. .

The off-gas above the water level or the ground dre layer was collected by pumping the air
through the Supelco® Orbo-32 activated charcoal tube at a known flow rate. The charcoal tube was
divided into two sections. The backup section was designed to check the breakthrough at the primary
section. After sampling the off-gas for 10 minutes, the activated carbon was immediately removed from
both the primary and backup sections of the sampling tubes and placed in 2 mL glass vials. Then, VOCs
were extracted from the charcoal by adding 1 ml. of carbon disulfide (CS7) to the vials and shaking for
several minutes. The extracts were analyzed for target compounds using direct injection gas
chromatography. Used was a Varian 3600 gas chromatograph (GC) equipped with a flame ionization
detector and 2 60 m long, 0.25 mm L.D. Supelcowax® - 10 megabore column. Helium was used as a
carrier gas. The FID detecton limits were approximately 0.5 mg/L for chloroform, MC, and TCE, and
0.3 mg/L for toluene and m-xylene, respectively. The recovery efficiencies of the CS; extraction for
chloroform, MC, TCE, and toluene ranged from 99 to 104% (Kim er al., 1993). CS; blanks were
analyzed approximately every sixth sample and exhibited no significant peaks. Analyses of samples
from the activated charcoal tube backup section also showed no identifiable peaks. The standards used
for calibration were analyzed before and after the unknown samples.

Table II. Experimental conditions and objectives.

HRT | Water flow | Airflow | Q/Q, | EBCT| Packing ) . Experimental
(min) | (L/hr) (L/hr) | ratio | (min) | depth (cm) | Tire condition objectives
30 0.6 3 -5 1.0 10 Dry, wettedls VOC removal;
2.0 20 . 2 | effects of packing
biomass growth depth, humidity, and
biomass growth
30 0.6 6 10 0.5 10 Dry, wetted!, VOC removal;
1.0 20 . 2 | effects of packdng
1.5 30 | DIOmass gowthT 4 humidity, and
biomass growth;
breakthrough.
30 0.6 12 20 0.25 10 Dry, wetted!, VOC removal;
0.5 20 biomass growth? effects of packing

depth, humidity, and
biornass growth
30 0.6 24 40 | 0.25 20 Dry VO removal

1 Wetted with deionized water
2 Covered with biornass

RESULTS AND DISCUSSION

The single-solute batch isotherm tests were conducted with ground tires. It was found that the
partition coefficient had a logarithmic relationship with the octanol-water partition coefficient as shown in
Figure 2. The trend of the sorption capacity and the relationship between pardtion coefficient versus
octanol-water partition coefficient of ground tires agreed well with those of tire chips reported by Park ez
al. (1993). Ground tires seemed to have slightly greater sorption capacity than tire chips except MC. On
volume basis, ground tires were a more efficient sorbent than tire chips. It can be explained by the fact
that ground tires are composed of relatively pure rubber materials whereas tire chips contain fabrics and
steel. In general, the parttion coefficient increased with the increase in the octanol-water partition
coefficient. The partifion coefficient for MC is naturally small; thus, the accuracy of the test was
relatively low as can be seen in Figure 2.
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ABSTRACT

Batch sorption tests and laboratory-scale column tests were conducted to evaluate the sorption
capacity of ground tires and the factors affecting the removal efficiencies of volatile organic compounds
(VOCs) in the off-gas by ground tires. The removal efficiencies decreased significantly with the increase
in the air/water flow rate ratio from 5 to 40. The effect of the increased ratio was more pronounced with
polar compounds than nonpolar compounds. When the air/water flow rate ratio is less than' 5, the
service time with a 30-cm thick ground tire layer was over a month for 30% removal of input nonpolar
compounds. The biomass grown ground tire layer removed 7 to 20% less VOCs in the off-gas than a
dried ground tire layer. A few field-scale application methods were proposed to use ground tires for
removal of VOGs from the off-gas in wastewater treatrnent plants.
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Granular Activated Carbon, Ground tires, Off-Gas, Removal, Volatle Organic Compounds,
Volatlization, Wastewater Treatment

INTRODUCTION

Many publicly owned treatment works (POTWs) will be required by local and state regulatory
agencies to reduce emissions to meet air quality or health risk standards. Emission include odors and
other pollutants which are toxic, reactive, and volatile. Volatile organic compounds (VOCs) contained in
wastewater from commercial, industrial, and agricultural activities comprise 31 of the 129 priority
pollutants designated by U. S. Environmental Protection Agency (EPA). In most cases, VOC
concentrations are low and vary greatly with time. Removal mechanisms of VOCs in wastewater
treatrment plants include volatlization (stripping), biodegradation, chemical oxidation, and sorption onto
sludge. Volatilization, however, has been considered to be one of the dominant mechanisms for removal
of VOCs from wastewater. VOCs entering wastewater treatment plants can be released to the
atmosphere from aerated grit chambers, weirs, pump station wet wells, tank surfaces, aeration tanks,
aerated channels, tunnel shafts, etc.

POTWs have both stack and large fugitive air emission sources. Stack emission sources are
combustion exhaust vents and/or covered and ducted wastewater treatrnent processes such as headwork
scrubbers, aeration basins, and sludge handling building blower vents. Fugitive emission sources
include setling basins, clarifiers, compost files, and channels. Air emissions for POTWs are
characterized by high off-gas flow rates, high moisture content, trace air emission concentration,
corrosiveness, and the existance of aerosols (Witherspoon et al., 1993).



The Clean Air Act Amendments of 1990 requires new technology-based regulations to meet
stringent ambient air quality and risk standards. There are a number of technologies available for
controlling VOCs: adsorption (50-95% removal), absorption (> 90% removal), condensation (50-90%
removal), flares (> 98% removal), thermal incineration (> 98% removal), and catalytic incineration (>
95%). The use of granular activated carbon (GAC) as a sorbent appears to be one of the most effective
reatmnent technologies for removing many VOCs from the off-gas. However, itis a relatively expensive
process. An economical and effective alternative needs to be developed. Biofilters supported by GAC
or other supporting media has been evaluated as an alternative. It was found that scrap vehicle tires have
1.4 10 5.6% of the sorption capacity of GAC on volume basis (Park ez al., 1993). Therefore, it was
postulated that ground tires may be a good sorbent and supporting medium in a biofilter for removal of
VOCs in the off-gas.

The objectives of this research were to determine the organic compound sorpton capacity of
ground tires, to assess the effects of humidity and biomass growth on the surface of ground tires on the
VOC removal efficiency, to evaluate the desorption rate, to estimate the service time at various
operational conditions, and to propose potential application methods for removal of VOCs emitted from a
POTW.

EXPERIMENTAL METHODS

Ground tires were obtained from a local tire processor. Fabrics and steel wires were separated
from ground tires during tire processing. No attempt was made to separate tires based on different
manufacturers or sizes. The diameter of ground tires ranged from 0.18 to 1.67 ¢m and the average
diameter was 0.34 cm. The surface area of ground tires was measured by a BET instrument. The
surface areas ranged from 0.16 to 0.56 m2/g. These values were 1,600 to 7,000 times smaller than the
surface area of granular activated carbon (GAC). Due to small pore sizes, the pore diameter was
measured by aporosity meter. The pore diameter ranged from 0.003 to 3.0 pm and the average pore
diameter was 0.0385 um. The apparent particle density and the bulk bed density were 1.204 and 0.902
g/cm3, respectively.

Before tests, tires were washed with deionized water, dried at a 40°C oven for a day, and stored
in a desiccator. The pollutants of concern in POTWs are chloroform(CF), formaldehyde, benzene,
carbon tetrachloride, methylene chloride (MC), toluene, tetrachloroethylene (PCA), trichloroethylene
(TCE), and m-xylene (Witherspoon ez al., 1993). Several target VOCs were selected based on the
physical properties. Table I summarizes the physical properties of target organic compounds.

Table I. Properties of organic compounds tested.

. Molecular . . Henry's Vapor
Organic weight | Specific | Solubility! | log Kou? constant’ pressurel
compounds (g/mol) | gravity |- (mg/l) (dimensionless) |  (torr)
Chloroform 119.38 1.489 8,000 1.97 | 0.18 160
1,2-Dichlorobenzene 147.01 1.305 100 3.38 0.10 1.0
Ethylbenzene 106.17 0.867 152 3.15 0.35 7.5
Methylene chioride 84.93 1.327 16,700 1.25 0.09 429
Toluene 92.14 0.867 515 2.69 0.28 28
1,1,1-Trichloroethane | 133.41 1.350 4,400 2.47 0.66 100
Trichloroethylene 131.39 1.467 1,100 2.53 0.48 77
m -Xylene 106.17 0.866 200 3.20 0.26 6

1 Dostal (1990).
2 Kow : octanol-water partition coefficient.
3 Nirmalakhandan and Speece (1988).









Retardation of Volatile Organic Compound Movement
by a Bentonite Sturry Cut-Off Wall Amended with Ground Tires

Jae K. Park’, Curtis D. Madsen?, Jae. Y. Kim', Tuncer B. Edil'

' Dept. of Civil and Environ. Engineering, University of Wisconsin-Madison, WI 53706
*RMT, Inc., Madison, W1 53717

INTRODUCTION

Bentonite slurry cut-off walls have been used under site-specific conditions as an
alternative to substantially reduce the spreading of groundwater contamination. Typically,
these groundwater contaminants consists of a class of compounds called volatile organic
compounds (VOCs) and are associated with hazardous waste facilities undergoing
remediadon. Recent studies have raised considerable evidence that VOCs have higher
mobility through engineered containment systems than previously thought. A series of
studiesvconducted at the University of Wisconsin showed that shredded dres could be used
as a supplement to the engineered landfill clay liner system in order to retard VOC transport
to a greater degree than that which occurs in the traditionally constructed engineered
containraent system.

The objectives of this study were to investigate the effect of ground tire addition to
slurry cut-off walls on the hydraulic conductivity, to evaluate the retardation of VOC
movement through a sand-bentonite mixture by the addition of ground tire pieces, and to
determine the parameters which may be used in the design of slurry walls (containing an
additive of ground tire pieces) as they pertain to VOCs (i.e., partition coefficient, dispersion

coefficient, hydraulic conductivity, and effective porosity).
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for m-xylene. Ground tire amended slurry wall permeameters (#2, #3, and #4) did not

breakthrough for more than a year for TCE and over 450 days for toluene and m-xylene.

Table 2. Breakthrough time to reach 10% of the influent concentration.

#1-A #1-B #2 #3 #4
MC < 10 days. NA! 35 days 40 days 50 days
TCE < 10 days 30 days 360 days 430 days > 450 days

Toluene < 10 days 150 days 450 days > 450 days | > 450days

m-Xylene | <10days | 180days | >450days | >450days | >450 days

! Not available due to biological degradation during the test.

In the case of the permeameter #1-A, all the organic compounds completely broke
through the slurry wall within 20 days, simultaneously. It means that the slurry wall failed
to retard the transporting substances by crack. Even if sodium azide was introduced as a
disinfectant, it seems that methylene chloride was biodegraded in Permeameter #1-A.

Figure 2 shows the breakthrough curve of TCE predicted from the parameters
determined from the bromide tests and batch sorption tests. As shown in Figure 2, the
addinon of ground tre into slurry wall can effectively retard the movement of the organic
compounds. For example, when 15% (by wt.) of ground dre is added into a 10.2-cm thick
slurry wall, the time for TCE to breakthrough the slurry wall at 10% of the influent

concentration will be approximately 25 tmes delayed.

CONCLUSIONS

From the laboratory-scale slurry wall permeameter tests, the following conclusions
can be drawn:
(1) The hydraulic conductivity was not affected by addition of ground tires nor spike of

organic compounds at 10 ~ 15 mg/L.
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EXPERIMENTAL METHODS

A series of laboratory tests were conducted to evaluate VOC wansport through the
slurry wall and the suitability of the method to meet the objectives of this study according 10
conditions expected in the field. The column test consisted of 10.2 cm diameter, 10.2 cm
thick siﬁrry wall specimens in a 12.7 cm high fixed-wall permeameter. The volume of the
effluent reservoir was approximately 0.2 L. Permeameter #1 contained silty-sand and a 6%
(by weight) solution of a bentonite-water slurry (prepared by mixing 22.3 g of powdered
bentonite per 350 mL of tap water) mixed to an 5 inch slump, Permeameter #2 & 3
contained silty-sand, a 6% bentonite-water slurry, and 7.5% ground tires (8 ~ 10 mesh) by
volume and served as a duplicate, and Permeameter #4 contained 15% ground tires by
volume. Permeameter #1-A had one order of magnirude greater hydraulic conductivity than
other permeameters so the run was repeated with a new specimen (Permeameter #1-B). To
minimize the potental short-circuiting along the wall of the permeameters, a bentonite paste
was applied by hand on the interior of the penmeameter.

The influent and the effluent were supplied and collected by means of Teflon® bags.
The hydraulic conductvity was estimated by weighing the change in both the influent and
effluent bags. The hydraulic gradient applied was 4. The total porosity was estimated by
using water content and particle density. The dry densities of soil and ground tire were
assumed to be 2.70 g/cm’ and measured to be 1.15 g/em’.

Initially, all four permearmneters received tap water containing .sodium azide as a
disinfectant. Once hydraulic conductivity readings were stable, each column was permeated
with tap water containing methylene chloride (MC), wichloroethylene (TCE), toluene
(TOL), and m-kylene (XYL) at the concentration ranges of 10 1o 15 mg/L.. Despite the
addition of sodium azide and mercuric chloride, methylene chloride disappeared in both the
influent and effluent reservoirs. - Lithium bromide was used as a conservative tracer to

determine the effective porosity.
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RESULTS AND DISCUSSION
The average hydraulic conductivides of Permeameters #1-A, #1-B, #2, #3, and #4

are 2.9 x 10%, 5.6 x 107, 7.2 x 107, 5.6 x 107 and 5.0 x 107 cm/sec. It appears that the

hydraulic conductivity was not affected by the presence of ground tires in slurry wall
mixtures. The hydraulic conductivity of a clay layer has been considered to be affected by
the organic permeant. In this study, no significant ghangc of the hydraulic conductivity has
been observed because most of the soil specir_nen": consisted of silty-sand and the
concentration of organic compounds was relatively low.

The retardation factor for the contarninant transport through porous media can be
expressed by using the partition coefficient, particle density, and total porosity. The
partition coefficient and particle density of the composite material, i.e. the mixwure of soil

and ground tire, can be calculated as follows:

(1-n
Rf =1 +KP'QP' ""“ﬁ“t——tz-
K.P =2Kpi°9i .
pp.zzppi'ei

where R, = retardation factor; n, = total porosity; K, = partidon coefficient (L/kg); p, =

particle density (g/cm?®); and 8 = weight fraction.

The retardation factors of the tested organic compounds estirnated are listed in Table
1. As the weight fraction of ground tire increased, the partition coefficient of the composite
material dramatically increased.

It is necessary to determine the effective porosity and hydrodynamic dispersion
coefficient in order to predict the breakthrough of the tr;nspordng substancé. In this study,l
the hydrodynamic dispersion coefficient was estimated by Myrand’s approach that the

tortuosity factor has the similar value with the total porosity of the porous medium (Myrand,
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Figure 2. Prediction of TCE breakthrough curve.

(2) A typical slurry cut-off wall does not appear to be a good barrier for the containment

of organic compounds.

(3) The arganic compound breakthrough times were significantly prolonged by addition of

ground tires. For example, m-xylene did not breakthrough in ground tire amended

permeameters over 450 days but brokethrough in the silty-sand and bentonite mixed

permeameter.

(4) Ground tires had a great deal of organic compound sorption capacity without
deteriorating the performance of slurry cut-off walls. It appears that addition of

ground tire to slurry cut-off walls significantly improve the efficiency of organic

compound containment with little additional costs.
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