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H CTTT
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H/3 o
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L

W =y, HL

1
P, = 2 KaypH?
Pq = KaqH

R = Resisting Force Minimum of tan ¢y, tan ¢, tan ¢ e
2 Resisting Forces
2 Driving Forces
(W +qL + P, sind + Pq sind)ags tand(p f, re)
- (Pp cosd + Pg cosd)
F.S.> 1S5 (Elias et al. 1996)

E.S.=

E.S.

Figure 5.3 - Calculation of the factor of safety against base sliding.

Note: The above general case is valid where the retaining wall is less compressible than
the backfill. In case where the retaining wall is more compressible, Py will act upwards.
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""" X Driving Moments
W+ gL)L/2 ind + P, sin®)L
.5, L AEXL/2) + (B sind + Fy sin) 220 (Elias et al. 1996)

Py cos8)(H/3) + (Pq cosd)(H/2)

Figure 5.4a - Calculation of the factor of safety against overturning.

q
t v ¢V ¥ ¥ ¥ r t ¥ ¢ § ¢ 9

|1
L P,
P L~
" =
— - - H72
. TH/3
| B | I
B’ +R‘, e
L

[(Pb cos8)(H/3) + (P cos 8)(H/2)] - [(Pb sin8)(L/2) + (Py sin 8)(L/2)]
€= W +qL + Py sind + Py sinb
e<L/6

W +qL + Py sind + Pq sind

O = L-2e
_ eNc(@) + 1/2YB'N,(¢')
- -
Figure 5.4b - Calculation of the factor of safety against bearing capacity.

E.S.

22.0 (Elias et al. 1996)

206



Center of Rotation

Ts(extensible)

H
¥
-
l Ts(inextensible)
- i _J_

L. Embedment Length

Factor of Safety of Unreinforced Slope:

FS = Resisting Moments( M) _0
Driving Moments (M p) (Wx+Aged)
where: W = weight of sliding earth mass
Ly, =lengthof slip plane
Aq =surcharge
T, =shear strengthof soil

Factor of Safety of Reinforced Slope:
T,e D
MD
where: T; = sumof available tensile Jorce per widthof reinforcement Jorall

F.S,=FS, +

reinforcement layers
D =moment armof T, about center of rotation
=R for extensible reinforcement
=Y for inextensible reinforcement

Figure 5.5. The rotational shear approach to determine the required strength of
reinforcement (Elias et al. 1996).
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Cross-Section A-A

Reinforced Slope Detail Retaining Wall Detail

Polypropylene Cut Tires with

Cut Tires

Attachments Polypropyiene
Attachments
S S
T s
2.0m Surcharge Load
-
I
4.0m Sandy | Soil
0.3m =
1.0m Drainage Blanket
A
i 2.5m 4— 2.5m 3.0m J‘ S5.2m T" 2.0m 4 1.Bm
Q.6
1 17.6m *‘

| = Inclinometer Tubes
S = Settlement Guages
= Inclinometer and Settiement Guages

Figure 5.7. View of cross-section A.
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Cross-Section B-B

Reinforced Slope Detail Retaining Wall Detail

>

ST

Full Tires Polypropylene Full Tires with

Attachments Polypropylene
Attachments
S S
T s
2.0m Surcharge Load
—x—

4.0m /@?/ Sandy | Soil
Pan
Pa
0.3m T
1.0m Drainage Blanket
2.5m—:l‘—2.5m 1 3.0m -!' 5.2m 1 2.0m-1'»1.8m
% 17.6m 0-54!’

| = Inclinometer Tubes
S = Settlement Guages
IS = Inclinometer and Settiement Guages

Figure 5.8. View of cross-section B.
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Cross-Section C-C

Reinforced Siope Detail Retaining Wall Detail

Polypropylene Cut Tires with
Attachments Polypropylene
Attachments
S S
2.0m 1S Surcharge Load IS
Jann
I\ A j |
4.0m /é\‘_,/ Cohesive Soil
Il,
Pa
0.3m
1.0m Drainage Blanket
|
2.5m—-|L—2.5m T— 3.0m -!' 5.2m 2.0m<J'-1.8m
L 0.6
1 17.6m 4
inclinometer Tubes

| =
S = Settlement Guages
= Inclinometer and Settlement Guages

Figure 5.9. View of cross-section C.
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Figure 5.13. The “derimming” machine.
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Figure 5.14. The tire slicing machine.
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Figure 5.16. Infilling of the tire mat reinforcements.
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inforced slope section.

.21. A frontal view of the completed re
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.22. The placement of the surcharge load.
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Figure 5.24. A photograph showing the degree of infilling and compaction of cut tire
reinforcement placed in the cohesive backtill material.



Figure 5.25. The completed prototype test embankment, viewed from the reintorced slope
sections.
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Figure 5.26. The variation of the measured dry density of sand with
embankment height (Sections A and B).
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Figure 5.27. The variation of the measured unit weight of sand with

embankment height (Sections A and B).
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Figure 5.28. The variation of the measured unit weight of the cohesive backfill with
embankment height (Section C).
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Figure 5.29. Photograph showing the collapse of the sidewall during compaction of a whole tire.
and the formation of a small void at the top of the tire element.
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Figure 5.31. Photograph showing the loading platform for the plate load test.

Figure 5.32. Location of the plate and loading system with respect to the reference beam.
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Figure 5.33. Location of the liquid transducers.
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Section A: Cut Tires in Sand Backfill Height 2 m

35

=—&— Backfill Height 3 m
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Figure 5.37. Lateral earth pressure coefficients behind the wall constructed with cut tires in sand.
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Figure 5.38. Lateral earth pressure coefficients behind the wall constructed with full tires in sand.
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Section C: Cut Tires in
Cohesive Backfill
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Figure 5.39. Lateral earth pressure coefficients behind the wall constructed with cut tires

in cohesive backfill.
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Figure 5.40. The overall settlement of Section A with the number of days after surcharge,
for both reinforced slope and unreinforced backfill.
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Figure 5.41. The overall settlement of Section B with the number of days after surcharge,
for both reinforced slope and unreinforced backfill.
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Figure 5.42. The overall settlement of Section C with the number of days after surcharge,
for both reinforced slope and unreinforced backfill.
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CHAPTER 6

PARAMETRIC STUDY OF REINFORCED TIRE WALL DEFORMATION

6.1 Introduction

Results of the field analysis (Chapter S) indicate that excessive wall deformation occurred when
using a low quality backfill. The prototype embankment used conventional empirical design
procedures which considered the overall stability of the structure. These design procedures do
not explicitly take into account the wall deformation under working stress. Under certain
conditions, limiting the amount of lateral deformation may become an important project
requirement. There may be additional economical benefits of using cohesive soils (clays of
medium to high plasticity) or waste materials (mine waste, pulverized fuel ash). Wall
deformation might also become critical for walls with large external loadings or sloping backfills
in which. Hence, an estimate of the wall deformation is desirable for a satisfactory design for

some types of walls.

Unfortunately, there is no simple procedure to estimate the amount of lateral deformations which
would occur in a tire reinforced retaining wall. Therefore, a parametric study based on simple
finite element analyses was undertaken to determine the relative impact of several key parameters
on tire wall deformation. The study examined the effects of reinforcement length, reinforcement
layout, shear strength and deformability of backfill used, foundation compressibility, and the
external loadings on the deformation of tire reinforced walls. The results of the study provide
useful insight into tire retaining wall deformation behaviour. Based on the analysis, a simplified

design procedure for estimating wall deformation can be established.
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6.2 Method of Analysis

The study used a numerical approach. The analysis was performed using the commercially
available computer program SIGMA/W, developed by GEO-SLOPE International. This two-
dimensional finite element program is able to analyze stress and deformation problems in earth
structures. The program is able to analyze a variety of conditions ranging from a simple linear-
elastic case to more complex effective-stress nonlinear problems with stage loadings. However,
the finite element code cannot directly model compaction induced stresses, and therefore, the
analysis was limited to post-construction movement. Monitoring of the prototype structure
showed that post-construction deformation, including surcharge load, accounted for on average

70% of the total measured movement.

6.2.1 Modelling of Wall Components

The stress-strain behaviour of the backfill soil was modelled as having an elastic-plastic
relationship with a Mohr-Coulomb failure criterion. The tire reinforcement was modelled as an
anistropic elastic structural element. Based upon tire pull-out test results, it is desirable to
consider tire reinforcement as having different stiffness values in two orthogonal directions. The
interaction between soil and tire reinforcement was modelled with thin interface elements having
a non-linear elastic properties. The interface stiffness increased with increasing confining stress
and reinforcement length (discussed below). The foundation was modelled as a linear elastic
medium; a requirement of the program when using infinite elements. A list of the different

constitutive soil models used in the analyses is given in Table 6.1.

6.2.2 Selection of Model Parameters

The unit weight of the sand backfill was determined from field measurements. The internal
friction angle was evaluated from direct shear box tests. However, no conventional triaxial tests

were performed on the backfill soil; as a result, the stress-strain modulus had to be assumed.

Bowles (1977) give stress-strain modulii for dense sand between 50 and 80 MPa, and a value of
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75 MPa was selected to represent the compacted sand. A typical value of 0.25 was chosen for
the Poisson’s ratio, v. Abdurahman et al. (1995) performed a numerical analysis on the
behaviour of retaining walls reinforced with tires, using a homogenization procedure. The
authors presented a list of figures relating the different parameters (Ey, Ey, G) as function of the
material properties of both the tire and backfill soil. Values representing a single tire reinforcing
element was used. The interface parameters were evaluated from interface direct-shear tests
between tire rubber and soil presented in Chapter 4, section 4.3. The relationship between the
shear stress and the relative displacement at the interface between tire rubber and sand was
expressed using the hyperbolic formulation presented by Clough and Duncan (1971). The
following values were obtained, a shear stiffness number (K) of 65, a shear stiffness exponent (n)
of 0.65, and a failure ratio (R¢) of 0.97. Estimation of the numerical interface parameters from

pull-out tests was not possible due to the high extensibility of the tire reinforcement. It is difficult
to separate the interface deformation characteristics from the actual physical elongation of the
reinforcement (Wilson-Fahmy and Koerner 1994). Hence, pull-out tests are performed on short
reinforcement length to determine the appropriate interface parameters. The test embankment

was built over a stiff foundation, and therefore, stress-strain modulus of a 100 MPa was chosen.

To validate the model parameters, a finite element analysis for the retaining wall was performed
and compared to the measured displacements observed in the tire wall in section A (cut tires and
sand), minus the lateral deformations associated with construction activities. To produce a
comparable profile, in terms of displacement and deformation characteristics, the interface
stiffness modulus number of 65 had to be increased by 30% for a reinforcement length of 2.4 m.
It should be recalled that the upper portion of the retaining wall was constructed with a
reinforcement length of 1.8 m (3 tire width) while the bottom portion used a reinforcement length
of 2.4 m (4 tire width). This result demonstrated that the interface stiffness may be influenced by
the length of the reinforcement. A similar behaviour was observed during pull-out of tire mat
reinforcement of various lengths. The secant tensile modulus (force per tire width) measured at a
5% strain showed a 30% increase in stiffness per unit length of tire reinforcement, for tests
performed in the sand backfill (Figure 6.1). The interface stiffness number K was, therefore,
increased by 30% for each additional unit tire length (0.6 m) from the base value of 65. A K
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value of 65 was assumed to represent a reinforcement length of 3 tires (1.8m). A list of the key
parameter values for the backfill soil, tire reinforcement, soil-reinforcement interface and

foundation is given in Table 6.1.

6.2.3 Validation of the Model

The measured and simulated lateral deformation at 1.2 m from the toe of the retaining wall in
section A, cut tires placed in sand, is shown in Figure 6.2. The predicted wall facing
deformations were quantitatively in close agreement with the amount of lateral movement
(quantitative) but did not quite match the shape of the deformation profile when compared to the
field values.

The model was able to match the observed quantitative lateral deformations of the tire wall in
section C, cut tires in cohesive soil. The stress-strain modulus of the backfill soil was evaluated
at about 18 MPa (prior to construction) for clay, based on consolidation tests (Figure 3.14). The
tire reinforcement anisotropic parameters were adjusted accordingly and the interface stiffness
coefficient (K) was reduced by a factor of 4 (the stress-strain modulus ratio of the two soils).
The remaining parameters were determined as outlined in Chapters 3 and 4. Therefore, the
model is able to predict wall deformations for various soil types having different strength and

deformation characteristics.

However, since the interface stiffness parameter (K) was calibrated with field observations
corresponding to one structural geometry and the lack of any further validation from field
structures, the model predictions can not be considered as absolute values. This type of analysis
is classified as a “Class C1” prediction by Lambe (1973). Thus, the program was used to study
relative, rather than absolute, wall deformations. Hence, the results of the analysis could be used
to provide a reasonable estimate of the expected lateral deformation to occur within a tire

retaining wall structure after construction.
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6.3 Cases Studied

The influence of the various parameters on lateral deformation were compared against a baseline
case. The baseline case (wall 1) is 6 m high with a uniform tire reinforcement length of 4.2 m.
providing a length to height ratio (L/H) of 0.7. The wall configuration and soil properties are
given in Figure 6.3. The major elements of the mesh used for the analysis of the baseline case
are shown in Figure 6.4. The complete FEM mesh for the baseline case consisted of 900 nodes,

defining 345 soil elements, 168 tire reinforcing elements, and 168 interface elements.

The parametric study was performed by selectively varying imput parameters and comparing the
predicted deformation with those obtained for the baseline case. A list of the various cases
analyzed is given in Table 6.2. In addition to varying strength and deformation characteristic of
the backfill soil, different wall geometries were also investigated, such as reinforcement length,
reinforcement layout and sloping wall. The length of the tire reinforcement was varied uniformly
from 3 to 9 m, as shown in Figure 6.5. The three different reinforcement layouts are shown
schematically in Figure 6.6. A shorter reinforcement length of 1.8 m was prescribed for the
upper 3 m of the wall while the bottom half remained at 4.2 m (Wall 5). Wall 6 is the reverse of
Wall 5, a shorter reinforcement length of 1.8 m was used in the bottom half of the wall while the
upper 3 m remained at 4.2 m. For the trapezoidal Wall 7, the reinforcement length was extended

beyond the stable siope (¢' = 40°). The slope of the tire reinforced wall was varied between 80°

and 70° from the horizontal while maintaining the reinforcement length at 4.2 m (Figure 6.7).
The effects of a uniform surcharge load and sloping backfill on lateral wall deformation were
examined. The influence of foundation settlement on wall face movement was also explored.
Results from the analysis indicated that none of the cases considered above gave evidence of
being close to an overall failure. Factors of safety were above unity for the various failure
criterion (base sliding, overturning). The minimum safety value of 1.37 against base sliding was

evaluated for the baseline wall when the backfill soil had an effective friction angle of 25°.
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6.4 Results

The predicted wall face deformations (A) have been normalized in terms of wall height (A/H, %).
A Deformation Index (DI) was used to relate the predicted maximum lateral deformations of

each case (A) to maximum lateral deformation of the baseline case. Therefore, DI is defined as
A/Apasetine- A DI of 2 means a 100% increase in maximum wall face movement compared to the

baseline case. The value reported here represent post-construction deformations and do not

include compaction induced movements. A summary of the analysis is given in Table 6.3.

The Baseline Case

The lateral wall face deformation profile for the baseline case is shown in Figure 6.8. A view of
the deformed mesh is given in Figure 6.9 where the deformations are exaggerated by a factor of
10 for clarity. The original outline of the structure is also shown. The magnitude of the
predicted maximum deformation is 42 mm (H/140) which is similar to expected values for
conventional reinforced walls which varies between H/250 for inextensible reinforcement and

H/75 for extensible reinforcement (Christopher et al. 1990).

The baseline wall was also modelled in 3 steps of 2 m in height to simulate stage construction.
Stage construction increased the outward movement by 12% |, representing 5 mm, compared to
the 1 step baseline case. Based on field observations of the test embankment, compaction
induced deformations during construction can be estimated at 60 mm. This represents a twelve
fold increase compared the additional movements produced by the simulated stage construction.
Hence, analysis in steps could not properly model lateral deformation resulting from compaction

induced stresses. The parametric study was, therefore, limited to post-construction deformations.

Reinforcement Layout

The tire reinforcement layout influences the magnitude and shape of the deformation pattern
(Figure 6.8). For shorter reinforcement at the top half of the wall (Wall 5), there is a distinct
increase in the outward deflection of the wall face, above a wall height of 3 m. This structural

geometry resulted in a deformation index of about 1.5. Similar results were reported by Chew
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and Schmertmann (1990) from a numerical analysis of conventional wall using inextensible
reinforcement. In contrast, the shortening of the reinforcement in the bottom half reduced the
outward wall deflection by about 100%. The longer reinforcement at the top of the wall forced
the active soil wedge to be developed along the back of the retaining wall equal to the top
reinforcement length. As a result, the soil elements located within the lower portion of the wall
acted as part of the retaining structure. And since the soil stiffness parameters were higher than
those of the interface, the overall stiffness of tire wall was increased. This type reinforcement

layout was not used in the test embankment, and therefore, a comparison is not possible.

The lateral deformation were further decreased for the trapezoidal reinforcement layout in which
the reinforcing length was extended beyond the stable slope (Wall 7). A deformation index of
0.21 was reported, representing a 360% reduction in lateral movement. This reinforcement
layout generated the least amount of post-constructional movement. Rowe and Ho (1993) stated
that minimal lateral movement in a conventional reinforced wall will occur when the
unreinforced zone above the stable slope (¢'). Bathurst et al. (1988) reported negligible
movement for a conventional reinforced wall in which the reinforcement length to wall ratio
(L/H) was much greater than the inverse of the slope of the fill friction angle L/H=1>cot ¢' =
0.75).

Reinforcement Length

The lateral deformations are strongly influenced by the overall dimensions of the tire wall,
similar to those observed for conventional reinforced walls (Christopher et al. 1990; Rowe and
Ho 1993). As the reinforcing length to wall height ratio (L/H) was varied from 0.5 to 1.5 for the
baseline case, the deformation index ranged from about 1.5 to 0.3, as shown in F igure 6.10. The
corresponding decrease in lateral wall deformation is again attributed to the decreased
unreinforced wedge area above the stable slope and the increase in wall stiffness resulting from
longer tire reinforcements. It is interesting to note that the reduction in wall movement is no
longer proportional to the reinforcing tire mat length for a L/H ratio greater than one. This may
indicate that a further reduction in wall movement, greater than 250% when compared the

baseline case, can be difficult to achieved by solely increasing the reinforcement length.
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Wall Batter

The lateral deformations were reduced by 60% when the wall was inclined at 80 degrees and a
further decrease of 220% , compared to the baseline case, was achieved when the wall was
inclined at 70 degrees (Figure 6.11). The corresponding deformation indices were 0.62 and 0.31
respectively. The length of the reinforcement was maintained constant at 4.2 m. The decrease in
wall face movement is associated with the reduction in the active trust behind the wall due to the
wall batter. This type of reinforcement layout is beneficial since it provides protection against
tire overhang, i.e. maintains a positive slope during construction and can accommodate large
deformation before the top of the wall has moved beyond the toe. It also has the additional
benefit of reducing wall face movement while employing a reasonable length of tire
reinforcement. For example, to produce a DI of 0.3 in a vertical wall, a reinforcing length of 9 m
must be employed, while for a wall inclined at 70°, under identical conditions, a reinforcing
length of 4.2 m is required. A reduction in the required length of tire reinforcement will
significantly decrease the overall cost of the tire wall structure. This can be particularly important
when dealing with soils of inferior quality.

Shear Strength of the Backfill

The internal friction angle (¢) was varied from 25° o to 45° and the inclination of the baseline
wall ranged between 70 and 90 degrees. Note that the remaining model parameters were kept
constant. For the baseline wall, where the L/H ratio was 0.7, the corresponding deformation
index ranged from 8.3 to 0.74 (Figure 6.12). A marked increase in the predicted wall
deformation occurred for friction angles of less than 35 degrees. The reduction in shear strength
of the backfill resulted in a larger force being generated within the reinforced zone to maintain
equilibrium (increase in the active thrust). Thereupon, a greater portion of the shear strength is
mobilized which induces larger deformations. The decrease in the friction angle also produced a
larger zone of unreinforced soil mass above the stable slope and behind the retaining wall,
confirmed by a cot ¢' value between 1.43 and 2.15 (¢' = 35° to 25°), which is substantially greater
than the L/H ratio of 0.7. It should be noted that in order to minimize the influence of the
unreinforced zone, L/H ratio should equal cot ¢'. An inclination of 80° reduced the predicted
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wall deformation by a factor of approximately 2, when compared to the baseline case. A wall
having a batter of 70°, further reduces the lateral movements by approximately 200%, for internal

friction angles of less than 35 degrees.

The important implications of Figure 6.12 are that a substantial wall deformation can occur for
soils having inferior strength properties. The selection of reinforcement length therefore
becomes more critical in soils with lower friction angles. Also, providing a batter can

significantly reduce wall deformation.

Deformability of the Backfill

The elastic modulus of the backfill was varied from 5 to 100 MPa, while the other model
parameters were kept constant, as in the baseline case. The elastic-plastic relationship used to
model the behaviour of the backfill, the elastic modulus parameter represents the initial linear-
elastic stiffness of the soil. The deformation index varied from 12.1 to 0.74 for the baseline case
(Figure 6.13). The deformation index curve demonstrated an exponential growth trend with a
sharp increase at an elastic modulus of 30 MPa. The analysis demonstrates the importance of
proper compaction of low quality backfill and a good control of the water content, especially for
clay soil of high plasticity. Again the introduction of a batter to the baseline wall significantly
reduced the outward deflection of the wall. Another important aspect of the analysis is that both
curves indicated that no significant benefits would be derived with the use of very stiff soils.
However, good quality backfills have superior strength characteristics, and as demonstrated in
Figure 6.12, the internal friction angle has a great influence of the performance of the tire
retaining wall. It is important to note, that soils of inferior quality have greater deformability
which is usually accompanied by a lower shear strength. For example, the cohesive backfill used
in the prototype embankment had an elastic modulus of 18 MPa and an internal friction angle of
32 degrees. In this case, the deformation index of the soil would be a combination of the two
parameters. Hence, an estimate of the deformation index for the same wall geometry as the
baseline case would be 12 (DI of 3 for ¢' x DI of 4 for E) which would be equivalent to a
normalized lateral deformation (A/H) of 8.3%.
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Foundation Compressibility

The effects of a compressible foundation are demonstrated in Figure 6.14. The local
overstressing of the foundation beneath the toe or overall settlement of the foundation cause
additional movements to occur at the wall face. The wall deformation is dependent on the
strength and stiffness of the foundation. A reduction in the foundation stiffness of the baseline
case by a factor of 3 produced an increase the wall movement by 66%. A compressible
foundation having a stress-strain modulus of 10 MPa resulted in a deformation index of 2.35. If
the competence of the foundation is in question, a finite analysis should be performed to evaluate

the effect of foundation deformations.

Uniform Surcharge
The provision of a uniform surcharge increased the outward movement of the wall while
maintaining the same deformed shape attributes as at the zero-surcharge condition. The increase

in wall deformation was proportional to the surcharge magnitude. For the baseline wall

configuration, each 20 kN/m? increment of surcharge increased the maximum wall deformation

by about 40% of the baseline value for the range of surcharge up to 80 kN/m? (Figure 6.15).

Indicating that the placement of a uniform surcharge can produce a substantial amount of post-

construction movement.

Sloping Backfill

The existence of a sloping backfill is very common in retaining wall applications. The backfill
slope angle, a, was varied from 0 to 25 degrees; the corresponding deformation index ranged
from 1 to 2 (Figure 6.14). There was a slight decrease of the wall face movement for a backfill
slope angle greater than 10 degrees. This decrease in wall face movement was associated with
the extent of the finite element mesh generated behind the retaining wall which was kept constant
for all slope angles. A greater extent of the mesh may have been required to minimize influences
from the imposed boundary conditions. Therefore, the increase in wall face deformation could
be proportional to the backfill angle. For the baseline layout, an increase in the slope of the
backfill for every 5 degrees will increase the maximum deformation by about 25% of the baseline

value for the range of slope angles up to 25 degrees.
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6.5 Estimation of Wall Deformation

A preliminary estimate of the tire retaining wall deformation can be computed by simply
multiplying the standard deformation by the appropriate deformation indices, provided in Figure
6.8 and Figures 6.10 to 6.16. The combined effects of wall geometry, backfill strength and
deformation characteristics, and external loading conditions, such as reinforcement length, batter,
and uniform surcharge can be estimated by multiplying the deformation indices in series. With
such an estimate of the possible deformation, the designer can modify the wall design to meet the
deformation requirements of the project, such as adjusting the construction wall batter. These
design aides may be more useful, especially when dealing with soils of inferior quality, to
determine the overall dimensional requirements of the retaining wall. Other verifications for

base sliding and overturning failures would also be required.
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Table 6.1. Constitutive models and key parameters used in the baseline wall.

Constitutive Models Material
and Backfill Tire Soil- Foundation
Parameters Soil Reinforcement] Reinforcement
Interface
Constitutive Model Elastic-Plastic| Anisotropic |Non-linear Elastiq Linear Elastic
Linear Elastic{ (Hyperbolic)
Parameters
Unit Weight (kN/m>) 18 17 0 0
Friction Angle, ¢ (Degrees) 40 n.a. 36 n.a.
Young's Modulus, E (MPa) 75% - - 100
E« (MPa) — 150 — —
Ey, (MPa) - 225 - -
Poisson Ratio (v) 0.25 0.25 025
Uy -~ 0.30 — -
Uy - 0.15 — -
Shear Modulus, G (MPa) — 50 — -
Modulus Number, K - — # -
Modulus Exponent, n — — 0.65 —
Failure Ratio R¢ - - 0.97 -

* Represents the initial linear-elastic stiffness of the soil

# Stiffness of the interface was a function of the reinforcement length (L).

The initial modulus number of 65 was based upon direct-shear tests interface results.

Number of |Reinforcement Modulus
Tire Elements Length Number, K
(m) (Dimensionless)
3 1.8 65
4 24 85
5 3.0 110
6 3.6 145
7 42 190

Calibration of the finite element model with field results (embankment observations and pull-out test)

indicated that the initial stiffness modulus number increased by 30% for each additional tire length (0.6 m)
from the base value of 65 which represented a reinforcement length of 3 tires (1.8m).
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Table 6.2. A list of cases studied.

Wall #

Cases Studied

0 N O W S W -~

—

O 00 — O 00 — — -

Baseline

Reinforcement Length=3.0 m
Reinforcement Length = 6.0 m

Reinforcement Length =9.0 m
Short Reinforcement at the Top
Short Reinforcement at the Bottom

Trapezoidal Wall with a Reinforcement Length = cot ¢'

(o)

Staggered Wall, inclined at 80
Reinforcement Length =4.2 m
Staggered Wall, inclined at 70°

Reinforcement Length =4.2 m

Compressible Foundation

Uniform Surcharge, Varied from 20 to 80 kPa
Sloping Surcharge, Varied from 5 to 25 degrees
Shear Strength of the Backfill, Varied from 25 to 45 degrees
Shear Strength of the Backfill, Varied from 25 to 45 degrees
Shear Strength of the Backfill, Varied from 25 to 45 degrees
Deformability of the Backfill, The Elastic Modulus Was Varied from 10 to 100 MPa
Deformability of the Backfill, The Elastic Modulus Was Varied from 10 to 100 MPa
Deformability of the Backfill, The Elastic Modulus Was Varied from 10 to 100 MPa

260




Table 6.3. Summary of analyses.

Wall # Description Maximum Lateral{ Normalised | Deformation
Wall Face Wall Face Index
Deformation Deformation
(mm) (A/H, %) (A/Apaseline)
1 Baseline 42 0.70 1.00
2 Reinforcement length =3.0 m 62 1.03 1.48
3 Reinforcement length = 6.0 m 24 0.40 0.57
4 Reinforcement length=9.0 m 12 0.20 0.29
5 Short Reinforcement at the top 64 1.07 1.52
6 Short Reinforcement at the bottom 20 0.33 048
7 Trapezoidal Wall Reinf. Length = cot ¢ 9 0.15 0.21
8 Staggered Wall, inclined at 80°
Reinforcement Length =42 m 26 0.44 0.62
9 Staggered Wall, inclined at 70°
Reinforcement Length =4.2 m 13 0.21 0.31

1 Stress-Strain Modulus of Foundation = 25 MPa 70 1.17 1.66
1 Stress-Strain Modulus of Foundation = 10 MPa 99 1.64 235
1 Uniform Surcharge = 20 kPa 65 1.08 1.55
1 Uniform Surcharge = 40 kPa 85 1.42 2.02
1 Uniform Surcharge = 60 kPa 95 1.58 2.26
1 Uniform Surcharge = 80 kPa 110 1.83 2.62
I Sloping Surcharge, 5 Degrees 54 0.90 1.29
1 Sloping Surcharge, 10 Degrees 66 1.10 1.57
1 Sloping Surcharge, 15 Degrees 74 1.23 1.76
1 Sloping Surcharge, 20 Degrees 80 1.33 1.90
1 Sloping Surcharge, 25 Degrees 85 1.42 2.02
1 Friction Angle of Backfill, ¢ = 25° 349 5.81 8.30
1 Friction Angle of Backfill, ¢ = 30° 185 3.08 440
1 Friction Angle of Backfill, ¢ = 35° 68 1.13 1.62
1 Friction Angle of Backfill, ¢ = 45° 31 0.52 0.74
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Table 6.3. Summary of analyses (Continued).

Wall # Description Maximum Lateral{ Normalised |Deformation
Wall Face Wall Face Index
Deformation Deformation
(mm) (A/H, %) (A/Apaseline)

8 Friction Angle of Backfill, ¢ = 25° 170 2.83 4.05
8 Friction Angle of Backfill, ¢ = 30° 90 1.50 2.14
8 Friction Angle of Backfill, ¢ = 35° 37 0.62 0.88
8 Friction Angle of Backfill, ¢ = 45° 19 0.32 0.45
9 Friction Angle of Backfill, ¢ = 25° 100 1.67 2.38
9 Friction Angle of Backfill, ¢ = 30° 41 0.68 0.98
9 Friction Angle of Backfill, ¢ = 35° 18 0.30 0.43
9 Friction Angle of Backfill, ¢ = 45° 10 0.17 0.24
| E Modulus of Backfill = 5 MPa 508 8.47 12.10
1 E Modulus of Backfill = 10 MPa 298 4.97 7.10
1 E Modulus of Backfill = 20 MPa 160 2.67 3.81
I E Modulus of Backfill = 40 MPa 79 1.32 1.88
1 E Modulus of Backfill = 60 MPa 53 0.88 1.26
I E Modulus of Backfill = 100 MPa 31 0.52 0.74
9 E Modulus of Backfill = 5 MPa 140 2.33 3.33
9 E Modulus of Backfill = 10 MPa 80 1.33 1.90
9 E Modulus of Backfill = 20 MPa 44 0.73 1.05
9 E Modulus of Backfill = 40 MPa 21 0.35 0.50
9 E Modulus of Backfill = 60 MPa 16 0.27 0.38
9 E Modulus of Backfill = 100 MPa 10 0.17 0.24
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Figure 6.1. The relationship between tire reinforcement stiffness and reinforcement length
based on pull-out tests results performed in sand.
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Figure 6.2. Measured and simulated lateral deformation at 1.2 m from the toe of the
retaining wall in section A, cut tires placed in sand.
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BASELINE CASE: WALL 1 L/H=0.7

P 42m ———

BACKFILL
MATERIAL.:
Compacted Sand
Elastic-Plastic
Behaviour
vy =18 kN/m’
¢ =40 deg.
c=0
E =75 MPa
v =0.25

FOUNDATION SOIL:
Sandy Gravel
Linear Elastic Behaviour
E =100 MPa
v=025

Figure 6.3. Baseline case for finite element analysis: Wall 1.
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Figure 6.5. Variation in reinforcement length.
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Figure 6.6. Variation in reinforcement layout.
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WALL 8 Staggered Wall, inclined at 80 degrees
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WALL 9 Staggered Wall, inclined at 70 degrees

Figure 6.7. Structural geometry used in sloping walls, 10° and 20° batter.

269



== Baseline Wall 1
—&—Wall 5
—| =~ Wall 6
== Wall 7 ‘

Baseline
—1 Wwalll Wall § Wall 6 Wall 7 T

aFF

1.2 1 0.8 0.6 0.4 0.2 0

Wall Face Deformation, A/H (%)

Figure 6.8. Lateral wall face deformation for different reinforcement layouts.
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Figure 6.10. The effect of reinforcement length on the maximum wall face deformation.
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Figure 6.11. The influence of wall batter on wall face deformation.
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Figure 6.12. The variation in lateral wall deformation as a function of the internal friction angle.
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Figure 6.13. The influence of the deformability of the backfill on the lateral wall deformation.
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CHAPTER 7

ENVIRONMENTAL EVALUATION

7.1 Background

One of the major concern in using shredded or whole tires in civil engineering applications is the
potential for harmful substances to leach from the tires. To date, only a few reports specifically
address this concern. While data from embankments constructed with tire chips has been
reported, there is no published data on water quality from whole tires or tires with one sidewall

removed embedded in soil.

The Minnesota Pollution Control Agency (MPCA) (1990) conducted laboratory leaching tests on
tires chips subjected to different environmental conditions. These tire chips were not embedded
in soil. The MPCA study reported that barium, cadmium, chromium, lead, selenium, and zinc
are constituents of concern in acidic environments (pH of 3.5 to 5). Certain types of
hydrocarbons (Polynuclear Aromatic Hydrocarbons, PAHs) may be released under basic
conditions (pH of 8.0). A field sampling program was also implemented at two sites where
waste tires had been used in road construction over wetlands. The field testing program collected
soil and groundwater samples under the roadbed. Field studies did not identify significant
differences between waste tire areas and control areas for soil samples. At one site, water
samples had concentrations of cadmium, chromium, and lead which exceeded the Regulatory
Allowable Limits. [In addition, the reported concentrations levels of barium would have
exceeded the Ontario Drinking Water Objectives. The Ontario Drinking Water Objectives are
more stringent; element such as barium, chromium, lead, selenium, copper, and aluminum all
have lower acceptable concentrations limits when compared to the USEPA standards. The
hydrocarbon compounds did not exceed their respective recommended concentration limits. To

minimize the potential environmental impacts, placement of tire materials above the water table,
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in the unsaturated zone, was reccmmended by the MPCA. This would limit infiltration of water
through the tire subgrade.

Eldin and Senouci (1992) examined the potential environmental impact of a test embankment
constructed in the state of Wisconsin, using tire chips. The evaluation was performed by periodic
analysis of water specimens collected from two lysimeters placed beneath the fill. The chemical
analysis indicated that chloride, iron and manganese were occasionally in excess of the RALs
while background samples did not. Reported concentrations of sodium, and alkalinity exceeded
the Ontario Drink Water Objectives. Analysis of variances for the measured elements indicated a
strong time effect on the concentrations of magnesium, manganese, and sodium. Manganese had
a significant positive correlation with time. Chemical analysis of various organic compounds

was not performed.

Humphrey et al. (1997) investigated the impact on water quality from two field embankments
constructed with tire chips which were placed above the groundwater table. Results of the
chemical analysis indicated that tire chips did not increase the concentration levels of inorganic
elements having a primary drinking water standard (RALs), such as barium (Ba), cadmium (Cd),
chromium (Cr), lead (Pb), and selenium (Se). Some evidence suggested that iron (Fe) and
manganese (Mn) may, under certain conditions, exceed their respective concentration limits.
Any organics compounds leached from the tire chips were below detection limits. This
investigation revealed no significant adverse effects to date (after 2.5 years) on the water quality

from tire chips fills placed above the ground water table.

Lerner et al. (1993) investigated the potential use of tire chips as a drainage bed for domestic
septic tanks. Laboratory water quality tests, in which tire chips were soaked in different
environments (various pH and ionic strengths), indicated that typical rubber compounds such as
zinc and benzothiazoles were leached from the tire chips regardless of environmental condition.
Water samples taken from a pilot septic drainage bed revealed fewer contaminants. The authors
recommended that prototype structures be constructed to ascertain any potential environmental
impact on ground water quality; shredded tires should not be positioned which would offer any
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leachate a clear path to the ground water. They also recommended soaking the tires in open
lagoons for a period of six to twelve months, removing many potential toxic compounds, which

would render them more acceptable for environmental uses.

Toxicity test were conducted by Abernethy (1994) on water samples in which an automobile tire
had been submerged in 300 litres of water. The “tire water” cause 100% mortality of rainbow
trout fry, usually within 48 hours. Lethality was not observed for three other test species
(Daphnia magna, Ceriodaphnia and fathead minnows). The contaminated water samples were
analyzed for 143 target compounds. Only zinc was found, and its concentration was well below
the lethal level. Gas chromatography-mass spectrometry (GC-MS) analyses were performed to
identify nontarget chemicals. Up to 62 organic compounds were detected, but less than half were
identified (a known compound). Bench top treatments such as aeration, and the additions of
acid, base, an anti-oxidant and a metal chelating agent did not reduce the toxicity of the tire
water. However, the addition of activated carbon completely removed the lethal effects. The

chemical cause(s) of the toxicity to trout remained unconfirmed.

A more recent study by Abernethy et al. (1996) revealed that tires placed in a tank of flowing
water were nonlethal to trout so long as the flow rate was greater than 1.5 litres per minute per
600 litre of water volume. The rate of chemical release from tires decreased with each
subsequent submersion period and which was attributed to a continuous leaching process which
depleted the tires of leachable chemical substances. Chemical release may also be inhibited by
bacterial growth and any compositional changes occurring at the surface of the tire. The study
also revealed that tires collected from an artificial reef in Lake Erie were less toxic than scrap
tires which were never exposed to an aquatic environment. The amount of chemical release from
the reef tires was much less than those from recently discarded tires. A reduction in contaminant
levels in water surrounding an aquatic tire structure may occur by such environmental processes
as biodegradation, photolysis and particle-binding. The toxicant could not be identified,
however, it was characterized as a non volatile mixture of polar and non-polar organic
compounds (specific constituents were not identified) of which aromatic amines were the

principal suspects.
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7.2 Reported Exothermic Reactions in Tire Shred Fills

One of the legitimate concerns on the use of rubber products as fills is the potential for
exothermic reaction. An exothermic reaction is one where heat is released as a result of chemical
or biochemical reaction which causes the temperature to rise. In 1995, there were three cases of
fills comprising of tire chips in the USA which were reported to be smouldering after
construction (Humphrey, 1996). The three projects are SR 100 in Ilwaco, Washington, Fallings
Spring Road fill in Garfield County, Washington, and a retaining wall project alongside Highway
I-70 in Colorado. It is important to note that in all three cases, the fills were constructed entirely
of tire chips, and where a high proportion of steel belt was exposed in a matrix, and was
sometimes encountered in a matrix of crumb rubber. The upper surfaces of these fills were
provided with a course of soil cover. Hot spots have also been reported in four stockpiles of tire

chips in the USA.

In order for ignition to occur, it is essential that an initial exothermic reaction occurs which can
raise the temperature above the ignition point. According to Humphrey (1996), the potential
causes of initial exothermic reaction are: oxidation of exposed steel belts and wires, oxidation of
rubber, microbes consuming exposed steel wires or generating acidic conditions, and microbes
causing liquid petroleum products. Humpreys found that in all three cases where exothermic
reaction was observed, appropriate conditions for oxidation existed. In some cases it was lack of
adequate cover which would minimize availability of free oxygen, while in some cases,
exothermic reaction occurred in areas which were exposed to fertilizer-rich soil, or where crumb

rubber was found.

It is of interest to review the list of preliminary recommendations for construction of tire shred

fills indicated by Humphrey:
e The amount of steel belt exposed at the cut edges of the tire sheds should be limited.

Consideration should be given to using magnetic separation to limit the amount of exposed

steel belt.
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Topsoil should not be placed directly on tire shreds.

Contact between tire shreds and fertilizer should be prevented.

Any tire shreds that have been contaminated by liquid petroleum products should be removed

from the fill and disposed of in an environmentally acceptable manner.

The tire shred fill should be covered by 1.2 m of mineral soil with a minimum of 25% fines to
limit the contact of the fill with oxygen.

Consideration should be given to using larger size tire shreds (200 mm. to 300 mm in
maximum size) for thick tire shred fills as these would have fewer cut surfaces with exposed

steel belt compared to smaller shreds.

No crumb rubber should be allowed in tire shred fills. One source of crumb rubber is the
material that accumulates around shredding machinery and associated conveyor belts. This
material is typically composed of crumb rubber, fine steel cord wire, and soil that was brought
in with the waste tires. Some tire shred producers dispose of this material by delivering it to
the job site mixed with the tire shreds. This practice should not be allowed. Material
accumulated during cleanup operations at the (tire chip) production facility should be banned
from tire shred fills.

It will become obvious that the manner in which the test fills and retaining walls have been

constructed are markedly different from the three cases where exothermic reaction has occurred.

The use of whole tires, or tires with one side wall removed as a ring addresses all of the concerns

raised in the above list of recommendations. Also, the tires as used in study are buried in a mass

of compacted cohesive soil or sand, which significantly reduces, if not eliminates, the supply of
free oxygen. No crumb rubber is generated in the slicing process. Certainly, the use of whole tires

or those with one side wall removed appear to offer a significant advantage over the use of fills
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comprising of tire chips alone. The prototype embankment constructed in this study has been

hydro-seeded, with no sign of any exothermic activity.

7.3 Environmental Testing Program

Laboratory and field tests were carried out to identify any potential toxic substances leaching
from buried tires. The purpose of the investigation was to gather information on the short term
(with respect to the service life of these structures) chemical leaching trends, as a function of
exposure time, soil type and environmental conditions, and also to evaluate in which medium af
any) they are produced, promoted or removed. Laboratory testing in lysimeter columns offers

certain advantages over testing on samples obtained from the field due to the following reasons:

(i) Due to low seepage, very limited volumes of samples could be obtained from the site over a

short collection period.

(i1) Due to financial constraints, no control structure was built. Hence, it is difficult to ascertain
if the contaminants originated from the tires or from the fill or the construction site.

(i) Use of tire chips in lysimeters would provide a conservative assessment since the

reinforcement is exposed.

(iv) The lysimeters permit a controlled testing environment, in contrast to field scenarios. Tests
could be conducted at various hydraulic and chemical conditions. In particular, the lysimeter
columns permit the simulation of seepage over long periods of time, especially in clayey soils.
7.3.1 Field Monitoring

A 76 mm diameter perforated pipe was installed in the sand drainage blanket, under each section,

to collect leachate samples as rain water percolates down through the tires. The drain pipe was

wrapped in a geotextile to prevent clogging and was graded to flow towards the retaining wall
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section. The effluent is collected in three separate wells consisting of a vertical PVC cylindrical
container of 150 mm diameter and approximately 1 m in depth. The top of the well was fitted
with a protective cap that could be easily removed during sampling. Epoxy was used to

assemble all pipes and fittings. A schematic diagram of the field collection well is given in
Figure 7.1.

Water samples were collected, periodically, using a hand pump. The water samples were stored
in 1 litre HDPE bottles and were refrigerated to minimize degradation. It should be noted, that
the wells remained dry during the summer months, and therefore most water samples could be

collected only during the spring and fall months.

7.3.2 Laboratory Leaching Tests

Laboratory testing of lysimeter columns with whole or sliced tires is clearly impractical. The
use of tire chips in lysimeters provides conservative test results compared to the use of whole
tires since larger surface areas, and in particular, the metal reinforcement are exposed.
Laboratory testing consisted of 12 large lysimeter columns of 150 mm diameter by 400 mm long
that were filled with various mixtures of tire chips and soil, as illustrated in Figure 7.2. Soil and
tire chip mixtures are divided into two main groups: sand - tire chips and pure kaolin clay - tire
chips. Twelve tires collected from the Conroy Auto-Part Recycling site (field embankment test
site) were cut into 50 mm transverse sections with a band saw and each of these sections was
further cut into four separate pieces. Typical chip size was 50 mm by 50 mm. The tire chip
content varied typically from 25 to 30% by volume of the lysimeter chamber. An outline of the
laboratory environmental testing program is given in Table 7.1.

7.3.2.1 Sand and Tire Chips
The four lysimeter filled with sand and tire chips were exposed to three different initial

environmental conditions: acidic, neutral and basic. Acidic condition was provided by a 0.1%

solution of sulphuric acid (pH ~ 3.5) and attempted to simulate the effects of acid rain. The
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neutral condition was provided by distilled water only and had an initial pH of about 6.5. The
basic condition was provided by a 0.05% solution of sodium hydroxide(pH~9.5) to simulate the
hydrolysis potential of groundwater. Tire chips and sand were initially washed with distilled
water; then the tire chips and sand were placed in the appropriate testing environment The water
was continually circulated by chemical feed pumps in order to assure proper mixing. Continuous
circulation of the effluent is conservative since it represents batch test conditions and does not
represent boundary conditions in tire reinforced structures constructed above the groundwater
table. Water samples were collected in 1 litre HDPE bottles at the termination of the test and
were refrigerated to minimize degradation of the sample. The exposure time was varied from 90
to 180 days. The testing procedure was repeated for each different exposure times using the

same tire chips.

The above four tests represent cases where relatively stagnant groundwater (ponding of rain or

snow melts in surface aquitards) is exposed to automobile tires for long periods of time.

7.3.2.2 Clay and Tire Chips

The eight remaining lysimeters are divided into three groups (Table 7.1). Each group was
composed of a standard (no tire chips) and 1 or 2 clay and tire chips columns. Again, each group
was subjected to a different environment (acidic, neutral, basic). The tire chips at known
weight/volume of soil were randomly placed within the lysimeter cylinder with a mixture of pure
kaolin clay (obtained from Fisher Company Ltd., Colorado). The kaolin sample was fabricated
by mixing dry clay with distilled water. Flushing of the pore water (in the pore space between
the clay particles and tire chips which is occupied by water) was achieved by placing a source
reservoir over the top of the soil\tire chip column and applying a pneumatic pressure of 200 kPa.
The source reservoirs were filled with the appropriate initial environmental solution and were as
follows: 2 (numbers in each group includes the standard) with distilled water; 3 with a 0.1%
solution of sulphuric solution; 3 with a 0.05% solution of sodium hydroxide. The flushed pore
water was collected into 11 graduated cylinders at the base of the lysimeter cell. Samples were

analysed after passing of one pore volume (total volume of voids in the soil\tire chip sample). A
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maximum of 5 pore volumes for each environmental cell was tested (5 “tire water” samples were

collected from each environmental cell).

7.3.3 Chemical Compounds of Interest

Water samples from field and those collected from lysimeters were analyzed for selected
inorganic elements to compare them with the requirements of the Ontario Drinking Water
Objectives (ODWO). Based upon published environmental assessments on tire chip fills,
particular attention was given to iron (Fe), manganese (Mn) and zinc (Zn). The organic chemical
compounds leached from scrap tires can be classified as arylamines or phenols and alylated
forms. Organic analysis of “tire water” performed by Abernethy (1994) identified four
compounds which were found in all samples: aniline, 4-( 1-methyl-1-phenylethyl)-phenol,
benzothiazole, and 4-(2-benzothiazolythio)-morpholine. The most prevalent compounds were
2(3H)-benzothiazolone, benzothiazole which are the probable stable end products of
mercaptobenzothiazole (MBT) formed by methylation, photolysis and oxidation (Brownlee et al.
1992) and 4-(2-benzothiazolythio)-morpholine which is a common compound used as a delayed-
action accelerator in rubber processing (Taylor and Son 1982). Therefore, these constituents
were also selected as representative compounds to establish any chemical leaching trends.
Collected water samples were sent for chemical analysis to the Center for Analytical and
Environmental Chemistry at Carleton University. A list of the chemical compounds and

parameters of interest for both field and laboratory tests is given in Table 7.2.

7.4 Results

7.4.1 Field monitoring

A background concentration of the targeted compounds in the pore water of both backfill
material was performed. The results are presented in Table 7.3. Several samples of both soil
types were taken from their respective stockpiles at various times during the construction of the
prototype embankment. All soil samples collected on a specified day were properly mixed
together to produce a representative sample. 100 ml of distilled water was added to 50 g of dry
soil. The mixture was vigorously stirred for a period of 24 hours. The supernatant was filtered
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and analysed for the appropriate chemical compounds. The reported concentrations were
adjusted to the respective in-situ water contents of both backfill materials. Selenium was the
only compound of interest which exceeded the Ontario Drinking Water Objectives. Reported
values were between 0.012 and 0.014 mg/l. All other compounds of interest were either below

detection limits or below their respective allowable concentration limits.

Results of the chemical analysis performed on water samples collected from each well at the test
fill site are given in Tables 7.4 to 7.6, respectively. It should be noted that the well located to
collect effluent from the cohesive soil Section C, was dry most of the time. Indeed, all wells
remained dry during the summer months. Also, the presence of a final 2 m surcharge of clay fill
acts as a hydraulic barrier and therefore limits infiltration into the structure. The amount of
seepage through the test fill was not monitored. The results indicate that barium (Ba), chromium
(Cr), selenium (Se), and fluoride (F) elements having Maximum Acceptable Concentration
limits, were present in trace amounts or were below the detection limits. The results were similar
to those reported in the background analysis (Table 7.3). The detection limits of lead (Pb),
chromium (Cr) and cadmium (Cd) in Section A, and lead and chromium in Section B were above
their respective drinking water concentration limits for the water samples collected three months
after completion of the test embankment. The high concentrations of lead, cadmium and
chromium suggest that these are anomalous results and are believed to be caused by testing
inaccuracies since lead, chromium and cadmium were below their detection limits in all the other
samples tested. Also, investigations by Eldin and Senouci (1992) and Humphrey et al. (1997) on
the water quality from tire chip fills placed above the groundwater table reported that substances
having a MAC designation did not exceed the regulatory limits. Most of these elements were
below their respective detection limits. Therefore, based on this study (including laboratory
lysimeter tests, discussed in detail below) and others, the water medium was unable to leach
heavy metals from the tire substance or they are present in very minuscule amounts, if at all,

within the tire materials.

Inorganic elements having an Aesthetic Objective, including iron (Fe), manganese (Mn), zinc

(Zn), copper (Cu), sodium (Na), chloride (C1), and sulphate (SO4) were all below the applicable
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limits except for iron, manganese and aluminum concentrations for one sampling period
collected 3 months after the beginning of field monitoring. Concentrations of all three metals
(Fe, Mn, Al) were above the ODWO. limits in both sand sections (Sections A and B). The well
located in the cohesive soil section was dry, and therefore, a comparison is not possible. Again,
these anomalous results are believed to arise from testing difficulties. Based upon past research,
the presence of tire chips in road embankments were responsible for the increase in iron,
manganese and aluminum concentrations in the surrounding groundwater, and on several testing
periods exceeded the ODWO. limits (Eldin and Senouci 1992, and Humphrey et al. 1997). The
increase of such metals was attributed to the large amounts of exposed steel reinforcements as
result of tire shredding. In contrast, engineered fills using whole or cut tires would severally
limit the amount of exposed steel renforcement. Also, the tire rubber would protect the mild
steel reinforcement from corroding (AB-Malek and Stevenson 1986). This is evident by the low
concentrations levels of metals, with the exception of observation in one collection period, that
were similar or below the measured background levels for both sand and cohesive soils. It is
interesting to note that higher levels of manganese and aluminum concentrations were found in
the porewaters of both clean backfills i.e. in soil not exposed to tires. Thus, for future
investigations, it may be critical to establish control wells in order to distinguish background
levels with those obtained from leachate from buried tire structures. In general, the amount of
inorganic elements capable of being leached out of engineered soil structures using whole tires or

cut tires will be insignificant.

None of the elements surpassed the Ontario Drinking Water Objectives in the limited number of
samples obtained from the cohesive fill section (Section C). The mixture of cut tires placed
horizontally and in-filled with a cohesive or clayey soil produces a composite material of low
permeability. The infiltration and the migration of rain water (the structure was constructed
above the groundwater table) through the fill is inhibited, as indicated by only two samples
obtained over the last two years. These two samples were obtained during spring time when the
surface runoff was the highest due to snow melt. Therefore, it is possible that the water collected
in this well may also originate from the surface spring runoff rather than water which has
percolated through the test fill. The movement of contaminants through soils of low permeability
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is strongly time dependent, and thus, a testing period of two years may not be sufficient to
determine any possible environmental impact on the surrounding groundwater. However, the
amount of chemical flux entering the surrounding environment, at a given time, would be
severely restricted in this type of soil. The migration of inorganic elements in clayey soils can be
highly retarded, i.e. chemical compounds are absorbed by the clay minerals, and is usually
dominated by diffusion (Garga and O’Shaughnessy 1994). The coupling of a low hydraulic
potential (placement of the structure above the groundwater table) and a minimum of leachable
compounds (protection of the steel reinforcement by the tire rubber) may render any potential
contaminants leached from buried tires immobile (considering the life span of the structure)
when placed in a cohesive or clayey backfill. It is relevant to note that clay is used both as a
capping layer to reduce leachate production, and as a hydraulic barrier to reduce contaminant

migration in modern landfill sites.

The concentration levels of the targeted organic compounds from all field monitoring wells were
below the test method detection limits with the exception of one compound. The exception
being 4-(2-benzothiazolythio)morpholine which was detected twice in the well located in section
B (full tires in sand). These concentrations were, however, significantly below levels measured
in the laboratory lysimeter tests. The presence of 4-(2-benzothiazolythio)morpholine indicates
that leaching of some organic compounds from tires placed above the water table can occur. The
presence of this compound could have resulted from the exposed tire face of the retaining wall
which was subject to ultra-violet breakdown. The placement of a protective facing, such as
shotcrete or panel facing, could eliminate this potential problem. No organic compounds were
detected in the cohesive soil section. Humphrey et al. (1997) also reported that no measurable
levels of organic compounds were found in tire chip fills placed above the groundwater table.
These fills were monitored for a period of over two years. The environmental impact of

leachable organics from tires is still unknown.

7.4.2 Laboratory Tests on Tire Chips Embedded in Sand

All elements having a MAC designation were present in similar amounts to those from the

control test or were below the detection levels. The variation in iron concentration with exposure
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time (note: each exposure time represents one single batch test) for the four different simulated
environment and testing conditions is shown in Figure 7.3. The iron concentration generally
exceeded the drinking standard limits. However, Fe levels fell below the designated AO limit for
all test environments after a cumulated exposure time of 400 days. The decrease in soluble iron
concentration levels is associated with the formation of rust (Fe;03) which precipitated out of
solution. A high amount of a rust aggregate, a mixture of rust and sand particles, had form
around the exposed steel reinforcing elements which may have also slowed the leaching process.
The acidic environment promoted the oxidation of the exposed steel elements and thus
decreasing the available iron for each subsequent batch test. This may explain why soluble iron
was only found in the basic environment after the second batch test (130 days). It should be
noted that in each consecutive batch test, the leaching medium was totally replaced, thereby
removing all soluble elements in that test. In addition, cutting of a whole tire by a band saw
instead of a shredder produced tire chips having a smaller number of exposed steel reinforcement

wires.

A trend similar to iron was also observed for aluminum levels (Figure 7.4). After an exposure
time of 130 days, the tire chips were clean using distilled water and the rust aggregates were
removed. This cleaning process exposed fresh steel reinforcements may have produced the
increase in Al concentrations in the neutral and acidic conditions for the final batch test of 180
days.. Manganese concentration levels were generally above the acceptable concentration limits
accept for tire chips placed in the basic environment (Figure 7.5). Indicating that most of the
manganese leached from the steel reinforcement remained in solution. The concentration levels
of zinc in the water environment was below the AO designated limit. Zinc was easier to leach out
of the tire chips under a basic condition (Figure 7.6). The long term potential for zinc in leaching
out of the tire rubber is a concern, since zinc oxide is used in the vulcanization process to
produce tire rubber and is responsible for approximately 2% of the total weight of the tire (Table
2.4). Lysimeter test results indicate that it may be beneficial to mix the tire chips and the soil
together as to form a composite material. The presence of a soil within the tire chip matrix may

reduce leaching of inorganic elements.
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The tire chips used in earth fills, under appropriate conditions, would increase the concentration
of iron, aluminum, zinc, and manganese in the surrounding groundwater. This finding is
consistent with studies of water quality monitoring of tire chip embankment placed above the
ground water table (Eldin and Senoucj 1992, Humphrey et al. 1997). As indicated in the field
study, this increase is generally associated with the high number of exposed steel reinforcement
wires. However, engineered soil structures using full tires would have lower impact on the water
quality since the steel reinforcement is not exposed, and in addition, the rubber layer would
protect the mild steel reinforcement from corroding (AB-Malek and Stevenson 1986). This
analogy is consistent with results obtained from the field monitoring program.

Benzothiazole concentration decreased with the number of washes and exposure time except for
test series 2 in which tire sidewalls were placed in an acidic environment (Figure 7.7). Minimum
leaching of benzothiazole occurred in the neutral environment. The basic environment promoted
the release of this organic compound, however, there was a mark decrease in concentration after
the second wash and exposure time. The 2(3H) benzothiazolone and phenol compounds
disappeared after the second wash and exposure time, as shown in Figure 7.8 and 7.9,
respectively. Again, the release of the phenol compound was promoted under basic conditions.
The 2(3H) benzothiazolone was not leached for the tire chips which were subjected to a neutral
environment. 4-(2-benothiazolythio)morpholine was the only target compound to show a steady
increase in concentration levels, in all the 4 test series, with increasing exposure time (Figure
7.10). This trend may indicate that 4-(2-benothiazolythio)morpholine is a more stable end by-
product of the leaching process. This may also explain why it was the only organic compound to

be detected during field monitoring.

The total amount of chemicals released from the tire chips, independent of the leaching
environment, decreased with the number of washes and increased exposure time. Abernethy et
al. (1996) also reported that the rate of chemical release decreased during each tire submersion
period. The decrease in the rate of chemical release could be attributed to several factors. There
is only a limited amount of leachable material found at the surface of the tire rubber. Leaching of
the contaminants is probably limited to the tire surface, since water (the leaching medium) is
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essentially unable to penetrate the tire rubber (rubber is very impermeable material), and
therefore, depletion of the available compounds would occur only at the initial stages and over a
short time period. AB-Malek and Stevenson (1986) studied the physical condition of vulcanized
natural rubber submerged in 24 m of sea water for a period of 42 years. The amount of water
absorbed into the tire rubber was minimal, only 4.7%. The limited amount of water adsorption
was attributed to the formation of a thin surface layer (0.05 mm) of an iron base material. This
thin layer may inhibit the release of organic compound. Also, the growth of bacteria on the
surface of submerged tires may also reduce the amount of chemicals released (Arbernethy et al.
1996). Alternatively, the chemical composition at the tire surface can be altered over time which
could modify chemical release.

7.4.3 Laboratory Tests on Tire Chips Embedded in Clay

All test series demonstrated that the inorganic target elements were either below their respective
concentration limits or below the concentration levels found in the control samples. The
variation in the organic compound concentrations for tire chips embedded in the kaolin clay
subject to a neutral environment is shown in Figure 7.11. The release of benzothiazole and
2(3H)-benzothiazolone was minimal and fell to zero after 2 pore volumes of flushing. The 4-(2-
benzothiazolythio)morpholine had the highest peak concentration after 2 pore volumes but
disappeared after 3 pore volumes. The phenol compound showed an increase in concentration
with an increase in the number of pore volumes of flushing. However, the amount of chemical
release was much less than that associated with tire chips embedded in sand. The chemical
release trend from tests performed under acidic conditions are presented in Figures 7.12 and 7.13,
and for tire chips and clay subjected to a basic environment are shown in Figures 7.14 and 7.15,
respectively. In all tests, a consistent chemical trend was observed. The concentration of the
target compound would reach a maximum level and then would begin to decrease with
increasing number of pore volumes, or would disappear altogether. The chemical release trends
observed for tire chips placed within the clay medium are consistent with the test series 1 to 4,
performed in the sand. However, the amount of chemicals leached for the clay embedded tire
chips was generally less than that associated with tire chips embedded in sand. This leaching
trend could be the result of the clay soil covering the tire chip surface which would limit the
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amount of surface area exposed to the leaching medium. Also, these chemical compounds could
be absorbed by the clay particles, restricting their movement. The release of organic compounds
from a saturated clay medium will be strongly time dependent. However, as mentioned before,
the amount of chemical flux entering the surrounding environment, at a given time, would be

severely restricted in clays.
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Table 7.1. Outline of laboratory environmental testing program.

Test Environmental Cell Environmental
Series Composition Conditions
1 Sand + 30% (by volume) Tire Chips Distilled Water, pH ~ 6.5
(neutral environment)
2 Sand + 25% Tire Chips (sidewalls only) Acidic Condition, pH ~ 3.5
(H2S804 + NaHCO;)
3 Sand + 30% Tire Chips Basic Condition, pH ~ 9.5
(NaOH + NaHCO.)
4 Sand + 30% Tire Chips Acidic Condition, pH ~ 3.5
(H2S04 + NaHCO3)
5 Kaolinite (Clay) Distilled Water, pH ~ 6.5
Water Content (w) = 38.5% (Control Sample)
6 Kaolinite, w = 37% Distilled Water, pH ~ 6.5
+ 20% Tire Chips
7 Kaolinite, w = 38.5% Acidic Condition, pH ~ 3.5
(H2SO4 + NaHCOs3)
(Control Sample)
8 Kaolinite, w = 37.8% Acidic Condition, pH~ 3.5
+ 25% Tire Chips (H2S04 + NaHCO3)
9 Kaolinite, w = 37.8% Acidic Condition, pH ~ 3.5
+ 25% Tire Chips (H2S04 + NaHCO3)
(Top Half Only) '
10 Kaolinite, w = 37.5% Basic Condition, pH ~ 9.5
(NaOH + NaHCOs)
(Control Sample)
11 Kaolinite, w = 37.5% Basic Condition, pH ~ 9.5
+30% Tire Chips (NaOH + NaHCO3)
12 Kaolinite, w = 37.5% Basic Condition, pH ~ 9.5
+25% Tire Chips (NaOH + NaHCO,)
(Top Half Only)
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Table 7.2 A list of chemical compounds and parameters of interest.

Ontario Drinking Water Ojectives
Compound of Interest Concentration
Type Limits
(mg/1)
Inorganic
Alkalinity (as CaCO;) oG 500
Aluminum (Al) oG 0.1
Barium (Ba) MAC 1
Cadmium (Cd) MAC 0.005
Calcium (Ca) N.A.
Chromium (Cr) MAC 0.05
Chloride (Cl) AO 250
Conductivity (as uS) N.A.
Copper (Cu) AO |
Fluoride (F) MAC 1.5
Iron (Fe) AO 0.3
Lead (Pb) MAC 0.01
Magnesium (Mg) N.A.
Manganese (Mn) AO 0.05
pH AO 6.5-8.5 (no units)
Potasium (K) N.A.
Selenium (Se) MAC 0.01
Sodium (Na) AO 200
Sulphate (SO4) AO 500
Zinc (Zn) AO 5
Organic
Benzothiazole P.N.L.
(1,1-dimethylethyl)-2-methoxyphenol P.N.L.
2,5-dibutylthiophene P.N.L.
4-(2,2,4-trimethylpentyl)phenol P.N.L.
2(3H)-Benzothiazolone P.N.L.
4-(2-benzothiazolythio)morpholine P.N.L.

MAC = Maximum Acceptable Concentration

AO = Aesthetic Objective

OG = Operational Guidelines
N.A. = Not Applicable

P.N.L. = Parameter Not Listed
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Table 7.3 The chemical background concentrations of the porewater for field test soils.

Inorganic Element Detection Sand Cohesive
and Limits Soil
Organic Compounds mg/L mg/L mg/L
Barium (Ba) 0.001 0.021 0.009
Cadmium (Cd) 0.0005 <0.0005 <0.0005
Chromium (Cr) 0.004 <0.004 <0.004
Lead (Pb) 0.004 <0.004 <0.004
Selenium (Se) 0.01 0.012 0.014
Fluoride (F) 0.5 <0.5 <0.5
Manganese (Mn) 0.004 0.054 0.014
Iron (Fe) 0.003 <0.003 <0.003
Zinc (Zn) 0.04 <0.04 <0.04
Copper (Cu) 0.001 <0.001 <0.001
Sodium (Na) 0.02 10.5 13.6
Chloride (C) 1.5 2.1
Sulphate (SO4) 14.3 18.8
pH (no units) N.D. N.D.
Aluminum (Al) 0.002 0.064 0.049
Calcium (Ca) 0.005 18.7 31.8
Magnesium (Mg) 0.002 3.2 15.7
Potasium (K) 0.02 3.3 4.1
Alkalinity (as CaCO3) N.D. N.D.
Conductivity (as uS) N.D. N.D.
Benzothiazole 0.001 Z.D. Z.D.
(1,1 -dimethylethyl)-2-methoxyphenol 0.001 ZD. ZD.
2,5-dibutylthiophene 0.001 2D. Z.D.
4-(2,2,4-trimethylpentyl)phenol 0.001 Z.D. Z.D.
2(3H)-Benzothiazolone 0.001 Z.D. ZD.
4-(2-benzothiazolythio)morpholine 0.001 Z.D. Z.D.

N.A. = Not Applicable
N.D. = Not Determined
N.R. = Not Reported

P.N.L. = Parameter Not Listed

Z.D. = Zero Detection
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Figure 7.2. Schematic diagram of the laboratory lysimeter column tests.
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Figure 7.5. The variation in manganese (Mn) concentration as a function of the leaching environment
and subsequent time of exposure
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CHAPTER 8

RECOMMENDED CONSTRUCTION AND DESIGN GUIDELINES

8.1 Introduction

The following recommendations for the construction and the design of reinforced earth structures
using scrap tires are based on the results of the current investigation. This investigation has
provided a basic understanding of the principles factors governing tire reinforcement. The
recommended guidelines try to cover all essential aspects of earth reinforcement related to scrap
tires. However, improvements and additions to these basic guidelines will occur as more earth

structures are constructed using scrap tire reinforcement.
8.2 Construction Guidelines

o The investigations have demonstrated the practical feasibility of constructing both tire
reinforced fills and tire reinforced gravity retaining walls. These engineered structures can
provide an economical and environmentally acceptable alternative for the use of waste tires.
The structures can be constructed with conventional fill placement equipment. Virtually no
damage was observed as the trucks and the lightweight compactors traversed over the tires.

* Tires used for such structures should preferably be either used or come from old stockpiles.
The current available environmental data indicates that the use of new tires should be
avoided.

* The structure is very amenable for construction with both cohesionless as well as cohesive
soils. The quality of fill placed in such structures can be of an inferior quality in terms of their
placement conditions (degree of compaction, water content etc.) than would be normally
accepted in conventional earthfill.
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It is recommended that tires with one side wall removed should be used with clayey fills. For
embankment constructed with a clayey backfill do require careful compaction, preferably with
a sheep’s foot type roller in lifts not exceeding 30 cm.

Drainage measures should be provided in both retaining walls and fills constructed with
cohesive soils. For the former, a semi -inclined pervious geotextile or sand drainage layer
should be provided along the internal edge of the tires together with the associated base
drainage measures. In the case of tire reinforced clay fill, it is recommended that horizontal
drainage layers be provided at appropriate intervals. This would also assist in increasing the
rate of consolidation of the clayey backfill so that the primary settlements would occur in a
shorter period of time.

The present research indicates that maximum batter angle for the retaining walls should not
exceed 70 degrees when using a low quality backfill. Compaction behind the retaining wall
should be carefully carried out in order to limit the development of high lateral stresses and
also to reduce the outward lateral deformation. Overhang of tires must not be permitted.

If the amount of lateral wall deformations is a concern, a trapezoidal reinforcement layout is
recommended in which the reinforcement length is increased with the wall height.

For retaining walls, the different tire layers should be staggered laterally in order to distribute
voids uniformly across the structure. A complete infilling of the voids is desirable in order to
develop a good interlocking friction between the different tire reinforcing layers and also to
minimize wall settlement. Attachment of the front tire row to deeper embedded tire elements
is required.

Tires deteriorate under ultraviolet rays. In order to prevent the chemical breakdown of rubber,
and also to prevent erosion of the face, a flexible protective facing must be provided after
construction of both types of structures, preferably after most of the lateral deformation has
occurred. The experience from the test fill indicates that the reinforced clay fill can be
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satisfactorily vegetated, while tire reinforced retaining walls would require a facing. Shotcrete
has been successfully used on a tire reinforced wall in Brazil (Garga, private Comm.).

® Tying of tires with polypropylene ropes was an acceptable method for creating tire mats.
However it was a time consuming process. Other more convenient tire attachments, such as
reinforcing steel clamps, rivets etc. may be considered in light of local regulations. On a
larger construction project, it should also be possible to preassemble large lengths of tire
mats. These mats can then be transported to the construction site, and will only require

connecting the ends at the site.

¢ In order to reduce environmental impact, such structures should ideally be placed above
permanent groundwater and should be constructed of old tires.

8.3 Design Guidelines for Retaining Walls

A general review of the design guidelines are provided in Chapter 5. It is emphasized that
conventional design methodology for soil reinforcement can equally be applied to the design of
reinforcement using tires. The following is a step-by step outline for the design of soils
reinforced with used tires. The procedure outlined by Christopher et al. (1990) for conventional
reinforced earth structures can be used after appropriate modifications for tire reinforcements,

based on the result of the current investigations.

The following design guidelines are suggested for the construction of simple retaining wall
structures with a face inclination of 70° to 90° (a near vertical face), a uniform width (rectangular

geometry) and a height of up to 10 m. The measures would be applicable for structures higher
than this height; however detailed analyses would be required, which are beyond the scope of the
present recommendations. Further details of the procedure are outlined in section 8.3.2.
Modification to these procedures for trapezoidal tire retaining walls are also provided. The
design steps are:
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Step 1: Establish design parameters, scope of the project, and external loads:

Step 2:

Step 3:

External wall height, H.

Wall face batter, o.

Total length of wall and variation in wall height along the length.

Slope of the backfill, B.

External loads and their locations.

Type of tire reinforcement used (whole tires, cut tires). Note: it is dependent on the
characteristics of the backfill (see section 8. 1).

Type of attachment.

Design and service life periods.

Environmental conditions such as frost action, drainage, seepage and chemical nature
of the backfill.

Determine the engineering properties of the foundation soil:

foundation conditions.

strength parameters of foundation(angle of internal friction ¢'s, cohesion c's) and unit
weight (yy).

consolidation parameters (Ce, Cy, ¢y and 6’pmax) for each foundation stratum.

location of ground water table. Establish drainage requirements.

Determine the backfill properties of both retaining wall section and retained backfill (see
Chapter 3 for more details)

¢ water content, gradation, and plasticity index.

® compaction characteristics (dry unit weight yg, optimum water content Wy, or relative

density D,)
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e Peak angle of internal friction ¢'r, from drained direct shear tests for the material used

in the retaining wall section and ¢', from either drained direct shear or triaxial tests for
the retained backfill (if different from that used in the retaining wall). Note that
caution should be exercised in the use of the cohesion term.

¢ Deformation characteristics.

® Chemical and biological characteristics (pH, chloride, sulphides and other agents in
soil or ground water that may affect the durability of the tire reinforcement, see
sections 2.9.2, 2.13, and 3.2.4)

Step 4: Establish design factors of safety and construction criteria. The recommended
minimum values are listed below. However local building codes may require higher

values:

e Sliding: FS. 2 15.
¢ Overturning: F.S. 2 2.0.
¢ Bearing Capacity: FS. > 2.0.
¢ Overall Stability: FS. 2 1.5.

* Settlement: based on the project requirements.

* Lateral displacement: determine the tolerable total movement and the differential
displacement based on wall batter, ®, and deformations due to construction activity.
Typical construction displacement provisions are:

- Coarse-grained backfill:
10 mm per metre of wall height for cut tire reinforcement.
15 mm per metre of wall height for full tire reinforcement.
- Cohesive backfill
40 mm per metre of wall height for cut tire reinforcement.
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Step 5: Establish preliminary wall dimensions (see section 8.3.1).

® geometric configuration of the wall (tire reinforcement layout).
* preliminary reinforcement length L.

Step 6: Establish interface parameters between soil and tire reinforcement.

¢ The peak interface friction angle (5) under drained conditions (see section 4.3)

¢ determine the direct sliding efficiency coefficient (ays) from Equation 4.3.

Step 7: Determine the lateral thrust at the back of the wall and the vertical stress distribution at
the base of the wall taking into account surcharge loads (see section 8.3.1), and relative
compressibility of wall and backfill.

Step 8: Check wall stability (see section 8.3.1)

e Sliding resistance.

e Overturning of the wall.
¢ Bearing capacity.
Overalt stability.

Compound failure.

Adjust preliminary tire reinforcement length as necessary.
Step 9: Estimate the settlement of the tire retaining wall using conventional settlement analysis.

Step 10: Evaluate anticipated lateral displacement (see sections 6.4 and 8.3.1.5).
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8.3.1 Detailed Procedure

A more detailed design procedure for steps 5, 6, 7, 8 and 10 are given below.

8.3.1.1 Preliminary Wall Dimensions

The geometric configuration of the retaining wall and reinforcement length are governed by the
strength and deformability of the backfill used. For a good quality backfill, a permeable coarse-
grained soil, a uniform reinforcement layout can be employed (the reinforcement length remains
constant throughout the height of the structure). A reduction in the reinforcement length at the
upper levels of the retaining wall should be avoided. However, depending on the external loading
conditions, wall batter and stiffness of the backfill, a shorter reinforcement length can be used
near the top of the wall so long as it satisfies both stability and lateral deformation requirements.
For retaining wall constructed on a firm foundation and using a coarse-grained backfill, a
preliminary reinforcement length of 0.85H should satisfy all requirements. Structures with
sloping surcharge fills or other concentrated loads will generally require longer reinforcements for
stability, often on the order of 0.95H to as high as 1.3H.

The different retaining wall geometries analysed in Chapter 6 and the corresponding wall
deformation results can be used as a preliminary estimate of the reinforcement layout
requirements when using a low quality backfill such as silty clay or any fine-grained soil. The
required reinforcement length may be governed by the tolerable lateral displacement. If so, in
order to lower the reinforcement length requirements, and therefore, to minimize the costs, it is
suggested that the wall be sloped at 70 degrees and a trapezoidal reinforcement layout be
employed.

8.3.1.2 Interface Parameters

The interface friction angle & between the tire reinforcement and the soil in contact should be
determined for:
1. The backfill material used (5,).
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2. The foundation soil (8¢)., if its shear strength is less than that of the backfill material.

The soil-tire rubber interface friction angle § should be determined, preferably by means of an
interface direct shear test under drained conditions. It can also be indirectly evaluated from pull-

out tests, based upon the bond efficiency coefficient (ay).

If the interface friction angle can not be evaluated from a direct shear test apparatus, the following

relationships from the present research are suggested:

e Coarse-grain soils: 5 =0.7¢'
¢ Fine-grain soils (cohesive soils): & =0.8¢’

where ¢’ is the effective internal friction angle of the soil.
A coefficient value lower than 0.7 can be used, if a more conservative estimate is warranted.
The frictional resistance developed at the base of the retaining wall is reduced by the weaker

contact between tire sidewall and soil. The coefficient of resistance to direct sliding in this case is

determined by:

8.1)

The f factor represents the fraction of the sidewall surface area in a unit area of a tire mat
reinforcement. On average, sidewalls contribute to approximately 25% of the gross tire mat area,
and therefore, the f factor can be assumed in most cases to be equal to 0.25. (Note: for pull-out
resistance calculations where ay, is assumed to equal agys, = 0.5 for whole tire reinforcement with

two sidewalls, since the failure surface develops at both upper and lower surfaces).
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8.3.1.3 Lateral Earth Pressures and Vertical Stresses for Retaining Walls

A. Lateral Earth Pressure
The lateral thrust at the back of a compressible retaining wall with a sloping surcharge is shown
in Figure 8.1. The thrust due to lateral earth pressure is assumed to be inclined upwards relative

to the horizontal by an inclination angle A, where A = (8 + 8) - 90°. This thrust angle takes into
account the wall batter and the wall friction (relative downward movement of the tire retaining
wall with respect to the backfill). The thrust (Py) at the back of the wall is equal to:

1 '
P, = gKavaz 8.2)
' LsinB
where, H =H+ sin(0 - p) COS@® (8.3)

The influences of other forces such as surcharge or concentrated loads must be added. Based on
the current investigation, it is advisable to use Coulomb’s active earth pressure coefficient (K,)
which takes into account wall batter, negative wall friction, and sloping backfill. For complex
retaining wall problems, a graphical technique or a computer program is required for applying
Coulomb’s method to design.

[ 15
K - cscOsin(6 - ¢} 8.4)
: Jeme =3 + \/Sin(*t"b - 8) sin(¢p, - B)
A sifop, - B) |

B. Vertical Stress Distribution
The vertical stress distribution at the base of the wall is shown in Figure 8.1. The vertical stress
acting at the base of the wall is estimated using the method proposed by Meyerhof (1953). It is
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assumed that the eccentric loading condition results in a uniform redistribution of pressure over a
reduced area at the base of the wall. The length of the wall is reduced by twice the eccentricity as
shown in Figure 8.1. It is important to note that the actual stress distribution at the base of a

retaining wall constructed with tire mat reinforcement is unknown, since, stresses at the base of
the wall were not measured in the test embankment. The steps for estimating the equivalent
uniform vertical stress are:

v

Determine A, where A = (8 + §) - 90°.
Determine wall batter @, where » = 90° - 9.
Calculate P, see equation 8.2.
Estimate the unit weight of the tire wall (Yre)
The unit weight of the tire wall (Yre) can be related to the unit weight of the backfill (y;,) by the
following relationships:
Coarse-grained backfills:
Cut tire reinforcement, y,. =~ 0.95 x Yo
Full tire reinforcement, y,. ~ 0.85 x b
Fine-grained (cohesive) backfills:
Cut tire reinforcement, y,. ~ 0.80 x Yb
Calculate the-eccentricity of the resultant force, e, by considering moment equilibrium at the
center of the retaining wall (point O in Figure 8.1); i.e. XM, = 0, and where V represents the

sum of the vertical forces. This condition yields:

H' L H ( L)
Pb(cosl)( 3 )4— Pb(sml)(z + 3tan6)_ wid - 5

= ; 8.5
© YreHL + W' — Py sin A 3

Calculate the equivalent uniform vertical stress on the base (oy):

325



_ YreHL + W' - Py sinA
B L-2e

oy (8.6)

6. Add the influence of surcharge and concentrated loads to Oy.

8.3.1.4 Stability Analysis

A. Sliding Resistance
Sliding along the base of the tire wall occurs when the driving force is greater than the frictional

resistance. The resisting force at the base of the tire wall must be large enough to withstand
horizontal sliding forces applied to the back of the wall. It is required that:

2 Horizontal Resisting Forces S

> 7
2 Horizontal Driving Forces @7

F.Ssliding =

Figure 8.1 shows the calculation of the sliding stability for an inclined compressible tire wall
retaining with a sloping backfill. Reference to the Canadian Foundation Engineering Manual
should be made for additional surcharge loads such as wheel loads (point loads) and traffic
barriers (line loads). The calculation steps are:

1. Calculate the thrust Py, (equation 8.2)
2. Calculate the sum of the driving forces (Fp): Py, cosA

3. Determine the most critical interaction properties (see section 8.3.1.2) at the base. Choose the

minimum friction properties of: the backfill ¢'s, the foundation ¢'r or the soil fill used in the
reinforcement zone, ¢'.
4. Determine the coefficient of resistance to direct sliding (ays), equation 8.1.

5. Calculate the sum the resisting forces (R;):
Rs = (yreHL + W' = Py sin A)ays tan d(y £ re) (8.8)
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Only permanent external loads should be included in the calculation of the resisting force
(R;). For instance, live traffic loads should not be included.
6. Calculate the factor of safety with respect to sliding:

F.Scpidqine = Rs _ ((YreHL + W') - Py sin l)ads tané(y, ¢ re)
~sliding = p "= Py cos A

(8.9)

7. If the value does not meet the specified requirements:
* Increase reinforcement length, L.
¢ Increase wall batter, o.
® Decrease backfill slope angle B.
Repeat the calculations.

B. Overturning
The tire wall is assumed to behave as a monolithic block of material. However, due to the

flexibility of the structure, failure in this manner is questionable. Nonetheless, it is recommended
that an adequate factor of safety should be used to limit excessive outward tilting and distortion
of a suitably designed wall (Christopher et al. 1990). Overturning stability is analyzed by
considering rotation about the toe requiring that the sum of the resisting moments divided by the
sum of the driving moments should by greater than or equal to the prescribe factor of safety:

2 Resisting Moments S

F-Soverturning = 2. Driving Moments = (8.10)

The calculation steps for a compressible reinforced tire wall with a sloping backfill and batter
(Figure 8.1) are:

1. Calculate the sum of the driving moments, My, including all live loads:

My = (Pp cosA %) (8.11)
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2. Calculate the sum of the resisting moments, M,, excluding live loads:

H
2tan6

)+ w'd - (P, sin).)(L . J (8.12)

L
Mr = (YWHL)(E+ 3tang

3. Calculate the factor of safety with respect to overturning:

L H) : , H'
M (y,eHL)(z + 2t@nd +Wd—(Pb sml)(L+ 3tan9]

l:‘-Soverturning = M; = -)

(Pb cosA HT

(8.13)

4. If the value does not meet the specified requirements, increase the reinforcement length, L.
5. Calculate the eccentricity, e, equation 8.5, and verify that the eccentricity does not exceed L/6.

If e > L/6, increase the reinforcement length.

C. Bearing Capacity
Stresses imposed by the self weight of the tire wall and surcharge should not exceed the bearing

capacity of the foundation soil. The vertical stress at the base is estimated using the Meyerhof
distribution (1953). A minimum safety factor of 2 is generally accepted for reinforced soil walls.
The flexible natur-e of the tire wall and the ability to accommodate large differential settlement
reduces the required minimum factor of safety when compared to conventional reinforced
concrete retaining walls (FS > 3). This stability check requires that:

F Sa . _ __ Bearing Capacity of Foundation  qui
> Bearing Capacity = Veriical Stress Distribution at the Base — oy

=20 (8.14)

The calculation steps for an inclined compressible retaining wall with a sloping surcharge (Figure
8.1) are:
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1. Calculate the eccentricity, e, of the resultant force at the base of the wall, equation 8.5.
2. Calculate the vertical stress distribution, o, assuming Meyerhof distribution, equation 8.6.

3. Determine the ultimate bearing capacity qy, using methods outlined in the CFEM (1985),
e.g.:

1
Quit = cNc(9) + S (L - 2e)y £Ny(9) (8.15)
where N. and Ny are dimensionless bearing capacity coefficients.

4. Verify that: o, s-q;—lt-.

5. The vertical stress (o,) will decrease and the bearing capacity (qy) will be increased by
lengthening the tire mat reinforcement. However, an excessive reinforcement length will
result in a massive tire wall which may not be economical, and therefore, an improvement of
the foundation soil will be more beneficial.

D. Overall Stability
The tire retaining walls must also satisfy overall slope stability. The overall stability is

determined using an appropriate classical slope stability analysis method. Computer programs
are available for this type of analysis. For simple structures with a rectangular geometry and
constructed with a good quality backfill, analysis of compound failure surfaces passing through
both the backfill and the reinforced wall will not be generally necessary. In this case, the
retaining structure can be considered as rigid body and only failure planes passing completely
outside the reinforced zone are considered. The stability analysis should include compound
failure surfaces when the retaining structure is more complex, and where use of a cohesive
backfill, changes in length of tire reinforcement, or high surcharge loads may occur. The integrity
of the structure can be verified by analyzing various failure planes and ensuring that there is
sufficient resistance along each critical plane.
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8.3.1.5 Lateral Wall Displacement Evaluation

Unfortunately, there is no simple procedure available to estimate the amount of lateral
deformations which would occur in a tire reinforced retaining wall. The primary factors
governing wall deformations are the compaction effort, reinforcement length, reinforcement
layout, shear strength and deformability of backfill, compressibility of the foundation, and
external loadings. Provisions for construction movements are outlined in section 8.3, Step 4.
Post construction movements, including surcharge loads, of simple tire wall structures can be
evaluated by the results of the finite element analyses presented in Chapter 6. An estimate of the
lateral wall movement can be obtained by simply multiplying the deformation of the standard
wall used in the analysis by the appropriate deformation indices, provided in Figure 6.8 and
Figures 6.10 to 6.16. The combined effects of wall geometry, backfill strength and deformation
characteristics, and external loading conditions, such as reinforcement length, batter, and uniform
surcharge can be estimated by multiplying the deformation indices in series. A finite element
analysis should be performed to evaluate the lateral deformation for more complex structures than
those outlined in Chapter 6 or for critical structures requiring precise tolerances.

If the anticipated lateral displacement is excessive, adjust the preliminary wall geometry by one or
a combination of:

¢ increase wall batter, o.

e increase reinforcement length, L.

¢ atrapezoidal reinforcement layout.

¢ extend the tire reinforcement beyond the stable slope of the backfill (¢").

8.3.2 Tire Walls Having a Trapezoidal Geometry

The design of trapezoidal walls requires two analyses (Christopher et al. 1990):

1. Standard stability analysis in which the wall geometry is simplified.

330



® The tire wall with a trapezoidal distribution of length of reinforcement is represented
by an equivalent rectangular block (L;, H') having the same total height and the same
cross-sectional area (Figure 8.2).
o The thrust (Py) at the back of the is inclined at an angle equaled to A, where A = (8 +
8) -90°.
2. Undertake a global stability analysis.

8.4 Design Guidelines for Reinforced Slopes

As stated in Chapter 5, the stability analysis of reinforced slopes and embankments are performed
using modified versions of the classical limit equilibrium slope stability methods. The
reinforcement increases the resisting force or moment by providing a tensile force, of specified
amount, acting at their installed location within the embankment or slope. Usually the shear and
bending strengths of the tire reinforcement are not considered and therefore the analysis is
somewhat conservative. Generally, all methods provided essentially the same factor of safety,
provided that the reinforcement forces are included in the equations of horizontal, vertical and
moment equilibrium (Wright and Duncan 1991).

The following design procedures are recommended for slopes which are to be constructed over a
stable foundation. It does not include cases where the foundation soils may fail (deep seated
failure). A good engineering judgment in the selection of the appropriate design parameters is
required. The design steps for reinforcing a steep slope are:

Step 1: Establish the geometric and loading conditions:
¢ slope height, H.

¢ slope angle, 6.
¢ external (surcharge) loads.
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Step 2: Determine the engineering properties of the natural soils in the slope:

Step 3:

Step 4:

determine the foundation and retained soil profiles.
strength parameters of the foundation (cy, ¢y, ¢', ¢') and unit weight (yy).
consolidation parameters (C,, C,, ¢, and S’ pmax) for each foundation stratum.

location of ground water table. Establish drainage requirements.

Determine the backfill properties (see Chapter 3 for more details):

water content, gradation, and plasticity index.

compaction characteristics (dry unit weight v4, optimum water content Wopt, OF relative
density D)

Peak shear strength parameters, (cy, ¢y, c', $")

Chemical and biological characteristics (pH, chloride, sulphides and other agents that
may affect the durability of the tire reinforcement, see sections 2.9.2, 2.13, and 3.2.4)

Establish tire reinforcement requirement:

Type of tire reinforcement used (whole tires, cut tires, sidewalls only...). Note: it is
dependent on the characteristics of the backfill (see section 8.1).

Type of attachment and strength characteristics.

Design and service life periods.

Determine the allowable tensile force per attachment with respect to service life and
durability requirements (see Chapter 2, section 2.9):

-For steel attachment: T, = 0480, A, (8.16)

where A_ is the cross-sectional area minus corrosion loss.

. Tyuie (CRF)
-For polymeric attachment: T, = (p];;; FC)(FS)

(8.17)
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where CRF, FD, FC, and FS are strength reduction factors as described in
section 2.9.1.2.

Step 5: Establish performance requirements. The recommended minimum values are listed

below; however local building codes may require higher values:

1. External Stability:
e Sliding: F.S. = 1.5 for granular soils. Use a F.S. = 2.0 for cohesive soils
where the permanence of the cohesive component is questionable.
¢ Overall Stability (Deep Seated): F.S.=1.3.
e Compound Failure (through the reinforced zone): F.O.S. = 1.3.

o Settlement: site specific.

2. Internal Stability:
¢ Slope Stability:  F.S. =1.3 or greater.
e Pull-out Resistance: FS, of 2.5 is recommended which incorporates an

allowance for deformability.

Step 6: Determine internal stability requirements:

Internal failure occurs when the critical failure surface passes through the reinforced zone. The
slope fails either by pull-out of the reinforcement or rupture of the reinforcing elements. The
stability of the reinforced slope can be verified by several simplified approaches. The method
illustrated in Figure 8.3 (same as Figure 5.5), showing conventional rotational slip surface
methods, was recommended by Christopher and Holtz ( 1984). This approach can accommodate a
variety of conditions depending on the analytical method used (e.g. Bishop, Janbu, etc.). To
determine the necessary tire reinforcement layout, it is necessary to find the most critical failure

plane having the largest tensile force per unit width of reinforcement (Ts) requirements. The

essential design procedure is:
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a) Check unreinforced stability: Perform a stability analysis without reinforcement using
conventional methods to determine safety factors and driving moments for potential
failure surfaces for both short- and long-term conditions. Potential failure surfaces
include both circular and wedge-type passing through the toe, the face (at any
elevation) and the foundation below the toe. Determine the zone to be reinforced, by

plotting the various failure surfaces on a cross-section of the slope. The reinforcing

limits are equal to the surfaces which just meet the target factor of safety (FS,).

b) For each of the potential circular failure planes inside the reinforcing limits in step (a),
calculate the total required reinforcing tension T, using the following equation (see
Figure 8.3 for more details):

T, = (FS, - Fsu)MDg (8.18)

Where:
Ts=  sum of the required tensile force per unit width of reinforcement

(considering rupture and pull-out) in all reinforcement layers intersecting

the failure surface.
Mp = driving moment about the center of the failure circle.
D = the moment arm of T; about the center of the failure circle.
= vertical distance, Y, to the centriod of T,. Assume H/3 above the base of

the slope for preliminary calculations. The tire reinforcement layer is
fairly stiff in the horizontal direction (perpendicular to the failure surface),

and therefore, the tensile force Ty is assumed to act parallel to the
reinforcement layer.
FS; = target minimum slope safety factor.

FS, = unreinforced slope safety factor.
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The largest calculated T value establishes the required reinforcement design tension,
Tmax. For cohesive soils, establish both short- and long-term maximum reinforcement

tensile requirements.

¢) Calculate the redistributed maximum tensile force within the slope:

The slope is divided into three zones of equal height. The total required tension in each
zone are found from (Christopher et al. 1990):

Tootom = (1/2) Tepax (8.19)
Tmiddie = (1/3) Trmax (8-20)
Twp = (1/6) Tax 8.21)

d) Determine the allowable design tensile capacity of the tire reinforcement (T4c) for each

zone:

The allowable design tensile capacity of the tire reinforcement T4c (considers rupture,

pull-out and deformations) is calculated in the middle of each zone by:

Tac = == < (T)(Ry) < T, (8.22)

Where:

Tyc = the design tensile capacity of the tire reinforcement which considers rupture and
pull-out.

Pq = the design pull-out capacity of the reinforcement per unit width (see below).

FSp = the factor of safety for pull-out. A value of 2.5 is recommended for the factored

pull out capacity of the reinforcement. This factor takes in to account the allowable
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deformation of approx. 5% strain in such engineered structures. A higher factor may be
used to limit the allowable strains further.

T, = the allowable tensile strength of the attachment (see step 4).

Rq = attachment coverage factor, relates the number of attachments per unit width of

reinforcement.
T,= the tire tensile strength per unit width of reinforcement. For tire mat

reinforcement, a conservative value of 80 kN/m can be assumed (see section 2.14).

The design pull-out capacity (see Chapter 4, sections 4.4.4 and 4.5) per unit width of

reinforcement (using passenger size tires, average diameter = 0.6 m) can be determined by

5 1] ’
Py =2 (o) 108 (6, (L) 8.29
Where:
a, = the bond efficiency coefficient. For tire mat reinforcement, it is very

similar to ags and therefore can be estimated by equation 8.1 (section 8.3.1.2). In
coarse grained backfills and long-term conditions in cohesive soils, a reasonable
estimate of the bond efficiency coefficient is between 0.8 (full tires) and 0.9 (a cut

tire with one sidewall removed).

c'y = the effective overburden stress determined at the mid-point of each zone.

Ly= the design embedment length of the tire reinforcement. To calculate the
design pull-out capacity, an Ly of two passenger tire widths should be used

(approx. 1.2 m). This restriction aims to limit outward deformations. The

minimum embedment length is 1 m.

For cohesive soils, the ultimate pull-out capacity under short term (undrained) conditions

can be estimated by (section 4.5):
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Pq = G)(ab)(cu +oy tan¢y )(Lg) (8.24)

Where ay, is between 0.3 and 0.4, a value of 0.3 is recommended. In practice, pull-out

tests should be performed to measure the actual bond resistance.

The design tensile capacity of the tire reinforcement (Tqc) will be governed by the allowable
tensile strength (T,) in the lower sections of the slope (at greater depths). Therefore, it may be
beneficial to increase the attachment strength of these lower reinforcing layers. This would
increase the required minimum reinforcement spacing (Sy). The design pull-out capacity (P4) will
control the required reinforcement spacing in the top portions of the slope. As a result, the
allowable attachment strength can be reduced in proportion to (P4/FS;).

e) Determine the tire reinforcement vertical spacing, S,, in each of the three zones:

Calculate the minimum number of reinforcing layers N required for each zone based on:

N = _Teone (8.25)
Tdc( zone)

where:

T20ne = maximum reinforcement tension required for each zone.

For cohesive soils, the internal stability will be governed by the condition (short- or long-
term) which requires the greater number of reinforcing layers.

The vertical spacing of the tire reinforcement (Sy) is determined by:

s, = Hlzone (826)
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where:

H,one = height of zone.

® The length of the reinforcement behind the critical failure surface must extend to the limits of
the critical area to be reinforced, determined in step 6-a. The embedment length L. must equal
or be greater than the design length used in equations 8.23 and 824, L, > Ly The
reinforcement in the upper levels can be shorted in certain cases, so long as sufficient
reinforcement exists in the lower levels to provide the necessary stability requirements (FS;)
for all failure surfaces within the reinforced area and L. > L4 is maintained. However, in

most cases, the reinforcement length will be governed by the external stability requirements.

e Simplify the reinforcement layout by providing two to three sections of equal lengths of tire
mat reinforcement. Note that the length of the tire mat reinforcement is set by the diameter of
the tire. The length of one passenger tire is approximately 0.6 m, so for example, if the
minimum required length was 7 m, the number of tire elements needed would be 12 (7/0.6 =
11.6, say 12 tires)

¢ Use short secondary tire reinforcement layers, extending 1.2 to 1.8 m into the slope, to

maintain a maximum vertical spacing of 0.6 m for face stability and compaction quality.
Step 7: Determine external stability requirements

The external stability analysis of the reinforced slope assumes that the reinforced soil mass acts as
a monolithic block of material which is able to withstand all external loads without failure by one
of the following mechanisms: sliding, deep seated instability, compound failure. Depending on
the use of the structure, and the type of backfill used (sandy or clayey soil), the external stability
analysis may be required for both the short term (undrained) and the long-term (drained)

conditions.
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a) Sliding Stability

The reinforcing layers must be sufficiently long at any level to resist sliding along the
reinforcement. The wedge type failure surface analysis, performed in step 6-a, which just satisfies
the stability requirements defines the critical limits of the reinforcement. As a second approach,
the stability requirements can be verified by analysing the base sliding resistance of an equivalent
rigid structure. The sliding resistance is determined using the same procedure outlined for
retaining wall (see section 8.3.1.4).

b) Global Stability
An analysis should be performed to determine the potential for a deep seated failure. This failure

surface passes completely behind the reinforced soil, and may extend below the toe. The analysis
in step 6-a should provided this information. Improvement of the foundation may be required.
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e H=H+ Lsinf coso
‘J_l. sin

Figure 8.1. The resultant lateral active thrust and vertical stress distribution for a compressible
tire retaining wall with a sloping surcharge.
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H'L, = AREA OF THE ORIGINAL TIRE WALL

Figure 8.2. Thrust at the back of a trapezoidal tire retaining wall.
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where: W = weight of sliding earth mass
Lg, =lengthof slip plane
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D
where: T; =sumof available tensile Jorce per widthof reinforcement Jorall
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= R for extensible reinforcement
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Figure 8.3. The rotational shear approach to determine the required strength of
reinforcement (Elias et al. 1996).
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CHAPTER 9

CONCLUSIONS AND SUGGESTED FUTURE RESEARCH

9.1 Conclusions

(1) The ease of construction of the prototype embankment demonstrated the practical feasibility
of using scrap tires as a soil reinforcement technique for both tire reinforced fills and tire
reinforced gravity retaining walls. These structures can be constructed with conventional fill
placement equipment. Virtually no damage was observed as the trucks and the lightweight
compactors traversed over the tires.

(2) Reinforced earth structures using discarded tires can be constructed with both cohesionless as
well as cohesive soils. However, it is recommended that only tires with one side wall removed
should be used with cohesive backfills. These fills do require careful compaction to insure proper
infilling of the tire reinforcement.

(3) The reported high values of ay4s, efficiency coefficient of resistance to direct sliding, indicate

that the sliding resistance of a tire mat reinforcement is predominantly governed by the shear
strength of the backfill used. Since the tire mat reinforcement geometry is able to fully capitalize
on the shear strength provided by the soil, it provides an efficient means of reinforcing the soil.

(4) The present research shows that the ultimate pull out capacity of tire mats is governed by the
effective internal angle of friction of the soil. Pull out tests with different tire configurations
show that the ultimate pull out capacity per unit tire width can be estimated by Equation 4.13.
The bond efficiency (ay) is close to the direct sliding resistance efficiency coefficient (ags), and

therefore, can be estimated by Equation 4.3.
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(5) Due to the large displacements required to fully mobilized the ultimate pull-out resistance of
tire reinforcement, it is recommended that the required embedment length of tire mat behind the
potential failure zone need not be greater than two tire lengths (~1.2 m). Pull-out tests indicate
that the use of additional tire elements would not provide additional benefits. The estimated
ultimate pull-out resistance should be divided by a safety factor of 2.5 to provide the allowable
pull-out resistance which would limit acceptable deformations to 5% strain. This level of strain is
generally the maximum strain permitted in earth structures.

(6) The higher compressibility of tire retaining walls with respect to backfills results in the
development of negative wall friction. The development of high negative wall friction values
significantly increase the active pressure acting on the back of the wall. A reduction in the active
trust can be achieved by providing a batter.

(7) The present research indicates that maximum batter angle for the retaining walls should not
exceed 70 degrees when using a low quality backfill that are highly deformable. Compaction
behind the retaining wall should be carefully carried out in order to limit the development of high
lateral stresses and also to reduce the outward lateral deformation. Overhang of tires must not be
permitted.

(8) For retai{ling walls, the different tire layers should be staggered laterally in order to distribute
voids uniformly across the structure. A complete infilling of the voids is desirable in order to
develop a good interlocking friction between the different tire reinforcing layers and also to limit
settlement. Attachment of the frontal tire row to deeper embedded tire elements is required.

(9) Results from the finite element analyses indicated that providing a wall batter combined with
a trapezoidal reinforcement layout (the reinforcement length is increased with the wall height)

will minimize lateral displacements in the tire reinforced wall.

(10) Plate load test indicate that the tire reinforcement reduced the bearing capacity of the soils.
These tire reinforced soils did not fail in shear during plate loading tests. As expected, higher
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compressibility was observed in the cohesive tire-reinforced fill. The settlements in the two
sections constructed with sand were in the conventionally acceptable limit (25 mm) under the

maximum imposed stress of 225 kPa.

(11) Field monitoring of the prototype test embankment constructed with tires above the water
table indicates that insignificant adverse effects on groundwater quality had occurred over a
period of 2 years. Targeted inorganic elements having a MAC designation, which include barium
(Ba), cadmium (Cd), chromium (Cr), lead (Pb), selenium (Se) and fluoride (F), were all well
below their respective concentration limits. The analysis for elements having a designated
Aesthetic Objectives, which include manganese (Mn), copper (Cu), iron (Fe), zinc (Zn), sodium
(Na), chloride (Cl), and sulphate (SO,4), were again well below their respective concentration
limits. However, some organic compounds can be leached out of the tire reinforced structure.

(12) There is no evidence of an exothermal reaction having taken place in the prototype
embankment.

(13) Laboratory batch tests performed on tire chips embedded in sand provided evidence of an
increase in aluminum (Al), iron (Fe), zinc (Zn) and manganese (Mn) concentrations which exceed
their respective drinking water standards with the exception of zinc. The increase in aluminum,
iron, and manganese was attributed to the exposed steel reinforcements in the tire chips. The use
of tire chips provides a conservative estimate for fills reinforced with whole tires since the latter
case provides limited exposure of steel reinforcement and affords additional protection by the
rubberized cover. All inorganic target elements were below detection limits or background levels
for tire chips embedded in a kaolin clay.

(14) The amount of organic compounds leached from the tire chips decreased with the number of
exposure periods or pore volumes flushed through the soil. It is recommended that tire reinforced
earth structures should be built using scrap tires which have been stockpiled or have been used for
some time, and should ideally be placed above permanent ground water table.
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9.2 Suggested Future Research

A totally functional tire reinforced structure should be built where the following aspects could be
investigated:

1. The behaviour of pavements for trafficability.

2. The use of various types of facings to protect the exposed tires from erosion and ultraviolet

light. Examples of such facings include shotcrete, concrete blocks etc.

3. Long term monitoring of deformations of the structure with particular reference to creep
effects under sustained loading.

4. Consideration of other acceptable alternatives for tire attachments, and their durability
including that of polypropylene.

5. Environmental impact of such a functional structure should include long term monitoring of
effluent quality. Also, any differences in water quality from using old scrap tires, and the
more recent scrap tires should be assessed.

6. Feasibility study should be undertaken to explore construction techniques to minimise cost of
construction tire reinforced structures. Cost comparisons should allow for the cost of disposal
of tires in engineered landfill sites.

7. Field monitoring of the prototype embankment constructed during this investigation should be

continued. The feasibility of deliberately loading this structure to failure should be explored.
Such a test will provide invaluable data on the ultimate strength of tire reinforced fills.
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APPENDIX A

WORKED EXAMPLES

A.l Retaining Wall

Data

An 8 m high wall supporting a surcharge load of 40 kPa is to be constructed at an inclination
angle of 80 degrees, using scrap tire reinforcement. The maximum allowable width of the wall is
15 m. A granular fill is available on site. Tests performed on the fill indicated a maximum dry

density of 2000 kg/m3, strength parameters of ¢' = 0 and ¢' = 35° and an elastic modulus of 60
MPa. A field investigation revealed that the foundation was composed of a thick layer of silty
sand, having the following properties: yq = 17 kN/m3, ¢'=0 and ¢' = 32°. The ground water table
is located at 3 m below existing ground surface. The maximum permissible lateral movement of
the wall is 0.7 m.

Design Steps
Step 1: Establish design limits, scope of the project, and external loads.

e External wall height, H = 8 m.

e Wall face batter, o = 10°.

¢ Maximum width of wall: 15 m.

e External loads and their locations: uniform surcharge 40 kN/m>.

® Type of tire reinforcement used: granular backfill, full tire reinforcement will be used.
e Type of attachment: 3 mm dia. polypropylene.
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Step 2: Determine the engineering properties of the foundation soil. The foundation soil has the

following engineering properties.

Ya=17 kN/m3, c'=0and ¢' = 32°.
The ground water table is located at 3 m below existing ground surface.

Step 3: Determine the backfill properties of both retaining wall section and retained backfill.

The same backfill material will be used for retaining wall section and retained backfill.
They are:

Ya =20 kKN/m’, ¢' = 0, ¢' = 35°
elastic modulus of 60 MPa.

Step 4: Establish design factors of safety and performance criteria.

e Sliding: FS. > 15.
¢ Overturning: F.S. 2 2.0.
® Bearing Capacity: F.S. 2 2.0.
® Overall Stability: F.S. > 1.5.

¢ Settlement: < 50 mm

¢ Lateral displacement:
the tolerable total movement 0.7 m.
estimated displacements due to construction activities 0.12 m.
permissible post-construction movement (0.7-0.12) = 0.58 m.
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Step 5: Establish preliminary wall dimensions.

A good quality granular backfill is to be used, and therefore, a uniform reinforcement
layout (a rectangular retaining wall) will be initially tried and with a corresponding
preliminary reinforcement length of 0.95H taking surcharge into account, 0.95 x 8 m =
7.6 m. Note: the length of the reinforcement is set by the diameter of the tire (avg. 0.6 m

for passenger tires):
7.6/0.6=12.6, use 13 tires: L=78m.

Step 6: Establish interface parameters between soil and tire reinforcement.

The interface friction angle (5) for both foundation and backfill materials are
approximated by 0.7¢". The interface friction angle () for the two soils are:

1) the granular backfill, 0.7 x 35° =24.5°, use 24 °.
2) the foundation soil, 0.7 x 32° =22.4°, use 22°.

The foundation soil offers the least resistance for sliding along the base and therefore

the direct sliding efficiency coefficient (ays) is determine by:

o = , ﬁé)
ds P
tan 220
=1-0251- = 091
Ads 320J

Step 7: Determine the lateral earth pressure coefficient and the vertical stress distribution at
the base of the wall. The tire wall is assumed to move downward relative to the backfill
and the uniform surcharge load is considered by increasing the design wall height by 2 m.

360



A. Lateral Earth Pressure Coefficient
Calculate the lateral earth pressure coefficient, Ka, by:

cscOsin(6 - ¢})

| Jeo—g . [l9b ~9)silep —p)

vein(6-9) \/ sin(gp - B) |
[ B
B csc{80°) sin(800 - 350) _
Ka = sin(350 — 250) sin(350) | 03

h\/sin(80° -250) + \/ n(35°) |

B. Vertical Stress Distribution

1. Determine &, A =(0+8)-90°=(80°+24%-90°=14°.
2. Determine wall batter , ©=90°-0=90°-80°=10°.
3. Calculate Py,

1
Py = > KovpH? = (05)035)(20)(10)2 = 350 KN/m

4. Estimate the unit weight of the retaining wall (y.)
Full tire reinforcement in a granular backfill
Tre = 0.85yp = 0.85x 20 = 17 kN/m’.

5. Calculate the eccentricity of the resultant force on the base as follows:

(Pb)(cos ”@) +(Py)(sin ”G *3 :nG)
= YreHL — Py sin A

¢
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10) : )( 10 )
o) 2 o
(350)(60514 )(3 +(350)(sml4 395+ 3120 800

e= (17)(10)(7.8) + (350)(sin 14°)

e=12m

6. Calculate the equivalent uniform vertical stress on the base (o):

_ 'YreI-IL + Pb sin A
Ov = L—2e
(17)(10)(7.8) - (350)(sin 140) 5
oy = 78—~ 2)(12) = 230 kN/m

Step 8: Check wall stability:

A. Sliding resistance.
2 Horizontal Resisting Forces >1
2. Horizontal Driving Forces —

F.Sqliding =

1. Calculate the thrust: P, =350 kN/m
2. Calculate the sum of the driving forces (Fp):

(Py)(cos ) = (350)(cos14°) = 340 kN/m
3. The foundation soil provides the lowest resistance to sliding, use ¢'s.
4. The coefficient of resistance to sliding, a4 = 0.91 (see Step 6)
5. Calculate the sum of the resisting forces (Ry):

Rs = {yreHL — (P, )(sin A)}ags tan o

Rs = {(17)(10)(7.8) - (350)(sin 14°)} 091 tan 320 = 705 kN/m
6. Calculate the factor of safety with respect to base sliding.

5
F.Ssliding = ﬁ = — =207 > 15 OK.
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B. Overturning
2 Resisting Moments S
2 Driving Moments

F. Sovettuming =

(Note: Moments about the toe)

1. Calculate the sum of the driving moments, M.

Mg = (Pp)(cos x)(g)

10
My = (350)(cosl4°)(?) =1132 kNem
2. Calculate the sum of the resisting moments, M.

L H ) H
M = (YWHL)(f 3 tane) - (P sin ”(L * 3tan9)

M; = (17)(10)(7.8)(4.8) - (350)(sin 14°)(84) = 5690 kN e m

3. Calculate the factor of safety with respect to overturning:

4. Calculate the eccentricity, e, and verify that the eccentricity does not exceed L/6.
e = 1.2 (from Step 7-5)
e=12<1L/6=130K.

C. Bearing capacity.
Bearing Capacity of Foundation _ Quit
ertical Stress Distribution at the Base o

l:‘-SBearing Capacity = ; 220

v

1. Calculate the vertical stress distribution, o, assuming a Meyerhof distribution.
G, = 230 kN/m’, as determine from Step 7-6.

2. Determine the ultimate bearing capacity qy; using methods outlined in the CFEM (2nd
Edition).

1
Quit = 5 (L - 2e)y¢Ny(9)
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where Ny = 32 for¢' = 32° (CFEM, 2nd Edition)

Quit = %(73 - 2(12))(17)(32) = 1470 kKN/m?2

1470
4. Verify that: o, < qu", Oy S 5~ =735 KN/m? OK.

D. Overall stability.

The overall stability of the structure was analyzed using the commercially available computer
program SLOPE/W developed by GEO-SLOPE International. Since the structure is relatively
simple and constructed with a granular backfill, the tire wall was considered in the analysis as a
rigid body. The factor of safety for failure passing outside the reinforced zone were greater than
1.5.

Step 9: Estimate the settlement of the tire retaining wall.

The settlement of the tire wall was evaluated to be less than the performance requirements of the

project (< 50 mm).

Step 10: Evaluate anticipated lateral displacement.

An estimate of the post construction movements of the tire wall structures was evaluated by the
results of the finite analysis presented in Chapter 6. The wall batter was neglected, a
conservative approach.

Anticipated post construction movement (A):

A = 0.007H x DI($) x DI(E) x DI(q)
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DI(¢) determined from Figure 6.12 ~ 1.5.
DI(E) determined from Figure 6.13 ~ 1.2.
DI(q) determined from Figure 6.12 ~ 2.0.

A = 0.007(8)(1.5)(1.2)(2) = 225 mm
225 mm < permissible post-construction movement (Step 4) =580 mm. OK.

A.2 Reinforced Slope

Data
An embankment will constructed using scrap tire reinforcement to elevate an existing roadway.
The height of the proposed embankment will be 18 m and a slope angle of 50 degrees. A

uniform surcharge of 12 kN/m? will represent the traffic loading condition. A field investigation
revealed that the natural soil has the following properties: ¢' = 15 kN/m> and ¢' = 34°. The ground
water table is located at 2 m below existing ground surface. Tests performed on the fill indicated
a maximum dry density of 19 kN/m3, and strength parameters of ¢' = 0 and ¢' = 34°. The

minimum design life of the new embankment is 75 years.
Design Steps
Step 1: Establish the geometric and loading conditions:

e slope height, H=18 m.

e slope angle, 8 = 50 degrees.
® external loading, surcharge load, q = 12 kN/m?.
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Step 2: Determine the engineering properties of the natural soils in the slope:

For this project, the foundation and the existing embankment have the following strength

properties:
¢'=15 kN/m?, ¢' =34°
Depth of the water table is 2 m.

Step 3: Determine the backfill properties.

The backfill material has the following properties.
Ya=19KkN/m’, ¢'=0, ¢'=34°

Step 4: Establish tire reinforcement requirement:

¢ Type of tire reinforcement used: cut tires
¢ Type of attachment: 12.5 mm dia. polypropylene rope
The ultimate tensile strength was evaluated at 17 kN per wrap.
® Design and service life period is 75 years.
* Determine the allowable tensile force per attachment with respect to service life and
durability requirements:

T, i, (CRF)
For polypropylene rope: T, = ( FDu;t(FC)( Fs)

For this project, the following design factors are used:
FS =15

FD = durability factor of safety = 1.25

FC = construction damage factor of safety = 1.1
CRF = creep reduction factor = 0.5

Therefore:
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_ _Tur (CRF)  (17)(05)
Ta = (ED)FONFS) ~ (129)(11)(13) = 1 KN per wrap

Step 5: Establish performance requirements.

1. External Stability:
e Sliding: F.S.=15.
¢ Overall Stability (Deep Seated): F.S.=1.3.

2. Internal Stability:

¢ Slope Stability: F.S.=1.5.
e Pull-out Resistance: F Spof2.5.

Step 6: Determine internal stability requirements:

The internal stability is analyzed using rotational slip surface method, as well as the wedge shape
failure method to determine the required tire reinforcement tension satisfying the prescribed

factor of safety of 1.5. The following design procedures were used:

a) Check unreinforced stability:

The new slope is first analyzed without reinforcement using the computer program
such as SLOPE/W developed by GEO-SLOPE International. The factors of safety

(FSy) for circular failure surfaces are analyzed, in this example, by the Modified

Bishop Method. Failure is considered passing through the toe of the slope as shown in

Figure A.2. Several failure surfaces are evaluated until a safety factor of 1.5 or more

is obtained.

Next, wedge shaped failure surface analysis is performed to establish the required area
to be reinforced which satisfies the prescribe safety factor of 1.5 against a sliding
failure. The result of the wedge type failure analysis (Figure A.2) indicate that the
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area to be reinforced (the critical limits) can be reduced to 14 m at the topand 17.5 m

at the bottom, for the required factor of safety.

b) For each of the potential failure surfaces inside the reinforcing limits in step (a),
calculate the total required reinforcing tension Ts using a safety factor (FS;) of 1.5 and

the following equation:

M
Ts=(FSr‘FSu)T

The maximum reinforced tension requirement is for a failure surface having:

I

0.935, (determined by the computer program)
Mp = 65.9 MN e m per metre width (as determined by the computer program)

Y = themomentarm =323 m

65.9

¢) Calculate the distributed maximum tensile force within the slope:
Divided the slope into three reinforcement zones of equal height:

Thotom = (1/2) Tmax = (1/2)(1150) = 575 kN/m
Tmiddie = (1/3) Tmax = (1/3)(1150) = 383 KN/m
Twp = (1/6) Tmax = (1/6)(1150) = 192 kN/m

Calculate the allowable design tensile capacity of the tire reinforcement (T4.) for each

zone:

Tgc is calculated in the middle of each zone by:
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P
Tge = ﬁ = (Ta)(Ra) <Te

Where:
T, = assumed to equal 80 kN/m.
Tax Rg= 4.1 kN (determined in step 4) x 10/m = 41 kN/m.
Rq = 2 attachment points per tire, using 3 wraps of polypropylene rope, and the
average diameter of the tires is 0.6 m =(2)(3)/(0.6) = 10/m.

Determine the design pull-out capacity per unit width of reinforcement at the mid-point of

each zone by:

5 s
Py = (2 Jocp )i (o)
Where:
@ = 0.9 (one sidewall removed, a cut tire).

Ly= two passenger tire widths (approx. 1.2 m).

Calculate Py for the top zone (Note: each zone is equal to 18m/3 =6 m in height)
c'y is calculated for a depth of 3 m (6m/2 = 3m)

Py(Top Zone) = (3}0.9)(@1 340)(3x19)(12) = 685 kN/m

Calculate Ty, for the top zone.
T )
de{Top Zone) = Fs ~ 25 =

Tac{Top Zone) = 274 KN/m

For the middle and bottom zones, the Ty is controlled by the strength of the attachment
(Ta Ry = 41 kN/m), since the factored design pull-out capacity of 55 kN/m at a depth of
6 m is greater than 41 kN/m.
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e) Determine the tire reinforcement vertical spacing S,:

Calculate the minimum number of reinforcing layers N required for each zone.

For the bottom 1/3 of slope:
Toone 575

Nb = = =14
Tac(zone) 41
For the middle 1/3 of slope:
383
Np = DT 93

For the upper 1/3 of slope:

Calculate the required vertical spacing of the tire reinforcement (S,)

For the bottom 1/3 of slope:

Sy = % = -l% = 0428 use 15 reinforcing lavers at 0.4 m spacing.
For the middle 1/3 of slope:

Sy = % = 0.645 use 10 reinforcing layers at 0.6 m spacing.
For the upper 1/3 of slope:

Sy = 56—1 = 0.845 use 7 reinforcing layers at 0.85 m spacing.

* Provide short secondary tire reinforcement layers of 1.8 m in the upper 1/3 of the slope.,
f) To verify that sufficient reinforcement is provided in the middle and upper third of the slope,

the required reinforcement tension within these zones is calculated by repeating Step 6-a and
b. The results are shown in Figure A.2.
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Top 2/3 of slope, Treq = 535 kN/m < Tavaitabic = 600 kN/m OK.
Top 1/3 of slope, Treq = 171 kKN/m < Tyuaitape = 190 kN/m OK.

g) Check that the length of the reinforcement provided behind the T,y failure surface Lo) is

greater than the design length (Ly). The extent of the required reinforcement is determined by

the sliding wedge analysis. The area to be reinforced is defined by a length of 14 m at the top
and a length of 17.5 m at the bottom. Thus:

Z 2 0.85 m, available length, L. = 485m > designlength, Ly = 1.2m OK.

h) The final design was checked for pull-out using the slope stability program for surfaces
extending behind the T, failure surface. All surfaces reported a factor of safety greater than
LS.

Step 7: Determine external stability requirements

a) Sliding Stability

The external stability analysis was verified using SLOPE/W for wedge shape failure surface.
The factor of safety of sliding stability was 1.5, as determined in step 6-a, for the failure surface
passing outside the reinforced section.

b) Global Stability
A global stability analysis reported a factor of safety of 1.35 for failure surfaces passing
completely beyond the reinforced section. Although, the prescribed global stability requirements

were meet, it may be prudent to improve the foundation or to construct the new slope at a flatter

angle.
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24 m q =12 kN/m

Treq =615 kKN/m 4, .
FS, = 0.691 * 1 Original
Slope
Y T; = 1150 kN/m
e FS, = 0.935
" ° N Excavation
L Limits

FSy=1.5
17.5m J
r

Step 6-a: Preliminary design length.  Step 6-b: Determine Tax-

4m q =12 kN/m’
- )

Ts=171 KN/m - 1 :)riginal
Top Zone / L. Slope
- ’ / £ A e ®
T, = 535 KN/m 4 ]
Middle Zone o 6m T, = 1150 KN/m
e ® s A x Excavation
Bottom Zdne L Available Limits

17.5m 4

Step 6-b: Determine Ty Step 6-f: check reinforcement in upper 2/3 and 1/3 of slope
Figure A.2 The tire reinforced slope design example.
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