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EXECIJTIVE: SUMMARY 

Shredded tires have been successfully used as a lightweight subgrade fill in many 

civil engineering applications. When replacing conventional fill in road and underground 

construction, shredded tire material has been shown to reduce probliems arising from 

overburden stress and capillary rise. 

Compressibility, shear strength, permeability, and short-term creep characteristics 

of shredded tires have been investigated in the past. This report describes the research 

conducted at the University of Minnesota, where three separate studies on shredded tire 

material were completed. In the first study, tests to determine the response of shredded 

tires to cyclic loading were conducted in a load f r m e  on both constrained and 

unconstrained samples. Non-linear behavior was observed, such that the material became 

stiffer with increasing load. The second study focused on long-term creep settlements of 

shredded tires. Constrained and unconstrained samples were subjected to constant load 

for several months, and results indiicate that creep occurs up to two years of loading. 

Shredded tires were examined for possible anisotropy in the third study, where large-size 

pieces were stacked in overlapping layers and loaded in two directions. It was found that 

the modulus of the material is higher in directions parallel to the layers than in the 

direction perpendicular to the layers. A numerical code was used to compute settlements 

of a representative anisotropic shredded tire fill, and compare them to settlements of a fill 

regarded as isotropic. Results imply that the current settlement analysis, which is based 

on isotropic shredded tire layers, predicts maximum settlements conservatively. 





CHAPTER 1 

INTRODUCTION 

BACKGROUND AND LITERATUlRE REVIEW 

There are more than 2 billion scrap tires stockpiled in the United States, and each 

year another 240 million tires are discarded nationwide (NAP& 1993). The storage of 

these tires is undesirable for many reasons. Exposed scrap tire stockpiles are unsightly, 

and they tend to resurface if buried under n thin layer of soil (Manion and Humphrey, 

1992). Also, fires that start in piles of tires are difficult to extinguish. Furthermore, 

mosquitoes flourish in water trapped in the inner portions of the tires, posing the threat of 

encephalitis (Manion and Humphrey, 1992). 

The reuse and disposal of scrap tires has taken many forms. With a heating value 

of 15,000 Btu per pound, better than for most coals, the rubber fiom tires is burned as 

fuel in places such as electric utility boilers and cement kilns, making tires a good energy 

source (NAPA, 1993). This action is a means of disposal, however, and the valuable 

durability properties for which the tires are designed are not recovered. 

Scrap tires are also used in the production of paving material called rubber 

modified asphalt. The hot mix of this asphalt includes shredded tire material in the form 

of crumb rubber modifier (CRM), which consists of rubber pieces 1 mm (0.04 in.) in size 

or less ("A, 1993). Typically, 8.9 kN (1 ton) of hot rubber modified asphalt mix 

contains about 89 N (20 Ibs.) of crumb rubber. 
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A third use for scrap tires is in civil engineering applications. In California, whole 

tires were stacked to form retaining walls to reinforce a highway shoulder and an 

embankment subject to soil erosion (NAPA, 1993). A Minnesota forest road built over 

weak organic deposits was upgraded by placing a soil cover over tire mats that were 

formed by tying whole tires together. Settleiment was “significantly lower than that 

expected on conventional road sections” (Drescher and Newcomb, 1994). However, tying 

the mats together was highly labor-intensive. 

In more recent civil engineering applications, tires were shredded into smaller 

pieces and the resulting bulk material was used as subgrade fill, replacing heavier 

Conventional fill material such as gravel. Vertical stresses in fills are thereby reduced. In 

a highway embankment in southern Oregon, an ancient landslide was re-mobilized after 

the embankment was raised and widened as part of an improvement project (Read, et al, 

1991). To decrease load on the embankment, and to reduce slide movement, 580,000 

shredded tires were used as subgrade fill1 in place of existing soil. Subsequent observation 

and testing indicates that the embankment is performing adequately. Upton et al. (1992), 

commenting on the condition of the above road, stated that ‘’tests indicate the pavement 

section over the shredded tire fill meets 20-year design life criteria [for pavements]”, 

demonstrating the integrity of roads constructed over shredded tire fills. Edil and 

Bosscher (1992) reported similar findings for a test embankment in Wisconsin that was 

constructed using sandgravel and shredded tire layers of varying thickness, and subjected 

to low-volume truck traffic for several months. The predicted design life of asphalt 
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concrete paved sectians, were they placed over the shredded tire embankment, was 12-13 

years. 

Another example of slope stabilization is given by the construction of a subgrade 

fill for a highway exit ramp embankment in Minnesota, which included the placement of 

an estimated one milllion shredded scrap tires to depths of up to 4.6 rn (15 fl.) (NAPA, 

1993). At this site, a weak layer of plastic silty loam beneath 7.6 m (25 feet) of 

conventional fill was causing instability of the embankment in the form of a rotational 

failure. Were shredded tires not used, the excavation of an additional 10 m (33 feet) of 

material would have been necessary to stabilize the slope fiom further damage, a more 

costly alternative. This illustrates that the use of shredded tires in civil engineering 

applications may be an economical method of controlling the number of stockpiled scrap 

tires. In the same project, a concrete pavement was placed over the fill, and has 

performed well over a period of several years [B. Nelson, personal comnunication, Feb. 

26, 19981, showing the potential use of rigid pavements for low-volume roads. 

Besides increasing slope stiability, the use of shredded tires in subgrade fills 

reduces settlements over soR soil. This is evidenced by Minnesota's Esker Trail project, 

where the settlements resulting fkom the placement of light shredded tire material over a 

layer of peat 1.5 IYI (5 ft.) deep were approximately 40 - 50% less than what was 

anticipated with heavier granular subgrade (Drescher and Newcomb, 1994). Figure 1 . 1  

depicts the Esker Trail fill schematically, and shows how a common shredded tire fill is 

layered. 
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Replacing conventional subgrade fill material with lightweight shredded tires may 

also result in the decrease of lateral pressure on retaining walls and bridge abutments 

(Humphrey and Sandford, 1993; Soupir, 1998), yet another possible advantage of using 

the material. 

In addition to providing benefits related to the decrease of vertical stresses in fills, 

the use of shredded tires in road construction has been shown to reduce capillary rise, 

thereby providing resistance against fi-ost h a v e  occurring in cold weather climates. This 

would prolong the life of gravel- or asphalt-surfaced roads. (Humphrey and Nickels, 

1 994). 

ENGINEERING PROPERTIES OF SHREDDED TlRES 

The results of past research have provided estimates for several engineering 

properties of shredded tire material. Newcomb and Drescher (1994) have reported the 

bulk unit weight of small-size (30 imm mean size) shredded1 tire piects to be 4.9 kN/m3 

(3 1 pcf). Unit weights in other studies ranged fiom 3.1 to 5.2, kN/m3 (20 pcf to 33 pcf) for 

uncompacted shredded tire materid and fiom 5.3 to 7.4 kN/m3 (34 to 47 pcf) for 

compacted material (Humphrey et al., 1992; NAPA, 1993). 'This implies that 

conventional granular fill has a bulk: unit weight about 3 times that of shredded tires @as, 

19951, demonstrating the lightweight properties of shredded tires when used in a fill. 

Also, by comparison, the unit weight of water is 9.81 kN/nn3 (62.4 pcf), about twice the 

value for shredded tires. 
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Within the study by Newcomb and Drescher (l994), a specific gravity of 1.08 

was found for the smalll-size tire pieces. The corresponding porosity was 57% and thus 

the void ratio was 1.32. Large-size pieces had a lower density, and therefore a higher 

porosity and void ratio. 

The compressibility of shredded tire malerial has been extensively studied. Tests 

were performed by Edil. and Bosscher (1992) in which material 50-75 mxri (2-3 in.) in 

size was placed in a 152-mm (6 in.) diameter cylindrical mold and subjected to 

compression along the axis of the mold. A typical sample had an initial porosity of about 

67% and a unit weight of approximately 4 kN/m3 (25.5 lb/ft3). Under a 690 kPa (100 psi) 

stress, the porosity was about 50% and the sarnple had compressed 36% of its original 

height. Edil and Bosscher also demonstrated that by mixing 40% sand by weight in a 

shredded tire material matrix, compressiion was reduced by as much as 50% They found 

that pure sand compressed about one seventh as much as pure shredded tires. Humphrey 

et al. (1 992) conducted similar one-dimtmional compression tests on compacted samples 

with pieces 25 to 38 mm (1 to 1.5 in.) in size. Test results indicated average vertical 

strains of 26.5% and 39 5% at vertical !,tresses of 69 kPa (10 psi) and 276 lcPa (40 psi), 

respectively. 

Newcomb and IDrescher (1994) calcullated a value of Young's modulus for 

shredded tire material based on expenmental constrained modulus and coefficient of 

lateral earth pressure values fiom tests on laterally-constrained samples. For pieces 50 

mm (2 in.) in size, an average Young's modulus of 780 Wa (1  13 psi) was determined for 

the reloading region for material under repeateal load (stress at ultimate load was about 
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400kPa (58 psi)). The value for wood chips in that study was about 100 times greater. In 

triaxial compression tests, Wu et al. (1997) found Young's modulus of shredded tires to 

range from 580 to 690 kPa (84 to 100 psi) for shredded tires 1.5 in. in size. 

As an illustration of the conipressibility characteristics of shredded tires in an 

applied use, a field study on the settlement of an Oregon shredded tire fill revealed that a 

compacted layer of shredded tires 3 .8  m (12.5 R.) thick settled approximately 46 cm (18 

in.) during the placement of 91 cm (36 in.) of soil cap and 58 cm (23 in.) of aggregate 

base. The layer settled another 5.1 cm (2 in.) during 3 months of traffic and due to the 

placement of 15 cm (6 in.) of asphalt concrete (Read, et al, 1991). 

In an experiment by Edil arid Bosscher (1992) to determine a Poisson's ratio 

value for shredded tires, a compacted sample of shredded tires was enclosed in .a 

cylindrical PVC meimbrane that wits split into four identical panels by making cuts 

parallel to the axis of the cylinder. 'The panels were joined at the cuts Iby a number of 

latex strips that allovved the cylinder form to expand easily while retaining its prismatic 

shape. Due to the snnall amount of confinement, it was assumed that by subjecting the 

sample to axial load, the material was under uniaxial compression. To calculate Poisson's 

ratio of the material, lateral expansion was measured and c~mpared to axial strain. With 

axial loading of the cylindrical mold up to a stress level of up to 18.1 kPa (2.63 psi), 

Poisson's ratio was found to be 0.27 for the initial loading, 0.3 for the second cycle of 

loading, and 0.17 for the third cycle of loading. Manion and Humphrey (11992) performed 

one-dimensional compression tests con compacted shredded tire materid that was about 

25 to 38 mm (1 to 1.5 in.) in dimension and confined in PVC pipe 30 cm (12 in.) in 
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diameter. By finding hoop stresses aciing in the cylinder, they calculated a coefficient of" 

lateral earth pressure of K = 0.44 for vertical stresses less than 159 kPa (23 psi). Using 

the expression 

K 
l + K  

v = -  

an average Poisson's ratio of 0.3 was calculated for the same stress range. In similar tests, 

Drescher and Newcomb (1994) reported an average K value of 0.4 for vc:rtical stresses 

below about 172 kPa (25 psi). Using (1.1), this gives a Poisson's ratio of 0.29 for the 

same stress range. 

Humphrey et aX. (1992) investigated the time dependent settlement, or creep, of 

shredded tires in laboratory tests. Material 25 to 38 mm (1 to 1.5 in.) in size was placed in 

a laterally constraining cylinder a d  subjected to a constant vertical stress of 1.0 kPa (7.0 

psi) for a period of about one month. The vertical strain occurring between 1 and 3 1 days 

after loading was about P%, indicating that the viscoelastic properties of the material 

would have an effect on settlements of a fill. 

Tests to determine the shear strength of shredded tire material were performed by 

Humphrey and Sandfoird (1993) on pieces that were 76 mm (3 in.) or less in dimension. 

IJsing a direct shear apparatus, an angle of friction of about 23" was found and the 

cohesion of the material was about 55 kPa (8 psi). Wu et al. (1997) reported significantly 

higher friction angles from the results of triaxlial compression tests, with values ranging 

from 45O to 60". Five sizes of pieces were tested, with maximum size tire shreds ranging 
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from 2 mm to 38 mm for the differe~nt sizes, and no correlation between size and friction 

angle was found. 

In tests by Humphrey et all. (1992J, a constant head appariitus was used to 

determine the permeability of shredded tire material. For samples that had been 

compressed to less than 80% of their original height, the permeability coeficient was 

about 3 c d s  (1.2 ids ) .  This is a value comparable with thdt found for clean gravel or 

coarse sand @as, 1994), demonstrating the desirable drainage characteristics of the 

material. Edil and Bosscher (1 992) reported that the coefficient of permeability of 50 mm 

(4 in.) pieces in tests was about 0.5 cm/s for axial stresses up to 103 kPa (15 psi). This 

value was reduced to about 0.1 c d s  with the inclusion of 30% sand by weight. 

AIM AND SCOPE 

Since the relatively high compressilbility of shredded tires is a concern in the 

construction of subgrade fills, many laboratory tests have been aimed iit determining the 

response of the mattxial to cyclic loading (Edil and Bossher, 1992; Humphrey et al., 

1992; Newcomb and Drescher, 1994). However, the vertical stresses used in these tests 

are beyond those found in actual shredded tire fills. The behavior of the inaterial may be 

different if it is loaded within a lower range of stresses. Also, in previous cyclic loading 

tests, most shredded tire specimens were confined laterally by a rigid container. No direct 

comparison was madle between the behavior of material that is laterally constrained and 

material that is laterally unconstrained. To further investigate the response of shredded 

tire material to repeated load, and to present results for a moire suitable range of stresses, 
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cyclic loading tests were conducted at the University of Minnesota. Using a load frame, 

samples of small-size (50 mm) shredded tires were subjected to load in both confined and 

unconfined conditions, and differences in resulting settlements were noted. 

Creep tests lasting up to about one month have been performed on shredded tires 

in the past by Humphrey et al. (1992). Knowledge of creep characteristics for a greater 

duration of loading would be beneficial in the design of fills, since settlerneint over a long 

period of time is a concern in fills covered by rigid pavements. To investigate the 

viscoelastic behavior of shredded tire material for loading periods longer than a year, 

long-term creep tests on small-size (50 mm) shredded tire pieces have been undertaken in 

this project. These include constrained creep tests in cylindrical containers, and 

unconstrained creep of shredded tire piles. Several test apparatus were cmistructed, and 

using dead weights, levers, and pulleys, constant load has been applied to shredded tire 

samples for periods up to two years. 

During the construction of fills with large-size shredded tire pieces, it has been 

noted that masses of the material display a layered structure when compacted. Like other 

layered materials, the deformability parameters in the vertical and in the horizontal 

direction may differ. This possible material anisotropy may lead to errors in the 

settlement analysis of ffills under traffxc loading, which is currently performed with the 

assumption of material isotropy. In tests conducted at the University of Minnesota, the 

mechanical anisotropy found in masses of shredded tires was assessed by laboratory 

experiments. Tests were performed in a biaxial apparatus developed specifically for the 

10 



project in which samples of large-size (200 mm) shredded tire pieces were compressed in 

two directions. 

To familiarize the reader with the material used in the project, Chapter 2 explains 

how shredded tire pieces are manufactured and what their approximate sizes and shapes 

are. Also, bulk properties such as unit weight and void ratio are discussed. In Chapter 3, 

the repeated load tests are described, the results of which are presented and analyzed to 

indicate the cyciic Koading behavior of the material. Chapter 4 deals with the creep or 

constant load experiments. Results are used to determine the longterm settlement 

characteristics of shredded tires. Anisotropy of shredded tire material is the subject of 

Chapter 5, which includes a description of the tests performed in the biaxial apparatus. 

Anisotropic parameters are calculated, and these are usxi in a nuxnerical analysis to 

compare settlements of fills with an anisotropic shredded tirelayer with those for a fill 

with shredded tire material regarded as isotropic. 

11 





CHAPTER 2 

SHREDDED TIRES CHARACTERITATION 

SOURCE OF SHREDIDED TIRES 

Shredded tire material comes fkom whole scrap tires that have been cut into much 

smaller pieces by shredders. Pieces used in this project with an average size of about 55 

mm by 25 mm by 10 rm (2.2 in. by 11.0 in. by 0.4 in.) have passed through six separate 
. .  

shredders, arranged in a sequence that causes successively smaller pieces to be generated. 

Steel wires are present in many shredded tire pieces. For the removal1 of pieces with 

excessive amounts of protruding steel wires, nnany tire shredding facilities have conveyor 

belts, which carry the-shredded tire material under magnets. 

Figure 2.1 a andl 2. lb are photographs of typical shredded tire pieces. The shearing 

and tearing during shredding produces pieces that are highly irregular in shape. The cross- 

section of an individual piece varies along its length. Small-size pieces, in general, are flat 

due to the thin-wall construction of whole tires. Also, the curvature of whole tires is 

reflected by the surfaces of most large-size pieces. 

The shredded tire pieces for this project were obtained fkom Monitor Tire Disposal 

in St. Marten, Minniesota. The orig.4 waste-product material was screened by 

13 



Fig. 2.1. Shredded tire pieces 
a) small-sizt: pieces (quarter is shown for scale) 
b) large-size: pieces (quarter is shown for scale) 
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removing pieces with an excessive amount off protruding wires, according to the guidelines 

of the Minnesota Department of Natural Resources and used by the Oregon DOT (Read, 

et al, 1991). The lightweight fill specifications of that department dictate that "... metal 

fragments shall be firmly attached and 98% embedded in the tire sections from which they 

were cut out." Also, small fi-agments of rubber and other debis were discarded. 

Two sizes of shredded tire pieces were used. The smaller pieces are of size no 

greater than 90 mm (3.5 in.) in length, with average size piece of about 53 mm by 25 mm 

by 11 mm (2.1 in. by 1 .O in. by 0.4 in.), Fig. 2. la. These will be referred to as 50-mm 

pieces. The smallest pieces of the 50-mm variety have a maximum length no less than 30 

mm (1.2 in.). Among the larger size pieces, none are more than 400 mrn (1 6 in.) in length 

and the average size piece is about 200 mm by 125 mm by I9 mm (8 in by 5 in. by 0.75 

in.), Fig. 2.lb. The larger-size pieces Will be referred to as 200-mm pieces. The smallest 

of the 200-mm pieces have a maximum length no less than 100 mm (4 in.). 

GEOMETRIC CHARACTERIZATlON 

As most tests in the project were carried out. using small size pieces, a 

representative sample was randomly chosen fi-om the 50-rnm shredded tire pieces for 

detailed size analysis. Hand measureiments taken of the shredded tire pieces are referred to 

as greatest dimension, conjugate average width, and conjugate average depth, Fig. 2.2. 

The greatest dimension of a shredded tire piece is the distance between the points furthest 

apart fi-om each other. The terms conjugate average width md conjugate average depth 

15 



Fig. 2.3. Measurements for grain-size analysis 

Re 
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characterize a shredded tire piece by giving its average dimensions in directions 

perpendicular to the greatest dimension. Next, the aspect mtio of a shredded tire piece 

was found by dividing the greatest dimension by the conjugate average width. It w a  

found that the width of the 50-mm piieces is greater than their depth, which indicates that 

the pieces are somewhat flat, and that their length is significantly greater than their width 

and depth, which indicates that the pieces are elongated, Fig 2.3. The aspect ratios range 

from 1 to about 6, Fig. 2.4. The size tendencies of shredded tire pieces are largely due to 

the thin-wall construction of whole tires. 

Besides being long and flat, shredded tire pieces have surfaces that represent the 

curvature of whole tires. Due to their toroidal geometry, whole tires have circumferential 

curvature. Also, cuwature in another direction is shown by the U-shaped cross-section of 

a hollow tire carcass, Fig. 2.5, particularly noticeable along the inner wall. Both sidewall 

and tread portions of tires produce ,shredded tire pieces with curvature. 'The curvature of 

whole tires is most prominent in doime-shaped larger pieces, which comprise the majority 

of the 200-mm samples. The curva~ure in 50-mm pieces is less pronounced due to their 

smaller size. Also, the shredders oAen cut the 50-mm pieces into wedges whose surface 

area does not include a sigmficant ]portion of the curved surfaces of the inner and outer 

walls of the whole tires. 

A detailed size analysis of ihe 2 O O - m n  pieces was not performed. However, as 

stated, the average size piece is about 200 mm by 125 mm by 19 mm (8 in by 4 in. by 0.75 

in.). Using a calculation similar to tlhat for the 50-mm piece:;, the typ id  aspect ratio of a 
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sidewall 

Fig. 2.5. Cross-section of a tire 
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200-mm piece is about 2. A visual comparison of the length and width dimensions of the 

200-mm pieces to the thickness dimension revealed that they are much thinner than the 

50-mm pieces. This thickness differential arises because the 50-mm pieces tend to be cut 

from the thicker tred region, whereas the 200-mm pieces tend to include significant 

portions of the sidewall region. 

PE-TYSICAL CHARACTERIZATION 

In engineering applications, the physical characterizatxon of shredded tire material 

is of primary importance. More specifically, the bulk unit weight, y, and the porosity, n, or 

void ratio, e, are of interest. From laiboratory tests, the bulk unit weight of uncompacted 

50-rnm pieces in a cylindrical vessel ranged fiom 3.5 to 4.3 kN/m3 (22 to 27 Ibs/ft3). When 

compacted, the bulk unit weight ranged from 4.2 to 5.1 W/m3 (27 to 32 Ibs/ft3). The 

specific gravity of shredded tire pieces was found to be 1.1 1. 

An estimate of the porosity was found from 

where G, is the specific gravity of the shredded tire pieces, yw is the unit weight of 

water, and y* is the lbulk unit weight of shredded tires. 

Upon calculating the porosity, the void ratio, e, was calculated fiorn 
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n 
1 - n  

e = -  

The results are shown in the Table 2.1 

Table 2.1. Properties of Shredded Tire Material 

Condition ]Bulk unit w x P o r o s i t y  I Void ntio I 

I Uncompr&ted I 3 5 t o 4 3  I 0.64 I 1.78 I 
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-INTROD LTC TION 

In the design and construction of shredded tire fills, it is important to know how 

shredded tire material deforms in response to various levels of load. Loads from 

compaction, weight of overburden material. and tr&c. all induce settlement. With 

reueated aDulications - -  of these loads. the ability of the material to rebound (resilience) is 

also a concern. In order to address these issues, cyclic loadingunloading tests were 

performed on shredded tire material. 

Two types of‘ experiments were conducted: a) constrained compression. and b) 

unconstrained compression. The first type reffers to cornpression with no lateral strain, the 

so-called one-dimensional compression test often carried out for soils (oedometer test), 

Fig. - 3.1 a. In application to shredded tire material, this test was used by Humphrey (1 993 ). 

Drescher and Newcomb (1996). and Edil and Bosscher (1997). and provides information 

for directly evaluating .- the so-called compression index and swell index commonly used in 

predicting settlements of shallow fouindations @as, 1995). If lateral stresses are measured, 

and linear elastic response is assumed, Young’s modulus, E., rmd Poisson’s ratio, v, can be 

determined fiom this test, as shown by Direscher and Newcomb (1996) and Edil and 

Bosscher (1 997). 

In the second type of experiment, a laterally unconstmined and flattened heap of 

shredded tires, resembling a truncated cone, was axially loaded by a plate, Fig. 3.1 b. 
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Fig. 3.1. Repeated load experiments 
a) Constrained compression 
b) Unconstrained compression 
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This test was selected to provide infoinnation about the response of the material to loading 

in conditions resembling those at the edge or near the edge of a road or embankment. It 

should be stressed here that due to the particulate nature of shredded tire material, 

standard uniaxial compression, being more adequate for material properties evaluation, 

cannot be performed, and triaxial compression would require very large and sophisticated 

testing equipment which is not commercially available. The advantage of the 

unconstrained compression test selected is that it provides an upper bound to settlements 

of a fill. The lower bound is provided by the constrained compression test. Actual 

- 

settlement of in situ material can be expected to lie withhi these bounds, considering 

similar load history. Thus, conditions representing the extremes of confinement, 

constrained and unconstrained compression, were used. 

TESTWG APP-ARAD-TS 

The constrairied and unconstrained compression tests were perfbrmed with the 

help of an MTS 858 Table Top System load frame of 25-kN (5.5-kip) capacity, Fig. 3.2. 

The constrained test:; were conducted in a 0.021 m3 (5 gal) straight wall cylindrical steel 

container, Fig. 3.2a. The inside dimensions of the containex are 290 mm (11.25 in.) in 

diameter and 330 rmn (13 in.) in height. The steel loading pllate, which is 277 mm (10.9 

in.) in diameter and 13 mm (0.5 in.) thick and attached to the actuator, is slightly smaller 

than the inside diameter of the container to prevent jamming. A separate 13 mm (0.5 in.) 



Fig. 3.2. MTS load frame setup 
a) constrained compresssion 
b) unconstrained compression 
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thick circular steel plate fits under the container for uniform support - -  of the base. Material 

was loosely placed in the container to a depth of about 140 mi (5.5 in.). 

In unconstrained tests, material was loosely piled to a height between 60 mm and 

120 mm (2.5 and 5 in.) on an aluminum plate that is 3.5 mm (1/8 in.) thick and 460 mm 

(18 in.) in diameter and hlly covered by shredded tire pieces., Fig. - 3.2b. The top of the pile 

was formed into a mare or less flat ciircular surface so that a load approximately uniform 

with radius could be applied by a steel plate ofthe same dimensions as in constrained tests. 

For both types of tests, a computer directed the actuator to pedorm programmed 

test procedures using Testware-SX s o h a r e  included with the MTS Table Top System. 

Throughout the test, values of load and vertical displacement were collected continuously 

in a data file at each specified time increment. 

-W4TEW ANZ;) TEST PROGRAM 

The tests were performed on 50-mm shredded tire pieces. Once a sample of the 

material was placed in a container or piled on a plate, it was subjected to three compaction 

loads of 14 kPa (2 psi) before cyclic loading was performed. 

The test matrix is shown in Table 3. I. The tests differed in loading rates, loading 

history, and number of cycles. The range of loads applied in tests was governed by the 

range - of vertical stresses acting on shredded tire pieces in subgrade fills. For the purpose 

of estimating these stresses, the unit weight of soil, 'ysl was assumed to be 119.6 kN/m3 (125 

Ib/ft3) @as, 1995) and the unit weight of compacted shredded tire pieces, +yd, was assumed 
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Table 3.1. Repeated Load Test Matrix 

Test Numbers Type of Test Maximum Stress Number of Cycles 
(range 1 range 2 / ) 

1-1 to 1-3 

2-1 to 2-3 

3-1 to 3-3 

4-1 to 4-24 

5-1 to 5 4  

6-1 to6-18 

7-1 to 7-12 

8-1 to 8-15 

Constrained 
compression 

cormrained 
compression 

Constrained 
compression 

Uncorwtnined 
compression 

Uncorutrrined 
compression 

corumincd 
compression 

WnCOnutnincd 
comprruion 

UnCOlrrrsrinrd 
compreuion 

26.2/62. U100.7 
(3.8/9.0/14.6) 

62.7/ I 02.0 
(9.1114.8) 

102.7 
(14.9) 

56.5 to 89.6 
(8.2 to 13.0) 

23.4/51.0/l$2.7/115.1 
(3.4/7.4/ 1 2.0/ 16.7) 

131 
(19.0) 

95 
(13.8) 

26.2/36.5/118.9/120.7 
(3.8/8 .Y 12.91 1 7.5) 

9 5 1 5  

515 

5 

1 to 15 

15 to 100 
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to be 4.7 kN/m3 (30 lb/fi3) (See Chapter 2).  Estimated vertical stresses within the 

shredded tire layer, u, , in fills were calculated fkom 

where h, is the thickness of the soil covering the shredded tires and z, is the depth within 

the road bed. Fig. 3.3 depicts vertical stress as it varies with the depth of a fill. In this plot, 

the depth is a combination of the thickness' of the soil layer and the shredded tire layer, 

and the resulting value for vertical stress depends on the contribution of each of these 

layers. In light of typical overburden stresses, the stress levels in tests did not go beyond 

138 kPa (20 psi). 

As stated, tests were performed to study how changing the loading rate influences 

settlement. This allowed for examination of time-dependent settlement, or creep, for 

short-term loading. Creep has been ;shown to occur in shredded tire material, particularly 

noticeable during the period immediately aRer loading. (see Chapter 4). In the 

construction of fills, shredded tires are subject to load that slowly changes with time. 

Shredded tire material and soil are itypically placed in a number of layers 0.3 m-thick or 

less (Newcomb and Drescher, 19941). In these layers, called WS, the material is spread 

uniformly and compacted, which takes time, before the nexi layer is made. In the time it 

takes for a lift to be placed and the next one to follow, creep settlement ocxurs in the 
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underlying shredded tires. As far as creep settlement is concerned, this stepwise loading 

can be approximated by a continuously increasing loading applied at a slow rate. 

In Tests 6-17, 6-18, 7-11, and 7-12, a loading rate of 0.05 INsec. was used. 

Loading at this rate was intended to simulate the stepwise loading described above. This 

slow rate contrasted wth the norrrial loadilng rate, which was 5 kN/sec. The normal 

loading rate was designed to simulate rapid loading, such as the dumping of overburden 

fill above a shredded tire layer or thal caused by construction equipment or traffic vehicles. 

In Tests 6-7 to 6-16 and Tests 7-1 to 7-10, the normal rate was used, arid by comparing 

the results of these tests with those of Tests 6- 17, 6- 18, Tests 7- 1 1, and 7- 12, the effects 

of creep on short-term settlement could be studied. 

In Test Groups 6 and 7, shredded dire samples wexe subject to as many as 80 

cycles of load. The variation of plastic strain with increasing number of cycles was 

investigated. 

In unconstrained compression tests, settlement may be affected by the fiiction 

between the shredded tire material amd the metal of the load and base plates. As vertical 

load is applied, the friction above and below the sample restricts lateral motion of the 

material near the plates, while material at the midheight of the sample is unaffected 

directly. Thus, by increasing sample height without changing the dimensions of the loading 

or support plates, the effects of boundary fiction on settlement should become less 

pronounced. With diecreased resistance to lateral movement per unit height, a sample 

greater in height d act like a sample with less lateral coxlfinement, and will therefore 
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have less resistance to vertical movement and appear less stif€ than a sample shorter in 

height. 

In constrained compression tests, the friction between the shredded tires and the 

metal of the container influences the response of the material to vertical load. The friction 

along the vertical walls of the container absorbs part of the vertical load, and the resultant 

vertical force acting on the shredded tires is gradually reduced with depth. For this reason. 

vertical stresses decrease with depth in a sample. By increasing sample height, the effects 

of wall friction on vertiical strain increase, and for a given load, the average vertical stress 

over the sample height decreases. 

To study the e E i s  of bounday friction in both the constrained and unconstrained 

compression tests, several heights of samples were used. For example, for 'Tests 7-1 to 7- 

10, compacted heights of samples ranged fiom 7.0 cm (2.8 in.) to 10 cm (3.9 in.). 

TEST RESULTS 

Data Evaluation 

The Testware-SX computer application was used ta collect load and vertical 

displacement measurements for each time increment. The axial force, P, was used in the 

calculation of vertical stress, and the change in height of the sample, Ah, was used in the 

calculation of vertical strain. 
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In the constirained compression tests, if the wall friction is neghgible, it is 

reasonable to assume that the vertical stress and strain are uniformly distributed within the 

sample. Accordingly, the average verLical stress, CT, was calculated from 

where 4 is the cross-sectional area of the cylindrical container. The corresponding 

average vertical strain, E, was calculated as 

Ah 
& = -- 

ho 
(3.3) 

where ho is the height of the sample upon compaction 

In unconstrained compression tests, even if the effect of boundary-friction is 

eliminated, the assumption of stress and strain uniformity throughout the sample no longer 

holds true. As the width of the pile iincreases with depth, thc: stresses decrease, and they 

are higher in the middle than at the edges of any horizontal cross-section. To calculate 

representative vertical stresses, it was assumed that the external load is uniformly 

distributed over any cross-section, and decreases with depth fiom the loading plate in a 

2:l depth-to-width ratio. Also, the full radius of the plate was assumed to be in contact 
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with the material. Assuming the stress at midheight to represent average stress leads to the 

following expression for stress 

P o=- *!J 

where 4 is given by 

n AP = -(4r0 -t- h, - Ah)z 
16 

(3.4) 

(3.5) 

where ro is the radius of the loading plate. The representative vertical strains were 

calculated as the average strain over the height. Thus, Eq. (3.3) was used. 

The manual placement of the shreddled tire material was slightly difEerent in 

unconstrained tests than in constrained tests. In unconstrained tests, pieces were piled on 

the bottom plate when it was outside the load frame, and the pile was formed into the 

shape o f  a truncated cone with a relatively flait top. The pile was then slid into position 

under the loading plate. In an attempt to provide uniform support beneath the loading 

plate, pieces were added to the pile, primarily near the edges of the loading plate. 

Especially in samples greater in height, the angle of  repose was such that. added pieces 

caused material to fall down the side and off off the pile, leaving a space with little support 

for the loading plate. To reconstruct places where this was occurring, pieces were inserted 
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one-by-one until a stable slope to support the plate was recovered. In constrained tests, 

pieces were placed in the container without being rearranged. 

In both tests, after the placement of pieces, the samples were subjected to 3 

compaction load cycles. On average, the vertical strains dur: to compaction were about 

14% and 21% in the constrained and unconstrained cases, respectively. The higher strain 

due to compaction in the unconstrained case, coupled with tht: rearrangement of pieces for 

loading plate support, may have caused the material in the unconstrained case to be more 

dense after compaction than in the constrained case. The unit weights of the material after 

compaction were estimated to be about 4.7 kNm3 (30 pcf) in the constrained case and 6.0 

kN/m3 (38 pcf) in the unconstrained case. Ideally, unit weights between cases should be 

the same. Were the unconstrained samples tested at the same unit weight as in the 

constrained samples, the unconstrained material would have appeared less stiff In 

comparing the stress-strain relations between the two confinement cases, the difference in 

unit weight should be kept in mind. 

RESULTS 

The following figures show typical results from a total of 82 cyclic loading tests. It 

should be noted that the reference value of zero stress for each stress-strain curve 

corresponds to stres:s just before cyclic loading was performed. The actual vertical stresses 

were about 5 .5  H a  (0.8 psi) and 6.9 kPa (1.0 psi) on average for the unconstrained and 

constrained compression tests, respectively. Although the stresses shown in the stress- 
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strain curves are reference vertical stresses, they will simply be referred to as vertical 

stresses. 

Figure 3.4 depicts the variation of vertical stress with vertical strain for the first 

load cycle of Tests 6- 16 and 7-4, which are constrained and unconstrained compression 

tests, respectively. The curvatures of the stress-strain plots indicate increasing stiffness of 

the material in both tests. 

The loading rate for the tests shown in Fig. 3.4 was 5 kN/sec. To examine the 

effects of creep on short-term settlement, the plots in Fig. 3.4 can be compared to those 

for tests performed at a loading rate of 0.05 kN/sec. Fig. 3.5 shows the stress-straim 

curves for Tests 6- 16 and 6- 17, which correspond to the fast and slow rates, respectively, 

in the constrained compression case. Similarly, Tests 7-4 and 7-11 are compared in Fig. 

3.6 for the unconstrained compression case. It is evident that greater strain occurs in tests 

with slow rates. In constrained tests, wall fiction may have far less influence on settlement 

for the slow rate, since time is allowed for the resultant friction force to be transferred to 

vertical force on the shredded tires. This may be one reason that the effect of loading rate 

is much greater in the constrained case than in the unconstrained case. Also, due to this 

possible transfer of fiiction to vertical load with time in the constrained case, the strain 

exclusively due to creep may be less than it appears. 

Figure 3.7 shows the results of a typical cyclic loading test for a sample in the 

constrained condition, Test 6-16. Eighty load cycles were applied, with an applied stress 
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fig. 3.7. Constnilred campression 
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of 130 @a (19 psi) per cycle. The plots of stress vs. strain are shorn for the first five load 

cycles, the tenth load cycle, and for every ten load cycles thereafter. Plastic strain for a 

cycle may be defined as the difference in strain at a stress of2.7 Wa (0.39 psi) between 

the start of the load cycle in question, and the start of the cycle that follows. When defined 

this way, plastic strain of about 8% occurred during the first load cycle:. In subsequent 

load cycles, plastic strain was greatly reduced. This demonstrates the value of subjecting 

the material to several cycles of compaction load. In Fig. ‘3.8, the accumulated plastic 

strain is plotted against the number of cycles. The plastic strain decreases rapidly during 

the first few cycles. Beyond 20 load cycles, the accumulated strain per cycle is nearly 

constant at about 0.0.3% strain per cycle. 

Repeated load tests using unconstrained samples were also performed, but after 

about 5 cycles, the rnaterial would move laterally to such an extent that the number of 

pieces still under cornpression was less than in the first load cycle. In other words, the 

apparent vertical strain was partially due to a cumulative mount of material being 

removed from the influence of the vertical Iload. Therefore, the amouint of plastic strain 

exclusively due to material behavior is difficult to determine. A typical stress-strain plot 

for the unconstrained compression tests is slhown in Fig. 3 9 for Test ’7-4, where applied 

stress was about 120 kPa (1 7 psi) per cycle. 

Figure 3.10 shows a companison of the accumulated strain in TesTs 6-16 and 7-4 

for twenty load cycles. In general, plastic strain per cycle is greater in the unconstrained 

compression test than in the constrained compression test, even though applied stress in 

41 



0 0.2 .- 
(I 
L 
.) 
w 

0 

20 40 60 80 100 0 

Cydc number 

Fig. 3.8. Accumulated main per cycle, constrained case 

42 



n 
n 
u 
n 
0 
L 

.- 
a 

z 
n 

80 

60 

40 

20 

0 

0 0.1 0.2 0.3 0.4 0.5 

Strain 

Fig. 3.9. Unconstrained compression 

43 



0.3 

0.2 

0.1 

0 

0 

constrained - 
--- unconstrained 

20 25 S 10 1s 

Cyda number 

Fig. 3.10. Accumulnted strain per cycle 



the constrained compression test was slightly higher. For load cycles 12 through 20, the 

plastic strain per cycle was approximately constant at 0.13% for Test 6-16 and 0.80% for 

Test 7-4. 

To analyze the effects of boundary friction on results tests were performed on 

samples of different height. Two sets of stress-strain curves were constructed a) one set 

for the constrained compression test results of Tests 6-7 to 6-16, and b) one for the 

unconstrained compression test results of Tests 7-1 to 7-10. Each curve in a set includes 

the loading and unloading for the firslt load cycle and the loading for the second load cycle. 

Each set of stress-strain cuwes is then divided into three subsets for analysis: a) a loading 

subset (first load cycle), b) an unloadling subset (first load cycle), and c) a reloading subset 

(second load cycle). Figure 3.11 depicts the subsets schematically. Since there is always if 

transition region between unloading and loading and vice versa, upper and lower stress 

limits were set in the analysis of results to ensure accuracy. Later, as will be shown, 

extrapolations were made to recover stress-strain relations for stress values outside the set 

limits. 

Examples of stress-strain curves for the loading subsets are shown in Figs. 3.12 

and 3.13, where plots for several sample heights are included. As shown in Fig. 3.12, 

which corresponds to laterally constrained samples of Tests 6-7 to 6-16, samples greater 

in height appear stiffix, most likely due the effects of wall fiction. In Fig. 3.13, where the 

stress-strain plots off three laterally unconstrained samples fiom Tests 7-1. to 7-10 are 

depicted, it is evident that plate fiction causes shorter samples to appear stiffer. 
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ANALYSIS OF RESULTS 

With the aim of obtaining stress-strain curves for shredded tire material that are 

adjusted for the effects of friction, master curves of stress vs. strain were made using the 

two sets of plots mentioned above. 

The construction of master lcurves tm be illustrated by considering the loading 

subset in the constrained compressiion tests, Fig. 3.12. A, sequence of strain values is 

chosen, ascending as follows: 0.03,0.06,. . .,0.24. For each strain value in this sequence, a 

plot of constant strain is superimposed on Fig. 3.12, as shown in Fig. 3.14  for four values 

of strain. From the intersection points of constant strain plots with the various stress-strain 

curves, collections of stress values a.re made for each strain value. Each stress value in a 

collection is referentxd to a particular sample height. From these collections of stress 

values, plots of stress versus sample height may then be constructed for each strain value, 

and placed on a common graph, Fig. 3.15. Curves are then nianudy fit. to the points, and 

extrapolated to zero-height. In these curves, these extrapolated stress values correspond 

theoretically to the case where no fjriction exists between the sample a d  the walls. The 

resulting master curve is shown in Fig. 3.16. 

A plot similar to Fig. 3.15 may be constructed for the unconstrained compression 

tests by superimposing plots of constant strain onto Fig. 3.13, as shown in Fig. 3.17. By 

gathering plots of stress vs. sample: height for each strain value, Fig. 3.18  is obtained. 

According to the earlier discussion, samples nearing infinite height in the unconstrained 

compression tests should have a material response almost fie: of the effixts of boundary 
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friction. This is reflected in Fig. 3.18, where, as the sample height increases, constant 

stress values are approached asymptotically. The so obtained master curve is shown in Fig. 

3 19. 

Master curves were similarly constructed for the unloading and reloading subsets 

of stress-strain curves for both the constrained and Unconstrained cornpression tests. 

These curves are included in Figs. 3.20 and 3.21, which contam the complete master 

curves for the constrained and unconstrained compression tests, respectively. To connect 

the loading, unloading, and reloading curves together, extrapolations of' the curves are 

shown by dotted lines. While both plots indicate stiffening with increasing stress, the 

constrained material appears stiffer in general than the unconstrained material. The 

difference in stiffness might be evert more pronounced were the unconstrained samples 

tested at a lower density, comparable with that in the constrained compression tests. 
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CHAPTER 4 

LONG TERM BEHAVIOR UNDER CONSTANT L,OAD 

INTRODUCTION 

Long term settlements due to creep are a concern in the construction of shredded 

tire fills. Due to the viscoelastic nature of rubber, deformation of the material can be 

expected to increase over time. The rate with which the long term deformation occurs is 

important in predicting the increase of settlements and may influence the way a road is 

constructed. For example, after overburden material is placed above the shredded tire 

layer in a fill, some time is usually allowed to elapse before paving materials are applied. 

The length of this waiting period may be reconsidered if it is found that creep might occur 

at a rate detrimental to the integrity of the road. 

In the past, research has mainly focused on approximating the immediate response 

of shredded tire material to compressive loads. Studies done for long periods of loading 

are scarce. A month-long constrained compression creep test was performed by 

Humphrey (1992), and the results indicate that creep was still occurring at a noticeable 

rate after 25 or more days. To obtsln information on the rate of creep over a much longer 

period of time, tests have been conducted in this project with the aim of monitoring creep 

over more than one year. In the manner of the monotonic and repeated loading tests 

described in Chapter 3, constrained and unconstrained compression were selected as the 

types of tests. The experimental apparatus was different, however, as described in the 

following section. 
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TESTING APPARATUS 

Principle of the Apparatus 

In long-duration creep tests (up to several months or years), maintaining or 

controlling and correctilng the applied constant load becomes a technically difficult task. 

Servo-controlled, motor driven screw-type, and pressure driven hydraulic-type loading 

fiames are not suitable due to possible: mdfhnctions. Dead-weight-type (gravity driven) 

loading systems are therefore superior. To apply high loads directly, high-volume weights 

are required, and the size of the system becomes excessively large. Weight-multiplying 

arrangements, which are based on the principles of levers, pulleys, and cables, are 

preferable. 

Figure 4.1 presents the schematics of thie loading system selected. 11 consists of a 

lever, fulcrum, a set of pulleys and a cable, load shaft, loading plate, and base. A dead- 

weight load i s  placed in the load box located at one end of the cable, and this force is 

transmitted through the cable onto the pulleys attached to the lever and base. 

Theoretically, the tension in each cable sector is equal to the dead weight applied. The 

force applied at each pulley’s location i s  equal to the resultant of forces acting in each 

cable sector. The lever itself multiplies the forces acting at each pulley, which results in a 

force acting at the shaft that is much greater than the dead-weight at the end of the cable. 

The multiplication factor depends on the location of each pulley with respect to the 

hlcrurn and the loading shaft. By adjusting the location of the pulleys, hlcrum, and the 

magnitude of the dead weight, a desired load on the loading shaft can easily be controlled. 

60 



Box 

Fig. 4.1. Creep test loading system schematics 
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Apparatus Design 

Figure 4.2 depicts the actual design of the apparatus for constrained compression, 

which consists of a base with a platform, one-sided lever, fklcrum, a set of pulleys and a 

cable, a vertical loading shaft, guide bushing, loading plate, and a load cell. Figure 4.3 

shows the design of the apparatus for unconstrained compression. In this case, the applied 

load was designed to be less than in the constrained compression, and the pulleys and 

cable were not necessary. To induce force in the loading shaft, dead weights were hung by 

rope fiom the lever. Each apparatus is comprised of two identical loading units and is 

easily adapted for either constrained1 or unconstrained compression tests. For the 

constrained compression tests, both units were used simultaneously, whereas for 

unconstrained tests only one loading unit was used. The overall dimensions of the 

apparatus are 1.57 m (6:2 in.) height, 1.93 m (76 in.) length, and 0.81 m (32 in.) width, and 

the total weight is about 3.1 kN (700 lb.). ‘The base, lever, and lever support are made of 

steel tubing. The shaft is made of steel rod, the bushing of steel pipe, and the loading plate 

and base platform of steel. 

Full vertical transfer of load to the load shaft i s  not always possible if rotation of 

the lever about the fbl~rum is allowed. With rotation, there is a component of force 

present that induces lateral force on the shaft. The bushig shown in Fig. 4.2 prevents this 

lateral force from affecting the shredded tire sample. The guide bushing is lubricated to 

eliminate fiction. Rotation itself can be reduced by adjusting the turnbuckle at the top of 

the loading shaft. The turnbuckle, whose location is shown in Fig. 4.2, I s  threaded, and 

can be raised or lowered to keep the lever horizontal, thus limiting its rotation. 
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Fig. 4.3. Apparatus for unconstrained compression tests 
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b) Plan view 
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By using the pulley-and-cable loading system, the magnitude of the theoretically 

predicted force on the shaft is not guaranteed, nor does it necessarily remain constant 

while the shredded tire pieces creep. This is because friction in the load bearing axle of 

each pulley hinders the rotation of the pulley wheel. To monitor the actual load acting on 

the shredded tire pieces, an in-house developed load cell is placed in between the shaft and 

the loading plate in each loading unit. 

The ring-type load cells, Fig. 4.4, have a capacity of 5000 lbs. and are 

instrumented with strain-gages, whose response is measured by means of a strain 

indicator. Calibration tests conducted using an MTS-858 Table Top System load frame 

indicated that the response of each load cell is linear. 

MATERLPLL AND TEST PROGRAM 

The material used in the creep test was the 50-mm sue shredded tire pieces. The 

constrained compression tests were conducted in the same sleel container as described in 

Section 3.2, Fig. 3. la. The initial heiygts of the samples were about 33 cm (13 in.). Similar 

to the repeated load tests of Chaipter 3, the unconstrained compression tests were 

performed on a pile of shredded tires. However, the length and width of the pile was 

larger, namely 1.12 nn (44 in.) and 0.76 m (30 in.), respectively, and the height was 0.28 rn 

(1 1 in.). 

The stress levels of the creep tests simulated stress levels encountered in shredded 

tire fills with typical overburden stress (see Fig. 3.3). Typically, material close to the edge 
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of a shredded tire embankment is under less vertical stress than near the center. Also, 

lateral constraint becomes less with increasing distance from the center of the fill. Thus, in 

general, loads in unconstrained tests were conducted at lower levels of load than in 

constrained tests. The test matrix for the creep tests is presented in Table 4.1, and this 

shows the differences in stresses between constrained and unconstrained compression 

tests. Before the creep load was applied, the material was first compacted by subjecting it 

to three cycles of loatling/unloading of about 15 @a (2.2 psi). 

TEST RESULTS 

Data Evaluation 

The axial load measured in tests, P, and the change in height of the sample, Ah, 

were used to calculate the average vertical stress, (T, and the average vertical strain, E. For 

the constrained compression tests, thiese were calculated from equations identical to (3.2) 

and (3.3). The reference height h in Eq. (3.3) is the height of the sample after the 

completion of three compaction cycles. 

For unconstr,ained tests, the representative vertical strains and stresses were also 

calculated from equations given in Chapter 3, i.e., Eqs. (3.3) and (3.4). The stress at mid- 

height was chosen as representative imd the strains were avernged over the height. 

Results 

Figure 4.5 shows strain vs. time plots for typical constrained arid unconstrained 

compression tests, where strain includes the immediate settlement due to the application of 

67 



Table 4.1. Creep Test Matrix 

Test ## Type of Test Constant Stress Test Dates Remarks 
-- kPa (psi) 

1. 

2. 

3. 

4. 

5 .  

6.  

7. 

8. 

9. 

10. 

COnstraiDhed 
compression 

cons* 
compression 

Unconstn~ed 
compression 

Unconstrained 
compression 

Constrained 
compression 

Constfaind 
compression 

COIlStfZliXd 

compression 

Unconstruined 
CompresSiOn 

c o m i i o n  
Unconstrrzined 

u- 
compqss~ion 

84.1 (K2.2) 

90.3 (13.1) 

41.4 (61.0) 

70.3 (10.2) 

48.3 (7.0) 

96.5 (14.0) 

82.7 (l:!.O) 

35.9 (5.2) 

42.1 (6.1) 

50.3 (7.3) 

8/26/96 - 12DI96 

8/26/96 - 12/2/96 

1 1/2/96 - 12/2/96 

11/2/96 - 12/2/96 

10116197 - 9130198 

12/19/96 - 9130198 

12/19/96 - 9130198% 

9130197 - 1011419Y 

12/19/96 - 9/24/97 

1U19196 - 9130l98 
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Table 4.1. Creep Test Matrix (continued) 

Test # Type of Test Constant Stress Test Dates Remarks 
H a  (psi) 

11.  Unconstrained 60.7 (8.8) 12/19/97 - 5/12/97 
compression 33.8 (4.9) 5/12/97 - 6/23/97 Unyoslding 

12. U n ~ o n S t M  27.6 (4.0) 6/23/97 - 7/18/97 
compression 

13. Un~onstrained 3 1.7 (4.6) 7/22/97 - 8/1/97 
compression 

14. U n c ~ n s t W  43.4 (6.3) 8/4/97 - 8/29/97 
compression 

15. U n c ~ n s t w  47.6 (6.9) 9IU97 - 9/1U97 
compression 

16. Unconstrained 57.9 (8.4) 9/15/97 - 9130498 
compression 

*) Tests were terminated due to moistening of material as a result of a ceiling water leak. 
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load (elastic response), and the creep settlement that occurs tlhereafter. As the caliper and 

load cell readings took a short period of time to perform, the onset of creep always 

occurred before the first readings were taken. The first readings were taken at about 10 

seconds upon loading, and the corresponding strains were considered as immediate. The 

creep strains were defined as strains aLbove the value of the immediate strains. It was found 

from a total of eight tests conducted that the immediate strains in the constrained test were 

about 15%, whereas in the unconstrained test they were about 21%. This indicates clearly 

that the unconstrained samples underwent more immediate settlement than constrained 

samples even though, in general, the: load was higher in the latter. In all tests, the creep 

settlement increased rapidly with time right aRer loading. The strain due to creep over the 

first 24 hours of loading was about 15% for unconstrained samples and about 2% for 

constrained samples. 

Figure 4.6 shows the variation of the creep strain with time past 24 hours for the 

constrained and unconstrained tests. In general, creep strain in the unconstrained test was 

more than that for the constrained test. A pronounced decrease in strain-rate over the first 

few days is seen for both constrained and unconstrained tests. The strain-rate decreased 

sharply with time until about 30 days dter loading, and fluctuated less with time 

thereafter. The increased rate of strain for the period from 150 to 250 days is possibly due 

to an increase in hurnidity during the summer months. A qualitatively similar increase is 

observed between 550 to 610 days. A temperature of about 20" C was kept constant over 

the entire course of'the experiment, ruling out increased temperature as the cause o f  

strain-rate fluctuations. Beyond about 250 days of loading, Fig. 4.6 indicates that the 
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Fig 4.6 Stmimi vs. time (time refasncccd to one day aftrr loading) 
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strain rates for the constrained arid unconstrained tests appear to be of the same 

magnitude, although the rate of creep is slightly less for the unconstrained case. For the 

period 300 to 550 days beyond loading, the average strain-rates for the constrained and 

unconstrained tests were about 0.0044% and 0.0087% strain per week, respectively. 

Although the difference in strain-rates for this period is large, it may not be important for 

practical purposes because both values are small. 

In Figures 4.'7 and 4.8, the logarithmic plots shown depict the variation of creep 

strain with time beyond one day of loading. A linear regression was perfoxmed, and power 

law relations are shown in the figures. The corresponding equations are: 

Fig. 4.7 (constrained): E, = 0 1 . 3 6 6 t ~ ~ " ~  

Fig. 4.8 (unconstrained): E, = 1 . 1 1  

where E, is creep strain beyond 24 hours of loading, and t i s  time in days referenced to 24 

hours after loading. It is seen that, for the 'first year of loading, the creep strain vs. time 

relation can be roughly approximated by a logarithmic relation. 

Fig. 4.9 shows the average strain-rates for 30-day intervals of loading in selected 

unconstrained and constrained tests. The first value shown is at 30 days, which 

corresponds to the average daily strain rate during the period from 1 to 30 days after 

loading. The next value is at 60 days, which corresponds to the average daily strain rate 
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during the period from 30 to 60 days; after loading. The subsequent values are for similar 

30-day intervals. Using a power law relation, a “best fit” line was approximated using a 

least-squares technique for the period from 30 to 630 days. The resulting equations are: 

Constrained ti = 12.06t-1.08 

Unconstrained & = 1.43t-3.’7 
(4.3) 

(4.4) 

where E is the strain rate and t is time in days. The average strain-rate for the period from 

60 to 630 days beyond loading was found to be 0.033% per week in the unconstrained 

creep test. In the constrained creep test, the average strain-rate for the same period was 

0.02% per week. The average strain-rates for the period from 330 to 360 days beyond 

loading were 0.012% and 0.0093% per weelk for the unconsdrained and constrained tests, 

respectively. This shows that creep was still occurring after a year of loading. 

APPLICATION OF RESULTS 

To illustrate the effect of creep on fill settlement, a fictitious but representative 

embankment can be considered, Fig. 4.10. In the middle and near the edge of the 

embankment, the material is assumed to behave like that in constrained and unconstrained 

creep tests, respectively. The stress of 83 Wa  applied in the constrained tests corresponds 

to 3.2 m of soil over a 4.4 m layer of shredded tires in the middle of the embankment. Arn 

estimate of the creep settlement of tlhe shredded tire layer at this location of the f iU can be 

made by assuming that the measuredl average strain-rate is xelated to stress by 
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& =  Born  (4.5) 

where i is the strain rate for the period from 60 to 630 days beyond loading, B and m are 

constants, and (T is vertical stress. The vertical stress is approximated by Eq. (3. l), where 

stress varies linearly with depth withun a layer of shredded tires, as depicted in Fig. 4.10 

With the average value of strain rate (0.02% straidweek) at the bottom of the 4.4 m 

shredded tire layer corresponding to a stress of 83 kPa, and by assuming a value for the 

constant m in Eq. (4 5) ,  the constani B is found. For instance, for m = 0.5, B = 0.00219, 

and for m = 1.0, B =- 0.00024. Since the stress is assumed to vary linearly with depth, an 

average strain rate for the shredded tire layer, e m ,  can be found by 

or 

m i l  m+l B (T, - U t  - E, -- 
m + l  o,,--~, 

(4.6) 

(4-7) 

where ot and o h  are the vertical stresses at the top and bottom of the shredded tire layer, 

respectively. In the center of the fi#l, at = 63 kPa (9.1psi) and ob = 83 kPa (12psi). In 

Figure 4.1 1, strain rates calculated according to (4.5) are plotted as a fimction of stress for 

m = 0.5 and m = 1. If the average strain rate calculated in (4.7) is used for the whole 
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shredded tire layer, the settlement due to creep in the middle: of the e m b h e n t  is 4.02 

cdyear (1.6 idyear) form = 1, and 4 .3  cdyear (1.7 idyear) form = 0.5. 

A similar calculation can be made for material near the edge of the embankment 

shown in Fig. 4.10, where the stress at the bottom of the shredded tires layer is 50 kPa as 

in the unconstrained test. The constarit B in (4.5) is found as Ed = 0.00467 for m = 0.5 and. 

B = 0.00066 for m = 1 using a stress of 50 MPa and a corresponding strain rate of 0.033% 

per week. With at = 29 kPa (4.2psi) and 01, = 50 kPa (7.2psi), the average strain rate 

calculated fiom (4.7) is used for the whole layer of shredded tires. The settlement due to 

M 
B 
Ot 

(sb 

& a" 

creep near the edge of the embankment is calculated as 5.9 cdyear (2.3 idyear) for m = 

1, and 6.7 cdyear (2.63 idyear) for m = 0.5. Even though these calculations are 

approximate, they demonstrate the order of magnitude of cIeep settlements of shredded 

tire fills. These calcullations have been summ;arized in table 4.2. 

1 
0.00066 

63 KPa 29 KPa 
83 KPa 50 KPa 

0.5 
0.0021 9 

4.3 cm/yr (1.7 

Table 4.2. Application of Results Summary 

One year creep results are presented in Heimdahl and Drescher, 1998. 





CHAPTER 5 

ANISOTROIPY EXPERIMENTS 

INTRODUCTION 

In most road constructions utilizing shredded tire pieces, the material i s  brought in 

place by hauling tracks and dumped freely. This produces a more or less random and 

loose structure of the material. The action of compacting equipment, e.g., a bulldozer, 

causes the shredded tire pieces to rearrimge, leaving most of them aligned horizontally. 

This is clearly visible when large shredded tire pieces are used, and results in a layered 

structure of the fill. 

With the increase of the thickness of the shredded tire fill, or with the covering of 

the fill by a thick layer of soil, the resulting high overburden pressure may cause the 

originally curved large pieces to flatten. Figure 5.1 demonstrates this schematically. The 

two unloaded pieces are like opposing arches, with facing concave surfaces. Once 

weights are applied, the arches nearly collapse, and two flat layers result. This effect 

enhances the formation of the layered sitructure discussed above. In a fill, shredded tire 

material that is subject to overburden stress forms layers that are not necessarily 

horizontal, but slightly inclined, with curved or s-shaped pieces, as shown in Fig. 5.2. 

However, due to the random orientation of the pieces, the bulk material behaves as if it 

were comprised of horizontal layers. 

Materials that are layered tend to display different load response in different 

directions. For example, plywood has several layers of wood pressed together with 

alternating directions of wood grain between layers, Fig. 5.3. A close view of a layered 

material is shown in Fig. 5.4, The stiffness through the layers (2-direction) is different 
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Fig. 5.1. Flattening of shredded tire pieces 
a) before loading 
b) after loading 

Fig. 5.2. Overlapping layers in shredded tire material 
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. than the stiffness in directions parallel to the qy-plane. In compacted shredded tire 

material, the overlapping layers may produce a similar effect. A material with different 

response in different directions is tenmed anisotropic, as opposed to isotropic for 

materials whose response is the same in all directions. A particular type of anisotropy 

relevant for the shredded tire fill is termed transverse isotropy: in all directions parallel to 

a plane the response is the same, and in all other directions it is different. 

In the design of roads, shredded tire material is currently modeled as isotropic. 

This assumption may lead to errors in calculating settlements of roads with fills 

displaying layered structures. As no data are available regarding the anisotropic 

properties of compacted and stressed shredded tires, no assessment can be made as to the 

magnitude of these errors. Thus, exploratory laboratory experiments on samples of . 

shredded tires were conducted in this project with the aim of investigating the response to 

load in two directions: parallel and peipendicular to the direction of compaction. The 

tests were carried out in ii novel testing apparatus termed the biaxial apparatus. 

TESTING APPARATUS 

Principle of Biaxial Apparatus 

If a uniaxial compression test is performed on a shredded tire sample, measuring 

the lateral displacement in a direction with no confinement is' problematic. The 

irregularity of the exposed surfaces makes it dlifficult to establish a refereince plane or 

point fiom which to determine displacements. Thus, true strains cannot be found, and it i s  

necessary to find another means by which the elastic parameters can be found. 

Experiments in which rigid lateral confinement i s  provided allow for the measurement of 
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force in directions opposite to loading. Thus, corresponding normal stresses may be 

determined for a sample of known dimensions. Also, displacements in the confining 

directions may be measured and strains may be calculated accordingly. Suitable for 

compression tests on shredded tire material, tests performed with the biaxial apparatus 

involve the confinement of at least four sides of a six-sided prismatic test sample. 

The biaxial apparatus developed For this project is designed to apply compression 

to a shredded tire sample in two perpendicular directions. Measurements of force and 

displacement in these two directions are possible. By initially compacting a shredded tire 

sample in one direction and by applying subsequent forces in both directions, compaction 

and in-situ stresses as well as stress changes in the shredded tire material can be 

simulated. From forces and displacements the stresses and strains can be deduced, 

thereby allowing for the examination of the anisotropy that may exist in shredded tire 

material. 

Figure 5.5 show!j a schematic s f  the biaxial apparatus. A prismatic sample of 

shredded tires is confined by six rigid walls, four of which are shown in the figure. The 

two remaining walls not represented in €ig. 5.5 are parallel to tht: plane of the page. Two 

of the four walls shown in Fig. 5.5 (3 and 4) and the two walls parallel to the page are 

fixed, whereas the two remaining walls (1 and 2)  can move horizontally and vertically, 

respectively. If no fiction exists between the sample and the walls, biaxial or one- 

dimensional compression can be induced in the material, with the directions of principal 

stresses and strains fixed in space. When the two walls parallel to the page are removed, a 

plane-stress condition is induced. 
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Fig. 5.5. Schematic of Biaxiai Apparatus 



Design of the Biaxial Apparatus 

In Fig. 5.6, the biaxial apparatus is depicted. The frame of the apparatus consists 

of four walls constructed from 10 or 11 steel bars which are 13'70 mm (54 in.) long and 

12.5 mm by 50 mm (0.5 in. by 2 in.) in cross-section. In each wall, the bars are parallel 

and separated by washers and the adjacent bars of perpendicular walls. producing gaps 

slightly wider than the thickness of the Ims, Fig: 5.7a; the resulting arrangement can be 

termed bar/gap-stacked. 'The bars are connected by tie rods and bolted threaded rods. and 

the comers of the frame are stiffened by steel tniss-like struts. 'The outside dimensions of 

the rectangular frame with supporting legs are 1370 mm (54 in) in width '760 mm (30 

in.)in depth, and 1830 m n  (72 in.) in height. 

The frame of the apparatus provides support for the two moving walls: one 

horizontal and one vertical. These are made of the same long steel bars as the frame, 

badgap-stacked by spacers and washers, and tied by rods and bolts, Fig. 5.7b. The 

alternating badgap arrangement of bars allows for the walls tco move independently in 

two directions. with no interference with the frame walls, Fig. 5.8. The two moving walls 

are guided by THK SR-30W linear glides that move on stainless steel tracks attached to 

the frame, Fig. 5.6. The vertically moving wall is raised and lowered by winches, which 

have cables attached to either end of the wall. 

A prismatic sample of shredded tires of approximate dimensions 330 mm (13 in.) 

in height, 370 mm (14.5 in.) in width, and 300 rrm (12.0 in.) in depth, is placed inside the 

space created by two of the fixed walls of the frame and the two moving walls. Samples 

can be compacted to as :small as 190 mnn (7.5 in.) in height and 230 mm (9 in) in width. 

The material may be confined on the remaining two sides by two 13 mm- (0.50 in.-) thick 
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Fig. 5.6. Biaxial Apparatus Schematic 
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Fig. 5.7. Badgap-stacked arrangement 
. a) corner of frame 

b) intersection of moving walls 
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Fig. 5.8. Badgap-stacked arrangement: intersection of moving walls and frame 
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solid steel plates that are 610 mm (24 in.) square. These two plates are connected to each 

other by four threaded steel rods, three of which are supported by the main framework; to 

produce a plane-stress condition, the plates can be removed. The vertically moving wall 

is in contact with shredded tires only over 330 mm (13 in.) of its length. To 

counterbalance possible moment due to 1 he wall weight, an upward force is applied at the 

unsupported end by means of a cable that runs through a pulley and is attached to a 

hanging dead weight. 

The horizontal and vertical compressive forces are induced by means of 34 kN 

(7600 lb.) capacity hydraulic jacks attached to the each moving wall and the frame. The 

location of the jacks is approximately half-width and half-height of the prismatic sample, 

and their maximum travel is 200 mm ((8 in.). Hoses connect each hydraulic jack to a 

pump, which is operated manually. Force on the hydraulic jacks is obtained by 

converting pressure readings of the hydraulic fluid into calibrated load. Fluid pressure is 

indicated by dial gages. The jacks were calibrated using an MTS-858 Table Top System 

load frame. 

The displacement of each wall is measured by dial-face calipers, with the 

accuracy of M.025 mi (M.001 in.). The jaws of each caliper are attached to two 

separate brackets, which run adjacent. to the hydraulic jacks and are connected to the 

frame and moving wall. 

Gage pressure and caliper displacement readings were both taken manually. 
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MATERIAL AND TEST PROGRAM 

The anisotropy tests were conducted on the 200-mm shredded tire pieces. It was 

expected that the larger pieces would display the most prominent anisotropic properties. 

To minimize friction between the pieces and the walls of the biaxial apparatus, all 

walls were lubricated before preparing a sample. ARer the vertically moving wall was 

raised and held by winch cables to provide clearance, the material for testing was placed 

in the space created by the five remaining walls. To simulate conditions of fill material, 

the pieces were arranged with alternating curvature, Fig. 5.9. For plane stress tests, the 

rigid square plates were removed. and the material was stacked in the space created by 

the three remaining walls. 

In order to compare the performance of the apparatus in the vertical and 

horizontal loading directions, the pieces were oriented in either horizontal or vertical 

layers. For tests with vertically oriented1 pieces, the piece; were initially stacked in 

horizontal layers in a metal enclosure outside the apparatus. The metal encllosure was 

turned on its side, placed in the test space of the apparatus, and removed from the sample, 

leaving vertically oriented pieces in the test space. For tests on both vertically- and 

horizontally-oriented pieces, the vertically moving wall was lowered by the winches until 

it came in contact with the shredded tires. 

To simulate the in-situ compaction of the shredded tire material, all samples were 

frrst appropriately compacted. For vertical compaction, the weight of the vertically 

moving wall was allowed to bear on the sample immediately, and the required 

compaction load was applied in three loadinglunloading cycles. Far horizontal 

compaction, the vertically moving wall was held by the winch cablles. As in the vertical 
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Fig. 5.9. Stacking shredded tire pieces with alternate curvature 
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compaction tests, load that simulated compaction was thtm applied in three 

loading/unloading cycles, but in the horizointal direction. 

Upon completion of'tke compactiori sequence, overburden pressure was simulated 

by applying load in the horizontal and vertical directions simultaneously until desired 

stresses were achieved. During this time, in tests with horizontal compaction, the 

vertically moving wall was released to aid in the application of vertical stress. 

From one-dimensional compression tests performed on shredded tire material by 

Humphrey and Sandford (1993) and Newcomb and Drescher (1994), it was found that 

horizontal stress, oh , that develops as a result of vertical stress, CT, , can be approximated 

by 

where K is the coefficient of lateral earth pressure and has experimental values between 

0.4 and 0.6. This relation was used to determine the level of horizontal stress for a given 

vertical stress. 

Once simulated overburden stress was attained, additional load was applied 

alternately in the vertical and horizontal directions to cause incremental changes in stress. 

From stress-strain curves of Chapter 3 (e.g., Fig. 3.7), it is evident that the material 

response in the reloading region of repeated load tests is different than that in the virgin 

loading region. In actual fills, shredded tire material subject to traffic loads can be 

expected to display similar behavior, assuming a lhistory of loads due to construction and 

traffic. Therefore, in the anisotropy tests, the shredded tire sample was first subject to 
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stress increments corresponding to virgiin loading above overburden stress. This virgin 

loading was applied simultaneously in the vertical and horizontal directions, and the 

material experienced stress levels that were slightly above anticipated reloading stress 

levels. Upon unloading from the virgin loading stress to overburden stress, the tested 

material was assumed to be similar in terms of load response 10 in situ material with no 

traffic load placed upon it. Subsequent load increments were then applied to the shredded 

tire samples in the vertical and horizontal directions alternately, with stress levels such 

that the material was always within the reloading region. 

Figure 5.10 depicts the target stress path for a test with horizontally aligned pieces 

(vertical compaction). The three cycles of vertical compaction shown are followed by an 

increase in stress corresponding to overburden stress. In this case., vertical stress is 52 kPa 

(7.5 psi) and horizontal stress is 24 kP’a (3.5 psi) at simulated overburden stress. The 

virgin loading above the overburden stress is alpplied to both directions simultaneously, 

and an unloading to the overburden stress follows. Load is then applied in the vertical 

direction and a vertical stress increment results. Following a decrease in the vertical load 

to the simulated overburden stress level, load is applied in the horizontal direction such 

that the resulting horizontal stress incxement is equal in magnitude ta the previous 

vertical stress increment. The load in the horizontal direction is decreased to the 

overburden stress level, and the alternation of vertical and horizontal stress increments is 

repeated several times. The magnitude of stress increments is increased periodically, and 

increased virgin loading is applied accordingly. 

In most tests, simulated overburden stress in the direction of compaction was 

about 52 kPa (7.5 psi). This corresponds to stress in the middle of a 3.6-m (1 1.8-fi.) layer 
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of shredded tires, which is overlain by a 2.2 m (7.2 ft.) layer of soil (Fig. 3.3). For 

comparison, a test was mnducted at a lower level of overburden stress, where stress in 

the direction of compaction was about 2:l @a (3.0 psi). This corresponds to stress in the 

middle of a 1.2-m (3.9-ft.) layer of shredded tires, which is covered by a 0 92-m (3-ft.) 

layer of soil. Stress increments in tests ranged from 21 to 48 H a  (3.0 to 7.0 psi). 

The test matrix, Table 5.1, presents typical tests that were conducted in the 

investigation of shredded tire material anisotropy. 

. TESTRESULTS 

Data Evaluation 

Gage pressure and caliper displacement readings were collected for the vertical 

and horizontal directions. Using pressure gage readings, the vertical and horizontal forces 

applied by the jacks, F, and Fh, respectively, are calculated by 

where p. and p are vertical and horizointal gage pressure, and C, and Ch are calibration 

constants for the jacks corresponding to the ventical and horizontal directions of loading, 

respectively. The depth dimension of the sample is assumed constant (x-direction in Fig. 

5.4) since it depends on the size of the walls and fiame, which do not change. The height, 

h, and width, w, of the simple measured in the z- and y-directions, respectively, are given 

by 
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Table 5.1. Biaxjal LoadingNnloading Test Matr ix 

Test # Type of Test Honrontal VrnlC3I Stfcul Number of 
Stress level Stress lwei Increments TCSU 
kPa (psi) kPa @si) kPa (psi) Performed 

1 Plane stress 24.1 (3.5) 51.7 ('4 5) 20 7 to 48.3 8 
(3 to 7) 

2. Plane suess 11.0 (1.6) 24.1 (3.5) 20.7 to 48.3 1 
(3 to 7) 

3 One-dimensiod 11.0 (1.6) 24.1 (3.5) 20.7 to 48.3 1 
constrained (3 to 7) 
compression . 

4 One-dimenst o d  144.8 (21.0) 2 
constrained 
mmptession 
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h = h , + A h  
w = W, +Aw (5.3) 

where ho and wo are the initial height and width of the sample upon contact of the vertical 

wall with the sample, and Ah and Aw are the changes in the height and width of the 

sample, respectively. Using the dimensions of the sample, contact areas of the prismatic 

sample with the walls are given by 

A , = w d  
Ah = h d  (5.4) 

where d is the depth dimension, and .A, and & correspond to contact areas of the 

vertically and horizontally moving walls, respectively, 

The average vertical stress, cfv, aind average horizontal shress, oh ,  on the sample 

are calculated fiom 

F, +F,, +F, 
cJv = .  

A" 
Fh (T =- 
A h  

h 

(5.5) 

where F,, is the estimated force due to the weight of the vertically moving wall, and F, 

is the resultant force at the midheight of the sample due to the small self-weight of the 

shredded tire material. Knowing the weight of the wall and the force acting in the cable 
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attached to the hanging counterbalance dead weight, F,, could be determined. F, was 

estimated using a bulk unit weight of 4.7 kN/m3 (30 lbs/ft3). 

The corresponding average vertical strain, E,, and average horizontal strain, &h, are 

calculated as 

Aw 

WO 

=-- 
h 

( 5 6 )  

For the purpose of determining parameters that reveal the level of anisotropy in 

layered shredded tire material, linear elasticity i s  assumed. Thus, material parameters are 

assumed to be constant for small increases in stress and strain even though they are most 

likely varying with changes in stress for shredded tire material. Also, in actual tests, load 

was applied in both the y- and z-directions at a rate of about 0.5 kN/sec., meaning 

incremental loads above the overburden stress were applied over a period of 5-10 

seconds. Due to the fiist loading rate, the effects of time dependent settlement were 

assumed to be negligible. 

Under the assuinptions of linear elasticity and time independent settlement, the 

Hooke’s law equations for an anisotropic-transversely isotropic material are 
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1 V V’ 

v 1 V‘ 

E E .. E’ 
E ,  - --- ffn +-ffT, ---Gn -. 

V’ V‘ 1 
ow +--on 

E’ - -  IE’ 
2(1+ v) 1 1 

T v ,  Y, =-z,7 Y, =--T Y, = E G’ cG’ yz 

where, in reference to Fig. 5.4, E , ,  E,? and &,are normal strains, oTT7 and on are _ _  

normal stresses, yxy , y, ~ and y, are engineering shear strains, a;, , z, , and T, are shear 

stresses, and E, E’, v, v‘, and G’ are material parameters. (Lekhnitskii, 198 1). 

Four of the five independent maierial parameters in (5.7) are obtainable in tests 

with the biaxial apparatus. Two of these parameters are the Young‘s modulus E and 

Poisson’s ratio v in the x,y-plane of isotropy, Fig. 5.4, and two are the Young’s modulus 

E’ and Poisson’s ratio v’ in planes perpendicular to the x,y-plane. The fifth parameter is 

the shear modulus, G ,  which relates shear stresses and strains in planes perpendicular to 

the x,y-plane. The determination of this modulus requires sophisticated torsion tests, 

which cannot be performed with the biaxial apparatus. 

In Section 5.2, it was mentioned that the biaxial apparatus had large plates that 

provided confinement in the x-direction. These plates are removable to give freedom in 

the choice of 4 sides or 6 sides of rigid confinement. ‘To find the parameters 

E, E‘, v, and v’ using the biaxial apparatus, two types of tests were performed on the 

shredded tire samples: a) tests with the ]plates removed (plane stress) and b) tests with the 

plates attached. 

In tests with the plates removed, the plane stress condition results. Confinement is 
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present in both the y- and z-directions and the material is free to move in the x-direction. 

In the plane stress condition, with unidirectional stress applied in the z-direction, (5.7b) 

and (5 .7~)  become, for incremental stresses and strains, 

where the superscript z denotes loading in the z-direction of compaction. For loading in 

the y-direction, (5.7b) and (5 .7~)  become 

where the superscript y denotes loading in the y-direction. 

From (5.8b) and (5.9b), E’ may be: expressed as 

Equating (5.1 Oa) and (5.1 Ob) and solving for v’ 

(5.9) 

(5.10) 
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( 5 .  :I 1) 

Then, by inserting the value for v’ from (5.11) into (5.10a) or (5.1Ob), E’may be 

obtained. From (5.8a), E imay be expressed as 

E =  
V’ 

E’ 
dEk + -do: 

(5.12) 

In the other type of tests, with the plates in place, confinement is present in the x-, 

y- and z-directions. If no movements are allowed in the x or y-directions, one- 

dimensional compression in the z-direction can be performed. In this condition, with 

axial load applied in the z-direction, the incremental normal stresses in the x,y-plane are 

equal, or do, = do,. Eq. (5.7b) becomes, for incremental stresses and strains, 

. 

1-v V’  
dcn =---do, - y d o ,  = O  

E E 

which can be written as 

Ev’ doz v = I---- 
E’ do, 

(5.13) 

(5.14) 
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In actual tests, once the simulated overburden stress was reached and the virgin 

loading was performed, load was applied alternately in the directions parallel and 

perpendicular to the direction of compaction. Measurements of displacement and force 

were obtained for the y- and z-directions. Knowing the dimensions o f  the sample, stress 

and strain changes were calculated. Eqs. (5.10), (5.1 l), (5.12), and (5.14) were then used 

to estimate the material parameters E’, v’, E , and v , respectively. 

Eixperimental Anisotropic Parameters 

Fig. 5.11 shows the actual stepwise vertical and horizontal stress paths for a 

typical plane stress test with compaction in the vertical direction; each step represents a 

loading or unloading. At overburden stress, verticad and horizontal stresses were about 52 

kPa (7.5 psi) and 24 kPa (:3.5 psi), respectively. The stress increments ranged from about 

20.7 to 48.3 kPa (3 to 7 psi). 

The stress-strain relationships for Ibe same test are shown in Figs. 5.1% and 5.13 

for the vertical and horizontal directions, respectively. 

In Fig. 5.14, the variation of vertical and horizontal stresses is depicted for the 

above test. Three stress increments of varying ma.gnitude with subsequent unloading are 

shown for loading in both $he vertical and horizontal directions. This graph demonstrates 

that the response in the horizontal direction to load in the vertical direction is greater than 

the response in the vertical direction to load in the horizontal direction. 

Typical values of the elastic parameters from tests are E = 5.86 MPa (849 psi), 

E‘= 2.19 MPa (318 psi), and v’= 0.1 1, Table 5.2. It is evident that the Young’s modulus 

in the horizontal direction, E, is about 2.5 to 3 times more than the value for the vertical 
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Table 5.2. Experimental Anisotropic Parameters 

V e m d  Young's Modulus E 5 9 W a  (850 psi) 
Hor~ratltll Young's M O ~ U ~ U S  E 2.2 MPa (320 psi) 
Vemd Poisson's Ran10 V' 0.11 
Hontontal Poisson's Rat10 V 0.1 to 0.45 

Shear Modulus G' Un&urnablC 

I l l  



direction, E' . This indicates strong anisotropy. The calculated value of the in-plane 

Poisson's ratio, v, in Eq. (5.11) is extreimely sensitive to experimental error. For this 

reason, the values ranged widely, and a distinct value was not found. 

Isotropic Parameters 

In general, a body consisting of layers with different material properties, as in Fig. 

5.4 is anisotropic. If shredded tire material( is structured this way, it can be modeled as an 

anisotropic-transversely isotropic material. Five elastic parameters are necessary to h l ly  

describe the stress-strain relationships, as expressed in Eqs (5.7). However, in 

considering the response of shredded tires to load, it is customary to assume the material 

to be isotropic. In other words, the actual anisotropic properties of the material are 

disregarded and the material is treated as purely isotropic. Under this assumption, stress- 

strain relations are given by the generalized Hooke's law equations for a linearly elastic 

isotropic material as follows 

- 1 "i Vi 
Ei % -- Ei OZz 

E, - -Gxx -- 

on +-ow --- 0, E, Ei Ei E; 
Vi Vi 1 

E, =---om ----ow +---(I, 
Ei Ei E, 

=,7 y,=. 
Ei Ei 

Y, = 

Ei 
1 Vi - Vi 

2(1 -t- Vi) 2(1+ Vi) 2(1+ Vi) 
o,, y,=-- =, IE 

(5.15) 

where the isotropic Young's modulus, E,, and isotropic Poisson's ratio, vi are the only 

independent parameters (L,ekhnitskii, 198'1). 
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In past research, estimates for Ei and vi were most often obtained using results 

from one-dimensional compression tests in which shredded tire material is placed in a 

cylindrical mold, with confinement in the qy-plane, and loaded in the z-direction. The 

parameters E, and vi were derived from the measurements of axial strains, axial 

stresses, and hoop stresses (Manion arid Humphrey, 1992; Newcomb and Drescher, 

1994). By combining the Hooke’s law equations in (5.7) and (5.15), Ei and vi can be 

derived as hnctions of E,E’,v,andv’ for a one-dimensional compression in the z- 

direction as follows. 

Considering cxx = 0 and (I= = < T ~  in Eq. (5.1 5a), Vi becomes 

Eq. (5.15~) becomes 

(5.16) 

(5.17) 

By solving (5.7a) for crzz and substituting the expression into (5.16), the following 

equation results 

Ev’ 
Ev’ + E’(1- v) 

v. = (5.18) 

Upon solving (5.7~)  for 

equation for v; in (5.18), the following relation may be formulated 

and substituting the expression into (5.17) along with the 
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(5.19) 

To illustrate the dependence of the values of Ei and vi on the tesq used to obtain them 

other tests may be considered. For uniaxial compression in the z-direction 

Ei =E’ 

v; =v’ 

and for uniaxial compressian in the y-direction 

Ei =E’ 

v; = v f  

(5 .. 18) 

(5 .. 19) 

(5 “20) 

(5.211) 

As shown by the above equations, significantly different values of Ei and vi are 

obtained fi-om different tests. 

Using the parameters E’,v’,andE obtained fi-om tests, and by assuming 

reasonable values for v, (5.18) and (5.19) ,are used to express fictitious values ffor Ei and .. 

vi correspond to values obtained by performing a one-dimensional compression test. 

‘ihese are summarized in Table 5.3 for several values of v. 
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Table 5.3. Elastic Constants 

E \I' E - 
0.11 5 86 MPa h s o t r o p i c  Mltcnal, Mevured 

2.19 MPa 

Isuropicpvvnczm 
Valueof I Eqr. (5.18. 5.19) 

am! - 

0.35 
0.4 
0.45 

E, W a )  "i - 
1 98 0 25 
I 95 0 26 
I91 0 27 
1.87 0 28 
1.81 0 30 
1.7s 0.3 1 
1.66 0 33 
1.56 0.35 
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APPLICATION OF RESUILTS 

To evaluate the difference in settlements of fills for shredded tire material 

regarded as either isotropic or anisotropic, two test cases were considered. The first case 

is a layer of shredded tires 3.0 ni (9.8 ft.) thick overlying a soft soil, which is subjected to 

surface stresses (tractions) simulating a single-axle load, Fig. 5.15a. The layered system 

in this case is similar to a shredded tire fill under construction before the placement of an 

overlay, with low-volume traffic loading. The second case, shown in Fig. 5.15b, is a 

multilayered pavement system in which a 0.1 m (3.9 in.) thick asphalt concrete layer and 

an underlying 1.0 m (3 .3  ft.) layer of soil are placed on top of the 3.0 m shredded tire 

layer and layer of soft soil in the first case:. This case may be considered as a completed 

road subjected to low-voluime traffic loading. The single-axle load that is assumed to act 

on the surface of the road is represented in calculations by a uniform pressure of 566 KPa 

(82 psi) acting over a circular area 750 mm (30 in.) in diameter. 

I 

The numerical code CIRCLY (Wardle, 1976) was used to calculate settlements 

for the above cases. This code has been developed specifically for modeling the response 

. of multilayered isotropic and anisotropic elastic systems to static traffic-related loads. 

Two sets of anisotropic material parameters for the shredded tire fill that were selected in 

each of  the two study-cases used in the numerical analysis, as shown .in Table 5.4. The 

first set comprises E‘,v’,alndE measured in the tests, two chosen values of v, and two 

values of G’ selected as follows. The isotropic parameters corresponding to measured 

anisotropic parameters (Table 5.3) can be used to find an isotropic shear modulus, G i ,  

using 



b) 

p ala. ,-- asphalt concrete, 0.1 m thick 

-. - .  ......................... . -__ __. ........ :.. ..... soft !soil ...... ----;.. ........... ....... .... -. 
. " ..- ........ __ _, c . _ _  _ _ _ _  - .. , -. ,'' ..... 

.......... ....._. . - _ _  . . . . . . . . . . . . . . . . .  .. ....... ...... . .--.. . ._ ~ 

* .__  ..... ..- .... - *  ...... _,., .. . . .  

_ _ _  ...... --. .... . . . . . . . . . . . . . .  - 
. ~ _,... ... .~ .. 

-.__ ........ 
.. ...... 

Fig. 5.15. Test-cases 
a. 2-layer system 
b. 4-1 ayer system 
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Table 5.4. Materid and Layer Chrrrcteristics for Study Calm 

Set 1. Meuunid E. E. v ' ,  assumed v aad G" 
E (Mp8) E' (MPN VI G' Wa) 

a. v = O . l S . G ' = O . S G ,  J.86 2.19 0.11 0.387 

b. v * 0.1s. G' I 1.5 Gj ' 5.86 2.19 0.11 1.162 
C. v a 0.35, G = 0.S Gj 5.86 2.19 0.11 0.333 

d. v 0.35. G' = 1.!1 Gi 5.86 2.19 0.1 1 0.998 

sdt 2. Reduced E. E. YE', muuurod v', a s s d  v and G 
E (MPd E W W  V'  G (MPa) 

a. ~ 3 0 . 1 5 ,  G ' = O . ! !  G, 1.6 0.8 0 11 0 l S 7 .  
b. v = O . l S , G ' = l . d G ,  1.6 0 8  0 11 0 172 
c. v 3 0 35, G = 0.11 G, 11.6 0.8 0.11 0 143 

6 v 1 O X 0  G' = 1.5 G, 1.6 0.8 0 11 0 429 
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- E: tii = 
2(1+ Vi) 

(5 22)  

which can be considered as a rough (estimate of the anisotropic out-of-plane shear 

modulus, G’ . The selected values of (3‘ correspond to values +50% of the isotropic 

shear modulus fiom (5.22). In the second set of anisotropic parameters used for analysis, 

the values of the in-plane and out-of-plane moduli were reduced as was their ratio, and 

the values of G’ were aidjusted according to (5.22), but the Poisson’s ratios were the 

same as in the first set. These reduced vallues were chosen as more representative of those 

found in a real shredded tire fill, where the placement of the pieces is more random than 

in the biaxial tests conducted, in which the layered structure was deliberately enhanced 

by manually stacking the pieces. The two sets of parameters, along with relevant 

isotropic shear moduli, are shown in Table 5.4. All other layers in the systems shown in 

Fig. 5.15 were assumed to be isotropic elastic, with the corresponding parameters also 

listed in Table 5.4. 

Computations of settlements at tlhe center of the loaded area were performed for 

the above layered systems, and the results are presented in Table 5.5. It i s  evident that 

Young’s moduli have the greatest effect on settlements. Settlements are increased by 

reducing the values of E’ and E ,  whereas changing the value of v had less effect on 

settlements. The influence of G’ on settlements in case-two (4- layer case), is relatively 

small, but in case-one (%-layer case), itis significance warrants hrther study. To better 

evaluate the sensitivity of  settlements to the out-of-plane shear modulus, computations 
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Table 5.5. Results o f  Settlement Analysis, Anisotropic Material 

set la. 
Set Ib. 
set Ic. 
Set Id. 
Set 2a. 
Set 2b. 
set 2c. 
Set 2d 

2-Laya system 
EWPa) E ( M P a )  V 8  V G Wa) 
5.86 2.19 0.11 0 .15  0.387 
5.86 2.19 0.11 0.15 1.162 
5.86 2.19 0.11 0.35 0.333 
5.86 2.19 0.11 0.35 0.998 
1.6 0.8 0.11 0.15 0.157 
1.6 0.8 0.11 0. I5 0.472 
1.6 0.8 0.11 0.3s 0.143 
1.6 0.8 0.11 0.3s 0.429 

Sdement ~ m m )  
a7 1 
62.8 
88.6 
64.9 
239 
172 
240 
173 

6-Laya Syscm 

Set la 5.86 2.19 0.11 0.15 0.387 2.02 

set- 1 c. 5.86 2.19 0.11 0.35 0.333 2.04 
Set Id. 5.86 2.19 0.11 0.35 0.998 1.89 
set 21. 1.6 0.8 0.11 0.15 0.157 2.78 
Set 2b. 1.6 0.8 0.11 (1.15 0.472 2.63 
Set 2c. 1.6 0.8 0.11 0.35 0.143 2.78 
Set 2d 1.6 0.8 0.11 0.3s 0.429 2.64 

V' V G (MPa) Settlement (mm) 
I - E(MPa) FWa)  

Set lb. 5.86 2.19 0.11 0.15 1.162 I .a6 
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were repeated for a wide range of G' and two values of vfor the second set of 

parameters (reduced values) in the 2-layer case. The results are depicted in Fig. 5.16, and 

this plot indicates that for G' within S O %  of the corresponding isotropic shear modulus, 

settlements differ by at most +12% from the settlement for G' = (3;. 

To assess the validity of the customary settlement analysis of shredded tire fills in 

which the shredded tire rnaterial is modeled as isotropic elastic, computations similar to 

those above were performed using the code CIRCLY, but isotropic parameters were used. 

The isotropic parameters E, and vi oorresponding to the above selected anisotropic 

parameters for case-one and case-two were calculated according to (5.18) and (5.19), and 

are listed in Table 5.6 with the resulting computed settlements. These Settlements may be 

compared with those in 'Table 5.5.  A hrther comparison of settlements is illustrated by 

Fig. 5.17, which depicts the isolines of vertical displacement fox the anisotropic fill and 

the fill considered as isotropic for the 4-layer case using experimental parameters. Table 

5 .5 ,  Table 5.6, and Fig. 5.17 indicate that Young's modulus in the vertical direction has a 

direct effect on settlements. Also, the maximum and minimum settlemerits are 31% 

larger and 13% smaller than those calculated assuming the fill to be isotropic in the 2- 

layer case, and 7.4% larger and 1.8% smaller in the 4-layer case. Ifthe design criteria in 

road construction are based on the maxirnum settlement allowed, the only unsafe estimate 

is one in which settlemeint for an isotropic fill is less than settlement for a corresponding 

anisotropic fill. If this is true, using the iisotropic: fill results in an unconservative estimate 

for maximum settlement. If maximum settlemeint is greater for the isotropic fill, then the 

estimate is conservative when compared to the settlement for the anisotropic fill. The 

settlements of the isotropic fill in the 2-layer case are at most 13% unconservative, and 
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Table 5.6. Results of Settlement Analysis, Isotropic Material 

2 -Layer System 

- E, @@a) vi Senlement (mm) 
Sets Ilaand l b  1.95 0.26 79 2 
Sets lcand Id 1.75 0.3 1 $5.2 
Sets 21 and 2b 0.76 0.2 1 208 
Sets Zc and 2d 0.72 0.2s 215 

4-Laytx Systenn 

Fq Vi Settlement (mm) -- 
Sets laand lb 1.95 0.26 1.99 
Sets lcand Id 1.75 0.3 1 2.03 
Sets 2a and 2b 0.76 0.21 2.73 
Sets 2c and 2d 0.72 0.2s 2.75 
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may be acceptable considering that no road will be constructed with an exposed layer of 

shredded tires. In the 4-layer case, the most unconservative value of settlement is 7.4% 

for the isotropic fill, and can very well be regarded as negligible for design purposes 

when measured against the error involved in the analysis. Thus, the assumption of 

isotropic elasticity in current settlement analysis of shredded tire fills seems to be 

validated for the layer cases studied. In other words, consideration of the anisotropic 

properties of material consisting of large-size pieces may be unnecessary for practical 

purposes. However, only two test cases were investigated usirig a limited number of 

parameters, and further studies should be conducted. 

A more detailed analysis of anisotropic parameters of shredded tires is given in 

Heimdahl and Drescher (1 999). 
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CHAPTER 6 

CONCLUSIONS .AND RECOMMENDATIONS 

CONCLUSIONS 

Based on the experiments that were conducted in this project and the subsequent 

analyses of results, the following conclusions can be made: 

Behavior Under Repeated Load 

1. Compression tests were conducted on small-size (50 mm (2 in.)) shredded tires. The 

confining conditions imposed in constrained and unconstrained tests were selected to 

provide lower and upper bounds to settlements of a fill, respectively. Samples were first 

compacted, and then subjected to cyclic load, with typical maximum stresses of about 

90 kPa and 130 MPa (13 and 19 psi) in the unconstrained and constrained compression 

tests, respectively. In tests on both constrained and unconstrained samples, the material 

exhibited a non-linear response ‘to load, such that the material became stiffer with 

increasing stress. 

2. Shredded tire material under constrained compression, in general, undergoes less 

plastic strain per cycle with successive load cycles, ranging from 8% strain for the first 

cycle to 0.03% strain for the 80th cycle. A similar trend i s  observed ffor the first 5 to 10 

cycles of load in unconstrained compression tests. Generally, plastic strain is less in 

tests performed on constrained samples. For load cycles 12 through 20, the average 
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plastic strain per cycle was about 6 times higher for uncoinstrained compression tests 

than that found for constrained cornpression tests. 

3. Primarily due to the effects of creelp, using a slower loading rate in repeated load tests 

will, in general, cause more strain for a given load than if a fister rate were used. 

4. The master curve for constrained compression tests, which results from eliminating the 

effect of wall friction, indicates that constrained material is stiffer than that found in 

unconstrained compression tests, where the master curve accounts for the effects of 

plate Friction. Again, these curves should provide lower and upper bounds to 

settlements of a fill for the loading range selected. 

~- Behavior Under Constant Load 

1. In creep tests, compacted samples of small-size (50 mm (2 in.)) shredded tire pieces 

were subjected to constant loading, in both constrained and unconstrained conditions 

similar to those used for the repeated load tests. Stresses in tests on unconstrained 

material ranged from 28 to 70 kPa (4.0 to 10 psi) and on constrained material ranged 

from 48 to 97 @a ('7.0 to 14 psi). Based on the results of these tests, it was determined 

that the material exhibits progressive yet sharply decreasing creep settlement with time 

in both constrained and unconstrained confining cases. 

2. The creep settlement that occurred in constrained tests averaged 0.02% strain per 

week for the period 60-630 days afker loading, which is less than that in unconstrained 

tests, where settlement averaged 0.033% per week. As in the repeated load tests, but 
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with regard to creep settlement, the results of the creep tests for the constrained and 

unconstrained tests should provide: lower amd upper bounds to settlements of a fill. 

3. By assuming a constant rate of creep for the period 60-630 days after application of 

load, settlements in the shredded tire layer of a representative embankment fill can be 

predicted. Material in the center of the embankment will settle about 4 cm (1.6 in) in 

one year, and material near the edge of the fill will settle about 6 cm (2.3 in) per year 

for a layer of shredded tires 4.4 III thick. 

Anisotropic Properties 

1. Anisotropy tests were conducted on masses of large-sizc: (200 m (8 in.)) shredded 

tire pieces in which the material was placed in overlapping layers, compacted, and 

subjected to load im two directions. Tests were performed on material under simulated 

overburden stresses of about 52 kPa (7.5 psi) parallel to the layers arid 24 kPa (3.5 psi) 

perpendicular to the layers. Stress increments ranged from 21 to 48 kPa (3.0 to 7.0 

psi). Neglecting the viscoelasticity of the material and assuming that the masses of 

shredded tires exhibit linear elastic anisotropic-transversely isotropic properties, 

material " parameters were calcullated. From these calculations, it was found that 

compacted shredded tire material exhibits mechanical arnisotropy, as evidenced by a 

horizontal modulus that is 2-3 times the vertical modulus. The in-plane and out-of- 

plane Poisson's ratios also appear to differ, but to an extent that is not discernable from 

tests. 
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2. A numerical analysis using the code CIRCLY was peiformed to compare elastic 

settlements of a fill comprised of a layer of anisotropic shredded tire material with those 

of a fill with a shredded tire layer regarded as isotropic. Two cases of fills were 

considered: a) shredded tires overlying ii soft soil layer and b) pavement and 

overburden soil situated above the shredded tires and soft soil in the first case. As a 

general observation, the vertical Young's modulus had the greatest influence on the 

settlements of fills. 

3. For the case in which pavement and soil lie above the shredded tires, it was found that 

the difference in maximum settleiments of an anisotropic fill and oine considered 

isotropic is relatively small. Results for the case in which the shredded tire layer 

surface is exposed to the applied1 load indicate that, for practical purposes, little 

difference exists between these maxhum settlements. Thu!s, $roads are designed on 

the basis of maximum settlement under single-axle traffic loads, the current assumption 

of isotropic shredded tire material aippears to be valid. 

. 
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RECOMMENDATIONS 

1. The existence of creep in shredded tire fills should be accounted for in the design of 

roads and embankments. The growth of constrained and unconstrained creep 

settlements can be approximated bly power law relationships as seen in figures 4.7 and 

4.8. In unconstrained conditions the straiins are approximately two tirnes larger than 

constrained conditions (Fig. 4.6). 

2 .  The settlement due to creep may be considered negligible after a period of two years 

subsequent to loadiig (Fig. 4.9). 

3 .  The design of roads utilizing shredded ,tire fills should follow the <:xisting elastic, 

isotropic design procedures. Tlhe anisotropic properties of the material may be 

regarded as incoinsequential in (design. Therefore, cuirentlly used layered-elastic 

computer programs such as WESILEA or ELSYMS may be used to predict settlement 

in designs incorporating shredded tire fills. 
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