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EXECUTIVE SUMMARY 
 
This report has been prepared to provide a case study of the Tarrtown Bridge Project, located in 
East Franklin Township, Armstrong County, near the town of Kittanning, Pennsylvania.  It 
describes the planning, design, construction, and post-construction performance of the tire 
shredding and bridge construction project elements.  The project represents the first use of scrap 
tires for embankment fill in a Department of Transportation (PennDOT) project in the 
Commonwealth.  Over 5,570 tons of tire-derived aggregate (TDA) were used in the two bridge 
approaches and PennDOT incorporated over 230 separate embankment and bridge instruments to 
monitor the embankment and bridge response and settlement throughout construction and post-
construction phases.  The Pennsylvania Department of Environmental Protection (PADEP) 
provided funding for this project through the Strategic Recycling Program (SRP) as it promotes 
the use of recycled materials in transportation applications.   
 
The report documents material workability and TDA production issues encountered during 
embankment construction and tire shredding activities and provides design recommendations to 
assist future designers with TDA construction.  The data collected from the specialized 
geotechnical instrumentation (total pressure cells, plate and spider magnets, thermistors, and 
piezometers) was analyzed and indicates favorable results when compared to traditional soils, 
most significantly, the reduction of resultant forces and moments on the bridge abutments when 
compared to theoretical soil values.  Numerical modeling was performed on the embankment 
performance and represents a first-of-its-kind effort to explore, understand, and validate the 
deformation mechanisms of TDA embankment using this technology.   
 
In general, TDA material has significant potential as a substitute for conventional embankment 
material.  An advantage of using TDA is the apparent cohesion which results from pieces of tire 
shreds being overlain by other TDA pieces.  The tire shreds or more specifically, exposed 
remnant steel ‘interlocks’ when placed properly, contributing to the overall cohesion.  The 
increase in internal friction and cohesion behind a bridge’s abutments and wing walls results in 
reducing the lateral force of the fill materials which is supported by the abutments and wing 
walls.  The material properties along with the increase in factors of safety on slope stability make 
TDA a favorable lightweight alternative to conventional materials. 
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Introduction 
 
This report describes the planning, design, construction, and post-construction performance of 
the Tarrtown Tire Shredding and Bridge Construction Project (Tarrtown project).  The project 
site is located along State Route (SR) 4023, Section 150, in East Franklin Township, Armstrong 
County, near the town of Kittanning, Pennsylvania and represents the first use of scrap tires for 
embankment fill in a Department of Transportation (PennDOT) project in the Commonwealth.  
Over 5,570 tons of tire-derived aggregate (TDA) were used in the two bridge approaches and 
PennDOT incorporated over 230 separate embankment and bridge instruments to monitor the 
embankment and bridge response and settlement throughout construction and post-construction 
phases.  The Bridge Location Map is provided in Figure 1.  The bridge spans a small tributary 
stream, Limestone Run, to the Allegheny River and services a high truck traffic load.  
Construction activities commenced in April 2002 and the bridge was opened in the fall of 2005; 
post construction monitoring continued through 2007.  Figure 2 shows an aerial photograph of 
the project site before construction activities, and the final SR configuration with bridge location 
is shown in Figure 3.   
 
PennDOT District 10-0 performed the planning, design, construction oversight and monitoring 
of the project.  The Pollution Prevention Section (PPS), Chief of Engineering Office, as part of 
the Strategic Recycling Program (SRP), provided technical expertise in instrumentation and 
material specification development, tire shredding quality assurance and collection and 
evaluation of the monitoring data.  The Pennsylvania Department of Environmental Protection 
(PADEP) provided funding for this project through the SRP as it promotes the use of recycled 
materials in transportation applications.   
 
Background 
 
Initial surveys and subsequent geotechnical investigations of the Tarrtown Bridge project site 
identified local soft unconsolidated soils posing a challenge for design and execution of bridge 
foundations.  To counterbalance the low soil bearing capacity and potential slope stability 
problems TDA was considered as a viable alternate embankment material.  For comparisons, 
shredded tires have a unit weight of 50 pcf while traditional fill (soil) is generally considered to 
have a unit weight of 120 pcf.  In addition to TDA being a lighter weight material, it was also 
predicted the use of this material as embankment fill could expedite construction through shorter 
bridge approach settlement time.  Further, PennDOT believes that TDA could be derived for less 
cost than conventional fill.   
 
The project involved placement of 5,570 tons of TDA, or alternatively called shredded tires, as 
embankment fill in both bridge approaches.  Approximately 557,000 scrap passenger tires were 
shredded at an ancillary site to produce TDA used in the construction.  A wide targeted approach 
was used to collect the scrap tires to execute this project, including:  tires from four community 
collection/drop off days, tires from six Pennsylvania abandoned tire piles, tires from 
Commonwealth sites under consent orders for cleanup, and other traditional sources such as tire 
dealers.  PADEP was instrumental in assisting PennDOT in the cooperative tire acquisition 
effort.  The project execution spanned several years from initial design to final construction.   
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Figure 1:  Site Location Map 
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Figure 2:  Tarrtown Bridge Site Aerial Photograph 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 3:  Tarrtown Bridge Site Plan Overview 
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Several interim reports were issued that address various aspects of the project, as listed and 
described below. 
 
Previously Submitted Project Reports 
 
The following is a summary of the reports which were previously developed and submitted to 
PennDOT for the Tarrtown Bridge Project: 
 
• Structure Foundation Investigation Report (dated February 2002 and revised 27 March, 

2002), published by A&A Consultants, Inc. 
 
• Proposed Alarm System Trigger Values Supplemental Geotechnical Analyses (dated 

October 2003), published by Apex Companies, LLC. 
 
Project Design & Participants 
 
The conceptual design for the embankment cross section of Tarrtown bridge project was a 
collaborative effort.  Engineering District 10-0 design and geotechnical staff represented the lead 
designers; they were supported by the District’s contracted bridge design consultants, A&A 
Consultants (A&A) of Pittsburgh, PA, and assisted by Apex Companies, LLC (Apex) of 
Malvern, PA.   
 
The selected design entailed using a trapezoidal embankment configuration with sloping sides.  
The tire shreds (not exceeding ten feet in thickness) were encapsulated in a geotextile fabric 
represented the central core of the trapezoid, and soil was placed on the outer slope and between 
TDA profiles.  Specifically, one layer of shredded tires was used in designated bridge 
Embankment 1(western), while two layers of this lightweight material were used in Embankment 
2 (eastern).  A&A determined that both embankment fills would require up to a combined 10,000 
cy of tire shreds which was calculated to represent approximately 750,000 scrap tires. 
   
Through the SRP, Apex had also assisted District 10-0 in the development of tire shredding 
specifications; coordination with PADEP and other parties for tire collection/deliveries; 
permitting (beneficial reuse of tires) tire shred embankment construction specifications; quality 
assurance testing, bridge instrumentation selection and installation; geotechnical modeling, and 
construction oversight.     
 
Under Apex’s SRP Contract (353R06), Dr. Dana Humphrey, Ph.D., P.E. of University of Maine 
(UMaine) of Orono, ME, a leading consultant on the civil engineering uses of scrap tires, was 
retained to provide engineering technical assistance in all phases of the project.  Dr. Joseph 
Wartman, Ph.D., P.E. of Drexel University of Philadelphia (Drexel), PA, was also retained to 
perform numerical modeling of the embankment performance.  Mr. Pierre Gouvin of Geo-
Instruments (GeoInstruments) of Narragansett, RI was the supplier of the bridge and 
embankment instrumentation and also provided technical assistance during the installation, 
startup, system maintenance, and monitoring services (data logger programming, internet web 
page development and maintenance).   
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A Beneficial Use of Scrap Tires  
 
The beneficial use of scrap tires for this project was advantageous on several levels.  Tires from 
the cleanup of several (6-7) non-permitted tire dump sites were used for this project.  This 
provided an environmental benefit to the Commonwealth, as these sites are known to be 
breeding grounds for mosquitoes that may spread the West Nile Virus, potentially contaminate 
local soil and groundwater supplies from the long-term leaching effect of degradation, and 
minimize toxic releases posed by tire pile fire incidences.  Furthermore, these waste tires were 
diverted to this project versus disposal in landfills.  This benefits the Commonwealth with 
reducing transportation/disposal costs and the costs associated with the construction, monitoring 
and expansion of landfills that would typically receive such wastes.   
 

Advantages of Placing Tire Shreds in Bridge Embankments 
 
As described above, waste tire shreds are considered relatively inexpensive lightweight fill 
materials.  Unlike conventional soil, which requires moisture and compaction equipment 
considerations to achieve performance requirements, placement and compaction of TDA is 
comparatively easy.  For example, a static roller weight of 10 tons and six passes has been shown 
to consistently produce a tire shred compacted density of approximately 50 pcf.  The TDA’s 
compacted density is much lower than the conventional soil’s compacted density of 120 pcf.  As 
a result of the compacted density difference, tire shreds are reasoned to have lowered the overall 
weight of the Tarrtown Bridge embankments by almost 700 psf in the deepest parts of the fill.  
Aside from the inherent slope stability problems of a weak foundation soil, the weight of an 
equivalent dimensioned all soil embankment would have produced six more inches of settlement 
than the existing embankment constructed using a core of TDA. 
 
TDA also produces greater factors of safety on slope stability.  Water pressure normally builds 
up in the soft sediments as they consolidate under the weight of the new embankment.  If the 
water pressure gets too high during construction, the soil loses its effective strength and fails.  
For very weak foundation soils, embankment construction using imported soils often requires 
staged construction, i.e., shutdown periods to allow for pore-water pressure dissipation, 
settlements and the corresponding strength, prior to placing additional lifts of soils.  Conversely, 
the lighter TDA produces less pressure, less settlements, and provides for greater stability.  As a 
result, a fill slope constructed of TDA has the potential to allow for continuous construction 
since it would take a layer 2.5 times thicker than soil to approach the failure characteristics of the 
soft foundation soils.   
 
Another advantage of using TDA is the apparent cohesion which results from pieces of tire 
shreds being overlain by other TDA pieces.  The tires shreds or more specifically, exposed 
remnant steel ‘interlocks’ when placed properly, contributing to the overall cohesion.  The 
increase of the internal friction and cohesion behind a bridge’s abutments and wing walls results 
in reducing the lateral force of the fill materials which is supported by the abutments and wing 
walls.  Therefore, the use of tire shreds potentially results in reducing the concrete and structural 
steel requirements for the abutments and wing walls, and increasing their factor of safety against 
failure.      
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Scrap Tire Sources for Tarrtown Bridge Project  
 
When approached on this project, PADEP enthusiastically agreed to assist PennDOT in securing 
the necessary scrap tires to shred, supplement the contract funding, and assist in securing the 
permit required to stage and process the tires into shreds.  With this interagency cooperation, 
PennDOT obtained, processed, and placed the TDA as fill, instrumented the fill, and obtained 
performance monitoring and post construction design model analysis of the fill.   
 
PADEP funds cleanup of illegal tire dumps throughout the Commonwealth. When apprised of 
PennDOT’s need, PADEP diverted tires from scheduled landfill disposal from seven dump sites 
and four barges, to the project for processing into fill.  PADEP also worked closely with 
PennDOT and their consultant representatives (Apex and UMaine) to establish a beneficial use 
permit which facilitated the temporary storage of tires and staging of tire shreds used in 
construction.  These efforts contributed to the construction cost savings and the tire acquisition 
represents repeatable cost savings in future TDA construction projects.   
 
In addition to the tires obtained from PADEP-sponsored waste tire pile cleanups, Engineering 
District 10-0 ensured that the residents in the District and Western Pennsylvania would actively 
participate in the project.  Among the participants were companies and organizations such as 
Allegheny Power, the Roaring Run Watershed Authority, local townships, Boy Scout Troops and 
others that sponsor and volunteer on local river sweeps to recover abandoned tires.  Furthermore, 
District 10-0 collaborated with Butler, Armstrong and Indiana County authorities to accept the 
scrap tires they obtained from the public during three advertised Armstrong County hard-to-
recycle days.  A chronological listing of the tires imported to the site and their prospective 
sources is provided in Appendix A.  Based on the available data, it is estimated that 10,685 tons  
of scrap tires (approximately 1,100,000 scrap tires) were collected from various sources and 
delivered to the shredding site for use in the Tarrtown Bridge Project.  A commonly accepted 
rule of thumb to calculate the weight of whole tires is to reduce the scale receipts by 10% to 
account for the weight of water and soil that may be present in the wheel wells.  Taking this into 
account, closer to an estimated 960,000 scrap tires were collected from various sources and 
delivered to the shredding site, which are summarized in Table 1 below.     
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Table 1:  Scrap/Waste Tire Delivery Totals 
     

Approx. Delivered  
Tire Sources  Estimated 

Quantity  Tires  Tons 

Approx. Tires 
Delivered, tons          

(10% Reduction)* 
PADEP Tire Sources (County)   

Cochran (Armstrong) 500,000 204,854 2,048.54 1,844 
Kauffman (Armstrong) 15,000 46,865 468.65 422 
Krestar (Cambria) 35,000 2,342 23.42 21 
Martha (Larwence) 60,000 0 0.00 0 
Barber Brothers (Venango) 120,000 31,300 313.00 282 
Mischorich (Crawford) 150,000 77,107 771.07 694 
Moury (Indiana) 30,000 15,030 150.30 135 
Dandrea (Fayette) 250,000 21,563 215.63 194 
Windgap (Northampton) 1,200,000 31,422 314.22 283 
Allegheny Environmental Solutions (Cambria) 100,000 60,064 600.64 541 
GTC Barge Tires (various) 200,000 213,965 2,139.65 1,926 
Superior Tire (West Morland) 10,000 6,559 65.59 59 
Patterson Auto Wrecking (Crawford) 25,000 12,581 125.81 113 

Community Tire Collection Day   
Armstrong Co. Tire Collection Days 10,000 32,318 323.18 291 
ICSWA Tire Collection Days  N/A 3,704 37.04 33 

State & Local Organizations   

PennDOT, DCNR, Twps., Boros.  N/A 19,209 192.09 173 

Commercial / Residential Sources   

Engineering 10-0, 5 County Area                                                                                     
(Armstrong, Butler, Clarion, Indian & Jefferson Counties) N/A 289,627 2,896.27 2,607 

TOTAL 2,705,000 1,068,510 10,685 9,617 
     

ICSWA - Indiana County Solid Waste Authority     
DCNR - Pennsylvania Department of Conservation and Natural Resources     
GTC - General Trade Corporation     
*  10% weight reduction from scale receipt is a common rule of thumb to account for the weight of water and soil in the wheel wells  
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Tire Shred Acceptance Criteria 
 
Delivered tires were shredded on property adjacent to the construction site and leased during 
construction by PennDOT.  The tire shred acceptance criteria established for this PennDOT (and 
similar use) transportation application specified that the shreds had to be free of deleterious 
materials such as oils, gasoline, diesel fuel, hydraulic fluid, grease, wood, fibrous organic matter, 
ice, and snow.  After shredding, protruding metal fragments were closely monitored as part of 
the quality control process.  The shreds had to be:  
 

• At least 75% (by weight) with metal fragments protruding less than 1 in (25 mm) from 
the cut edge of the shred.   

• At least 90% (by weight) with metal fragments protruding less than 2 in (50 mm) from 
the cut edge of the shred, and 

• Less than 1% (by weight) with detached (free) metal fragments. 
 
To be used, the tire shreds also were required to not exceed a maximum dimension of 18 in (450 
mm) and 90% (by weight) of the shreds exhibiting a maximum dimension of less than 12 in (300 
mm).  Shreds were required to meet the following gradation in accordance with AASHTO-27 
using a minimum sample size of 12 kg (30 lbs):  
 
Sieve Size   Percent passing 
200 mm (8 in)   75-100% 
75 mm (3 in)   50% maximum 
37.5 mm (1.5 in)  25% maximum 
4.75 mm (No. 4)  1% maximum 
 
Most of the passenger, truck and tractor-trailer tires delivered to the shredding site, with or 
without rims, were initially accepted.  Occasionally, large mining, construction and farm tractor 
tires, and other non-standard or specialty tires (i.e., small fork lift and aircraft tires) which have 
very thick steel beads were included in deliveries and were rejected.  Burnt and oil-contaminated 
tires were also rejected because of their greater potential to leach harmful chemicals into the 
groundwater.   
 
Public Safety and Material Workability Concerns  
 
The Tarrtown Bridge embankment design addressed concerns associated with public safety and 
material workability.  The public safety concern resulted from the potential for fire hazard posed 
by the encapsulated tire shreds.  The oxidation of steel belts and beads, or the rusting process, is 
an exothermic reaction.  This reaction can be provoked by bacteria found in common soils (i.e., 
mud on the tires from illegal dumps, and/or water, leaf litter, twigs, etc., trapped in the tires 
which were dumped in the woods).  To address this concern, the fines content of the produced 
tire shreds was limited to one percent and as described earlier; organic and other deleterious 
materials were limited by specification and controlled by QC review.  These specification 
requirements were effective in minimizing the quantity of soil, organic matter, moisture, 
bacteria, nutrients and crumb rubber included within the placed TDA.   
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As described above, the specifications also limited the quantity of free steel and the partially 
exposed steel embedded in the tire shreds, as both were able to oxidize and generate heat within 
the tire shred fills.  Furthermore, the maximum thickness of individual tire shred layers was 
limited to ten feet, and the tire shred layers were encapsulated by a geotextile material 
surrounded by relatively low permeability soil on all sides.  This, in combination with avoiding 
the use of open pipes and conduits to drain the highly permeable tire shred layers, isolates the tire 
shreds from free air and moisture.  These approaches have been proven effective in reducing fire 
hazard potential in embankment construction in several States. 
 
Long, strip-like shreds are known to tend to pull out when the fill is placed, leading to 
construction workability problems.  To avoid this problem, the maximum allowable size of tire 
shreds was limited to 18 in. (450 mm), with 90% of the tire shreds being less than 11.8 in. (300 
mm) in length.  Balancing size distribution with shape, it was determined that shredding systems 
capable of producing square-shaped shreds worked best. 
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Section 1.0: Scrap Tire Delivery and Shredding 
Tire shredding activities, including scrap tire deliveries, stockpiling, and staging required a 
relatively large area depending upon delivery and construction schedules.  To accommodate this 
project, PennDOT temporarily leased a former reclaimed strip mined parcel, approximately one 
mile from the Tarrtown bridge project site.  The property was leased from Snyder Associated 
Companies of Kittanning, PA.  This 6 acre site, further referred to in this report as the “shredding 
site”, is shown on Figures 4 and 5.   
 
From the onset of the project, it was known that the tire shredding and tire shred quality 
assurance process needed to be implemented carefully.  To aide in project implementation, 
PennDOT contracted the tire shredding portion of the project independently of bridge 
construction to allow for up front production of the estimated quantity of tire shreds.  This 
allowed for the transportation and placement on an ‘as needed basis’ to the bridge site, and thus 
facilitate rapid embankment construction.  The tire shredding service contract (Contract # 
8260120-00-0) was issued by the Department of General Services (DGS) and PennDOT Office 
of Services.  The tire shredding contract was awarded to AWS Remediation (AWS) of Export, 
PA.  Tire shredding was performed at the selected tire shredding site.  As negotiated during final 
design PADEP’s Bureau for Land Recycling and Waste Management (BLRWM) provided much 
of this contracts (tire delivery and shredding) funding and their staff also assisted with 
coordinating tire deliveries.  As noted previously, whole scrap tires for this project were obtained 
from six separate municipal contracted cleanup sites funded by PADEP grants.  Various 
community organizations also donated waste tires to the project under the auspices of several 
community tire collection days and river sweeps.   
 
Tire shredding activities, performed at the shredding site, commenced on 20 April, 2002.  Scrap 
tires were delivered to the site at a maximum rate of 20,000 tires/day; this is approximately ten 
walking floor tractor-trailer loads per day.  Upon arrival to the project site, the whole tires were 
offloaded and stockpiled by a track excavator with a grapple attachment into tire piles not 
exceeding 15 feet in height, and 50 feet in length and width.  As required by the MOU between 
PennDOT and PADEP, minimum width 50 feet fire lanes were maintained on all sides of the tire 
piles.  A smaller surge pile was located near the feed conveyor of the tire shred process train and 
was replenished, as needed, using a rubber tire loader with grapple attachment.   
 
In summary, between 20 April, 2002 and 17 July, 2002, approximately 3,857 tons of scrap tires 
(approximately 385,700 tires) were delivered to the shredding site.  As of 17 July, 2002, 
approximately 900 tons of scrap tires (approximately 90,000 tires) were shredded using 
shredding equipment in various configurations.  Equipment utilized included:  Mac-Saturn (MS) 
shredders, American Pulverizer (AP) shredders, and a combination of Barclay shredders and Tri-
C shredders, and a Flower Wheel Classifier (size classifier).  All of the above-referenced 
shredders and the associated shredding systems were operated with a Trommel Screen to remove 
fines and free steel as required by the Contract specification quality control procedures.   
 
Various combinations of equipment were used to produce the first batches of TDA with quality 
assurance/quality control (QA/QC) tests performed on produced TDA.  TDA produced from two
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Figure: 4:  Waste Tire Shredding and Stockpile Location 
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Figure: 5:  Shredding Site Plan View
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configurations combining Barclay [6 in (15.2 cm) cutting head spacing] and Tri-C [3.69 in (9.4 
cm) cutting head spacing] shredders, a Flower Wheel Classifier and a 1.5 in (3.8 cm) Trommel 
Screen were found to achieve the shred specification; we also determined that exposed steel and 
gradation were determining factors in shred equipment configurations.  This period experienced 
several delays and shut down events as well as contractual and other tire shredding and tire 
delivery related issues that ultimately resulted in the termination of the PennDOT-AWS tire 
shredding contract (DGS # 8260120-00-0).  As a result of the aforementioned tire shredding 
difficulties and the inability to meet the material specification requirements consistently, 901.86 
tons of off-specification produced TDA was stockpiled onsite awaiting offsite disposal.  The 
quantity of tire shreds were tabulated from certified scale receipts provided by AWS.  At this 
time, approximately 260,000 tires still remained stockpiled onsite.     
 
As a result of the DGS contract termination, PennDOT’s Construction Management System 
(CMS) combined and advertised both the tire shredding and bridge construction within the same 
contract (CMS 101172). The contract was awarded to A&L Construction Inc. (A&L) of Belle 
Vernon, PA, further referred to in this report as the Contractor.  Under this contract, scrap tire 
delivery and shredding activities were restarted on 22 September, 2003 and continued until 19 
May, 2005.  The remaining balance of the project required tires were provided from PADEP 
sponsored – waste tire pile cleanups, sites under PADEP consent orders, community tire 
collection days, and residential and commercial sources within the surrounding PennDOT 
Engineering District 10-0 five county (Armstrong, Butler, Indiana, Clarion, Jefferson) area.  
Approximately 5,570 tons of TDA (approximately 557,040 scrap tires) was produced and placed 
in the bridge embankments.  A chronological listing of the TDA quantities as they were 
transported and placed at the bridge site is provided as Appendix B. 
 
During this new contract, A&L’s subcontractor, Power Contracting, utilized several different 
configurations of tire shredding equipment during their trouble shooting or shakeout phase and 
were ultimately able to consistently produce tire shred material with a Barclay [6 in (15.2 cm) 
knife spacing] and Tri-C [3.69 in (9.4 cm) knife spacing] shredders, a classifier and a rotating 
trommel screen with a 1.5 inch screen.  The addition of the trommel screen assured the material 
consistently met the fines portion of the specification, removing crumb rubber, free steel, dirt 
and/or debris.  The removal efficiency of the trommel screen is evident from the absence of 
material retained on the No. 4 (4.75 mm) sieve and the pan as shown in QA testing results 
provided in Appendix C.  The size classifier was used to remove oversize tire shred material 
from the process line and recycled it by conveyor back for reprocessing.  Additional personnel 
removed oversized material, on an as needed basis, at two locations within the process along the 
recycle and product conveyors.  Figure 6 illustrates the approximate configuration of the tire 
processing equipment utilized by Power Contracting.   
 
Waste materials generated by the tire shredding operation such as dirt, mud, leaf litter, crumb 
rubber, free and exposed metal, etc. derived from the tire shredders, conveyors, classifiers, and 
screening operations were staged in separate piles.  The waste material piles were required to use 
the same pile dimensions and setback requirements as the whole tire piles and were periodically 
disposed of throughout the duration of the contract at an approved solid waste disposal facility.  
Additionally, large mining, construction and farm tractor tires, and other non-standard or 
specialty tires (i.e., small fork lift and aircraft tires) which have very thick steel beads 
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were rejected due to overall size or metal bead thickness.  Approximately 179 tons (equivalent of 
17,925 tires) of ‘off-specification tires’ were not shredded and disposed of.  
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Section 2.0: Quality Assurance Testing  
The quality assurance (QA) program for testing tire shreds required the collection of three QA 
samples every 150 ton (lot size) within a 50 ton sublot, determined by the Pennsylvania Test 
Method (PTM) No. 1 for each sublot.  The three QA test results were also used for Contractor 
payment for each lot of TDA produced.  If any one of the three QA results failed in any single 
specification category, the entire 150 ton lot was rejected.  This testing procedure was utilized 
briefly from 9 September until 7 October, 2003 after which the procedure was modified as 
described below.  The initial results are shown on Page 1 of 13 in Appendix C. 
 
To expedite A&L’s ‘just in time’ TDA production and delivery schedule, PennDOT allowed the 
reduction of the lot size to 75 tons and sub-lot size to 25 tons.  This allowed lot and sublot size 
reduction was a practical matter, where the 25 ton sub-lot size was based on the approximate 
amount of tires shreds which was able to be stockpiled in one 50 foot walking floor trailer.  This 
enabled the contractor to retain 75 tons of material in three walking floor trailers until the QA 
testing was complete and the lot was approved versus stockpiling the material on the ground; this 
decreased the material handling and the potential for post-processing contamination with dirt, 
stone etc.  Another advantage of this change was that in the event the lot failed the QA test, the 
failed lot was segregated, unloaded, and/or reprocessed with relative ease.  The pass/fail 
determination of each lot was also modified and based on the average of the three sublot tests. 
 
Utilizing this approach (sub-lot averaging), beginning on 8 October, 2003, the TDA consistently 
passed the material specification.  The results are shown on pages 2 through 13 in Appendix C.  
Between 9 September, 2003 and 23 February, 2005, PennDOT performed 198 individual QA 
tests on the produced TDA.  In total, 85% of the produced TDA material passed the 
specification.  The material represented by the 29 failed tests was reprocessed, where possible, or 
stockpiled for subsequent disposal.            
  
QA samples were collected directly from the discharge conveyor of the shredding operation at 
the specified random interval using a plastic 30 gallon utility bucket.  The sample weight in the 
container ranged from 85 lbs to 100 lbs.  The testing procedure specification elements (gradation, 
free steel, shred length, and exposed steel) are described in detail below.   

2.1 Gradation Testing 

2.1.1 Procedure 
To perform gradation testing, the utility bucket was weighed on a calibrated scale and the weight 
was recorded.  The gradation of the sample was determined by using the following sieve sizes:  
12 in (305 mm), 8 in (203 mm), 3 in (76 mm), 1.5 in (38 mm), No. 4 (4.75 mm) and pan.  For the 
12 in (305 mm) and 8 in (203 mm) sieve sizes, square holes were cut in plywood and the 
material was passed through the holes manually.  The fraction that passed the 8 in (203 mm) 
sieve was then sieved with a Gilson shaker (Model TS-1) in the conventional manner.  As 
warranted, some of the material retained on sieves was removed during the course of the shaking 
to prevent overloading and blinding of the sieves.  Photographs illustrating TDA material 
retained on the sieves, and pan are included in the photograph log provided as Appendix I.  
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2.1.2 Specification Attainment  
The gradation element of the material specification was the easiest to obtain and consistently 
meet.  As shown in the QA test summary in Appendix C, ten sublots failed the gradation portion 
of the specification in one of two areas, either the percent passing the 3 in or No. 4 sieve.  
However, these failures did not result in the rejection of any 75 ton lots because of the testing 
methodology.  Table 2.1, below, summarizes the averages of material passing each sieve from 
198 individual QA tests.   

 

Table 2.1:  Material Gradation Averages 

Sieve (% Passing) 
12 in 

(305 mm) 
8 in 

 (203 mm)  
3 in 

(76 mm)  
1.5 in 

(38 mm) 
No.4 

(4.75 mm) 
Pan 

Contract Specification 
100% 75% min. 50% max. 25% max. 1% max. NA 

Material Avg. (198  Tests) 100% 99.99% 39.83% 2.68% 0.44% 0.00% 
 

The critical processing issue for obtaining the specified gradation is the knife or cutter head 
spacing on both the primary and secondary shredders.  Also, the sorting wheel spacing on the 
material classifier was adjusted several times during system startup to obtain the appropriate 
material gradation.  The addition of the trommel screen (1.5 in) to the shredding system assured 
the material met the lower end (1.5-in minus) of the gradation specification consistently.   

2.2 Free Steel Specification 

2.2.1 Procedure 
Free steel is defined as bead and belt wire with no rubber attached (bead wire is the larger 
diameter wire; belt wire is from the tread and sidewall areas). The material specification 
requirement for free steel was less than 1% by weight of the total sample weight.  To determine 
the percent of free steel, the material retained on all sieves was examined and the pieces removed 
by hand and a magnet and weighed.  

2.2.2 Specification Attainment 
The trommel screen removed almost all free steel along with dirt, debris, and crumb rubber 
consistently from the TDA.  Table 2.2 summarizes the QA results (provided in Appendix C) and 
demonstrates processing effectiveness in removing free steel.  If present, the free steel was found 
on the No. 4 (4.75 mm) sieve and the pan.  All samples met the 1% maximum free steel criteria.   
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Table 2.2:  Free Steel Averages 

Free Steel (% Measured) 

Contract Specification 1% Max. 

Material Average (198 Tests) 0.00% 
 

2.3 Shred Length Specification 

2.3.1 Procedure 
In general, to meet contract specifications, the majority of the produced TDA is required to be 
less than 11.8 in (300 mm) in any direction (when flattened out).  To achieve this, the material 
specification stipulated that no more than 1% (by weight) of the QA sample was allowable 
having a maximum dimension greater than 18 in (457 mm), and no more than 10% (by weight) 
having a maximum dimension greater than 11.8 in (300 mm).   
 
The shred length was determined by measuring the percent by weight of tire shreds having a 
maximum dimension greater than 11.8 in (300 mm) and 18 in (450 mm) (measured in any 
direction).  For each QA sample, the length of each tire shred was measured and separated by 
length into three separate containers: ≤ 11.8 in (300 mm); between 11.8 in (300 mm) and 18 in 
(450 mm); and, > 18 in (450 mm).  The weights of the two latter containers were determined, 
totaled, and the percentage calculated to determine TDA > 11.8 in (300 mm).  A completed QA 
test field form is provided as Figure 7.   

2.3.2 Specification Attainment 
Even with mechanical and manual material removal from the process line, the shred length 
portion of the material specification was difficult to achieve consistently.  The issue can be 
characterized as follows: While larger tire shreds correspond to satisfying the 3 in (76 mm) sieve 
gradation criteria, they were also longer, and this conflicted with the maximum 11.8 in (300 mm) 
length criteria, often resulting in failure by a relatively small margin.  For example, one piece of 
TDA material > 18 in (450 mm) in length could potentially easily exceed the allowable 1% by 
weight criteria.  As shown by the QA test results provided in Appendix C, several sublots failed 
the specification for this reason by a narrow margin.  To address this “conflict”, PennDOT 
modified the shred length portion of the material specification to either 1% by weight or 1 piece 
of material > 18 in (450 mm).   
 
The size classifier sorted TDA by retaining oversized material [> 18 in (450 mm)] on the top of 
the screening mechanism and discharging to the recycle conveyor for reprocessing.  The 
undersized material or specification material fell through the screening mechanism onto the 
product conveyor, through the trommel screen, and discharged into walking floor trailers 
awaiting testing, approval and subsequent shipment.  In addition to this, oversized material, > 18 
in was removed manually at two locations from the shredding system.   
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As shown by the QA test results in Appendix C, five sublots failed the shred length criteria > 18 
in (450 mm) and twelve sublots failed the shred length criteria > 11.8 in (300 mm).  These 
individual sublot test failures did not result in any lot failures.  Table 2.3, below, shows the 
material test averages for the 198 tests conducted.    
 

Table 2.3:  Shred Length Averages 

Length (% Measured) 

> 18 in 
(450 mm) 

11.8 in > length < 18 in 
(300 mm > length < 450 mm) 

>11.8 in 
(> 300 mm) Contract Specification 

1 % Max NA 10 % Max 
Material Averages (198 Tests) 0.06 % NA 5.33% 

2.4 Exposed Steel Criteria 

2.4.1 Procedure 
Exposed steel was determined by the percent by weight of TDA with metal fragments that 
protrude more than 1 in (25 mm) and 2 in (50 mm) from the cut edge of the tire shred.  The 
criteria for exposed steel was no more than 10% by weight of material having metal fragments 
which protrude more than 2 in (50 mm) from the cut edge of the tire shred and no more than 24% 
by weight of material having metal fragments which protrude more than 1 in (25 mm) from the 
cut edge of the shred.   
 
The length of exposed steel (when flattened out) was measured and separated by the exposed 
metal length into three separate containers: > 1 in (25 mm); between 1 in (25 mm) and 2 in (50 
mm); and, > 2 in (50 mm).  The weights of the two latter containers [between 1 in (25 mm) and 2 
in (50 mm) and, > 2 in (50 mm)] were determined, totaled, and the percentage calculated to 
determine TDA > 1 in (25 mm).  A completed QA test field form is provided as Figure 7.   

2.4.2 Specification Attainment 
The percentage of exposed steel is directly related to the knife or cutting blade sharpness of the 
tire shredding equipment, in this case, the Barclay, Eidel, and Tri-C shredders.  Obviously, when 
the blades are new or recently sharpened, only a small percentage of exposed steel is observed.  
As the cutting edges wear down, more steel is exposed from a tearing (vs. cutting) action of the 
rubber, and extruding the metal wire rather than cutting through the metal. 
 
As shown by the QA test results in Appendix C, one sublot failed the exposed steel criteria > 2 
in (50 mm) and 6 sublots failed the exposed steel criteria > 1 in (25 mm).  These individual 
sublot test failures did not result in any lot failures.  Table 2.4 shows the material test averages 
for the 198 tests conducted.   
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Table 2.4:  Exposed Steel Averages 

Exposed Steel (% Measured) 
10 % max. NA 24 % max. 

Contract Specification > 50 mm 
(2 in) 

25 mm > length < 50 mm 
(1 in > length < 2 in) 

> 25 mm 
(1 in) 

Material Average (198 Tests) 2.08% NA 9.44% 
 

It is difficult to determine the duration of ‘a set’ of knives, because there many variables 
associated with TDA processing, most notably the size and ply of tires and their cleanliness.  The 
number of tires able to be processed, to meet a material specification on a ‘set of knives’, could 
be extended without parts replacement by shredding tires that are ‘show room clean’, i.e. tires 
with no dirt or debris in the wheel wells, but this is not practical.  Furthermore passenger car and 
light truck tires (metal bead and belt wire much smaller than tractor trailer tires) are less wearing 
on the equipment.   
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Figure 7:  Completed QA Test Form
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2.5 TDA Production Analysis  
As discussed earlier, the TDA material produced by the shredding system under Contract 101172 
consistently met the material specification.  However, there were repetitive process deficiencies 
(bridging of material and blockages) and equipment failures which decreased the overall 
production rate.  The duration of actual tire shredding was 291 days which are defined by this 
report as days when tire shreds were produced and weighed at the shredding site.  This should 
not be confused with contract days after notice to proceed (NTP) which was 7 March, 2003.  
During the active shredding process 5,570 tons of TDA material was produced at an approximate 
average rate of 20 tons/day or 2 tons/hr (10 hour work shift).  This production rate was much 
slower than anticipated and ultimately affected bridge embankment construction.  During the 
design and bid process a production rate of 6 – 10 ton/hr was expected and used for planning and 
scheduling purposes.  While the 6 – 10 tons/hr rate has been published as achievable in literature 
and equipment manufacturer’s specifications, it was not found readily achievable for the variety 
and mix of tires collected for this project.   
 
Originally, PennDOT planned to produce the required total amount of TDA prior to bridge 
construction activities to have the material available and stockpiled for rapid embankment 
construction.  The modified or adopted ‘just in time’ production and delivery schedule inhibited 
this approach and extended the overall project due to delays with TDA production.  At several 
times throughout the project, TDA material was not available to allow for continued 
uninterrupted embankment construction.  Several reasons for this are provided below and the 
resulting production delays reported in business days (M-F, 8:00 to 5:00 PM).   
 

• Initial delays with shredding equipment transportation and delivery.  Tire shredding 
equipment was delivered 64 days (approximately 3 months) after NTP.  

 
• The poor mechanical condition of the tire shredding equipment prolonged the system 

start up or ‘shake out phase’.  First official TDA QA sample was collected and analyzed 
on 9 September, 2003, 133 days (approximately 6 months) after NTP.   

 
• Shredding equipment breakdowns and outages along with system stoppages due to 

mechanical failure of the equipment resulted in daily or weekly shutdown periods.   
 

• Temperature impacts on shredding equipment.  Winter shutdown periods accounted for 
70 non-processing days.   
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Section 3.0: TDA Placement, Compaction & Encapsulation 
Approved tire shreds were transported from the tire shredding site to the bridge site using either 
tractors with walking floor trailers, tri-axle dump trucks, or both.  The transportation vehicles 
were loaded either directly from the end of the product conveyor or from an approved material 
stockpile using an excavator with a grapple attachment.  These two methods proved to be the 
most efficient and cost effective because no additional processing (trommel screening) was 
required.  All vehicles were weighed on a certified scale at the shredding site prior to 
transportation to the bridge site.   
 
Figures 8 and 9 provide design cross sections of Embankments 1 and 2, respectively.  As 
illustrated, one center layer of tire shreds was placed in Embankment 1, whereas, two layers of 
tire shreds were placed in Embankment 2.  All three tire layers were encapsulated in a PennDOT 
Class 4, high strength geotextile.  Both the tire layer in Embankment 1 and the bottom layer in 
Embankment 2 were placed atop the working platform.  The top tire layer in Embankment 2 was 
separated from the bottom tire layer by a minimum of 3 feet of compacted fill materials.   
 
The planned method for TDA placement and embankment construction was to unload the 
required amount of material in a uniform manner for coverage across the embankment footprint, 
completing one 8 in lift at a time, followed by compaction of the material.  After several lifts 
were completed, compact fill (borrow) material was planned to be placed on the side slopes of 
the embankment, in 8 – 12 in. lifts, to a minimum horizontal thickness of 12 feet.  The planned 
uniform placement was designed to have a positive two-fold effect:  (1) Minimize 
instrumentation damage to the ABS casings, and (2) Supplement the effectiveness and usefulness 
of the modeling efforts by monitoring and documenting the rate of material placement, changes 
within the subsurface and embankment, and forces applied to the abutments shown by the data 
collected from the instrumentation (TPCs, settlement magnets, piezometers).    
 
Actual TDA placement started on the east side of the bridge (Embankment 1).  TDA material 
was unloaded at the base of the abutment, continuing eastward away from the abutment.  This 
method was selected to minimize trafficking over placed material and reduce the potential for 
contamination of the TDA with dirt, stones, and foreign material.  This also reduced the risk of 
construction truck tires being punctured from exposed bead wire.  TDA material was unloaded 
from the walking floor trailers along the approximate centerline of the embankment and spread 
with either a dozer or track excavator.  The separation geotextile material was placed at the 
interface of the TDA and fill material.   
 
Construction of the embankments, primarily Embankment 1, advanced in a non-uniform fashion 
mainly due to lack of available TDA material and compaction issues with the side slope earth fill 
material.  Unfortunately, this resulted in damage to ABS casings reducing some data collection 
and monitoring efforts, and ultimately effecting modeling efforts due to the absence of useful 
data.    
 
As stated above, TDA material was placed in 8 in lifts, with each lift being compacted via six 
passes using a static roller weighing 10 tons.  All three tire layers had a maximum “final” 
thickness of 10 feet, to be achieved following the placement of the overburden.  To compensate 
for the potential compression of the tire layers under the load of the overburden, the vertical 
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stress applied by the overburden was calculated for each tire layer and the layers were overbuilt 
beyond the design thickness of 10 feet, accordingly.  As a result, the thickness of the single tire 
layer in Embankment 1 was increased by 0.7 foot, whereas, the thicknesses of the bottom and top 
tire layers in Embankment 2 were increased by 1.1 feet and 1.0 foot, respectively.  The estimated 
overbuild was determined using the guidelines provided in Appendix D, ‘Lightweight 
Embankments Using Tire Shreds – Calculation of Overbuild’.  
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Figure 8: Embankment 1 Design Cross-Section 
(STA 204+00, 204+25, & 204+50) 



Pennsylvania Department of Transportation  Page 27  
Section 3.0:  TDA Placement, Compaction & Encapsulation August 2008 
 

 

Figure 9: Embankment 2 Design Cross-Section 
(STA 207+00 & 208+00) 
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Section 4.0: Geotechnical Instrumentation 
During the bridge construction, four road sections of various depths were instrumented with 
inclinometers, piezometers and thermistors in the general fill areas.  Additionally, total pressure 
cells (TPCs) were installed in both bridge abutments.  Over two hundred instruments were 
incorporated into four sections (STA 204+00, 204+50, 207+00, and 208+00).  Two of these 
sections being on each side of the bridge.  Sections 204+00, 204+50 were placed west of the 
bridge, and sections 207+00, and 208+00 to the east.  Figure 10 illustrates the locations of the 
various instruments relative to the bridge abutments and its embankments.  Instruments installed 
include vertical inclinometers with settlement magnets, total pressure cells, piezometers, 
thermisters, and settlement plates.  Figure 11, 12, 13, and 14 show the orientation of the 
instrumentation with the embankments at STA 204+00, STA 204+50, STA 207+00, and STA 
208+00, respectively.   
 
Continuous-automated and manual data collection was performed throughout various bridge 
construction phases and post-construction conditions.  Appendix E presents a summary of the 
instruments and their related installation data (i.e., serial number, locations, elevations, dates of 
initial readings, etc.).  Photographs are provided in Appendix H, illustrating each type of 
instrument and various stages of installation.   

4.1 Automated Data Loggers 
Two automated data loggers (ADL) were installed, one on either side of the bridge at Stations 
204+25 and 207+50 aboveground on support poles situated well above the hundred-year flood 
mark.  The ADLs maintain outgoing (voice) and incoming (data) communications.  Solar power 
arrays were also mounted to the support poles to recharge the batteries during the daytime hours.  
The location of ADLs are shown in Figure 10.          

4.2 Inclinometers 
Inclinometers (manual) measure vertical settlements, bulging and rotation of embankment 
sections.  Five vertical inclinometers were installed to bedrock at each road section, for a total of 
twenty inclinometers (I1 through I20) to measure both horizontal (inclination) and vertical 
(settlement) movement of each embankment.  Four of these inclinometers (I3, I8, I13 and I18) 
were installed to monitor the most critical centerline road stations.  As illustrated in Figures 11 
through 14, each inclinometer contained between five to fifteen collar-like magnetic settlement 
monitoring devices, including a combination of datum, plate, and spider magnets.  Datum 
magnets were imbedded a minimum of five feet in bedrock and were used as stationary reference 
points.  Plate magnets were used in-between soil and tire shred interfaces to differentiate 
between tire shred compression and foundation consolidation.  Spider magnets were free to slide 
up or down the inclinometer casing as the foundation soils and/or embankment materials settles 
or rebounds.     
 
The ABS casings or slope pipes were installed to measure horizontal deformation or failure 
within the subsurface soils and embankments.  As the embankments were constructed, 5 foot 
sections of the ABS casings were added as needed.  As a result of the non-uniform material 
placement during embankment construction, several inclinometers sustained damage from 
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compaction equipment. The damage was from movement or manipulation of the ABS casings 
from their installed vertical position.  

4.3 Piezometers 
Piezometers (automated-continuous) measure porewater pressures during consolidation of the 
underlying, soft soils.  Fourteen vibrating wire piezometers were calibrated and installed in the 
soft foundation soil to measure the buildup of water pressure during construction with an early 
warning system against slope failure.  A detailed description of the instrumentation trigger values 
can be found in, “Proposed Alarm System Trigger Values – Supplemental Geotechnical 
Analysis.  Specifically, eight 0-25 psi range piezometers (W1 through W8) were installed in 
Embankment 1, to the west of the bridge.  Additionally, two 0-25 psi range piezometers (W12 
and W13) and three 0-100 psi range piezometers (W9 through W11) were installed in 
Embankment 2, to the east of the bridge.  Two additional 0-25 psi range piezometers, W-14 and 
W1-5, were installed at the base of Abutment 1 (west of the bridge) and Abutment 2 (east of the 
bridge), respectively.  The piezometer locations are illustrated in Figure 10.  

4.4 Total Pressure Cells  
Total pressure (automated-continuous) cells (TPCs) measure lateral earth pressures of the soil 
and tire shred layers against both bridge abutments.  A total of ten TPCs were installed in the 
bridge abutments (4 in Abutment 1 and 6 in Abutment 2) at varying elevations to determine the 
magnitude, distribution, and orientation of stresses applied to the abutments by the embankment 
material (tire shreds, and soil) and material interfaces.  The TPCs were mounted in concrete 
support pads [12 in (30.5 cm) by 12 in (30.5 cm) by 3 in (8 cm) deep].  The concrete pads were 
fabricated with four guide holes enabling them to be mounted to the abutment formwork.  The 
TPC cables were routed from the ADLs, in a shallow trench at the toe of and parallel to each 
embankment, through the abutment formwork wingwall, in Schedule 40 PVC piping and 
connected to the TPCs.  Their operation was confirmed prior to pouring the concrete into the 
abutments.  After the formwork was removed the TPC were covered with polystyrene insulation 
and plywood to protect against damage during embankment construction.  All TPC cables were 
wired directly to the ADLs data loggers for data collection and remote monitoring.  The installed 
orientation of the TPCs is shown in Figure 15.       

4.5 Thermistors  
The thermistors (automated-continuous) measure the internal temperature of the tire shred layers.  
A total of thirty thermistors were installed within the TDA embankments.  Twelve  thermistors 
were installed in Embankment 1, denoted T-1 to T-12 and eighteen were installed in 
Embankment 2, denoted T-13 to T-30.  The thermistor cable lengths were predetermined during 
the project design phase to prevent cable splicing and potential loss of communication during or 
after construction.  The cables were routed through the drainage trench to the designated location 
(ABS casing locations) prior to construction of the embankments above Elevation 791.5 feet.  As 
the embankments were constructed, the cable lengths were unwound and advanced with 
approximately 15% slack, to prevent potential damage.  Once the tire shred fill elevation 
corresponded to the proposed thermistor elevation the embankment was over built by roughly 
one foot.  A trench was then dug to the required horizontal distance (from the ABS casing) and 
the thermistor was installed, trench backfilled (with TDA), and compacted using a walk behind 
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vibratory roller.  All thermistors within the tire shred fill of both embankments were installed in 
this fashion and were wired directly to the ADLs for data collection and remote monitoring.  The 
installed location and thermistor orientation within each embankment is shown in Figures 11 
through 14. 

4.6 Data Collection 
Instrumentation data collection was divided into two separate categories: manual and automated 
readings.     

4.6.1 Manual Readings 
The settlement devices (datum, spider, and plate magnets) located on the ABS casings at road 
stations 204+00, 204+50, 207+00, and 208+00 were read manually with a portable magnetic 
readout system and recorded on data sheets.  The duration of the manual reading data collection 
events took an estimated four hours (minimum) to complete.   
 
The inclination of all slope pipes was measured manually and stored in a hand held data logger.  
The data is presented graphically using DigiPro software.   

4.6.2 Automated Readings 
This data (pressure and temperature) collected from the piezometers, thermistors, and TPCs is 
collected electronically and stored in the automated data logger at pre-determined time intervals, 
and downloaded to a remote website.  GeoInstruments developed and continues to maintain a 
password protected Internet webpage (www.geo-instruments.com) to view the real-time data 
remotely.   
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Section 5.0: Data Analysis and Interpretation 
This section discusses the instrumentation installed and summarizes the data analysis and results.  
Post processing and preparation of the field data was undertaken by collaborating researchers 
from the University of Maine, Department of Civil and Environmental Engineering, College of 
Engineering of Orono, Maine led by Dr. Dana Humphrey, Ph.D., P.E.  A summary of the report 
is provided below and included in its entirety as Appendix F.   

5.1 Pressure Cells 
Ten vibrating wire earth pressure cells were installed to monitor pressures exerted on each wall 
by the embankment fill.  By the completion of construction, pressure cell P1 had malfunctioned.  
Pressure cell P4 ceased to function properly on about 23 September, 2006.  As of winter 2006-
2007 all gages except for pressure cells (P1 & P4) continued to function properly.   The pressure 
cells are Roctest model TPC (total pressure cell) consisting of an oil-filled pressure pad that is 
connected by a stainless steel tube to a vibrating wire pressure sensor in a strong housing.  
Pressures are measured based on increased or decreased fluid pressure through the vibrating wire 
pressure transducer.    

5.1.1 Pressure Cell Readings  

Abutment 1 

The pressure cells located on Abutment 1 were placed in numerical order, from top (pavement 
surface) to bottom (base of retaining wall) as shown in Figure 15.  Pressure cells were reoriented 
during the construction phase from their original planned locations due to problems with 
installation.  Planned locations and final locations of installed pressure cells are listed in Table 
5.1 below. 
 

Table 5.1:  Planned and actual locations of pressure cells on Abutment 1 

Pressure 
Cell Planned Location Installed Location 

P1 Soil Cover, el. 777.75 feet (237 m)  TDA Layer, el. 797.07 feet (242.9 m) 
P2 TDA Layer, el. 783.33 feet (238.8 m)  TDA Layer, el. 795.59 feet (242.5 m) 
P3 TDA Layer, el. 786.66 feet (239.8 m)  Soil Fill, el. 791.18 feet (241.1 m) 
P4 Soil Fill, el. 791.00 feet (241.1 m) Working Mat, el. 787.87 feet (240.1 m)   

Abutment 2 

The pressure cells located on Abutment 2 were placed in numerical order, from top (pavement 
surface) to bottom (base of retaining wall) as shown in Figure 15.  Pressure cells were reoriented 
during the construction phase from their original planned locations due to problems with 
installation.  Planned locations and final locations of installed pressure cells are listed in Table 
5.2. 
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Table 5.2:  Planned and actual locations of pressure cells on Abutment 2 

Pressure 
Cell Planned Location Installed Location 

P5 Top Soil Cover, el. 772.75 feet 
(235.5 m)  

Middle Soil Fill, el. 802.83 feet (244.7 m) 

P6 Upper TDA Layer, el. 775.50 feet 
(236.4 m)  

Lower TDA Layer, el. 799.37 feet (243.6 m) 

P7 Middle Soil Fill, el. 777.50 feet  
(237 m) 

Lower TDA layer, el. 796.87 feet (242.9 m) 

P8 Lower TDA Layer, el. 783.33 feet 
(238.8 m) 

Lower TDA layer, el. 794.37 feet (242.1 m) 

P9 Lower TDA Layer, el. 786.66 feet 
(239.8 m)  

Soil Fill, el. 790.84 feet (241.5 m)  

P10 Soil Fill, el. 791.00 feet (241.1 m) Working Mat, el. 788.16 feet (240.2 m)  
 

5.1.2 Pressure Cell Analysis  
Results from pressure cells and settlement instruments were further analyzed; the results are 
presented below.  Where possible, results were compared to similar published values from 
previous studies.  Pressures found through the use of pressure cells on the  abutment walls were 
analyzed in two ways:  (1) to determine pressure distributions, and (2) to estimate resultant 
forces, locations and moments on the walls.  The goal was to compare values measured in the 
field with TDA backfill to theoretical values with complete soil backfill.  This comparison would 
in essence show the benefits and/or drawbacks of TDA material as backfill. 

5.1.2.1  Pressure Distribution  

Measured pressures were compared to theoretical at-rest and active pressure distributions for 
three different conditions: after surcharge placement (5/7/04), after paving was completed 
(8/2/05), and the most recent reading (2/4/07).  In plotting pressure distributions linear 
approximations were assumed between pressure cells since no further information is known.  
Active pressures were calculated using Rankine’s method with the entire embankment being soil 
with a unit weight of 125 pcf and a friction angle of 30°.  The back of the wall was assumed to 
be frictionless. 

Abutment 1 

Abutment 1 contains four pressure cells but pressure cell P1 malfunctioned, thus, pressure 
distributions for the upper part of the TDA layer could not be recorded for two of the three dates 
chosen. The pressure in the TDA layer, as read by the single functioning pressure cell is greater 
than the theoretical Rankine active pressure with complete soil backfill for all three dates, and, 
for the first date after paving, is greater than the theoretical at-rest earth pressure.  The pressures 
in the TDA layer are lowest for the most recent date suggesting that the earth pressures in the 
TDA are decreasing with time, however there may be seasonal effects as will be further 
discussed.  
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The earth pressures for the underlying soil fill layer range from being greater than theoretical 
active earth pressures with complete soil backfill at pavement completion to being much less 
than the active earth pressures at the last reading.  The trend of decreasing pressure with time is 
similar to that seen in the overlying TDA layer.  
 
Pressures in the working mat were much less than theoretical active earth pressures, however, the 
latter was calculated assuming that all the overlying material was soil with a unit weight of 125 
pcf and a friction angle of 30°.  Moreover, the fill placed against the lowest pressure cell was 
very coarse gravel with cobbles with angular particles, as shown in Figure 16.  This material 
would have a friction angle much greater than 30°.  Recalculating the Rankine active earth 
pressure taking into account the lower unit weight of the TDA of 50 pcf and the higher friction 
angle of the fill (assumed 40°) results in an estimated value of 432 psf.  This is roughly half of 
the theoretical active pressure calculated assuming all soil and a friction angle of 30°, but still is 
four times greater than the measured value.  This value compares somewhat better with the 
measured values at the bottom of the wall, in the soil fill material, which range from 94 to 115 
psf.  It is also possible that the pressure cells were unable to accurately measure the pressures of 
the coarse, angular backfill shown in Figure 16. 
 
Both the increased friction angle and the decreased unit weight of overlying material play a role 
in the reduction of lateral pressures at the bottom of the wall.  The active earth pressure 
coefficients (Ka) assuming two different friction angles are given in Table 5.3. 
 

Table 5.3:  Ka values for different soil friction angles as estimated for the soil backfill 

Friction Angle Ka Value 
30° 0.333 
40° 0.217 

 
Based on the new calculated values the theoretical lateral pressure was reduced from 809.92 psf 
to 432 psf.  At the location of P4, assuming only the unit weight of the material changed due to 
addition of TDA at 50 pcf, not the friction angle of the soil material present, there would be a 
18% reduction in the calculated active earth pressure.  If unit weights remained unchanged and 
the friction angle of the material was changed from 30° to 40° there would be a 35% reduction in 
calculated active earth pressure on the wall.  Combined, as calculated above, both reductions 
result in an active earth pressure that is 47% less than if all the backfill was soil with a unit 
weight of 125 pcf and a friction angle of 30°.   
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Figure 16:  Rockfill placed against lowest pressure cell 

Abutment 2 

Abutment 2 contains six pressure cells, all of which functioned properly throughout the period 
covered by this report.   
 
The pressures in the TDA layer, as measured by three pressure cells, are less than the theoretical 
Rankine active pressures with complete soil backfill at two of the three locations.  Pressures on 
the bottom pressure cell in the TDA layer are greater than the theoretical Rankine active earth 
pressures, but less than theoretical at rest pressures.   
 
Pressures in the TDA show a decline from initial reading analyzed (after surcharge) to the last 
reading taken.  The earth pressures for the middle soil fill layer are very close to theoretical 
Rankine active earth pressures with complete soil backfill.  The earth pressures for the 
underlying soil fill layer are much less than theoretical Rankine active earth pressures for all 
three dates chosen.  Pressures in the working mat are much less than theoretical active earth 
pressures, however, the latter was calculated assuming that all the overlying material was soil 
with a unit weight of 125 pcf.  Moreover, the fill placed against the lowest pressure cells was 
very coarse gravel with cobbles with angular particles, as shown in Figure 16.  This material 
would have a friction angle much greater than 30°.  Recalculating the Rankine active earth 
pressure taking into account the low unit weight of the TDA and the higher friction angle of the 
fill (assumed 40°) results in an estimated value of 473 psf.  This is roughly half of the theoretical 
active pressure calculated assuming all soil and a friction angle of 30°, but still is four times 
greater than the measured value.  This value compares somewhat better with the measured values 
at the bottom of the wall, in the soil fill material, which range from 94 to 178 psf.  As noted 
above, it is also possible that the pressure cells were unable to accurately measure the pressures 
of the coarse, angular backfill shown in Figure 16. 
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Both the increased friction angle and the decreased unit weight of the overlying material play a 
role in the reduction of lateral pressures at the bottom of the wall.  Assuming only the unit 
weight of the material changed due to the addition of TDA at 50 pcf not the friction angle of the 
soil material present, there would be a 22% reduction in the calculated active earth pressure.  If 
unit weights remained unchanged and the friction angle of the material was changed from 30º to 
40º there would be a 35% reduction in the calculated active earth pressure on the wall as well.  
Combined, as calculated above, both reductions result in an active earth pressure that is 42% 
less.  

5.1.2.2  Earth Pressure Coefficients  

Horizontal stress (pressure) and calculated vertical stress were used to calculate the earth 
pressure coefficient (K), which is the rate of horizontal stress divided by vertical stress.  The 
vertical stress was calculated using a unit weight of 125 pcf for soil and pavement layers, and 50 
pcf for TDA layers.  These values were related to theoretical soil K-values along with previous 
research on TDA done by Tweedie, et, al. (1997). 

Abutment 1 

Values of K are shown for the after paving date of 8/2/05 in Table 5.4.  The K values after 
paving for P2 (TDA) and P3 (soil) were both higher than expected based on Rankine active 
conditions for a material with a friction angle of 30°.  Forces in the rockfill working mat resulted 
in very low K values, much lower than theoretical values.  As stated previously, it is possible that 
the pressure cells were not able to accurately measure the horizontal stress of the rockfill. 

 

Table 5.4:  Earth pressure coefficients after paving (8/2/05) 

Pressure 
Cell 

Horizontal 
Stress (kPa) 

Vertical Stress 
(kPa) 

K-Value 

P1 (TDA) 6.32 50.87 0.12* 
P2 (TDA) 37.68 54.42 0.69 
P3 (soil) 41.39 69.00 0.60 
P4 (soil) 4.29 95.39 0.05 

  *Pressure cell P1 readings not reliable 

 

Abutment 2 

Values of K are shown for the after paving date of 9/3/05 in Table 5.5.  The K value after paving 
for P8 (TDA) was higher than expected based on Rankine active conditions for a material with a 
friction angle of 30°.  Forces in the rockfill working mat resulted in very low K values, much 
lower than theoretical values, as occurred at abutment 1.   
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Table 5.5:  Earth pressure coefficients after paving (9/3/05) 

Pressure 
Cell 

Horizontal 
Stress (kPa) 

Vertical Stress 
(kPa) 

K-Value 

P5 (soil) 14.01 47.52 0.29 
P6 (TDA) 18.99 57.60 0.33 
P7 (TDA) 13.94 63.58 0.22 
P8 (TDA) 38.54 69.57 0.55 
P9 (soil) 17.05 88.41 0.19 
P10 (soil) 7.93 104.45 0.08 

5.1.2.3  Previous Research 

Research by Tweedie, et al (1997) was completed at a full scale test facility constructed at 
UMaine.  The facility held approximately 130 yd3 of backfill, and was 16 feet high and 14.7 feet 
by 15 feet in plan.  Results used for this comparison were based on tests preformed at active and 
at rest conditions.  Based on the results at rest conditions agree better with Tarrtown data.  Three 
different surcharge amounts were used: 250, 500, and 750 psf.  Horizontal stresses were 
measured with similar type pressure cells as used at the Tarrtown project site.   
 
Research by Humphrey, et al. (2000) was based on a single abutment of the Merrymeeting 
Bridge, a 300-m long bridge across the Androscoggin River.  The subsurface profile at the 
location of the north abutment, which was instrumented, consisted of 10 to 20 feet of marine silty 
sand overlying 46 to 49 feet of marine silty clay.  A 14 feet thick TDA layer was placed against 
the abutment wall overlain by a 2.3 feet thick clay layer and further 7.2 feet thick soil fill and 
surcharge layer.  Six pressure cells were placed on the abutment wall, four of which were in the 
TDA layer.   
 
K values from the University of Maine testing facility ranged from 0.17 to 0.55 with the largest 
K values occurring closer to the surface and decreasing with increasing depths.  K values from 
the Merrymeeting Bridge project ranged from 0.24 to 0.50. Comparatively these results match 
well with a majority of the Tarrtown K values for TDA.  Based on these results, average 
estimates of K values for TDA backfill would be 0.2 to 0.4, with an average value of 0.3.  
Therefore horizontal forces acting on a wall can be estimated at nearly one third the vertical 
overburden force at any location on the wall.   

5.1.2.4  Resultant Forces and Moments  

The resultant horizontal force and the overturning moment at the base of the abutment wall stem 
were estimated from the measured pressures as of the last readings available for this report, 02 
February 2007.  The pressure was assumed to vary linearly between measured data points.  
Rankine earth pressures for a material with a friction angle of 30° was used for the upper portion 
of the wall where there were no pressure measurements.  
 
The calculated force and moment per unit width are shown in Tables 5.6 and 5.7.  Since pressure 
cell P1 was not functioning properly for most of the project monitoring period, including the date 
in question, approximations based theoretical Rankine active pressures were used in its place.  At 
all other depths where pressures could not be measured approximations based on theoretical 
Rankine active pressures were used.   
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Abutment 1 

The data for Abutment 1 indicates a lower resultant force on the wall than theoretical Rankine 
active earth pressure with complete soil backfill as seen by comparing Tables 5.6 and 5.7.   
Despite the shallower depth of the resultant, the moment on the footing is also less with 
measured readings than the theoretical Rankine active earth pressure forces.  
 

 Table 5.6:  Abutment 1 resultant forces and moments per unit width 

 Resultant Force 
(kips/feet) 

Depth of Resultant 
(feet) 

Moment on footing 
(kip*feet/feet) 

Last Reading (2/4/07) 7.18 12.5 61.7 

 

 

Table 5.7:  Theoretical resultant forces and moments on Abutment 1  

assuming a 1-foot wall section. 

 Resultant 
Ko (kips) 

Resultant 
Ka (kips) 

Depth of 
Resultant 

(feet) 

Moment Ko 
(kip*feet) 

Moment Ka 
(kip*feet) 

Abutment #1 15 9.37 14.06 105.4 65.8 

 

Theoretical resultant values were calculated based on a complete soil backfill with a unit weight 
of 125 pcf and a friction angle of 30°.  The calculated theoretical active and at rest soil forces are 
higher than the actual measured values by 23% and 52% respectively.  The calculated active and 
at rest moments are higher than the actual measured moment as well by 6% and 42% 
respectively.  Theoretical values can be seen in Table 5.7.  The lower pressures measured in the 
working mat are a critical factor to explain the measured force and moment being lower than the 
Rankine values. 

Abutment 2 

The data for Abutment 2, containing two TDA layers: a 10 feet thick layer and an additional 1 to 
2.5 feet thick layer, indicates a lower resultant force on the wall than theoretical Rankine active 
earth pressure with complete soil backfill as seen by comparing Tables 5.8 and 5.9.  Despite the 
shallower depth of the resultant, the moment on the footing is also less with measured readings 
than the theoretical Rankine active earth pressure forces. 
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Table 5.8:  Abutment 2 resultant forces and moments assuming a 1-foot wide wall section 

 Resultant Force 
(kips) 

Depth of Resultant 
(feet) 

Moment on footing 
(kip*feet) 

Last Reading (12/23/05) 6.58 13.2 70.4 

 

Table 5.9:  Theoretical resultant forces and moments on Abutment 2 

assuming a 1-foot wall section 

 Resultant 
Ko (kips) 

Resultant 
Ka (kips) 

Depth of 
Resultant 

(feet) 

Moment Ko 
(kip*feet) 

Moment Ka 
(kip*feet) 

Abutment #2 17.9 11.8 15.9 142.9 94.3 

Theoretical resultant values were calculated based on a complete soil backfill with a unit weight 
of 125 pcf and a friction angle of 30°.  The calculated theoretical active and at rest soil force is 
higher than the actual measured value by 44% and 63% respectively.  The calculated active and 
at rest moment is higher than the actual measured moment by 25% and 51% respectively.  The 
theoretical values can be found in Table 5.9. The lower pressures measured in the working mat 
and bottom soil fill layer are critical factors to explain the measured force and moment being 
lower than the Rankine values. 

5.1.2.5  Time Dependent Pressure Changes 

After the completion of paving most of the pressure cells exhibit seasonal changes in measured 
pressure.  Pressures generally reach an annual peak in the summer followed by an annual 
minimum in the winter.  This pattern is most likely due to an imprecise temperature correction 
factor.  These factors are supplied by the instrument manufacturer and take into account only the 
effect of temperature on the pressure transducer readings, not the whole pressure cell.  For 
projects with several years of post construction pressure cell readings, it is possible to use 
measured pressures and temperatures to develop a more accurate temperature correction; 
however, this is not yet possible for the data from this project.  Thus, care must be used to take 
into account apparent seasonal changes in pressure when trying to discern long-term trends. 
 
Pressure readings on five of the cells reached their highest values between completion of 
overburden placement and overburden removal.  This includes P2, P5, P7, P8, and P9.  Cell P3 
reached its highest value near completion of pavement.  Cell P6 reached is highest value during 
the post construction period.  After accounting for seasonal fluctuations, the data for P3, P5, and 
P9 suggest that the pressures are decreasing with time.    
 
To gain a clearer understanding of pressure changes over time, the pressure on a specific date 
each year (February 7) is shown in Tables 5.10 and 5.11.  By using the same date, the effect of 
seasonal temperature fluctuations would be minimized.   For the cells that were functioning 
during the post construction period, six had lower pressures on 7 February, 2007 than a year 
earlier on 7 February, 2006.  The opposite was true for the remaining two cells.  Continued 
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monitoring is needed to better understand long term trends and to develop temperature correction 
factors that remove apparent seasonal fluctuations in pressure. 

Table 5.10:  Yearly pressure comparison for each pressure cell located on Abutment 1 

Pressure 
Cell 

 Horizontal  
Pressure (kPa)  

2/7/04  
(during construction) 

Horizontal  
Pressure (kPa)  

2/7/05 
(during construction) 

Horizontal 
Pressure (kPa) 

2/7/06 
(post construction) 

Horizontal 
Pressure (kPa) 

2/7/07 
(post construction) 

P1 (TDA) -- -- -- -- 
P2 (TDA) 7.86 25.66 29.01 28.02 
P3 (soil) 2.42 10.98 20.62 20.07 
P4 (soil) -0.3 7.26 5.26 -- 

 

Table 5.11:  Yearly pressure comparison for each pressure cell located on Abutment 2 

Pressure 
Cell 

Horizontal  
Pressure (kPa) 

 2/4/04 
(no backfill placed) 

Horizontal  
Pressure (kPa) 

2/4/05 
(during construction) 

Horizontal 
Pressure (kPa) 

2/4/06 
(post construction) 

Horizontal 
Pressure (kPa) 

2/4/07 
(post construction) 

P5 (soil) -- -- 11.43 6.68 
P6 (TDA)   -- -- 14.77 18.59 
P7 (TDA) -- 5.77 13.71 13.10 
P8 (TDA) -- 25.92 32.84 31.78 
P9 (soil) -- 6.06 11.75 11.13 
P10 (soil) -- 0.16 2.44 4.05 

 

5.2 Settlement Instrumentation 
Settlement plates and spider magnets were installed at ten locations on each embankment, in 
conjunction with inclinometer casings.  Settlement data was collected by measuring depths of 
plates and spider magnets from the top of the inclinometer casing.  The two datum magnets at 
each inclinometer placed in the underlying bedrock were measured as well.  The elevations of 
these magnets was assumed constant and height differences between the plate, spider, and datum 
magnets were subtracted in order to determine elevations at each instrument location.  These 
elevations were then subtracted from initial readings to determine settlement. Settlement data 
analysis is presented in the following sections. 

Embankment 1 

The greatest settlement was found on the roadway centerline, I03 and I08, where the TDA was 
the thickest. The maximum settlement occurred at I03 where 12 in of settlement was measured at 
the top of the TDA layer after overburden placement had been completed.   Settlement at the toe 
of the embankment (I01, I05, I06, and I10) ranged from approximately 0 to 2 in.  Settlement of 
the surface of the foundation soils at roadway centerline was about 4 in at I03 and negligible at 
I08.  This suggests significant variability in the compressibility of the foundation soils. 
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Most of the settlement of the foundation soils and TDA had occurred by completion of soil cover 
placement.  During the approximately 11 month period between removal of the overburden and 
placement of the base course and pavement some rebound of the soil and/or TDA occurred.  No 
appreciable long term settlements were measured at the toe of the embankment (inclinometers 
I01, I05, I06, and I10).  Some long term settlement can be seen at inclinometers I02, I03, and I04 
at Station 204+50.  There appears to be little long term settlement at Station 204+00 beneath the 
embankment shoulders and centerline (I07, I08, and I09). Some plots show scatter of the data 
that appears to be related to the accuracy of the measurements, or errors in individual readings.  
The scatter of the data can be as high as ±1 in.  

Embankment 2 

Embankment 2 was constructed of two individual TDA layers, as described previously. The 
maximum settlement occurred at I13 and I18, where the TDA was the thickest. A maximum of 
53 cm (21 in) of settlement was measured at I13.   Settlement at the toe of the embankment (I11, 
I15, I16, and I20) ranged from approximately 0 to 1.5 in.  Settlement at the surface of the 
foundation soils at centerline was about 2 in. at I13 and about 2.5 in. at I18.  This suggests a 
somewhat uniform settlement behavior of the foundation soil under embankment 2. 
 
Most of the settlement of the foundation soils and TDA had occurred by completion of soil cover 
placement.  During the approximately 3 month period between removal of the overburden and 
placement of the base course and pavement some rebound of the soil and/or TDA occurred.  It 
took several months (4-5 months) after placement of the base course and pavement for the 
embankment to recompress to about the same settlement as prior to overburden removal.   
 
No appreciable long term settlement was measured at the toe of the embankment (I11, I15, I16, 
and I20).  Some long term settlement can be seen at inclinometers I13, and I14 at Station 
207+00.  There also appears to be some long term settlement occurring at centerline of Station 
208+00, inclinometer I18.  Some plots show scatter of the data which appears to be related to the 
accuracy of the measurements or errors in individual readings.  The scatter of the data can be as 
high as ±1 in.  

5.2.1 Embankment Settlement Analysis 
Settlement of each embankment was monitored using settlement plates and spider magnets 
placed both at layer interfaces and within layers. These instruments were placed around each 
inclinometer casing and monitored manually.  The most useful part of the settlement analysis 
was determining compression of the TDA layer.  This information is needed by TDA 
embankment designers to estimate the in place unit weight of TDA and the overbuild needed for 
the top of a TDA layer, so that the layer compresses to the design thickness once the overburden 
has been placed.  The results of this analysis are presented below.   

5.2.1.1  Total Compression of TDA Layer 

TDA layer compression was calculated from the date the full thickness of the TDA layer was 
completed, through winter/spring 2006-2007.  Therefore, compression due to self weight of the 
TDA had occurred prior to the beginning of the layer compressions presented in this section.  
The results are presented below, separated according to embankment. Percent compression was 
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calculated by first subtracting measured elevations at the top and bottom of the tire layer from 
the elevation of a datum magnet which was anchored in the underlying bedrock.  This resulted in 
the current layer thicknesses.  These thicknesses were then compared to the initial layer thickness 
and the percent compression was found. 

Embankment 1 

Embankment 1 contains only one layer of TDA.  Six inclinometer casings are present in the area 
containing TDA.  Inclinometers I03 and I08 are located on the roadway centerline, while 
inclinometers I02, I04, I07, and I09 are located on the side slope of the embankment.  I02 and 
I04 are located nearer to the abutment, while I07 and I09 are located further from the abutment. 
The compression of the TDA layer at the center of the embankment reached a maximum after 
surcharge was placed and began to rebound with the removal of the surcharge, roughly 2 feet of 
soil.   
 
Compression of the TDA beneath the side slopes of the embankment exhibited different 
behavior.  Compression of the TDA layer on each side of the embankment is almost unchanged 
from completion of overburden placement to the last set of readings included in this report.  The 
settlement beneath the side slopes and toe would not be expected to be affected by placement and 
removal of the surcharge, which was placed only on the embankment crest.  The compression at 
I09 showed more fluctuations than the other units in this embankment.  The maximum 
compression of the TDA layer ranged from 3% to 16%, with the greatest compression occurring 
on the side of the embankment where I04 and I09 are located.  The first readings of the 
centerline inclinometers were not taken until the soil cover was nearly complete, leading to a 
possible underestimate of the actual compression (I03 - PM3 first read 4/24/04, cover soil 
placement began 4/6/04, completed 4/30/04).  This could be one factor leading to the difference 
in centerline compression from Embankment 1 to Embankment 2. 

Embankment 2 

Embankment 2 contains two layers of TDA.  The first, upper layer, varies in thickness from 1 
feet at the back face of the abutment wall to 2.5 feet at a distance of 200 feet from the abutment.  
The second, lower layer, was placed at a thickness of 10 feet throughout.  Inclinometers I13 and 
I18 are located on the roadway centerline and penetrate both TDA layers.  Inclinometers I12, 
I14, I17, and I19 are located beneath the side slopes of the embankment and penetrate only the 
lower TDA layer.  I12 and I14 are located nearer to the abutment, while I17 and I19 are located 
farther from the abutment. It was not possible to compute the percent compression for 
Inclinometer I19 because of erroneous initial readings of the settlement plate placed on top of the 
TDA layer.  The reason for these erroneous readings is unknown. 
 
The total compression of the lower TDA layer in Embankment 2 is 5% to 7% greater than 
compression of the 10 feet thick tire layer on corresponding Embankment 1.   Almost no 
additional compression occurs from completion of surcharge placement to the last reading 
included in this report.  Compression at the sides of the roadway exhibited similar behavior.  
Compression of the tire layer on each side of the embankment remains nearly unchanged from 
completion of overburden placement to the last analyzed set of readings.  Maximum compression 
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of the bottom tire layer ranges from 3% to 17%, with the greatest compression at inclinometer 
I17. 

5.2.1.2  Predicted and Actual Settlement 

During project design, overbuild was calculated based on a procedure that was published by Dr. 
Dana Humphrey, Ph.D., P.E. in 2005. Humphrey (2005) developed a design chart based on 
actual field results of TDA settlement at the Portland Jetport project which used 12 in maximum 
size TDA and laboratory testing of 3 in-minus TDA.  A correction factor was developed to 
account for larger sizes of TDA material used in the field and the 3 in-minus material used for 
laboratory testing.  This correction factor was then applied to laboratory results for different 
overburden pressures and thicknesses to develop the design chart provided in Appendix D.  
Predicted settlement was found by using surveyed layer thicknesses to estimate vertical 
overburden pressures with a soil unit weight of 125 pcf and a TDA unit weight of 50 pcf. These 
resulting values of settlement found from the design chart are compared below with actual 
settlement values as of winter 2006-2007.  Predicted settlement values compare very well with 
actual settlement of all three TDA layers with different overburden forces.   
 
Dixon, et al. (2001) presented the measured settlement from an embankment constructed by the 
New York State DOT with a 10 feet thick TDA layer with overburden of various thicknesses of 
1 feet to 12.5 feet.  The overburden consisted of a 4.9 feet thick subgrade layer with a 4.1 to 8.2 
feet thick surcharge layer.  Dixon, et al. (2001) compared these results to settlements from three 
previous projects (Portland Jetport, Binghamton Project, and Merrymeeting Bridge) which 
consisted of 6.6 to 9.8 feet of overburden.  Predicted settlements were calculated from the 
Humphrey (2005) design chart, based on the assumption of a 10 feet thick TDA layer and the 
overlying fill thicknesses given in Dixon, et al. (2001).  The overlying fill was assumed to have a 
unit weight of 125 pcf.  These results are compared with results of this study and predicted 
settlement values compare very well with actual settlement of all three TDA layers with different 
overburden forces.  This indicates that the overbuild chart is a useful tool for designers. 

5.2.1.3  Time Dependent Compression of TDA Layer During Surcharge 

Time dependent compression of the TDA layers during the period when the surcharge was left in 
place is examined in this section.  The purpose of the surcharge and loading period was to allow 
time dependent compression to occur prior to final grading and paving.  The embankments were 
built to their final design height plus 1 feet using common borrow.  At the end of the surcharge 
period approximately 1 feet of common borrow was removed and the base course and pavement 
was placed.  For Embankment 1 there was a considerable delay, approximately 300 days, 
between surcharge removal, base coarse placement and final paving.  

Embankment 1 

Embankment 1 contains only one 10 feet thick layer of TDA.  From the time of surcharge 
completion to surcharge removal the TDA layer at centerline (I03 and I08) shows no 
compression, only expansion, opposite of what was estimated to occur. This behavior was 
unexpected and may have been due to inaccurate readings.  Additional rebound occurred upon 
removal of overburden.   
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For the inclinometers located on the sides of the TDA fill layer, small fluctuations in readings 
were seen and only small changes in layer thicknesses were seen with a maximum of 2% 
expansion, and 2% compression for inclinometers I04 and I09 respectively.   

Embankment 2 

Embankment 2 contains two layers of TDA.  The first, upper layer, varies in thickness from 1 
feet at the face of the abutment wall to 2.5 feet at a distance (200 feet) from the abutment.  The 
second, lower layer, was placed at a thickness of 10 feet throughout.   
 
From the time of surcharge completion to surcharge removal the upper layer, along the 
embankment centerline, experienced compression, with most of the compression occurring 
immediately after placement of surcharge. The greatest compression, of nearly 11%, occurred at 
inclinometer I13, which is located nearer to the abutment.  The large amount of compression is 
most likely due to the thinner layer of TDA at this location. 
 
Compression during surcharge placement of the lower layer of TDA, along the embankment 
centerline, acted in the same manner as the upper layer, showing the greatest compression 
immediately after surcharge placement.  The magnitude of this compression was less however, 
for the lower layer, with a maximum compression of about 3.5% occurring at I13.  For the 
inclinometers located on the sides of the tire fill layer, small fluctuations in readings were seen 
and only small changes in layer thicknesses were seen with a maximum of 2% expansion, and 
2% compression for inclinometers I14 and I17 respectively.   

5.2.1.4  Long Term Compression of TDA Layer 

Long term compression of the TDA is examined in this section.  Percent compression was 
calculated starting the day paving was completed and plotted versus elapsed days. The results are 
presented below. 

Embankment 1 

Through day 50 approximately 1.2% to 1.8% compression occurred.  This is consistent with the 
results reported by Tweedie, et al. (1997).  From day 50 though day 619, I08 experienced an 
additional 0.3% compression, while I03 experienced an additional 1.5% compression.  Best fit 
lines for the semilog graph have similar slopes, indicating similar rates of long term compression 
between both inclinometers. The coefficient of determination (R-squared) was calculated.  R-
squared values for the semilog plot of the centerline inclinometers were 0.7 for I03 and 0.5 for 
I08, shown in Table 5.12, suggesting that a linear fit on a semilog plot accounts for between 
about 50% to 70% of the variation in the data. 
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Table 5.12:  Slopes and R-squared values based on best fit lines of semilog long term 
compression plots at centerline inclonometers, Embankment 1 

Inclinometer Slope on semilog plot 
(% comp) 

R-Squared 
Value 

I03 0.011 0.697 
I08 0.007 0.498 

 
Inclinometers located on the sides of the TDA layer show both compression and expansion over 
the 625 day time period. The values range between -2% expansion and 2% compression.  It is 
possible that some of these variations could be due to the accuracy with which the readings could 
be taken. 

Embankment 2 

Through day 50 approximately 0.8% to 1.8% compression occurred.  This is consistent with the 
results reported by Tweedie, et al. (1997).   From day 50 though day 600, I18 experienced an 
additional 0.4% compression, while I13 experienced an additional 1.2% compression.  Best fit 
lines for the upper layer centerline semilog graph have slopes (percent compression per day) that 
do not match as seen in Table 5.13, indicating the different rates of long term compression 
between both inclinometers.  Since the thickness of the upper TDA layer varies with distance 
from the wall and is very thin, reading accuracy has a large influence on results.  Therefore it is 
likely that results for long term compression may have been significantly affected by these 
inaccuracies. R-squared values for semilog plot of the centerline inclinometers were 0.27 and 
0.41 which helps to prove the variability of the settlement from reading to reading.   
 
The long term compression of the lower TDA layer at the centerline of Embankment 2 through 
day 50 shows almost no additional compression.  From day 50 though day 600, I18 experienced 
an additional 1.6% compression, while I13 experienced an additional 1.3% compression.  Best fit 
lines for the semilog graph have almost identical slopes (seen in Table 5.13) as is true with the 
TDA layer in embankment 1, indicating the same rates of long term compression between both 
inclinometers.  R-squared values for semilog plot of the centerline inclinometers were 0.68 and 
0.6 proving the small long term compression to be fairly linear, the opposite of the upper TDA 
layer.  All four of the calculated slopes for long term compression of 10-feet thick TDA layers at 
the roadway centerline are very similar  (0.007-0.011% comp), indicating that small amounts of 
long term compression are occurring at similar rates in the thicker TDA layers of both 
embankments. 
 

Table 5.13:  Slopes and R-squared values based on best fit lines of semilog long term 
compression plots at centerline inclonometers, Embankment 2 

Inclinometer Slope on semilog plot 
(% comp) R-Squared Value 

I13 - Top 0.030 0.415 
I18 - Top 0.010 0.265 
I13 - Bottom 0.010 0.682 
I18 - Bottom 0.011 0.603 
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Inclinometers located on the sides of the TDA layer show both compression and expansion over 
the 600 day time period.  The values range between -1.8% expansion and 1.8% compression.  It 
is possible that some of these variations could be due to the accuracy with which the readings 
could be taken. 

5.3 Pore Pressures  
Vibrating wire piezometers were installed in the foundation soil to monitor pore water pressures 
for stability analysis during the construction period of the project.  Piezometers W1 through W13 
were placed adjacent to inclinometers, with two additional piezometers (W14 & W15) placed in 
the crushed rock backfill near the base of each abutment wall to directly measure pressures due 
to water levels in Limestone Run.   

5.3.1 Water Levels in Limestone Run  
Water levels in Limestone Run fluctuate with rainfall, season, and water level in the adjoining 
Allegany River (the receiving river).  The latter factor controls the water level during high water 
events. Two piezometers, W14 & W15 were installed in the rock fill working mat behind each 
abutment wall to measure changes in pore pressure based on the stream water levels. Pore 
pressure peaks for both W14 and W15 occur during the same time periods, generally on the same 
day, suggesting that these piezometers respond directly to water trends in Limestone Run.  These 
peaks are of similar magnitudes as well.  During most periods the water level in Limestone Run 
is below the evaluation of W14 and W15 and these piezometers record approximately 0 pressure. 

Embankment 1 

The pore water pressures measured by each piezometer located beneath Embankment 1 were 
between 0 and 313 psf for most piezometers.  Peaks generally coincide with peaks in water 
levels in Limestone Run. Based on these results the foundation soils appear to be fairly 
permeable dissipating excess pore water pressures and responding rapidly to changes in 
Limestone Run water level.   

Embankment 2 

The pore water pressures measured by each piezometer located beneath Embankment 2 were 
between 0 and 418 psf for most piezometers.  Piezometer W13 was the only piezometer to stop 
functioning and did so in July of 2004. Peaks generally coincided with peaks in water levels in 
Limestone Run.    Pore pressures at the locations of W9 and W10 showed appreciable seasonal 
changes but no appreciable increases when fill was placed. All other locations showed no 
appreciable seasonal changes and no appreciable increases when fill was placed.  Based on these 
results the foundation soils appear to be fairly permeable dissipating excess pore water pressures 
and rapidly responding to changes in Limestone Run water level.  The installation elevation of 
the piezometers likely influenced the pressure, with units installed at lower elevations registering 
higher pressures.   
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5.3.2 Total Head 
Total head was determined by converting the measured water pressure to the equivalent pressure 
head in feet of water and adding it to the elevation of the piezometer above sea level (i.e. the 
elevation head with sea level as the datum). 

Embankment 1 

Total head was calculated for each piezometer located in Embankment 1, the results were 
compared with total head calculated from piezometer W15 located adjacent to Limestone Run. 
The elevation of piezometer W15 was above water levels in Limestone Run except for periods of 
high water, therefore the total head calculated remained at the instrumentation elevation except 
for high water periods.  Due to this an overall comparison between piezometer W15 and 
piezometers located deeper within the foundation soil cannot be made; only comparisons 
between total head peaks during high water levels can be made.   
 
Total heads in Embankment 1 during peak periods are very similar to those in piezometer W15. 
Changes in total head of both piezometers at roadway centerline are almost identical to changes 
in total head at W15, which represents water level changes in Limestone Run.  All other 
piezometers located in embankment 1 follow this same pattern.   Based on this information the 
foundation soils under embankment 1 appear to be highly permeable, showing immediate 
response to water levels in Limestone Run.      

Embankment 2 

Total head was calculated for each piezometer located in Embankment 2, the results were 
compared with total head calculated from piezometer W14 located adjacent to Limestone Run. 
The elevation of piezometer W14 was above water levels in Limestone Run except for periods of 
high water, therefore the total head calculated remained at the instrumentation elevation except 
for high water periods.  Due to this an overall comparison between piezometer W14 and 
piezometers located deeper within the foundation soil cannot be made; only comparisons 
between total head peaks during high water levels can be made.   
 
Total heads in Embankment 1 during peak periods are very similar to those in piezometer W14. 
Changes in total head of the piezometer at roadway centerline are almost identical to changes in 
total head at W14, which represents water level changes in Limestone Run.  All other 
piezometers located in embankment 2 follow this same pattern.    

5.4 Inclinometers 
Inclinometers were placed in two rows perpendicular to the centerline on each embankment.  
Horizontal movements of the embankment were recorded manually using an inclinometer 
torpedo which is placed inside the inclinometer casing and measures tilt at predetermined 
intervals.  Only the inclinometers located in the side slope and toe of each embankment are 
included here.  No significant pattern of horizontal movements occurred for the inclinometers on 
the centerline and these results are not included.  Readings of inclinometers were taken by the 
PennDOT District 10-0 and Apex personnel. Plots are composed of data interpreted from plots 
made by PennDOT, not actual field readings and can be provided by PennDOT upon request.  
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These horizontal movement readings were plotted versus time to show trends of horizontal 
movement over time.  It was not possible to evaluate the validity of these readings other than 
ignoring results that deviated significantly from the general pattern.  
 
 
To gain a better understanding of the pattern of movements, horizontal displacement at selected 
depths vs. time was plotted as discussed in the following sections.   

Embankment 1 

The horizontal displacements of inclinometers I1, I5, I6, and I10, at a depth of 5 feet below the 
ground surface (original grade), located at the toe of the embankment, show the largest 
horizontal movements of all installed inclinometers.  Most of the movement measured occurred 
during construction, with some additional displacement occurring while overburden was present.  
Inclinometers I01, I05 and I06 also show small outward movements right before the completion 
of pavement, which can be estimated to come from paving.  Only inclinometer I01 shows a long 
term trend of outward movement, though this movement is only 1/4 to 1/3 in which is beyond the 
accuracy of the measurements themselves.  Maximum displacement was recorded at 
inclinometer I01, with a total outward movement of 2 in. 
 
The horizontal displacements of inclinometers I2, I4, I7, and I9, located on the side slope of the 
embankment, do not show consistent horizontal movements.  Readings were not taken very often 
at these locations, and the readings that were taken show considerable scatter.  Plots were made 
based on readings at a depth of 5 feet below original grade due to the irregular and missing data 
for points above this depth.  Due to the scatter of the data no trends can be found in the 
measurements. 

Embankment 2 

The horizontal displacements of inclinometers I11, I15, I16, and I20, at a depth of 6 feet below 
ground surface (original grade), located at the toe of the embankment, showed some horizontal 
movements.  Plots were made based on readings at a depth of 6 feet due to the irregular and 
missing data for points above this depth.   
 
Most of the movement measured occurred during construction, with additional displacement 
from overburden occurring at only one inclinometer, I15.  Inclinometers I15 and I16 show very 
small long term trends, though this movement is only 1/4 to 1/3 in which is beyond the accuracy 
of the measurements themselves.  Maximum displacement was recorded at inclinometer I15, 
with a total outward movement of 2 in. 
 
The horizontal displacements of inclinometers I12, I14, I17, and I19, located on the side slope of 
the embankment, showed varied horizontal movements.  Plots were made based on readings at a 
depth of 5 feet due to the irregular and missing data for points above this depth.  Inclinometer 
I14 shows the greatest displacement, with over 3 in of outward movement 
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5.5 Temperature in TDA Layers 
Temperature readings were taken in the TDA layer with thermisters.  The results are discussed in 
this section with the object of confirming that the TDA did not experience self heating, and also 
the extent to which the temperature followed seasonal temperature changes.  No data processing 
was required for this data since the output from the data collection device was in degrees Celsius. 

Embankment 1 

The most evident trend is a pattern of seasonal fluctuation of the temperatures.  This seasonal 
temperature variation is typically between 50 to 77˚F (10 and 25˚C) and is clearly evident even 
for thermisters located further from the embankment surface such as T5 and T11   The maximum 
temperature in the TDA occurs in late August to early October, i.e., somewhat delayed from the 
peak air temperature that actually occurs in July and August.  The thermisters farthest from the 
embankment surface (T5 and T11) experience the greatest delay.  A similar delay is observed for 
the minimum temperatures.   
 
The highest temperature reading in the TDA layers of Embankment 1 was about 77˚F (25˚C).  
This is well below the combustion temperature of TDA of 932˚F (500˚C) (Humphrey, 2006) and 
thermal decomposition temperature of 302˚F (150˚C).  A few of the thermisters are showing 
slight increases in the seasonal peak temperatures with passing summers.  This is most evident 
for T8 which reached a peak temperature of (59˚F) 15˚C  after the summer of 2004, 66˚F (19˚C) 
after the summer of 2005, and 73˚F (23˚C)  after the summer of 2006.  This may indicate that a 
small amount of heat is being generated by the TDA or that the embankment is not yet in 
equilibrium with the naturally occurring temperature regime.  None the less, with a peak in 
temperature of 73˚F (23˚C) and distinct seasonal fluctuation in temperature, there is no cause 
for concern. 

Embankment 2 

Two of the installed thermisters (T21 and T22) were excluded from evaluation due to 
malfunction shortly after installation. The most evident trend is a pattern of seasonal fluctuation 
of the temperatures in both layers of TDA.  This seasonal temperature variation is typically 
between 5 and 15˚C (41 and 59˚F) with greater fluctuation occurring at the upper TDA layer.  
The seasonal temperature variation is clearly evident even for thermisters located further from 
the embankment surface such as T17.  The maximum temperature in the TDA occurs in late 
August to early October in the upper TDA layer and in December to January in the lower TDA 
layer, i.e., delayed from the peak air temperature that actually occurs in July and August.  The 
thermisters furthest from the embankment surface (T17 and T20) experience the greatest delay.  
A similar delay is observed for the minimum temperatures.   
 
The highest temperature read in the TDA layers was about 68 ˚F (20˚C).  This is well below the 
combustion temperature of TDA of 932˚F (500˚C) (Humphrey, 2006) and thermal 
decomposition temperature of 302˚F (150˚C).  None of the thermisters show any appreciable 
peak temperature increase over time.    With a peak in temperature of 73˚F (20˚C) and distinct 
seasonal fluctuation in temperature, there is no cause for concern. 
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Inundation of a TDA fill during a flood event was proposed by Humphrey (1996) as a possible 
factor that contributed to self heating of TDA.  This was proposed because a TDA embankment 
in Garfield County, Washington was subject to a 25 year flood and subsequently experienced a 
serious heating reaction.  The Tarrtown project was designed so that the bottom of the TDA fill 
would be 2 feet (0.6 m) above the 100 year flood level.  Despite this precaution, a flood during 
September of 2004 (see photographs in Appendix H) inundated the lower TDA layers of both 
embankments.  Examination of the data has shown that this event has had no effect on the 
temperature of the TDA fill. 

5.6 Summary of Conclusions 
Several conclusions can be drawn from the analysis and interpretation of collected data. 
 

• Earth Pressure Coefficient (K) values for TDA determined using measured pressure and 
calculated vertical stress range from 0.21 to 0.69 with an average of 0.38. These results 
match well with values determined from previous research (Tweedie, et al. (1997) and 
Humphrey, et al. (2000)).  Based on this, horizontal stresses for TDA material can be 
estimated at around one third the vertical overburden pressure   
 

• Earth Pressure Coefficient (K) values for soil fill determined using measured pressure 
and calculated vertical stress range from 0.19 to 0.60 with an average of 0.36 which 
compares well with typical Rankine active K values of 0.33, for soil fill with a friction 
angle of 30°. 
 

• Earth Pressure Coefficient (K) values for rock fill determined using measured pressure 
and calculated vertical stress range from 0.04 to 0.07 with an average of 0.055.  This is 
much below typical Rankine active and at rest K values of 0.33 and 0.5 for soil fill with a 
friction angle of 30°.  It is possible that pressure cells were unable to accurately measure 
the pressures of the coarse, angular rockfill. 
 

• Actual resultant forces and moments are less with TDA material present than theoretical 
Rankine active earth pressures with an equivalent dimensioned, 100% complete soil 
backfill by 23% to 44%, and 6% to 25%, respectively. The lower pressures measured in 
the working mat are a critical factor to explain the measured force and moment being 
lower than Rankine values. 
 

• Measured compression of the TDA layers agreed with values expected from the design 
chart created by Humphrey (2005).  Settlement also compares well with those from 
previous projects in Maine and New York.  
 

• Most compression of the TDA layers occurred immediately upon placement of 
overburden material and ranged from 3% to 18% with the higher values corresponding to 
higher overburden pressures.   

 
• Settlement during surcharge loading periods in the 10 feet thick TDA layer were small 

and ranged from 2% to 3%.  Settlements during surcharge loading in the upper 1 feet to 
2.5 feet TDA layer in Embankment 2 were higher (2% to 10%) due to the thinness of the 
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layer.  These small settlements concur with the hypothesis that most TDA compression 
occurs immediately upon overburden placement. 

 
• Small long term compression occurred at locations of higher overburden pressure.  

Slopes of percentage compression versus log of time plots were similar for all locations 
in the lower TDA layers at roadway centerline ranging from 0.007 to 0.011.  R-squared 
values for these plots ranged from 0.5 to 0.7 showing a good fit between the plots and 
best fit lines from which slope were calculated. 

 
• Small long term compression occurred at locations of lower overburden pressure and a 

thin TDA layer.  Unfortunately slopes of percentage compression versus log of time were 
not alike (0.01 and 0.03 respectively) and R-squared values were low (0.26 and 0.42).  
These long term settlements may largely be related to inaccuracies with readings caused 
by the thinness of the TDA layer in these sections of the embankments. 

 
• Foundation soil settlements at roadway centerline varied from one embankment to the 

other.  Settlements at roadway centerline of Embankment 1 ranged from 0.3 to 2 in (1 to 
5 cm ).  Settlements at roadway centerline of Embankment 2 were nearly 11 in (28 cm) at 
both inclinometer locations.  Most of the settlement of the foundation soils occurred 
immediately upon placement of fill.    

 
• Foundation soil settlements at the side slopes of both embankments ranged from 0-2.5 in 

with one location (I14) measuring 4 in of settlement.  Foundation soil settlement at the 
toes of both embankments were negligible at all but two locations (I05 and I11) where 
foundation soil settlement was 2.5 in and 1.5 in respectively.  Foundation soil settlements 
at the side slopes and toes were much less then settlements at roadway centerline. As with 
settlements at roadway centerline most of the settlement of the foundation soils occurred 
immediately upon placement of fill. 

 
• Pore pressures in the foundation soils are largely controlled by water levels in Limestone 

Run. There is a negligible delay between a rise in the water level in Limestone Run and 
an increase in the pore pressures in the foundation soil suggesting that the foundation soil 
is permeable.  

 
• In general, no appreciable increases in pore pressures were observed when fill was 

placed.  Peaks generally coincide with peaks in water levels in Limestone Run.; therefore, 
the weight of the fill placed during embankment construction did not have a discernable 
effect on pore pressures in the foundation soil.   

 
• No large lateral deflections occurred in the foundation soils during construction.  A 

maximum of 2 in of outward movements occurred at several locations at the embankment 
toe and a maximum of 3 in occurred at one location on the side slope of both 
embankments during the entire monitoring period.  Most of the outward movement 
occurred during fill placement. 
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• The highest temperature recorded in the TDA layers of both embankments was 25˚C 
(77˚F), well below the combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 
2006) and temperature at which thermal decomposition begins (about 150˚C [302˚F]).  
Thus, the measures to inhibit air movement within the TDA which is conducive to 
oxidation of exposed steel, is effective.   

 
• There is a seasonal fluctuation of the temperature in the TDA layers.  There is a lag 

between the changes in air temperature and temperature in the TDA layers.  The lag 
increases with increasing distance from the embankment surface with the greatest 
observed lag being about 5 months.  But at no time does the TDA temperature rise to a 
level of concern.  
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Section 6.0: Numerical Modeling 
This section discusses the results and findings of the numerical modeling efforts undertaken by 
Joseph Wartman, Ph.D., P.E. and Patrick Strenk of Drexel University’s Department of Civil, 
Architectural, and Environmental Engineering (Drexel).  A summary of the report is provided 
below and included in its entirety as Appendix G.   
   
As stated previously, the tire derived aggregate (TDA) embankments at the Tarrtown Bridge 
Project are likely the country’s most thoroughly instrumented geotechnical structures comprised 
of recycled materials.  As such, they present an excellent opportunity to analyze the actual field 
behavior of these unique geotechnical structures.  Through the use of numerical modeling 
software, the field performance of these structures is compared against the model results to gain 
insight into the mechanisms of TDA embankment deformation and to define and understand the 
factors that influence these mechanisms.  In addition to monitoring the performance of the entire 
embankment, much of the field instrumentation is positioned to exclusively monitor the behavior 
of the encased layers of TDA.  Utilizing this data, numerical modeling software is used to back-
analyze the in-place properties of the tire shreds and provide useful information for designing 
future projects.  
 
Background 
TDA has been the subject of extensive characterization of its engineering properties and 
behavior.  The shear strength, compressibility and permeability characteristics of TDA are 
important parameters for geotechnical design and have been evaluated almost entirely using 
laboratory studies and are well understood today (e.g. Ahmed 1993; Benda 1995; Edil and 
Bosscher 1994; Humphrey and Manion 1992; Humphrey et al. 1993; Masad et al. 1996; 
Wartman et al. 2007; Yang et al. 2002).   
 
However, the accuracy and reliability of the engineering properties derived from these studies is 
limited by several issues.  First, due to difficulties associated with testing large-particle TDA in 
standardized geotechnical testing equipment designed for soils, most laboratory studies were 
performed on small tire particles such as granulated rubber and tire chips (< 2 in.), whereas much 
larger tire shreds (2 – 12 in.) are used in most field applications.  This issue is one of scale-
dependency and calls into question the validity of using engineering parameters derived from 
smaller tire particles to represent the behavior of larger tire shreds.  Secondly, laboratory studies 
have been performed on TDA specimens that have been prepared under carefully controlled 
laboratory conditions, which do not necessarily represent the actual field conditions.  Thus, these 
laboratory tests do not capture variability in source materials, shredding processes and/or 
construction procedures that can have marked impact on the properties and hence the field 
behavior of TDA. 
 
In addition to laboratory studies, the engineering behavior of TDA has also been investigated 
through several full-scale test embankments and case histories (e.g. Bosscher et al. 1993; 
Humphrey et al. 2000; Dickson et al. 2001; Hoppe and Mullen 2004; Salgado et al. 2003; 
Zornberg et al. 2004).  The performance of these TDA structures was monitored with 
instrumentation similar to that installed in the embankments of this project.  These investigations 
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usually ended with a simple summary of the field performance results and lessons learned; none 
of the studies attempted to validate the results using numerical modeling techniques.   
 
At this point, numerical modeling of the TDA embankments at the Tarrtown Bridge Project 
represent a first-of-its-kind effort to explore, understand and validate the deformation 
mechanisms of TDA embankment using this technology.  Moreover, this work represents the 
first attempt to back-analyze constitutive model parameters that are calibrated to the actual 
observed deformation response of TDA.   
 
Goals 
For the reasons discussed above, numerical modeling of the TDA embankments at the Tarrtown 
Bridge Project will serve as a tool to achieve the following goals: 

1. To develop and/or calibrate material constitutive parameters for TDA based on the back-
analyses of field-instrumentation data and to compare the parameters with those of 
previous laboratory studies by others; 

2. To assess the sensitivity of the numerical modeling to the constitutive model parameters 
and to understand the practical implications of these sensitivities in the context of source 
and in-place material variability; 

3. To compare the actual field behavior and performance of the TDA embankments to that 
of the numerical model; 

4. To formulate recommendations for PennDOT designers regarding the type and level(s) of 
analyses required to properly analyze and accurately predict the performance of TDA 
embankments.   

6.1 Field-Instrumentation Data 
Post-processing and preparation of the field data was undertaken by collaborating researchers 
from UMaine led by Dr. Dana Humphrey, Ph.D., P.E..  However, before beginning the 
numerical modeling, the data was reviewed in order to decide which type of field data is most 
relevant to model calibration and to address and correct any irregularities in the data that may 
adversely impact the model calibration.  Considering the overall goals of the modeling and the 
instrument function, the inclinometer and settlement plate field data were selected as the most 
appropriate.  

Preliminary modeling plans considered use of both vertical and lateral deformation data (as 
measured by the settlement plates and inclinometers within the TDA layers) to calibrate the 
constitutive models.  The use of both types of field data would allow for a more complete and 
accurate model calibration since this represents a more realistic deformation response of the 
TDA layers.  However, upon further review, the inclinometer data was deemed to be unreliable 
due to issues of poor quality control during installation, erroneous readings, and irregular and 
missing data.  As such, it was decided to base the model calibration solely on the settlement plate 
data or more specifically TDA compression.  Despite issues of poor reliability, the inclinometer 
data was not excluded entirely.  Instead, the data was used in a secondary role to aid in a 
comparative discussion of embankment and numerical model performance.  
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Irregularities observed in the TDA compression data as well as the measures taken to correct and 
prepare this field data for use in the model calibration are discussed in detail in Appendix G.   

6.2 Software 
The program FLAC (Fast Lagrangian Analysis of Continua) (Itasca 2005) was used to 
numerically model the construction, behavior and performance of the TDA embankments.  
FLAC is a commercially-available two-dimensional finite difference code that simulates the 
behavior of soil, rock or other materials.  Using FLAC, materials are represented by an 
arrangement of elements (or zones) which form a grid that is adjusted by the user to fit the shape 
of the structure being modeled.  Each element in the grid behaves according to user-prescribed 
constitutive relations in response to applied loads or boundary restraints.  A number of 
constitutive models common to geotechnical practice are built into FLAC.  These include 
isotropic and anisotropic linear elastic, hyperbolic, and Mohr-Coulomb and strain-softening 
plasticity models.  In addition, FLAC also includes a built-in programming language called FISH 
that allows users to implement or modify constitutive relations that allow the program to handle 
more diverse materials.  Once the model is constructed and solved, the user can plot, export and 
save a variety of information such as in-situ stresses, shear strain, and vertical and lateral 
displacements. The program is well validated by developers and has a long history of use for 
engineering research and practice. 

6.3 FLAC Models 
The FLAC grid used for Embankments 1 and 2 represents a cross-section at stations 204+50 and 
207+00, respectively.  The geometry of these numerical models based on a series of design 
drawings prepared by A&A Consultants, Inc. (dated 5/24/2002), due to difficulties in obtaining 
final as-built construction drawings.  Details of the model geometry for each embankment are 
shown in Figures 17 and 18.  Note that the model for Embankment 1 is symmetric about the 
centerline, whereas Embankment 2 is not (slightly higher on the north side).  

6.4 Modeling Procedure and Issues  
Coded within FLAC is the capability to apply different loading conditions at different stages in 
the numerical analysis that simulate changes in physical loading to the real system, an approach 
referred to as sequential modeling.  Using this technique, a modeling procedure was developed 
for each embankment model to simulate the sequence of incremental lift placement that is 
associated with the actual construction sequence of built embankments.  

It should be noted that the practical limits of numerical analyses prohibit the modeling of every 
detail involved with the construction sequence; a level of detail inferred by the frequency of 
readings shown in any of the field data.  The preferred approach is to approximate this sequence 
by defining significant milestones in the embankment construction and incorporating these as 
analysis stages in the numerical modeling procedure.  Exporting data after each analysis stage 
permits an even comparison with the field data recorded at the completion of each construction 
event.  

Both FLAC grids were developed with the intention of modeling incremental construction.  As 
shown in Figures 17 and 18, these models were constructed with zones that have dimensions 
simulating a lift thickness between 6 and 8 inches.  Since the cross-sections for Embankments 1
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and 2 are different, it is apparent that the construction sequences are also different.  The selected 
construction events and associated modeling procedure for each embankment are detailed in the 
following sections.  

Embankment 1  

The modeling procedure for Embankment 1 was developed based on the following construction 
milestones.  
 

Initial – TDA layer placement complete  
 
 Event 1 – Cover soil placement complete  
 

Event 2 – Surcharge placement complete  
 
 Event 3 – Surcharge removal complete  
 

A graphical representation of the modeling sequence for this embankment is shown in Figure 19.  
These analysis stages simulate a 5-month period of embankment construction between late 
March and late August 2004.  Event 1 and Event 2 occurred 32 and 38 days after the tire layer 
was placed.  Event 3 occurred 147 days after placement of the tire layer.  Removal of the 
surcharge material was assumed to take 5 days.  

Embankment 2  

The modeling procedure for Embankment 2 was developed based on the following construction 
milestones.  
 
 Initial – Lower TDA layer placement complete  
 
 Event 1 – Intermediate soil layer placement complete  
 
 Event 2 – Upper TDA layer placement complete  
 
 Event 3 – Cover soil placement complete  
 
 Event 4 – Surcharge placement complete  
 
 Event 5 – Surcharge removal complete  

A graphical representation of the modeling sequence for this embankment is shown in Figure 20.  
These analysis stages simulate a 10.5-month period (including a 4.5-month winter shutdown 
period) of embankment construction between late September 2004 and mid-August 2005.  Event 
1 occurred 190 days after the lower tire layer was placed (this period of time includes the winter 
shutdown).  Event 2 and Event 3 occurred 233 and 253 days after the lower tire layer was placed.  
Events 4 and 5 occurred 258 and 324 days after placement of the lower tire layer.  Removal of 
the surcharge material was assumed to take 5 days.   
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The timeline for each embankment was developed based on a review of construction activity 
documentation.  Please note that the first analysis stage for both embankments is denoted by the 
label “Initial” and represents a state of zero TDA compression.  The thickness of the lower TDA 
layer at this stage is due entirely to self-weight.  The subsequent stages (labeled “Event”) 
indicate different loading conditions that compress the upper and lower TDA layer(s) beyond its 
self-weight thickness.  For Embankment 2, note that Events 1 through 5 compress the lower 
TDA layer, whereas Events 3 through 5 compress the upper tire layer.  For each embankment, 
after completion of the cover soil placement, a 1-feet thick soil surcharge layer was placed on top 
to mitigate additional time-dependent compression prior to construction of the pavement.  This 
activity corresponds to Events 2 and 4 for Embankments 1 and 2, respectively.  The soil 
surcharge was modeled as an applied pressure of 125 psf.  

Exporting Data from the Model  

For TDA compression, a FISH routine was written to calculate the change in TDA layer 
thickness as the difference between the y-coordinates of a series of gridpoints located at the top 
and bottom of the TDA layer.  This change is divided by the initial thickness (measured at the 
“Initial” stage) at these same gridpoints.  The locations of these gridpoints in the model 
correspond to the locations of the inclinometers installed in the actual embankments (north, south 
and centerline).  

Foundation Soils  

The foundation soils underlying the Tarrtown Bridge Project site consist of soft, compressible 
alluvial clays and silts.  Since the main focus of this work is on analyzing the embankment 
performance, it was unnecessary to represent this material in the numerical model. As such, the 
foundation soil was modeled as a rigid base with a very high stiffness value.  

Geosynthetics  

The encased TDA layers in both embankments are completely wrapped in a geotextile serving as 
a separation between the TDA and cover soil. The purpose of this geotextile is to prevent the 
surrounding soil from being washed into the void space of the tire shreds. Since the geotextiles 
are not acting as reinforcement, frictional interactions between the soil, TDA and geosythnetic 
were assumed to be negligible and therefore ignored in the modeling process.  

Compaction  

During the actual construction of the Tarrtown embankments, compaction equipment was used 
to compact the cover soil and TDA as these materials were placed.  Although it would be more 
realistic to model the changes in material properties (i.e. stiffness, unit weight) as a result of this 
construction activity, it is believed that the complexity introduced by modeling this mechanism 
would outweigh any benefits in solution accuracy.  In addition, the use of certain constitutive 
models would negate the effect that compaction effort has on the material properties. As such, 
compaction effort was neglected in the modeling process. 
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6.5 Overview of Constitutive Models  
The following section presents an overview of the constitutive relations used to model the 
behavior of the various materials (TDA, soil cover, working pad, foundation soil) comprising the 
embankments.  It should be noted that the constitutive models described below are not capable of 
modeling complex time-dependent deformation mechanisms.  

Isotropic, Linear Elastic  

This model provides the simplest representation of material behavior and is valid for 
homogeneous, isotropic, continuous materials that exhibit a linear, reversible stress-strain 
response.  Failure or yield is not possible with this model.  The linear elastic model is defined by 
a constant value of elastic modulus (E) and Poisson’s ratio (ν) and assumes that these properties 
are not a function of stress.  This model uses stress-strain relationships defined by Hooke’s law.  
Its use is justified when the anticipated stress state is well below the yield stress of that material.  
A representation of the stress-strain response of this model as well as the required constitutive 
model parameters (as implemented in FLAC) is shown in Table 6.1.  

Nonlinear, Elastic, Hyperbolic  

This model provides a more realistic representation of material behavior by capturing nonlinear 
stress-strain and volume change response.  It is based on linear elastic stress-strain relationships 
(i.e. Hooke’s law) but with elastic parameters that are varied according to stress state.  In this 
model a mathematical function is used to represent observed stress-strain and volume response 
curves of a material (as obtained from a conventional triaxial testing).  

 
This model is appropriate for homogeneous, isotropic, continuous materials that exhibit a 
nonlinear, irreversible stress-strain response.  These hyperbolic relationships are only useful for 
predicting behavior of materials up to the point of failure.  Accurate modeling of global material 
failure is not possible with this model.  A representation of the stress-strain response of this 
model as well as the required constitutive model parameters is shown in Table 6.1.
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Table 6.1 – Representative stress-strain response and required parameters for each constitutive model 

 

Constitutive Model(s) Stress-Strain Response Failure Criteria 

 
 
 
Linear, Elastic  
Parameters:  
E – Elastic modulus  
ν – Poisson’s ratio  
γ – Unit weight  

 

 
 
 
 
 
 
     Material failure not modeled 

 
Nonlinear, Elastic, Hyperbolic  
Parameters:  
K – Modulus number  
n – Modulus exponent  
Kb – Bulk modulus number  
m – Bulk modulus exponent  
Rf – Failure ratio  
φ – Friction angle  
c – Cohesion 
γ – Unit weight  
 

 
 
 
 
 
 
     Material failure not modeled 

 
 
Mohr-Coulomb  
Parameters:  
E – Elastic modulus  
ν – Poisson’s ratio  
γ – Unit weight  
φ – Friction angle  
c – Cohesion  

 

 
 
 

Stress 
      (σ) 

Strain (ε) 

Stress 
      (σ) 

Strain (ε) 

Stress 
      (σ) 

Strain (ε) 

Yield Stress   

Yield Stress   

Shear Stress (τ) 

Normal 
Stress (σ) 

Yield Stress   

τ = σ tan φ + c



Pennsylvania Department of Transportation  Page 69  
Section 6.0:  Numerical Modeling  August 2008 
 

 

Mohr-Coulomb  

This is the classic plasticity model used to model shear failure of soil and rock.  Material 
behavior is modeled as elastic-perfectly plastic.  Material yield is described by a failure envelope 
that defines stress states (combinations of normal stress and shear stress) for which permanent, 
irreversible strain accumulation takes place and is defined by the strength parameters, friction 
angle (Ø) and cohesion (c).  For stress states below yield, the material is modeled as linear elastic 
(following Hooke’s law) and is defined by elastic modulus (E) and Poisson’s ratio (ν).  Elastic 
and strength properties for this model do not vary as a function of stress.  A representation of the 
stress-strain response and failure envelope for this model as well as the required constitutive 
model parameters is shown in Table 6.1.   

6.6 Constitutive Models for TDA  
As stated earlier, one of the primary goals the numerical modeling is to develop and/or calibrate 
constitutive parameters for TDA based on back-analysis of field instrumentation data.  As such, 
proper selection of appropriate constitutive models is of utmost importance.  For this numerical 
modeling study, constitutive models were selected based on the following criteria: (1) they must 
appropriately model the behavior of a highly compressible, large-particle discontinuous material 
such as TDA; (2) they must be familiar to practitioners, and (3) they must be relatively easy to 
incorporate into conventional geotechnical design.  Calibrated parameters based on models that 
satisfy these criteria will be the most useful in the development of design procedures appropriate 
for TDA embankments.  Two constitutive models were selected to model the behavior of TDA: 
isotropic, linear elastic and the nonlinear, elastic, hyperbolic models.  Both models meet the 
criteria listed above.  The Mohr-Coulomb model is not suitable for TDA because it is 
deformation rather than the strength of TDA that govern its design and performance in most field 
applications (Bosscher et al. 1997).  This model was instead used for the cover soil and working 
pad materials in each embankment.  Refer to Table 6.2 for a summary of the constitutive models 
selected for each material type (or group) in the embankments.  

Time-Dependent Compression  

For the Tarrtown embankments, trends in the field data indicate that time-dependent deformation 
of the TDA layers occurred during the 2 to 3 month period of surcharging. Both TDA layers in 
Embankment 2 experienced time-dependent compression, whereas the TDA layer in 
Embankment 1 experienced expansion, the opposite of what was anticipated to occur.  

The last two analysis stages for both embankments model the placement and removal of this 
surcharge.  These are Events 2 and 3 for Embankment 1 and Events 4 and 5 in Embankment 2.  
However, neither constitutive model selected for model calibration is capable of modeling this 
deformation mechanism.  In order to compensate for this, the additional compression observed in 
the field data during this surcharge period was simply added to the TDA compression exported 
from the numerical models.  Due to the unusual trends in Embankment 1, this was only 
necessary for Embankment 2.  
 
6.7 Constitutive Model Calibration  
The process of constitutive model calibration was performed using a series of parametric and 
sensitivity analyses.  This approach provided a framework for the systematic variation of
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constitutive model parameters and moreover, allowed for characterization of the sensitivity that 
these parameters have on the performance of the numerical model.  For each trial, the TDA 
compression data from the numerical models was exported and compared to the field data.  As 
described earlier, model calibration was based solely on TDA compression.  Thus comparisons 
were made using final corrected/averaged TDA compression data.    

6.7.1 Linear, Elastic Model  

Initial Analyses  

Since TDA is a highly compressible material (about 20 times more compressible than soil), it is 
clear that the deformation response of these embankments will be dominated in a large part by 
the compression of TDA.  As such, the first round of analyses for both embankments involved 
varying the elastic properties of the TDA and calculating the amount of compression that occurs 
in each model.  This data was exported at the different analysis stages (for each embankment) 
and plotted with the corrected field data to compare trends.  

Material Properties  

For each embankment, the elastic modulus values for the TDA layer(s) were set to range 
between 3,000 and 7,500 psf.  Based on an extensive literature review of 1-D compression test 
data, Strenk et al. (2007) found that the constrained modulus (M) for tire shreds typically ranges 
between 2,200 and 6,300 psf.  The equivalent constrained modulus values for the selected elastic 
modulus range is 3,670 to 9,200 psf (assuming ν = 0.26) and is on the high end of the values 
reported by Strenk et al. (2007).  As implemented in FLAC, the elastic properties are not a 
function of stress, thus as the model is built-up incrementally and stresses increase within the 
TDA layer, elastic modulus values remain the same.  As stated earlier, several laboratory studies 
indicate that TDA stiffness is stress-dependent.  As such, the elastic modulus values were set to 
have a higher range thereby capturing, in an average-sense, this stress-dependent behavior.  

For these analyses, all other properties for each material group were assigned constant values.  
The TDA was assigned a unit weight of 50 pcf which is a reasonable value for in-place 
compressed unit weight (ASTM 1998; Humphrey 2004).  The cover soil and working pad were 
both modeled as Mohr-Coulomb materials with a friction angle of 33° and 35° and unit weight 
values of 120 and 125 pcf, respectively.  The cohesion component was assumed to be zero since 
both materials represent a compact fill.  The elastic modulus of the cover soil was assigned a 
value of 576,000 psf and is representative of a granular soil with a medium density (Das 2006).  
A Poisson’s ratio of 0.3 was used for cover soil.  The foundation soil group was modeled as a 
linear, elastic rigid base. 

Results  

Based on these trials, elastic modulus values between 4,500 and 7,000 psf provide the best match 
to the field compression observed for Embankment 1.  Figures 21a and 21b compare the TDA 
compression from the model and the field data at the embankment centerline and sides.  Since 
Embankment 1 is a symmetric model, the TDA compression on the north and south sides were 
the same.  
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For Embankment 2, elastic modulus values between 3,000 and 7,000 psf provide the best match 
to the observed compression of the lower TDA layer, whereas values between 4,000 and 5,000 
psf match the field data for the upper TDA layer.  Figures 22a and 22b compare the TDA 
compression from the model and the field data at the embankment centerline and north side, 
respectively.  Since Embankment 2 is un-symmetric about the centerline, the TDA compression 
on the north side was selected for comparison since it is slightly larger and would yield more 
conservative modulus values.  Figure 23 compares the field data and model output for the upper 
TDA layer.  

6.7.1.1  Sensitivity Analyses  

By performing a series of sensitivity analyses the variation in TDA compression can be 
apportioned to different sources or input parameters.  The results from these analyses help define 
which parameters or conditions have the most influence on TDA compression.  The results of 
these analyses are used to construct plots that illustrate the effect of changes in individual 
parameters on TDA compression.  If the TDA compression from the numerical model is shown 
to be very sensitive to changes in a particular parameter, then a more careful characterization of 
this parameter is warranted before the final model calibration and performance comparison is 
performed.  Likewise, this result would also indicate which engineering parameters are most 
important from the perspective of design.  

6.7.1.2  Conclusions  

Model Calibration  

Model calibration of Embankment 1 showed that a reasonable match to the field data was found 
for an elastic modulus range between 4,500 psf and 7,000 psf.  Model calibration of lower TDA 
layer of Embankment 2 showed a reasonable match for an elastic modulus range between 3,000 
psf and 7,000 psf.  Modulus values between 4,000 and 5,000 psf provided the best match to the 
field data for the upper TDA layer of Embankment 2.  

As stated earlier, Strenk et al. (2007) found that the constrained modulus (M) for tire shreds 
typically ranges between 2,200 and 6,300 psf.  The equivalent constrained modulus values for 
the back-analyzed modulus values (from Embankments 1 and 2) is 3,670 to 8,565 psf (assuming 
ν = 0.26).  Overall, the back-analyzed elastic modulus ranges compare favorably with the results 
of laboratory studies and are on the high end of the values reported by Strenk et al. (2007).  From 
this, the numerical modeling results suggest that the field stiffness of TDA is slightly higher than 
laboratory-measured stiffness of TDA (a conservative trend).  A similar response was observed 
for a 32 feet high roadway embankment constructed in Maine (Portland Jetport Interchange 
project; Humphrey et al. 2000).  Moreover, this suggests that representative elastic modulus 
values may be obtained from laboratory compressibility tests.  Although it is best to estimate 
elastic modulus using project specific materials, this may be cost prohibitive for routine projects 
due to the special laboratory equipment needed to accommodate the large tire particles.  The 
values reported in Strenk et al. (2007) or back-analyzed in this study can be used as an 
alternative.  

In general, the field data for both embankments indicates that TDA compression at the centerline 
is higher than at the sides of the embankment.  This trend is expected by considering that at the
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centerline, stresses are distributed over a greater thickness of material leading to larger strain 
accumulation throughout the layer and thus greater compression.  At the sides of the 
embankment, stresses are distributed over a thinner TDA layer, leading to less straining and 
lower compression. 

Intuitively, the TDA layer should have a lower elastic modulus in order to have more 
compression.  However the back-analyzed values show that higher modulus values (6,500 to 
7,000 psf) match the field TDA compression at the centerline of Embankments 1 and 2 (Figure 
21a and 22a) whereas lower modulus values (3,000 to 4,500 psf) match the field data at the sides 
(Figure 21b and 22b).  Lower elastic modulus values also provide a better match to upper TDA 
layer of Embankment 2 (Figure 23).  This counter-intuitive trend is evidence of the stress-
dependent behavior of elastic modulus.  

Several laboratory studies have demonstrated that the elastic modulus of TDA is stress-
dependent showing that TDA stiffness increases with increasing confining pressure (Ahmed 
1993, Benda 1995, Masad et al. 1997, Lee et al 1999, Yang et al. 2002, Natale 2005).  Despite 
being small-scale laboratory tests, it is nevertheless useful to consider this behavior in the 
context of the field applications, recognizing that a similar stress-dependent behavior would also 
occur for the TDA in both embankments.  Near the centerline of the embankment(s), TDA would 
have a higher stiffness since it is subjected to higher vertical and horizontal stresses.  At the sides 
of the embankment(s), where the TDA is less confined, the stiffness would be less.  Similarly, 
due to the location of the upper TDA layer within the cross-section of Embankment 2, it is clear 
that the TDA in this would also have a lower stiffness.  As stated earlier, FLAC is capable of 
estimating the magnitude and variation of in-situ stresses in the embankment model via the 
solution process.  The difference in stress level between the centerline and sides of each 
embankment is illustrated by the vertical stress (συ) profiles and contour plots exported from the 
numerical models and shown in Figure 24 and 25.  Note that both contour plots have the same 
scale.  From this, it is clear that the elastic modulus of TDA would vary at different locations 
within the TDA layer(s) as well as differ between embankments.  

Overall, the process of model calibration is an approximate one due to the complex deformation 
response of this structure, differences in TDA layer thickness, variations in in-situ stress state 
and limitations of the constitutive model, namely the inability of the linear, elastic model to 
capture the stress-dependent nature of elastic modulus.  As such, comparisons between field data 
and numerical model data are inherently incompatible as indicated by the trends shown in 
Figures 21 through 23.  Also for these reasons, a single modulus value representative of the  
entire TDA layer(s) cannot be obtained. 

Sensitivity Analyses  

A summary of all sensitivity analyses discussed in the previous section is shown Table 6.3.  
Based on the sensitivity analyses, the elastic parameters (E, ν) of the TDA and unit weight (γ) of 
the overlying cover soil are factors that TDA compression is most sensitive to.  Stiffness and 
strength properties of the cover soil were found to have a negligible effect on TDA compression 
and are therefore unimportant from the perspective of predicting TDA compression and 
embankment deformation.  Also, considering the values examined for Poisson’s ratio and cover 
soil unit weight represent fairly tight ranges (ν = 0.2 to 0.32; γ = 115 – 125 pcf), and noting that a 
5% percent increase in either one of these properties reflect only minimal changes in TDA
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compression (–0.5% for ν and +0.5% for γ) it is clear that selecting an average value of these 
parameters would be sufficient for design purposes.  These trends were observed for both 
embankments.  

A comparison of the sensitivity of TDA elastic modulus and Poisson’s ratio was made to 
determine which elastic parameter was more influential. This comparison examined the 
centerline compression for Event 1 of Embankment 1 and Event 3 of Embankment 2.  Both of 
these events correspond to the completion of cover soil placement.  The TDA compression was 
normalized with respect to the maximum value in order to facilitate comparison. The slope of the 
lines is an indication of the relative sensitivity of TDA compression to changes in these two 
parameters.  Elastic modulus is clearly the more dominant parameter.  Thus, if the linear, elastic 
constitutive model is selected to model TDA, proper characterization of elastic modulus is of 
utmost importance  

6.7.2 Nonlinear, Elastic, Hyperbolic Model  
The overall calibration process for the hyperbolic model consisted of performing a large number 
of analyses in which several of the hyperbolic model parameters were varied.  The results from 
each run were compared to the field compression data to determine which combination of model 
parameters provide the best match.  The model parameters set to vary in these analyses were 
selected based on an understanding of the different components of material behavior modeled by 
hyperbolic model and the experimental behavior of TDA.  Refer to Table 6.5 for detailed 
summary of the analyses performed for Embankments 1 and 2.  

Calibration of the hyperbolic model was performed for Embankment 1 and the lower TDA layer 
of Embankment 2 only.  The upper TDA layer of Embankment 2 was excluded from this 
calibration.  This layer has a thickness that ranges from 2.4 to 2.8 feet and because of its location 
in the embankment, subjected to comparatively lower stress levels than the lower TDA layer.  As 
such, the stress-dependent behavior captured with the hyperbolic model will not be prevalent.   

6.7.2.1  Comments on the Model  

Complete characterization of nonlinear material behavior for this constitutive model requires the 
definition of seven parameters shown in Table 6.1.  Recognizing the practical limitations of 
back-analyzing all seven parameters, calibration of the hyperbolic model was based only on 
those parameters that model material behaviors that are considered most relevant to the 
engineering behavior of TDA.  Components of material behavior that can be modeled with the 
hyperbolic model include: (1) the relationship between E and σ3 (parameters K and n); (2) the 
relationship between B and σ3 (parameters Kb and m); and (3) the relationship between E and the 
percentage of strength mobilized (parameters Ø, c and Rf).  The relevance of each of these 
components of behavior to the engineering behavior of TDA was evaluated in the context of 
results of experimental studies performed on TDA.  The following sections address the relevance 
of these relationships and present the model parameters selected for back-analysis.  

6.7.2.2  Material Properties  

For each embankment, the modulus number (K) for the TDA layer(s) was set to range between 5 
and 10.  For the modulus exponent (n) a range of 0.05 to 0.3 was assumed.  A range of 0.05 to 
0.3 was assumed for the failure ratio (Rf).  The selection of these values was based on the
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hyperbolic parameters derived through experimental work (Table 6.3) and the discussion 
presented in the previous sections.  Similarly, the stress-dependent nature of bulk modulus was 
not modeled (Kb and m set to zero) and thus a constant Poisson’s ratio of 0.26 was used.  Also, as 
mentioned earlier, the upper TDA layer of Embankment 2 was excluded from calibration 
processes, instead it was modeled using the linear, elastic model with a modulus of 4,250 psf.  

Based on a literature review of direct shear and triaxial test data, Strenk et al. (2007) found that 
the friction angle of tire shreds ranges between 19° and 39° with an average value of 27°.  
Cohesion was found to range between 90 psf and 275 psf.  Values of 25° for friction angle and 0 
psf for cohesion were recommended for design based on a detailed interpretation of Mohr-
Coulomb failure envelope data for TDA.  Calibration of the other hyperbolic parameters (K, n, 
Rf) was based on these values for the strength parameters.  

Similar to the elastic model calibration, all other properties for each material group were 
assigned constant values.  The TDA was assigned a unit weight of 50 pcf which is a reasonable 
value for compressed unit weight.  The cover soil and working pad were both modeled as Mohr-
Coulomb materials with a friction angle of 33° and 35° (cohesion assumed to be zero) and unit 
weight values of 120 and 125 pcf, respectively.  The elastic modulus of the cover soil was 
assigned a value of 576,000 psf and is representative of a granular soil with a medium density 
(Das 2006).  A Poisson’ ratio of 0.3 was used for cover soil.  The foundation soil group was 
modeled as a linear, elastic rigid base.  

6.7.2.3  Parametric Analyses  

The stress-dependent behavior of the elastic modulus and the percentage of material strength 
mobilized were considered to be material behaviors most relevant to TDA. However, it was 
uncertain which parameter (modulus number, K or modulus exponent, n or failure ratio, (Rf) is 
more dominant in terms of its effect on the TDA compression.  This is unlike the linear, elastic 
model where the importance of TDA stiffness (E) on compression was apparent.  As such, a 
large scale parametric analysis was performed that simultaneously varied K, n and Rf in order to 
determine which set of parameters provided the best match to the compression observed in the 
field.  The approach used consists of selecting an Rf value and n value and then performing a 
series of simulations with varied K.  Next, different values of Rf and n are selected and the same 
range of K values are analyzed again.  These analyses were performed for the ranges defined 
earlier.  

Results  

Model calibration of Embankment 1 showed that a reasonable match to the field data was found 
for a modulus number of 7, a modulus exponent of 0.1 and a failure ratio of 0.2.  Figures 26a and 
26b compare the TDA compression from the model and the field data at the embankment 
centerline and sides. Since Embankment 1 is a symmetric model, the TDA compression on the 
north and south sides were the same.  

For Embankment 2, a modulus number of 9, a modulus exponent of 0.25 and a failure ratio equal 
to 0.15 provide the best match to the observed compression of the lower TDA layer.  Figures 27a 
and 27b compare the TDA compression from the model and the field data at the embankment 
centerline and north side, respectively.  Since Embankment 2 is un-symmetric about the 
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centerline, the TDA compression on the north side was selected for comparison since it is 
slightly larger and would yield more conservative hyperbolic model parameter values.  

6.7.2.4  Conclusions  

Model Calibration  

A summary of all analyses discussed in the previous sections is shown Table 6.5. Model 
calibration of Embankment 1 showed that a reasonable match to the field data was found for 
hyperbolic parameters (K, n, Rf) of 7, 0.1 and 0.2.  Model calibration of lower TDA layer of 
Embankment 2 showed a reasonable match for hyperbolic parameters (K, n, Rf) of 9, 0.25 and 
0.15.  The back-analyzed hyperbolic parameters for both embankments compare favorably with 
each other.  

Overall, the field-calibrated hyperbolic model parameters are lower than those obtained by 
experimental means (Gharegrat 1993, Bernal et al. 1996 and Yang et al. 2002).  The modulus 
number and exponent obtained by these three studies ranged from 10.6 to 33.5 and 0.28 to 1.10, 
respectively.  The back-analyzed K and n values are roughly 30% lower than the lower bound 
value of these ranges.  This suggests that experimental derived hyperbolic parameters may be 
unconservative and over predict the stiffness of TDA if used in design.   

The elastic moduli of the TDA corresponding to the hyperbolic parameters back-analyzed in this 
study are similar in magnitude to the ranges of E back-analyzed for the linear, elastic model, 
suggesting that these hyperbolic model parameters are representative of the field behavior of 
TDA.  Figure 28 shows a contour plot of elastic modulus values within the TDA layers of 
Embankments 1 and 2 for the back-analyzed hyperbolic model parameters.  The elastic moduli 
vary from about 4,500 to 9,000 psf and are in general agreement with the field-calibrated elastic 
modulus values obtained for the linear, elastic model.  

The failure ratios reported by these experimental studies ranged from 0.05 to 0.61, however, it 
should be noted that these Rf values were based on a different set of strength parameters than 
those used in this study.  As stated earlier, the selection of the failure ratio is related to the 
anticipated performance (in terms of deformations) of the TDA, because it is deformation rather 
than the strength of TDA that govern its design and performance in field.  Therefore, in most 
TDA embankments, it is unlikely that deformations within the structure would be large enough 
to bring the TDA to the verge of failure.  As such, it is unlikely that the in-place elastic moduli of 
TDA would also be heavily influenced by the percentage of strength mobilized.  Thus, based on 
this rationale, the back-analyzed Rf values seem more reasonable in comparison to the 
experimentally-derived values.  By comparing the distribution of shear stresses in Figure 29, 
with the contour plot of elastic moduli in Figure 28, it is clear that the areas of lowest E are at the 
sides of the TDA layer where the highest shear stresses occur.  

The hyperbolic model parameters obtained in this study were calibrated based on assumed 
strength parameters of TDA. These strength parameters were based on an extensive literature 
review of direct shear and triaxial test results performed on TDA and involved the interpretation 
of Mohr-Coulomb failure envelope data.  Had a different set of strength parameters been used in 
model calibration, it is likely that different set of hyperbolic parameters (K, n, Rf) values would 
have provided a match to the field data.   However, the use of these strength parameters is 
justified considering that the field calibrated properties obtained from this numerical study are 
intended to be used in the development of design procedures for TDA embankments. 
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Calibrating hyperbolic parameters based on strength values unrepresentative of TDA behavior 
would be inappropriate and unusable from the perspective of design.  

Although a sensitivity analysis was not performed for the hyperbolic model, it is assumed that 
the results obtained for the linear, elastic model would also be relevant to this model.  Based on 
the sensitivity analyses for the linear, elastic model, Poisson’s ratio (ν) of the TDA and unit 
weight (γ) of the overlying cover soil are factors that TDA compression is most sensitive to.  Had 
higher ν values been used in the calibration process, it is likely that the TDA compression would 
have been lower since TDA would be more incompressible.  Likewise, higher γ values would 
likely lead to more TDA compression.   However, as concluded before, since changes in these 
parameters lead to only marginal changes in TDA compression, selecting average values of these 
parameters would be sufficient for design purposes.  

Field-Calibrated Constitutive Model Parameters  

Constitutive model parameters for TDA were developed based on an extensive calibration 
process.  Using FLAC, model parameters were systematically varied to match TDA compression 
data measured in the field.  Calibration was performed for the linear, elastic and nonlinear, 
elastic, hyperbolic models (Duncan et al. 1980).  Table 6.6 lists the final back-analyzed 
parameters for TDA for each constitutive model.  

6.8 Embankment Performance Comparison  
Comparison of the deformation response between the numerical model and the actual 
embankments was made using the field-calibrated constitutive parameters determined in the 
previous section.  Embankment performance was based on comparisons of TDA compression 
and lateral deformation. TDA compression was exported from the model using the FISH routine 
implemented in the model calibration and was compared field data.  Lateral deformation of the 
numerical model was exported using a built-in plotting tool that automatically extracts data for a 
vertical profile.  The locations for these profiles correspond to the locations of the inclinometers 
installed in the embankments (north, south and centerline).  

6.8.1 Selected Properties for TDA  
Calibration of the linear, elastic model showed that TDA compression was very sensitive to 
elastic modulus and that a range of E values provided a reasonable match to the compression for 
both embankments.  Given the importance of this parameter and the comparative purpose of 
these analyses, careful characterization of this parameter was required.  As such, it was necessary 
to select a single, representative modulus value between these calibrated ranges.  Due to the 
limitations of the linear, elastic model, it should be recognized that this single value will only 
provide an approximate match to the field data at both the centerline and sides.  Based on a 
review of the trends shown in Figure 21, an elastic modulus value of 6,500 psf was selected for 
the TDA layer of Embankment 1.  Similarly, from the trends in Figure 22 and 23, an elastic 
modulus value of 6,250 psf and 4,250 psf was selected for the lower and upper TDA layers of 
Embankment 2, respectively.  An average value of 0.26 for Poisson’s ratio of TDA was used and 
an average of 120 pcf was assigned to the cover soil.  

Through a series of parametric analyses, hyperbolic model parameters were calibrated against 
the field performance of the embankments.  This constitutive model offers a distinct advantage
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over the linear, elastic model in that the stress-dependent behavior of elastic modulus is modeled.  
Thus, unlike the linear, elastic model that yielded a range of modulus values, a single set of 
hyperbolic model parameters (K, n, Rf) for the hyperbolic model was able to be determined.  The 
values of K, n and Rf that provided the best match to the field data are shown in Figures 24 and 
25; these hyperbolic model parameters were used for the performance comparisons of 
Embankments 1 and 2.  Note that the upper TDA layer of Embankment 2 was modeled using the 
linear, elastic model and assigned an elastic modulus value of 4,250 psf.  Properties of TDA and 
other embankment materials are summarized in Table 6.7.  

6.8.2 TDA Compression  
A comparison of TDA compression data from the field and numerical models of Embankments 1 
and 2 are shown in Figures 30 through 32.  Figure 30 compares the data at the centerline and 
sides of Embankment 1, respectively.  Figure 31 compares TDA compression at the centerline 
and sides of the lower TDA layer of Embankment 2.  Figure 32 compares the field compression 
data of the upper TDA layer of Embankment 2 (for linear, elastic model only).  For both 
embankments, the back-analyzed properties for the linear, elastic and hyperbolic models provide 
a very reasonable match (within 2 to 4%) to the field data.  Overall, the hyperbolic model 
provides a slightly a better match to the field data (centerline and sides) than the linear, elastic 
model.  

6.8.3 Lateral Deformation  
A comparison of the lateral displacement from the field and numerical models of Embankments 
1 and 2 are shown in Figures 33 and 34. The numerical model results shown in these figures are 
for the linear, elastic model only. Overall the magnitude of lateral displacements predicted by the 
hyperbolic model was similar, as such for simplicity, only the linear, elastic model results are 
shown.  Due to irregular measurement intervals, the field inclinometer data closest to those dates 
corresponding to the significant events modeled with FLAC were compared.  

Overall, the numerical model predicted inward lateral deformations at the sides of both 
embankments for the “Initial” event (corresponding to the completion of TDA layer placement). 
This trend is reasonable considering the construction sequence and the geometry of the encased 
TDA layer. As the embankment is constructed incrementally, the TDA along the side slopes of 
the layer will be compressed vertically as well as horizontally as it is loaded by placement of the 
exterior layer of cover soil.  For subsequent events (such as cover soil cap placement and 
surcharge layer placement) where the loading on the tire layer is dominantly vertical, the sides of 
the TDA layer respond by deflecting outward.  The numerical model predicts outward lateral 
deformation at the sides of the Embankment 1 (for Event 3) on the order of 1 inch.  For Event 5 
of Embankment 2, deformations of roughly 4 inches are predicted by the model. Given the 
geometry and dimensions of these embankments, these lateral deformation values are reasonable.  
The numerical model predicts negligible lateral movement at the centerline for both 
embankments.  

Overall, based on these comparisons it is clear that the lateral displacements predicted by the 
numerical model are significantly higher than what was measured in the field. However, it 
should be noted that the field inclinometer data was not processed by UMaine
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researchers as it was deemed to be unreliable due to issues of poor quality control during 
installation, erroneous readings, and irregular and missing data. Thus, the discrepancies between 
the comparisons shown in these figures are attributed primarily to these issues.  Also, due to 
these errors, the datum elevation used for the depth measurements is unknown; thus the locations 
of the different embankment materials within the field data profiles are also unknown.  Note the 
different ordinate scales used in Figures 33 and 34.  

6.9 Design Recommendations  
This section formulates recommendations regarding the type and level(s) of analyses required to 
properly analyze and accurately predict the performance of TDA embankments used in road and 
highway construction.  These design recommendations were developed based on a synthesis of 
the results of this study, current PennDOT design practices, and possible future applications of 
TDA embankments.  Listed below are four criteria that should be addressed in the development 
of design procedures for TDA embankments:  
 

• TDA embankment stability  
• TDA embankment settlement  
• Immediate deformation of the TDA layer  
• Time-dependent deformation of the TDA layer  

 

The following sections discuss each of these criteria and recommends methods that can be used 
to properly address these in TDA embankment design.  These recommendations are based on the 
presumption that future TDA embankment projects in Pennsylvania will be used in light weight 
applications similar to the Tarrtown embankments.  

6.9.1 TDA Embankment Stability  
In comparison to conventional soil embankments, the use of light weight TDA in embankment 
construction reduces the risk of global embankment instability induced by failure of soft, weak 
foundation soils underlying the structure. For these subsurface conditions, designers are typically 
interested in evaluating several critical loading conditions (e.g. short-term undrained, long-term 
drained) that may govern the performance of these structures.  In the context of these stability 
conditions, not only is proper characterization of properties of the subsoils important, but 
designers must also be cognizant how the compressible nature of TDA relates to the proper 
selection of TDA strength parameters φ and c.  The strength parameters of TDA must be 
appropriate to the stability condition being analyzed and selected with care.  The following 
sections discuss two methods recommended for evaluating the stability of TDA embankments.  

Limit-Equilibrium Methods  

For the Tarrtown embankments, stability was evaluated utilizing the PennDOT program 
PASTABL in conjunction with the STEDwin editor.  This is a 2-D limit-equilibrium slope 
stability program that determines the factor of safety of the slope and locates the critical failure 
surface. 
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PASTABL is appropriate for evaluating the stability of TDA embankments. However, stability is 
just one of several issues that designers should be concerned with and as such, the design and 
performance of TDA embankments should not be assessed solely on the results of slope stability 
analyses.  The results from these analyses need to be viewed in the context of other important 
design issues (especially deformation) in order to establish what criteria or conditions will 
ultimately govern the design of the embankment.  Although, TDA embankments will generally 
find uses at sites that have poor subsurface conditions, depending on the quality of these 
subsurface soils, embankment stability may or may not be the critical design issue.  

Numerical Modeling  

FLAC and several other numerical modeling programs offer an alternative to traditional limit-
equilibrium programs to determine the factor of safety.  Limit equilibrium codes, such those used 
in PASTABL, use approximate procedures based on the method of slices.  Searching routines 
evaluate numerous trial surfaces; the one with the lowest factor of safety is selected as the most 
critical and represents the assumed failure mode. In contrast to limit-equilibrium methods, FLAC 
offers a more robust solution based on coupled stress/displacement, equilibrium and constitutive 
model equations (Itasca 2005). The solution scheme implemented in FLAC is called the “shear 
strength reduction” technique and involves performing a series of simulations that progressively 
reduce the shear strength of the material to bring the slope to a state of incipient failure.  Just as 
in PASTABL, the shear strength reduction technique also calculates the factor of safety and 
locates the critical failure surface. Similar software programs such as Phase2 (by Rocscience) 
and Sigma/W (by Geo-Slope) offer similar solution schemes for determining the factor of safety 
and geometry and location of the critical failure surface. This technique provides several 
advantages over conventional limit-equilibrium solutions; these advantages include (Itasca 
2005):  

 
• Failure modes develop naturally; this eliminates the need to specify a range of trial slip 

surfaces in advance. Also, slip surfaces are not restricted to a presumed geometry 
(circular or non-circular).  

 
• Artificial parameters (such as, interslice forces and angles) necessary for various limit-

equilibrium slice methods are not required for numerical simulations.  
 

• Multiple failure surfaces (or complex internal yielding) evolve naturally, if the conditions 
give rise to them.  

 
• Constitutive models, beyond conventional Mohr-Coulomb, can be used to model the 

behavior of materials.  
 

• Structural interaction (e.g. geosynthetics) is modeled realistically as fully coupled 
deforming elements, not simply as equivalent forces.  

The accuracy of the shear strength reduction technique has been validated by the work of Cala 
and Flisiak (2001); Dawson et al. (1999); and Dawson and Roth (1999) and has been used with 
success in the back-analysis of numerous case histories of slope failure.  
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6.9.2 TDA Embankment Settlement  
The methods used to determine total embankment settlement will depend on the type of 
foundation soils at the site and thus will vary from project to project.  A variety of conventional 
geotechnical methods to determine elastic, consolidation or secondary compression of the 
foundation soils are available to designers.  It should be noted that the computed values of 
foundation soil settlement should be added to settlements resulting from immediate and time-
dependent compression of the TDA to obtain the total embankment settlement.  

6.9.3 Immediate Deformation of TDA  
Since immediate compression of TDA typically occurs during embankment construction, these 
deformations will not govern the overall performance and serviceability of these structures.  
However, designers should be cognizant of important design details related to this type of 
compression, these details include: (1) calculation of TDA layer overbuild, and (2) estimation of 
in-place compressed unit weight of TDA.  

In the context of embankment construction, TDA compresses as the overlying soil cover is 
placed.  As such it is necessary to overbuild the top of the TDA layer so that the final 
compressed elevation of the tires will be at the required value.  In addition, the unit weight of 
TDA increases as the thickness of the soil cover and the thickness of the TDA layer increase.  
The compressed unit weight of TDA can be as much as 10% higher than laboratory-derived 
compacted values (Humphrey 2004).  As such, estimation of the compressed unit weight is 
important and should be accounted for when evaluating the stability of the embankment and 
computing the settlement of foundation soils underlying the embankment.  The following 
sections describe recommended procedures for addressing these important design details.  

6.9.3.1  Empirical Methods  

TDA Layer Overbuild  

Humphrey (2004) describes straight forward empirical procedure to estimate the amount of 
overbuild required for the TDA layer.  In this procedure, the amount TDA compression due to 
placement of the cover soil cap is estimated using laboratory-measured 1-D constrained 
compressibility data (e.g., Manion and Humphrey 1992; Humphrey and Manion 1992; 
Humphrey et al. 1993; Humphrey and Sandford 1993; Nickels 1995; Natale 2005).  The first step 
involves calculating the vertical overburden stress (σv) at the center of the TDA layer due to self-
weight and prior to the placement of the soil cap.  The laboratory-derived compressibility data 
(that relates vertical stress to vertical strain) is used to estimate the vertical strain for this initial 
stress state.  Next, the stress state at the center of the TDA layer under the weight of the cover 
soil cap is calculated and same process for calculating the vertical strains is repeated.  Refer to 
Humphrey (2004) for detailed description of this method and examples. 
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Compressed Unit Weight  

Field experience has shown that an in-place unit weight of 50 pcf can be assumed for the 
preliminary design of TDA structures with maximum particle sizes between 6 and 12 in. (ASTM 
1998; Dickson et al. 2001; Humphrey 2004).  However, for project specific estimates of 
compressed unit weight, Humphrey (2004) describes an iterative procedure that accounts for the 
compressibility of TDA when estimating the in-place unit weight.  Similar to estimating 
overbuild, in this procedure, compressibility of a tire shred layer under its own self-weight and 
under the weight of overlying material is incorporated by utilizing laboratory-measured 1-D 
constrained compressibility data (e.g., Manion and Humphrey 1992; Humphrey and Manion 
1992; Humphrey et al. 1993; Humphrey and Sandford 1993; Nickels 1995; Natale 2005).  
Laboratory-derived, compacted unit weight values are updated using the 1-D compressibility 
data to obtain in-place compressed unit weights.  Strenk et al. (2007) found that laboratory-
derived compacted unit weights for tire shreds ranged from 30 to 40 pcf with an average of 37 
pcf.  Refer to Humphrey (2004) for detailed description of this method and examples.  

6.9.4 Time-Dependent Deformation of TDA  
It is recommended that practitioners consider time-dependent settlement when designing TDA 
structures and determine the acceptability of these deformations on a project-specific basis.  The 
following sections discuss two methods to address time-dependent compression in the TDA 
embankment design.  

Empirical Methods  

Humphrey (2004) recommends a time period between two (2) and eight (8) weeks be set side in 
the construction schedule to allow for time-dependent settlements to occur.  The start of this time 
period should coincide with the completion of the TDA layer and placement of the overlying soil 
cover.  This recommendation is based solely on past experience and proven results from other 
projects.  It is assumed that at the end of this time period the majority of time-dependent 
settlement has occurred; the amount of settlement that has occurred (or that remains) cannot be 
calculated.  

Semi-Analytical Methods  

Analytical methods would allow designers to estimate the magnitude of time-dependent 
deformation of TDA at different times during the expected service life of the embankment.  
Instead of using empirical methods, these estimates of deformation can be used to more 
accurately assess construction delay times needed to mitigate time-dependent compression.  
Information required for direct computation of time-dependent settlement includes the TDA 
layer thickness, the time interval of interest and the modified secondary compression index, (Cαε) 
that relates time dependent compression (or strain) to time. The modified secondary compression 
index is closely related to the secondary compression index (Cα), a parameter commonly used to 
quantify secondary compression in fine-grained soil (Mesri 1973).  This parameter was adopted 
by Strenk et al. (2007) and Wartman et al. (2007) based on the accuracy with which it describes 
the experimental long-term 1-D compressibility data and because of its routine use in 
engineering practice.  
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The modified secondary compression index can be calculated from either long-term 1-D 
constrained compressibility test data (vertical stress, σv vs. vertical strain, εv) or from field 
settlement plate data.  If this parameter is being estimated from laboratory tests, it is best to use 
project specific materials and specimen preparation techniques however, this may be cost 
prohibitive for routine projects due to the special laboratory equipment needed to accommodate 
the large tire particles.  Based on a literature review of long-term settlement data from 1-D 
compression tests, Strenk et al. (2007) found that the Cαε for tire shreds typically ranges from 
0.004 to 0.013.  A value of 0.008 was recommended for design.  Experimental data from 
Wartman et al. (2007) showed that time-dependent compression of TDA is independent of 
applied stress and tire particle size.  

6.10 Summary of Conclusion and Recommendations   
The following points are a summary of conclusions and recommendations based on the results of 
this research.  

• Using the linear, elastic model, back-analyzed elastic modulus (E) values for the TDA 
layer in Embankment 1 range between 4,500 and 7,000 psf.  A similar range of modulus 
values (3,000 to 7,000 psf) was obtained for the lower TDA layer of Embankment 2.  In 
general, the lower value of these ranges provided a better match to the field compression 
data at the embankment sides whereas the higher values provide a better match to the 
centerline compression.  A reasonable match to the field data was found for modulus 
values between 4,000 and 5,000 psf for the upper TDA layer of Embankment 2.  

 
• Calibration using a linear, elastic constitutive model showed that a range of elastic 

modulus values of TDA provide a reasonable match to the field TDA compression for 
both embankments.  However, it should be noted that the process of model calibration is 
an approximate due to limitations of the linear, elastic model, namely the inability of the 
model to capture the stress-dependent nature of elastic modulus.  

 
• The back-analyzed elastic modulus ranges from Embankments 1 and 2 compare 

favorably with the results of laboratory studies and are on the high end of the values 
reported by Strenk et al. (2007).  From this, the numerical modeling results suggest that 
the field stiffness of TDA is slightly higher than laboratory-measured stiffness of TDA (a 
conservative trend).  Moreover, this suggests that representative elastic modulus values 
may be obtained from laboratory compressibility tests. However, this may be cost 
prohibitive for routine projects. The values reported in Strenk et al. (2007) or back-
analyzed from this study can be used as an alternative.  

 
• Based on the sensitivity analyses, the elastic parameters (E, ν) of the TDA and unit 

weight (γ) of the overlying cover soil are factors that TDA compression is most sensitive 
to with the most important parameter being elastic modulus. Stiffness and strength 
properties of the cover soil were found to have a negligible effect on TDA compression 
and are therefore unimportant from the perspective of predicting TDA embankment 
deformation.  These conclusions are also applicable to the nonlinear, elastic, hyperbolic 
model.  
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• Using the nonlinear, elastic, hyperbolic model, calibration of Embankment 1 showed that 
a reasonable match to the field data was found for hyperbolic parameters (K, n, Rf) of 7, 
0.1 and 0.2.  Model calibration of lower TDA layer of Embankment 2 showed a good 
match for hyperbolic parameters (K, n, Rf) of 9, 0.25 and 0.15.  These parameters were 
based on recommended strength parameters (Ø, c) of 25° and 0 psf that are appropriate 
for design (Strenk et al. 2007).  

 
• Compared to the linear, elastic model, the hyperbolic model provides a slightly better 

match to the field compression data at the embankment sides and centerline.  Also, the 
elastic moduli of the TDA corresponding to the back-analyzed hyperbolic parameters are 
similar in magnitude to the ranges of E back-analyzed for the linear, elastic model, 
suggesting that these hyperbolic model parameters are representative of the field behavior 
of TDA.  

 
• Overall, the field-calibrated hyperbolic model parameters are lower than those obtained 

by experimental means (Gharegrat 1993, Bernal et al. 1996 and Yang et al. 2002); the 
back-analyzed K and n values are roughly 30% lower than the lower bound value of these 
ranges. This suggests that experimental derived hyperbolic parameters may be 
unconservative and over predict the stiffness of TDA if used in design.  

 
• TDA embankment design procedures should consider the four design criteria: (1) TDA 

embankment stability; (2) TDA embankment settlement (i.e. settlement of the foundation 
soil): (3) immediate deformation of the TDA layer; and (4) time-dependent deformation 
of the TDA layer.  

 
• PASTABL is appropriate for evaluating TDA embankment stability.  However, stability 

is one of four issues that designers should be concerned with, as such, the design and 
performance of TDA embankments should not be assessed solely on the results of slope 
stability analyses.  The results from these analyses need to be viewed in the context of the 
results of these other important design issues (especially deformation) to establish what 
criteria or conditions will ultimately govern the design of the embankment. 
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Section 7.0:  Tarrtown Project Cost & Benefits 
 
This section will present relevant project costs and potential savings for various elements and 
phases of the project.  Project construction costs breakdown captures TDA production, 
embankment construction, and specialized geotechnical instrumentation installation and 
monitoring efforts.  Cost associated with PADEP tire pile cleanups and community sponsored 
tire collection days are provided as separate cost analyses.  Consultation fees for implementing 
this project were appropriated to select cost elements.   
 
It should be noted upfront, that the overall complexity of this project and multi-party 
involvement, makes it difficult to capture all relevant costs.  As is the case with most 
demonstration (pilot) projects, the cost savings/benefits are generally measured through the 
success of future projects.  This is especially evident with the Tarrtown project.  While using tire 
shreds as a lightweight fill in civil engineering applications is not a new technology, this project 
is both the first of its kind for the Commonwealth and a larger application.  Therefore, some cost 
benefits were diminished by issues related to contracting, unforeseen technical difficulties 
associated with material unfamiliarity, multi-party and multi-agency coordination.     
 
A broad-based perspective was used to evaluate the project economics that includes economic 
savings associated with the use of PADEP and local community waste tire cleanup programs to 
compare the aggregate economic implications of this collaboration to the Commonwealth.  
Project costs were evaluated into four general categories:  embankment construction, 
instrumentation, PennDOT consultation, and PADEP tire pile cleanups.  Table 7.1 below, 
addresses direct project costs of the first three categories, while PADEP tire pile cleanups is 
separately addressed in Section 7.1.3. 
 

Table 7.1:  General Project Cost Breakdown 

Project Element Cost Percent of 
Total Project Cost 

Embankment Construction* $ 1,272,194.66 54.7 % 
Geotechnical Instrumentation $    216,823.71 9.3 % 
PENNDOT Consultant Costs** $    836,569.00 36.0 % 

TOTAL $ 2,325,587.37 100 % 
* Bridge embankment construction and TDA material production 
** Specialized one-time engineering and technical expertise and coordination of tasks with various 

parties (PennDOT, PADEP, and local communities). 
 
As shown, the bulk of the costs (55%) were related to embankment construction, which includes 
tire shred production, transport of the material from the shredding site to the bridge site, and 
placement.   A detailed description of all activities completed under this task is provided in 
Section 7.1.  The cost for the specialized geotechnical instrumentation comprised 9% of the total 
embankment construction cost, considered a one-time specialized cost associated with this 
demonstration project, and is further discussed in Section 7.1.1.  Lastly, 36% of the total costs 
were used for PennDOT consulting services.  These costs were substantial, but included a variety 
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of technical expertise, interagency coordination and project documentation through contracts 
with the PennDOT’s Pollution Prevention Section (PPS).   
 
Both the tire shredding and geotechnical instrumentation items of the contract were funded by 
PADEP and made available through the Memorandum of Understanding (MOU) between 
PADEP and PennDOT and was estimated to be $950,000.  Project costs related to actual TDA 
production, shredding site preparation and restoration, QA/QC testing laboratory, equipment 
mobilization, and existing tire shred disposal (off-specification material produced under the DGS 
contract) totaled approximately $677,200.  Project costs for geotechnical instrumentation 
contract items totaled $216,800.  The total project costs funded by PADEP through the MOU 
were approximately $895,000.       
 
As earlier stated, Sections 7.1.1 through 7.1.3 provide more detailed cost breakdowns for each 
project element.  Distinction is made between one time expenses associated with this unique 
project and typical project costs that are transferable for cost estimating purposes on future TDA 
embankment projects.  As an example, for this demonstration project, PennDOT made the 
concerted decision to install more instrumentation than would normally be required to monitor 
multiple sections of the bridge embankment responses, to address safety concerns associated 
with TDA use, and collect data that could support future design considerations.  Thus, the 
installation of the specialized geotechnical instrumentation and the numerical modeling 
performed was considered a one-time expense.  Another one-time expense included the support 
and consultation of nationally-recognized experts on TDA use to minimize risks associated with 
the technical and practical applications of TDA. 
 
At the same time, there are recurring costs which would be anticipated on any TDA embankment 
construction project.  These include, additional construction inspectors required for material 
testing, placement, and monitoring and consultant costs associated with QA/QC, modeling, and 
reporting that are, at least in part, non- recurring.  These two different types of costs will be 
discussed in each of the applicable sections. 
 

7.1 Embankment Construction Costs 
This section captures and details the embankment construction element costs that include TDA 
material production (shredding site preparation and restoration, equipment mobilization and 
demobilization), foreign borrow excavation and surcharge placement, and geotextile placement, 
as shown in Table 7.2 below, totaling approximately $1.27M. 
 
The use of TDA as embankment fill was selected based on its material characteristics (lower unit 
weight than standard embankment fill) and anticipated shortened settlement times, allowing for a 
projected expedited construction schedule. Approximately 600,000 scrap tires were needed to 
produce TDA to the required specification, for the designed bridge embankment.   This project 
was originally planned to be executed in a two-year construction period (2002-2003), but 
contractual issues associated with the shredding operations significantly delayed the project 
timeline.  In the end, the construction project was completed and the roadway opened for traffic 
in just under 5 years (2002-2005).   
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Table 7.2:  Embankment Construction Cost Breakdown 
 

Project Element Cost  Percent of Total 
Construction Cost  

Tire Shred – Production $ 340,236.60 26.7 % 
Tire Shred – Fill Placement $ 187,200.00 14.7 % 
Shredding Site Prep. and Rest. $   60,000.00 4.7 % 
Additional Tire Shred Placement  $     3,851.60 0.3 % 
Foreign Borrow Excavation  $  180,000.00 14.1 % 
Foreign Borrow Excavation Surcharge $    60,240.00 4.7 % 
Select Borrow #3 for Working Platform  $    12,240.00 0.9 % 
Geotextile Class 4 Type A $    21,175.73 1.7 % 
Handle Incoming Tires  $      3,182.43 0.2 % 
Waste Tire Disposal  $    86,170.00 6.8 % 
High Strength Geotextile $    55,652.30 4.4 % 
Mobilization / Demobilization  $  100,000.00 7.9 % 
Contract Remediation Costs $  162,246.00 12.8 % 

TOTAL $1,272,194.66 100 % 
 

Additionally, research showed lightweight geotechnical fill material (expanded shale or 
geofoam) cost approximately $80/ton, based on Maine and California prices.  The 
PennDOT/PADEP interagency cooperation provided a cost savings to PennDOT for the 
purchase of 5,570.40 tons of (lightweight) fill eliminating the need to purchase fill, natural or 
lightweight resulting in a total cost savings of $445,000 (this assumes $80/ton and 5,570.40 tons 
and this is the opportunity price also associated with staged construction).   
 
TDA production comprised approximately 55% or $694,500 of the total embankment 
construction cost.  This cost includes:  tire shred production and fill placement, shredding site 
preparation and restoration, handling incoming tires, and equipment mobilization and 
demobilization.  The remaining two costs associated with TDA production are waste tire disposal 
and contract remediation costs which totaled approximately 20% or $248,400.  The contract 
remediation cost includes all efforts required to remove the existing off-specification TDA 
material, produced under DGS contract, from the shredding site, along with surplus tire shred 
removal and disposal which occurred after embankment completion.  The waste tire disposal 
includes costs associated with unused scrap tires removed from the shredding site.  In future 
projects, this cost should be considerably less, if not eliminated based upon the type of contract 
mechanism.  The cost associated with scrap tire pile cleanup and deliveries is not shown, but is 
discussed in detail in Section 7.1.3.     
 
Due to the DGS contract (#8260120-00-0) termination, there was a duplication of effort and 
costs associated with the change to PennDOT CMS contract (#101172).  Unfortunately, actual 
tire shredding costs of initial operations (prior to the change of contract) were not readily 
available for this cost analysis.  Furthermore, the duplication of efforts also impacted other costs, 
such as technical consultation and other construction management cost items.   
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7.1.1 Geotechnical Instrumentation 
This section provides costs associated with the installation and setup of both automated and 
manual monitoring instruments within the embankments. 
 
During the bridge construction more than 230 specialized geotechnical instruments were 
incorporated into the embankments.  Table 7.3 below includes all costs associated with the 
specialized geotechnical instrumentation.  To date, the Tarrtown Bridge Project is probably the 
most intensely instrumented tire shred fill in the country, according to Dr. Dana Humphrey, 
Ph.D., P.E. of Univ. of Maine, a participant on this project and a leading national expert on the 
civil engineering uses of tire shreds.  As such, it will serve as a landmark case study that guides 
future design efforts with tire shreds. 

 

Table 7.3:  Instrumentation Cost Breakdown 

Instrumentation As-Built Cost Percent of Total 
Instrumentation Cost 

Hollow Stem Auger $    8,543.50 3.94% 
Cased Drilling  $  17,314.50 7.99% 
Rock Coring  $  12,411.00 5.72% 
Slope Pipe (ABS) Casing $  20,156.75 9.30% 
Magnetic Spring Leaf $  12,825.00 5.91% 
Magnetic PVC Plate $    7,200.00 3.32% 
Magnetic Datum Ring Anchors $    6,000.00 2.77% 
Portable Inclinometer Reading System $  20,000.00 9.22% 
Portable Magnetic Readout System  $    2,000.00 0.92% 
Vibrating Wire Piezometer  $  19,500.00 8.99% 
Additional Vibrating Wire Piezometer $    3,612.96 1.66% 
Portable Vibrating Wire Data Logger $    5,000.00 2.31% 
Thermistors $    9,000.00 4.15% 
Total Pressure Cells $  11,000.00 5.07% 
SCH 40 PVC Conduit $    3,260.00 1.50% 
Automated Data Logger (ADL) System $  56,000.00 25.83% 
Settlement Monitoring Monument $    3,000.00 1.38% 

TOTAL $ 216,823.71 100.00% 
 

The majority of the instrumentation costs are considered one-time costs because the Tarrtown 
Bridge Project is a demonstration project.  With the knowledge derived from this project, future 
similar projects would probably only require a limited number of instruments for slope stability 
and embankment monitoring and safety.     

7.1.2 PennDOT Consultation Cost    
This section provides costs associated with PennDOT-contracted consultants and their 
involvement with contract document preparation during project design (instrumentation plan, 
embankment cross-sections, and tire shred specification), tire delivery management, on-site 
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instrumentation monitoring, QA/QC plan implementation and material testing, and embankment 
construction oversight.     
 
Furthermore, post-construction activities performed and captured under this category of cost 
include instrumentation data analysis, numerical modeling, engineering research report and 
project reports.  The numerical modeling efforts synthesized available laboratory, demonstration 
project and case study information into a design module for using tire shreds in embankments 
throughout the Commonwealth in a variety of configurations.   
 
Table 7.4 provides four separate cost categories associated with different aspects of PennDOT’s 
consultant services provided over the duration of the project.  These costs totaled $836,500.00 
and were spent over a period of several years (2001 through 2008) and separate contracts and 
work orders administered by the PPS.   
 

Table 7.4:  PennDOT Consultant Costs 

Project Tasks Cost 
Research, Development, Review, and Preparation of Contract Documents 
(Instrumentation plan, Proposed embankment X-sections, Tire shredding & 
stockpiling specifications). 

$  84,000.00 

TDA production oversight, PADEP scrap tire pile cleanup & delivery 
management and scheduling, QA/QC testing, Progress & summary report 
preparation (DGS Contract).     

$ 218,325.00 

TDA production oversight, PADEP scrap tire pile cleanup & delivery 
management and scheduling, QA/QC testing, Geotechnical drilling & 
instrumentation installation oversight, Embankment construction oversight, 
Instrument monitoring & embankment data collection, Preparation of 
proposed alarm system trigger values & supplemental geotechnical analysis 
reports. 

 

$  303,625.00 

 

Data Analysis and Interpretation, Numerical Modeling and Reporting.  $  230,550.00  
TOTAL $  836,500.00 

 

Approximately 10% of the total cost were spent during the planning and design phase of the 
project for TDA research, TDA case study review, development of TDA material specifications, 
and preparation of contract documents (‘Installation of Specialized Geotechnical 
Instrumentation’, ‘Lightweight Embankment Using Tire Shreds’, and ‘Tire shredding and 
Stockpile Specifications’).  It is estimated that 26% of the total cost was utilized for oversight 
activities during all facets of: placement and instrumentation of the TDA embankments, TDA 
production, instrumentation data collection and monitoring, supplemental geo-technical slope 
stability reports and preparation of proposed alarm trigger values (developed for the equipment 
alarm system to indicate when critical failure thresholds were being approached).  Due to the 
number of instruments and frequency of data collection, the manual data collection efforts 
increased the overall costs with technical oversight provided mainly through field inspectors.  
The estimated cost for the additional manual data collection effort is $75,000. 
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Approximately 36% of the total costs were expended exclusively for TDA production activities 
(technical oversight, QA/QC material testing, PADEP Tire Pile Cleanup and Delivery 
Management) for the DGS Contract.  The remaining 28% of the total costs were expended 
exclusively for data analysis and interpretation, numerical modeling efforts, and project 
reporting.   
 
In summary, due to the research nature of this project, numerical modeling goals, and 
termination of the DGS Tire Shredding contract, which resulted in duplication of efforts 
associated with TDA production (mainly QA/QC material testing and technical oversight), 
approximately $450,000 or 54% of the total consultant costs are realized as one-time costs and 
would not apply to future embankment/TDA construction costs.  Taking that into account, the 
estimated consultant costs for an equivalent sized TDA method construction project is $386,500. 

7.1.3 PADEP Tire Pile Cleanups 
This section provides costs associated with municipal service grants and tire pile cleanups 
including community sponsored tire collection days.  Approximately 600,000 scrap tires were 
needed to produce the TDA for the embankment construction.  To meet these needs, PADEP 
provided grant awards to municipalities for the remediation of select waste tire piles in 2002 and 
2003.  It is estimated that under these grants, approximately 387,500 scrap tires (3,875 tons) 
were remediated for this project as shown in Table 7.5.  During the 2002-2003 period, waste tires 
were delivered to the Tarrtown project at an approximate rate of 20,000 tires per day.  
 
To estimate cost saving and potential benefits, an equivalent off-set disposal cost (collection and 
disposal of tires to appropriate landfills) of $100/ton was applied.  A total amount of $387,500 
was contributed through the grants.  The actual dollar value of tire pile cleanups was not readily 
available because the monies are administered through municipal grants.     
 
An additional cost savings, estimated to be approximately $25,000, was achieved by the local 
community environmental cleanup groups, townships, and boroughs.  This estimate is based on 
how much it would cost the local community to properly dispose 50,000 waste tires (500 tons) in 
a regulated landfill using a disposal cost of $45/ton.   Additionally, the redirection of the tires 
away from the landfill has also conserved 9,360 cubic yards of landfill space, not accounted for 
in cost savings.    
 
An estimated 240,000 tires were collected from PennDOT District 10-0, with approximately 
226,500 of those tires located within 10 miles of the project site.  If these tires resultant from 
clean-ups were disposed at landfills, there would be an additional transportation cost to the waste 
tire pile remediation effort.  A potential cost savings is thus also realized through the reduction of 
hauling costs (less distance to the shredding site versus the landfill). 
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Tires Tons
PADEP Tire Sources (County)

Cochran (Armstrong) 500,000 204,854 2,048.54 1,844 $184,369
Kauffman (Armstrong) 15,000 46,865 468.65 422 $42,179
Krestar (Cambria) 35,000 2,342 23.42 21 $2,108
Martha (Larwence) 60,000 0 0.00 0 $0
Barber Brothers (Venango) 120,000 31,300 313.00 282 $28,170
Mischorich (Crawford) 150,000 77,107 771.07 694 $69,396
Moury (Indiana) 30,000 15,030 150.30 135 $13,527
Dandrea (Fayette) 250,000 21,563 215.63 194 $19,407
Windgap (Northampton) 1,200,000 31,422 314.22 283 $28,280
Allegheny Environmental Solutions (Cambria) 100,000 60,064 600.64 541 -
GTC Barge Tires (various) 200,000 213,965 2,139.65 1,926 -
Superior Tire (West Morland) 10,000 6,559 65.59 59 -
Patterson Auto Wrecking (Crawford) 25,000 12,581 125.81 113 -

Community Tire Collection Day
Armstrong Co. Tire Collection Days 10,000 32,318 323.18 291 -
ICSWA Tire Collection Days N/A 3,704 37.04 33 -

State & Local Organizations
DOT, DCNR, Twps., Boros. N/A 19,209 192.09 173 -

Commercial / Residential Sources
Engineering 10-0, 5 County Area                                                        
(Armstrong, Butler, Clarion, Indian & Jefferson Counties) N/A 289,627 2,896.27 2,607 -

TOTAL 2,705,000 1,068,510 10,685 9,617 $387,435

ICSWA - Indiana County Solid Waste Authority
GTC - General Trade Corporation
*  10% weight reduction from scale receipt is a common rule of thumb to account for the weight of water and soil in the wheel wells
**  Typical disposal rate is $100.00 / ton

Table 7.5:  Tire Delivery Totals and Potential Commonwealth Cost Savings

Approx. Delivered 
Tire Sources Estimate Approx. Tires Delivered, tons    

(10% Reduction)*
Potential Disposal 

Savings**
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7.2 Cost Comparison of Conventional Undercut Method Construction vs. 
TDA Embankment Construction 

 
This Section provides a cost comparison and indicates the economic advantages of utilizing TDA 
embankment construction versus the more traditional undercut method construction.  Costs 
pertaining to both types of construction methods are provided in Table 7.6.  The tabulated costs 
were compiled by PennDOT Engineering District 10-0 and are separated into three categories: 1) 
Embankment Construction, 2) Contract Remediation Costs, and 3) Instrumentation Costs.     
 
The construction costs for undercut method construction were estimated to be $2,709,418, which 
is $1,220,339 above the actual TDA method construction cost of $1,489,018.  As shown in Table 
7.6, the costs for TDA method construction assumes the material is produced, readily available, 
and can be transported to the project site for $60/ton.  In actuality, there may be additional costs 
(i.e., property lease costs for material production, material and waste tire stockpiling, and waste 
tire transportation) which need to be included in TDA method embankment construction if tire 
shreds are produced at the project site.  These estimated costs are detailed below.   
 
It should be noted that due to the size constraints of the bridge site, TDA production it would not 
have been possible to situate this operation at the bridge site or an adjoining parcel.  Fortunately, 
a site (shredding site) in close proximity (~1 mile) to the bridge site was available for lease.  The 
lease costs for the shredding site were approximately $20,000 ($5,000/year) for the duration of 
the project from initial TDA production to final site remediation.   
 
The scrap tire transportation cost also needs to be considered.  Assuming, a transportation rate of 
$50/ton, the estimated cost to deliver approximately 6,000 tons of waste tires to the shredding 
site is approximately $300,000.   
 
The third cost needed to be accounted for in using TDA method construction, is PennDOT 
consulting costs.  These costs totaled $836,568.00 and were spent over a period of several years 
(2001 through 2008) and covered all facets of the project including research, design, technical 
guidance and instrumentation oversight, TDA production and construction oversight, QA/QC 
material testing, data analysis and interpretation, numerical modeling, and final project report 
completion.  However, as discussed in Section 7.1.2, more than half of the costs are viewed as 
one time. The remainder ($386,500) is also heavily associated with QA/QC testing, construction 
management and coordination of this project, which could be directly performed by PennDOT 
personnel on future projects.  Some portion of these costs could be expected to recur but may 
vary significantly based on project complexity.     
 
Including these estimated costs, the TDA method embankment construction cost increases to 
$2,195,518.37, and results in a cost savings of $513,899.63 over traditional embankment 
(undercut method) construction. 
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     Table 7.6:  Cost Comparison of Conventional Undercut vs Tire Shred Embankment Construction 

 
Embankment Construction Costs 

Contract Item  Description   Unit Price   

Quantity 
Required for 

Undercut Method 
Construction*  

Total Item Cost for 
Undercut Method 

Construction  

Quantity 
Required for 
TDA Method 
Construction  

Total Cost for TDA 
Method  Construction 

0203-0001 Class 1 Excavation   $            8.25 33,728.00 CY  $             278,256.00  0.00 CY  $                             -   
0205-0100 Foreign Borrow Excavation   $          15.00 21,360.00 CY  $              320,400.00  12,000.00 CY  $            180,000.00  
4205-0100 Foreign Borrow Excavation Surcharge   $          20.00 0.00 CY  $                               -   3,012.00 CY  $               60,240.00  
0205-0264 Excavation Class R-4  $          49.00 33,728.00 CY  $           1,652,672.00  0.00 CY  $                             -   
0205-0282 Select Borrow # 3 for Working Platform   $          32.00 0.00 CY  $                               -   382.50 CY  $              12,240.00  
0212-0014 Geotextile Class 4 Type A  $            2.50 20,236.00 SY  $                50,590.00  8,470.29 SY  $              21,175.73  
9000-0021 Site Preparation - Shredding   $   50,000.00 0.00 LS  $                               -   1.00 LS  $              50,000.00  
9000-0022 Site Restoration - Shredding   $   10,000.00 0.00 LS  $                               -   1.00 LS  $              10,000.00  
9000-0230 Tire Shredding   $          60.00 0.00 tons  $                               -   5,670.61 tons  $             340,236.60  
9000-0302 Handle Incoming Tires   $            1.00 0.00 each  $                               -   3,182.43 each  $                3,182.43  
9000-0300 Waste Tire Disposal   $        100.00 0.00 tons  $                               -   861.70 tons  $              86,170.00  

9000-1401E Placing Additional Tire Shreds   $     3,851.60 0.00 each  $                               -   1.00 each  $                3,851.60  
9206-0001 Tire Shred Fill Placement   $          20.00 0.00 CY  $                               -   9,360.00 CY  $            187,200.00  
9735-0001 High Strength Geotextile   $            5.50 0.00 SY  $                               -   10,118.60 SY  $              55,652.30  

  Mobilization   NA   NA   $                50,000.00  2.00 each  $            100,000.00  
  Temporary Shoring for RR  $         65.00 5,500.00 SY  $              357,500.00  0.00 SY  $                             -   
  Total Construction Costs        $2,709,418.00    $   1,109,948.66  

Contract Remediation Costs 
9000-0301 Remove Existing Tire Shreds  $        100.00  NA  $                          -    722.46 tons  $             72,246.00  
9000-0400 Disposal of Existing Tire Shreds   $  90,000.00  NA  $                          -    PDA  $             90,000.00  

  Total Remediation Costs             $     162,246.00  
Instrumentation Costs 

9000-0501 Hollow Stem Auger   $         35.00  0.00 LF  $                          -    244.10 LF  $                 8,543.50  
9000-0502 Cased Drilling   $         35.00  0.00 LF  $                          -    494.70 LF  $               17,314.50  
9000-0504 Rock Coring   $         90.00  0.00 LF  $                          -    137.90 LF  $               12,411.00  
9000-0510 ABS Casing- 70 MM (2.75" O.D.)  $         25.00  0.00 LF  $                          -    806.27 LF  $              20,156.75  
9000-0511 Magnetic Spring Leaf  $       225.00  0.00 each  $                          -    57.00 each  $              12,825.00  
9000-0512 Magnetic PVC Plate  $        150.00  0.00 each  $                          -    48.00 each  $                7,200.00  
9000-0513 Magnetic Datum Ring Anchors  $        150.00  0.00 each  $                          -    40.00 each  $                6,000.00  

9000-0514 Portable Inclinometer & Manual Reading 
System   $  20,000.00  0.00 each  $                          -    1.00 each  $              20,000.00  

9000-0515 Portable Magnetic Readout System   $    2,000.00  0.00 each  $                          -    1.00 each  $                2,000.00  
9000-0520 Vibrating Wire Piezometers   $     1,500.00  0.00 each  $                          -    13.00 each  $              19,500.00  
9000-0521 Portable Vibrating Wire Readout Data Logger   $    5,000.00  0.00 each  $                          -    1.00 each  $                5,000.00  
9000-0540 Thermistors   $       300.00  0.00 each  $                          -    30.00 each  $                9,000.00  
9000-0550 Total Pressure Cells w/ Vibrating Wire Sensors  $      1,100.00 0.00 each  $                          -    10.00 each  $              11,000.00  
9000-0551 SCH 40 PVC Conduit  $         20.00  0.00 LF  $                          -    163.00 LF  $                3,260.00  
9000-0560 Automated Data Logger System   $  28,000.00  0.00 each  $                          -    2.00 each  $              56,000.00  

9000-1501E Additional Vibrating Wire Piezometer  $     1,500.00  0.00 each  $                          -    2.00 each  $                3,000.00  
9000-1802E Additional Piezometer Installation Costs  $       306.48  0.00 each  $                          -    2.00 each  $                   612.96  
9000-9004 Settlement Monitoring Monument   $       750.00  0.00 each  $                          -    2.00 each  $                1,500.00  
9000-9005 Settlement Monitoring Plate  $       750.00  0.00 each  $                          -    2.00 each  $                1,500.00  

  Total Instrumentation Costs             $            216,823.71  
  PENNDOT Consultant Costs              $            386,500.00  
  Grand Total        $2,709,418.00      $         1,875,518.37  
         

*Tabulated Construction Costs for Conventional Undercut Method Construction Provided by PENNDOT Engineering District 10-0   
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7.3 Cost Benefits to the Commonwealth 
 
The interagency cooperation between PennDOT and PADEP on the Tarrtown project resulted in 
a cost savings to the Commonwealth.  Rather than expending monies to remediate and dispose of 
the waste tires, a positive alternative was to re-direct the funds to process the waste tires and 
produce a usable construction material which was beneficially re-used in a transportation 
construction project.  While final project cost savings were below projected estimates due to 
TDA production/contracting issues and ultimately extension of project construction schedules, 
there is no doubt several cost benefits and real savings to the Commonwealth have been realized, 
even if these benefits are difficult to quantify.  These potential cost benefits are discussed below.   
 
Natural Resource Conservation 
The redirection of waste tires, removed from abandoned tire piles, from landfill disposal to a 
construction project site for TDA production and re-use conserves valuable real estate which 
could be consumed during landfill expansion.  For this project 9,360 cubic yards of material was 
redirected, processed, and utilized as embankment material which equates to an area 
approximately six acres in size (assuming a layer thickness of one foot).  Additionally, a 
combination of 9,360 cubic yards of quarried aggregate and/or select borrow material was 
conserved.   

 
Shortened Construction Schedule 
There is the potential to save considerable construction costs in the form of a shortened 
construction schedule, although not evident from this demonstration project.  As detailed in 
Section 5.0, the majority of foundation settlement and embankment material compression 
occurred by completion of soil cover placement with minimal additional settlement thereafter as 
expected, consistent with similar completed projects in Maine and New York.  This potential 
reduction equates to labor (i.e., PennDOT field inspector, monitoring personnel, contractor labor, 
and consultants, etc.) and equipment (i.e., office and material testing trailers, property lease 
costs, and yellow equipment rental, etc.) savings, at the same time understanding that close 
settlement monitoring is critical.             
 
Construction Material Savings 
The use of tire shreds can potentially result in reducing the concrete and structural steel 
requirements for abutments and wing walls.  As shown by the calculated resultant horizontal 
forces and overturning moments at the base of the abutment wall stem a significant decrease  in 
lateral earth pressure forces and moments on the footings were observed when compared to 
theoretical Rankine active earth pressure forces with complete 100% soil backfill.  This 
reduction is a result of both lower pressures measured in the working mat and the interlocking 
nature of the tire shreds or more specifically, exposed steel when placed properly, contributing to 
the overall cohesion.  This increase of the internal friction and cohesion behind a bridge’s 
abutments and wing walls results in reducing the lateral force of the fill materials which is 
supported by the abutments and wing walls.  The potential material cost savings will vary 
depending on type and size of embankment construction project and should be considered during 
the design phase of the project.  
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Abandoned Waste Tire Pile Remediation  
One of the more obvious benefits is the remediation of waste tire piles throughout the 
Commonwealth.  By creating the interagency cooperation (PennDOT-PADEP) and diverting 
waste tires, intended to be disposed of at a landfill, a cost benefit is realized through 
transportation savings, mainly by eliminating landfill tipping fees.  As was the case with this 
project, a savings was also realized because the project site was closer than the landfill disposal 
options and resulted in less miles traveled.  Obviously, a large coordination effort is required for 
this to occur, but it is possible, and both agencies would benefit from the monetary and 
environmental benefits.     
  
Local Environmental Cleanup 
Although on a much smaller scale, an environmental benefit is realized through providing local 
residents and commercial businesses, PennDOT maintenance divisions, Department of 
Conservation and Natural Resources, and local townships and boroughs with the opportunity for 
a free or reduced price disposal option for their waste tires rather than landfill and other 
environmentally unsafe or unsightly disposal (i.e., illegal dumping, waste tire piles, and burning).  
As shown in Table 7.5, approximately 345,000 were provided to the project from these sources.  
Furthermore, the local community benefits from the removal of these wastes by lowering future 
environmental impacts to local groundwater and soils.   
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APPENDIX A 

  Scrap/Waste Tire Delivery Log



Date  Location
Daily 

Weight     
(tons)

Cumulative    
Weight (tons)

Approx. # of 
Tires Truck Co. Ticket #

2002 Existing Whole Tire Stockpiles (from DGS Contract) 3857.41 3,857.41 385,741 N/A N/A
4/26/2003 Armstrong County Tire Amnesty Day, 2003 90.45 3,947.86 394,786 PENNDOT N/A
7/22/2003 Indiana County Solid Waste Authority (ICSWA) 5.08 3,952.94 395,294 Taylor Trucking 2121
7/22/2003 Indiana County Solid Waste Authority (ICSWA) 4.89 3,957.83 395,783 Taylor Trucking 2122
7/23/2003 ICSWA 4.96 3,962.79 396,279 Taylor Trucking 2124
7/29/2003 ICSWA 5.25 3,968.04 396,804 Taylor Trucking 2130
7/29/2003 ICSWA 6.65 3,974.69 397,469 2131
10/1/2003 ICSWA 4.83 3,979.52 397,952 Taylor Trucking 2192

10/24/2003 ICSWA 5.38 3,984.90 398,490 Taylor Trucking 6060

11/4/2003 PADEP/Competition Tire and Auto/               
New Kensington (CTA) 3.30 3,988.20 398,820 CTA

11/5/2003 PADEP/CTA 3.85 3,992.05 399,205 CTA
11/5/2003 PADEP/ Moury Site 4.50 3,996.55 399,655   WMI 12979
11/6/2003 PADEP/Moury Site 4.52 4,001.07 400,107 WMI 12981
11/6/2003 PADEP/Moury Site 3.39 4,004.46 400,446 WMI 12982
11/6/2003 PADEP/CTA 3.20 4,007.66 400,766 CTA
11/6/2003 PADEP/CTA 3.00 4,010.66 401,066 CTA
11/7/2003 PADEP/Moury Site 4.09 4,014.75 401,475 WMI 12983
11/7/2003 PADEP/CTA 2.50 4,017.25 401,725 CTA
11/7/2003 PADEP/CTA 2.81 4,020.06 402,006 CTA

11/10/2003 PADEP/CTA 5.26 4,025.32 402,532 CTA
11/10/2003 PADEP/CTA 5.02 4,030.34 403,034 CTA
11/10/2003 PADEP/Moury Site 4.00 4,034.34 403,434 WMI
11/10/2003 PADEP/Moury Site 4.00 4,038.34 403,834 WMI
11/11/2003 GTC-Barge Tires 22.80 4,061.14 406,114 A&L 1400
11/12/2003 PADEP/CTA 6.63 4,067.77 406,777 CTA
11/13/2003 PADEP/CTA 5.27 4,073.04 407,304 CTA
11/13/2003 PADEP/CTA 5.00 4,078.04 407,804 CTA
11/13/2003 PADEP/Moury Site 3.89 4,081.93 408,193 WMI 12985
11/13/2003 PADEP/Moury Site 4.01 4,085.94 408,594 WMI 12986
11/17/2003 PADEP/Moury Site 3.55 4,089.49 408,949 WMI 12987
11/17/2003 PADEP/Moury Site 3.53 4,093.02 409,302 WMI 12988
11/20/2003 PADEP/CTA 7.00 4,100.02 410,002 CTA
11/21/2003 PADEP/CTA 6.50 4,106.52 410,652 CTA
11/24/2003 PADEP/CTA 6.25 4,112.77 411,277 CTA
11/24/2003 PADEP/Moury Site 3.49 4,116.26 411,626 WMI 12989
11/24/2003 PADEP/Moury Site 4.00 4,120.26 412,026 WMI
12/2/2003 GTC-Barge Tires 20.94 4,141.20 414,120 A&L 1401
12/2/2003 GTC-Barge Tires 10.15 4,151.35 415,135 A&L 1402
12/2/2003 GTC-Barge Tires 11.23 4,162.58 416,258 A&L 1403
12/2/2003 GTC-Barge Tires 17.56 4,180.14 418,014 A&L 1404
12/3/2003 GTC-Barge Tires 15.00 4,195.14 419,514 A&L 1405
12/3/2003 GTC-Barge Tires 8.92 4,204.06 420,406 A&L 1406
12/3/2003 GTC-Barge Tires 9.84 4,213.90 421,390 A&L 1407
12/3/2003 GTC-Barge Tires 14.50 4,228.40 422,840 A&L 1408
12/3/2003 GTC-Barge Tires 13.97 4,242.37 424,237 A&L 1409
12/3/2003 GTC-Barge Tires 15.51 4,257.88 425,788 A&L 1410
12/4/2003 GTC-Barge Tires 12.93 4,270.81 427,081 A&L 1411
12/4/2003 GTC-Barge Tires 18.08 4,288.89 428,889 A&L 1412
12/4/2003 GTC-Barge Tires 15.25 4,304.14 430,414 A&L 1413
12/4/2003 GTC-Barge Tires 15.21 4,319.35 431,935 A&L 1414
12/4/2003 GTC-Barge Tires 16.19 4,335.54 433,554 A&L 1415
12/4/2003 GTC-Barge Tires 15.40 4,350.94 435,094 A&L 1416
12/4/2003 GTC-Barge Tires 8.21 4,359.15 435,915 A&L 1417
12/4/2003 GTC-Barge Tires 16.05 4,375.20 437,520 A&L 1418

Daily Tire Delivery Log
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Date  Location
Daily 

Weight     
(tons)

Cumulative    
Weight (tons)

Approx. # of 
Tires Truck Co. Ticket #

Daily Tire Delivery Log

12/9/2003 GTC-Barge Tires 8.49 4,383.69 438,369 A&L 1419
12/9/2003 GTC-Barge Tires 14.49 4,398.18 439,818 A&L 1420
12/9/2003 GTC-Barge Tires 13.34 4,411.52 441,152 A&L 1421
12/9/2003 GTC-Barge Tires 13.03 4,424.55 442,455 A&L 1422
12/9/2003 GTC-Barge Tires 12.50 4,437.05 443,705 A&L 1423
12/9/2003 GTC-Barge Tires 12.07 4,449.12 444,912 A&L 1424
12/9/2003 GTC-Barge Tires 16.60 4,465.72 446,572 A&L 1425

12/10/2003 GTC-Barge Tires 16.18 4,481.90 448,190 A&L 1426
12/10/2003 GTC-Barge Tires 16.69 4,498.59 449,859 A&L 1427
12/10/2003 GTC-Barge Tires 15.84 4,514.43 451,443 A&L 1428
12/10/2003 GTC-Barge Tires 15.92 4,530.35 453,035 A&L 1429
12/10/2003 GTC-Barge Tires 16.64 4,546.99 454,699 A&L 1430
12/10/2003 GTC-Barge Tires 15.70 4,562.69 456,269 A&L 1431
12/10/2003 GTC-Barge Tires 14.78 4,577.47 457,747 A&L 1432
12/10/2003 GTC-Barge Tires 15.25 4,592.72 459,272 A&L 1433
12/10/2003 GTC-Barge Tires 16.72 4,609.44 460,944 A&L 1434
12/10/2003 GTC-Barge Tires 17.01 4,626.45 462,645 A&L 1435
12/10/2003 GTC-Barge Tires 15.06 4,641.51 464,151 A&L 1436
12/10/2003 GTC-Barge Tires 17.35 4,658.86 465,886 A&L 1437
12/10/2003 GTC-Barge Tires 16.38 4,675.24 467,524 A&L 1438
12/10/2003 GTC-Barge Tires 15.80 4,691.04 469,104 A&L 1439
12/10/2003 GTC-Barge Tires 17.16 4,708.20 470,820 A&L 1440
12/11/2003 GTC-Barge Tires 15.21 4,723.41 472,341 A&L 1441
12/11/2003 GTC-Barge Tires 14.50 4,737.91 473,791 A&L 1442
12/11/2003 GTC-Barge Tires 16.18 4,754.09 475,409 A&L 1443
12/11/2003 GTC-Barge Tires 15.17 4,769.26 476,926 A&L 1444
12/11/2003 GTC-Barge Tires 16.16 4,785.42 478,542 A&L 1445
12/11/2003 GTC-Barge Tires 14.92 4,800.34 480,034 A&L 1446
12/11/2003 GTC-Barge Tires 14.13 4,814.47 481,447 A&L 1447
12/11/2003 GTC-Barge Tires 14.19 4,828.66 482,866 A&L 1448
12/11/2003 GTC-Barge Tires 16.85 4,845.51 484,551 A&L 1449
12/11/2003 GTC-Barge Tires 15.09 4,860.60 486,060 A&L 1450
12/11/2003 GTC-Barge Tires 16.38 4,876.98 487,698 A&L 1451
12/11/2003 GTC-Barge Tires 16.62 4,893.60 489,360 A&L 1452
12/11/2003 GTC-Barge Tires 15.80 4,909.40 490,940 A&L 1453
12/12/2003 GTC-Barge Tires 14.35 4,923.75 492,375 A&L 1454
12/12/2003 GTC-Barge Tires 15.18 4,938.93 493,893 A&L 1455
12/12/2003 GTC-Barge Tires 15.47 4,954.40 495,440 A&L 1456
12/12/2003 GTC-Barge Tires 14.71 4,969.11 496,911 A&L 1457
12/12/2003 GTC-Barge Tires 16.67 4,985.78 498,578 A&L 1458
12/12/2003 GTC-Barge Tires 10.26 4,996.04 499,604 A&L 1459
12/12/2003 GTC-Barge Tires 16.34 5,012.38 501,238 A&L 1460
12/12/2003 GTC-Barge Tires 15.89 5,028.27 502,827 A&L 1461
12/12/2003 GTC-Barge Tires 16.21 5,044.48 504,448 A&L 1462
12/12/2003 GTC-Barge Tires 14.78 5,059.26 505,926 A&L 1463
12/12/2003 GTC-Barge Tires 16.52 5,075.78 507,578 A&L 1464
12/12/2003 GTC-Barge Tires 13.74 5,089.52 508,952 A&L 1465
12/12/2003 GTC-Barge Tires 15.54 5,105.06 510,506 A&L 1466
12/16/2003 GTC-Barge Tires 17.35 5,122.41 512,241 A&L 1467
12/16/2003 GTC-Barge Tires 16.98 5,139.39 513,939 A&L 1468
12/16/2003 GTC-Barge Tires 15.81 5,155.20 515,520 A&L 1469
12/16/2003 GTC-Barge Tires 15.05 5,170.25 517,025 A&L 1470
12/16/2003 GTC-Barge Tires 16.69 5,186.94 518,694 A&L 1471
12/16/2003 GTC-Barge Tires 14.02 5,200.96 520,096 A&L 1472
12/16/2003 GTC-Barge Tires 15.94 5,216.90 521,690 A&L 1473
12/16/2003 GTC-Barge Tires 11.65 5,228.55 522,855 A&L 1474
12/16/2003 GTC-Barge Tires 12.50 5,241.05 524,105 A&L 1475
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Date  Location
Daily 

Weight     
(tons)

Cumulative    
Weight (tons)

Approx. # of 
Tires Truck Co. Ticket #

Daily Tire Delivery Log

12/16/2003 GTC-Barge Tires 10.40 5,251.45 525,145 A&L 1476
12/16/2003 GTC-Barge Tires 10.82 5,262.27 526,227 A&L 1477
12/16/2003 GTC-Barge Tires 13.01 5,275.28 527,528 A&L 1478
12/16/2003 GTC-Barge Tires 9.06 5,284.34 528,434 A&L 1479
12/16/2003 GTC-Barge Tires 9.79 5,294.13 529,413 A&L 1480
12/16/2003 GTC-Barge Tires 10.18 5,304.31 530,431 A&L 1481
12/16/2003 GTC-Barge Tires 15.52 5,319.83 531,983 A&L 1482
12/16/2003 GTC-Barge Tires 10.27 5,330.10 533,010 A&L 1483
12/16/2003 GTC-Barge Tires 10.85 5,340.95 534,095 A&L 1484
12/16/2003 GTC-Barge Tires 10.14 5,351.09 535,109 A&L 1485
12/16/2003 GTC-Barge Tires 10.89 5,361.98 536,198 A&L 1486
12/16/2003 GTC-Barge Tires 9.75 5,371.73 537,173 A&L 1487
12/17/2003 GTC-Barge Tires 15.27 5,387.00 538,700 A&L 1488
12/17/2003 GTC-Barge Tires 15.77 5,402.77 540,277 A&L 1489
12/17/2003 GTC-Barge Tires 15.18 5,417.95 541,795 A&L 1490
12/17/2003 GTC-Barge Tires 15.44 5,433.39 543,339 A&L 1491
12/17/2003 GTC-Barge Tires 15.35 5,448.74 544,874 A&L 1492
12/17/2003 GTC-Barge Tires 14.63 5,463.37 546,337 A&L 1493
12/17/2003 GTC-Barge Tires 14.71 5,478.08 547,808 A&L 1494
12/17/2003 GTC-Barge Tires 15.36 5,493.44 549,344 A&L 1495
12/17/2003 GTC-Barge Tires 15.42 5,508.86 550,886 A&L 1496
12/17/2003 GTC-Barge Tires 16.43 5,525.29 552,529 A&L 1497
12/17/2003 GTC-Barge Tires 16.89 5,542.18 554,218 A&L 1498
12/17/2003 GTC-Barge Tires 16.77 5,558.95 555,895 A&L 1499
12/17/2003 GTC-Barge Tires 16.23 5,575.18 557,518 A&L 1500
12/17/2003 GTC-Barge Tires 16.26 5,591.44 559,144 A&L 1350
12/17/2003 GTC-Barge Tires 15.56 5,607.00 560,700 A&L 1351
12/17/2003 GTC-Barge Tires 16.78 5,623.78 562,378 A&L 1352
12/17/2003 GTC-Barge Tires 16.19 5,639.97 563,997 A&L 1353
12/17/2003 GTC-Barge Tires 16.85 5,656.82 565,682 A&L 1354
12/17/2003 GTC-Barge Tires 15.46 5,672.28 567,228 A&L 1355
12/18/2003 GTC-Barge Tires 13.55 5,685.83 568,583 A&L 1356
12/18/2003 GTC-Barge Tires 16.53 5,702.36 570,236 A&L 1357
12/18/2003 GTC-Barge Tires 16.76 5,719.12 571,912 A&L 1358
12/18/2003 GTC-Barge Tires 16.16 5,735.28 573,528 A&L 1359
12/18/2003 GTC-Barge Tires 15.75 5,751.03 575,103 A&L 1360
12/18/2003 GTC-Barge Tires 16.54 5,767.57 576,757 A&L 1361
12/18/2003 GTC-Barge Tires 18.37 5,785.94 578,594 A&L 1362
12/18/2003 GTC-Barge Tires 16.81 5,802.75 580,275 A&L 1363
12/18/2003 GTC-Barge Tires 18.03 5,820.78 582,078 A&L 1364
12/18/2003 GTC-Barge Tires 16.71 5,837.49 583,749 A&L 1365
12/18/2003 GTC-Barge Tires 15.68 5,853.17 585,317 A&L 1366
12/19/2003 GTC-Barge Tires 16.88 5,870.05 587,005 A&L 1367
12/19/2003 GTC-Barge Tires 17.18 5,887.23 588,723 A&L 1368
12/19/2003 GTC-Barge Tires 16.12 5,903.35 590,335 A&L 1369
12/19/2003 GTC-Barge Tires 16.08 5,919.43 591,943 A&L 1370
12/19/2003 GTC-Barge Tires 16.65 5,936.08 593,608 A&L 1371
12/19/2003 GTC-Barge Tires 15.32 5,951.40 595,140 A&L 1372
12/19/2003 GTC-Barge Tires 16.66 5,968.06 596,806 A&L 1373
12/19/2003 GTC-Barge Tires 16.64 5,984.70 598,470 A&L 1374
12/22/2003 GTC-Barge Tires 14.15 5,998.85 599,885 A&L 1375
12/22/2003 GTC-Barge Tires 13.69 6,012.54 601,254 A&L 1376
12/22/2003 GTC-Barge Tires 12.12 6,024.66 602,466 A&L 1377
12/22/2003 GTC-Barge Tires 15.30 6,039.96 603,996 A&L 1378
12/22/2003 GTC-Barge Tires 14.16 6,054.12 605,412 A&L 1379
12/22/2003 GTC-Barge Tires 14.82 6,068.94 606,894 A&L 1380
12/22/2003 GTC-Barge Tires 10.27 6,079.21 607,921 A&L 1381
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12/22/2003 GTC-Barge Tires 15.49 6,094.70 609,470 A&L 1382
12/22/2003 GTC-Barge Tires 12.97 6,107.67 610,767 A&L 1383
12/22/2003 GTC-Barge Tires 14.33 6,122.00 612,200 A&L 1384
12/22/2003 GTC-Barge Tires 16.15 6,138.15 613,815 A&L 1385
12/22/2003 GTC-Barge Tires 16.36 6,154.51 615,451 A&L 1386
12/22/2003 GTC-Barge Tires 17.66 6,172.17 617,217 A&L 1387
12/22/2003 GTC-Barge Tires 15.62 6,187.79 618,779 A&L 1388
12/22/2003 GTC-Barge Tires 17.11 6,204.90 620,490 A&L 1389
12/22/2003 GTC-Barge Tires 15.78 6,220.68 622,068 A&L 1390
12/22/2003 GTC-Barge Tires 10.31 6,230.99 623,099 A&L 1391
12/22/2003 GTC-Barge Tires 6.12 6,237.11 623,711 A&L 1392
5/25/2004 Burkett 1.15 6,238.26 623,826
5/26/2004 Burkett 1.07 6,239.33 623,933
5/26/2004 Burkett 2.75 6,242.08 624,208
5/27/2004 Burkett 2.22 6,244.30 624,430
5/28/2004 Burkett 2.76 6,247.06 624,706

6/3/2004 Indiana County Recycling Center 5.00 6,252.06 625,206
6/3/2004 Indiana County Recycling Center 5.01 6,257.07 625,707
6/7/2004 PADEP/Moury Site 3.58 6,260.65 626,065 1251
6/7/2004 PADEP/Moury Site 3.97 6,264.62 626,462 1252
6/8/2004 PADEP/Moury Site 3.97 6,268.59 626,859 1253
6/8/2004 PADEP/Moury Site 4.29 6,272.88 627,288 1254
6/8/2004 Indiana County Solid Waste Authority (ICSWA) 1.59 6,274.47 627,447
6/8/2004 Indiana County Solid Waste Authority (ICSWA) 2.30 6,276.77 627,677
6/9/2004 Indiana County Solid Waste Authority (ICSWA) 2.22 6,278.99 627,899
6/9/2004 Indiana County Solid Waste Authority (ICSWA) 1.58 6,280.57 628,057
6/9/2004 Indiana County Solid Waste Authority (ICSWA) 1.34 6,281.91 628,191
6/9/2004 Indiana County Solid Waste Authority (ICSWA) 1.48 6,283.39 628,339
6/9/2004 Indiana County Solid Waste Authority (ICSWA) 0.47 6,283.86 628,386
6/9/2004 PADEP/Moury Site 3.32 6,287.18 628,718 1255
6/9/2004 PADEP/Moury Site 3.32 6,290.50 629,050 1256

6/10/2004 PADEP/Moury Site 3.11 6,293.61 629,361 1290
6/10/2004 Burkett 1.08 6,294.69 629,469
6/14/2004 Burkett 2.74 6,297.43 629,743
6/15/2004 Burkett 2.91 6,300.34 630,034
6/15/2004 Indiana County Solid Waste Authority (ICSWA) 2.71 6,303.05 630,305
6/15/2004 Indiana County Solid Waste Authority (ICSWA) 1.75 6,304.80 630,480
6/16/2004 Indiana County Solid Waste Authority (ICSWA) 2.40 6,307.20 630,720
6/16/2004 Indiana County Solid Waste Authority (ICSWA) 1.51 6,308.71 630,871
6/16/2004 Burkett 2.91 6,311.62 631,162 1257
6/16/2004 PADEP/Moury Site 2.78 6,314.40 631,440 1258
6/17/2004 Burkett 2.95 6,317.35 631,735
6/17/2004 Burkett 3.18 6,320.53 632,053
6/21/2004 Burkett 3.04 6,323.57 632,357
6/22/2004 Allegheny Enviro Solutions 13.98 6,337.55 633,755 1259
6/22/2004 Allegheny Enviro Solutions 13.01 6,350.56 635,056 1260
6/23/2004 Indiana County Recycling Center 3.36 6,353.92 635,392
6/23/2004 Indiana County Recycling Center 4.04 6,357.96 635,796
6/23/2004 Allegheny Enviro Solutions 15.21 6,373.17 637,317 1261
6/23/2004 Allegheny Enviro Solutions 14.63 6,387.80 638,780 1262
6/23/2004 Allegheny Enviro Solutions 16.34 6,404.14 640,414 1263
6/23/2004 Allegheny Enviro Solutions 13.71 6,417.85 641,785 1264
6/23/2004 Allegheny Enviro Solutions 14.42 6,432.27 643,227 1265
6/23/2004 Allegheny Enviro Solutions 13.31 6,445.58 644,558 1266
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6/24/2004 Allegheny Enviro Solutions 16.19 6,461.77 646,177 1267
6/24/2004 Allegheny Enviro Solutions 14.26 6,476.03 647,603 1268
6/24/2004 Allegheny Enviro Solutions 16.66 6,492.69 649,269 1281
6/24/2004 Allegheny Enviro Solutions 14.81 6,507.50 650,750 1269
6/24/2004 Allegheny Enviro Solutions 14.73 6,522.23 652,223 1270
6/24/2004 Allegheny Enviro Solutions 14.68 6,536.91 653,691 1271
6/24/2004 Allegheny Enviro Solutions 17.54 6,554.45 655,445 1272
6/25/2004 Allegheny Enviro Solutions 19.20 6,573.65 657,365 1273
6/25/2004 Allegheny Enviro Solutions 15.37 6,589.02 658,902 1274
6/25/2004 Allegheny Enviro Solutions 14.97 6,603.99 660,399 1275
6/25/2004 Allegheny Enviro Solutions 15.39 6,619.38 661,938 1276
6/25/2004 Allegheny Enviro Solutions 17.00 6,636.38 663,638 1277
6/25/2004 Allegheny Enviro Solutions 16.91 6,653.29 665,329 1278
6/26/2004 Allegheny Enviro Solutions 16.78 6,670.07 667,007 1279
6/26/2004 Allegheny Enviro Solutions 17.96 6,688.03 668,803 1280
6/26/2004 Allegheny Enviro Solutions 16.66 6,704.69 670,469
6/28/2004 Burkett 2.89 6,707.58 670,758
6/28/2004 PADEP/Moury Site 3.15 6,710.73 671,073 1282
6/28/2004 Allegheny Enviro Solutions 16.23 6,726.96 672,696 1283
6/28/2004 Allegheny Enviro Solutions 16.12 6,743.08 674,308 1284
6/28/2004 Allegheny Enviro Solutions 17.11 6,760.19 676,019 1285
6/28/2004 Allegheny Enviro Solutions 19.40 6,779.59 677,959 1286
6/28/2004 Kolas 4.65 6,784.24 678,424
6/29/2004 Allegheny Enviro Solutions 19.63 6,803.87 680,387 1250
6/29/2004 Allegheny Enviro Solutions 20.12 6,823.99 682,399 1249
6/29/2004 Allegheny Enviro Solutions 17.78 6,841.77 684,177 1248
6/29/2004 Allegheny Enviro Solutions 20.71 6,862.48 686,248 1247
6/30/2004 Indiana County Recycling Center 2.64 6,865.12 686,512
6/30/2004 PADEP/Moury Site 2.68 6,867.80 686,780 1289
6/30/2004 Indiana County Solid Waste Authority (ICSWA) 1.49 6,869.29 686,929
6/30/2004 Allegheny Enviro Solutions 19.57 6,888.86 688,886 1246
6/30/2004 Allegheny Enviro Solutions 22.50 6,911.36 691,136 1245
6/30/2004 Allegheny Enviro Solutions 17.58 6,928.94 692,894 1244
6/30/2004 Allegheny Enviro Solutions 20.17 6,949.11 694,911 1243
7/1/2004 Indiana County Solid Waste Authority (ICSWA) 3.68 6,952.79 695,279
7/1/2004 Indiana County Solid Waste Authority (ICSWA) 4.46 6,957.25 695,725
7/1/2004 Indiana County Solid Waste Authority (ICSWA) 11.50 6,968.75 696,875 1242
7/1/2004 Indiana County Solid Waste Authority (ICSWA) 4.05 6,972.80 697,280 1241
7/6/2004 Indiana County Solid Waste Authority (ICSWA) 4.02 6,976.82 697,682 1240
7/6/2004 Moury Site 3.31 6,980.13 698,013 1239
7/6/2004 Moury Site 3.51 6,983.64 698,364 1237
7/6/2004 Indiana County Solid Waste Authority (ICSWA) 3.59 6,987.23 698,723 1238
7/6/2004 Indiana County Solid Waste Authority (ICSWA) 3.81 6,991.04 699,104 1236
7/7/2004 Indiana County Solid Waste Authority (ICSWA) 11.50 7,002.54 700,254 1235

7/12/2004 Burkett 3.13 7,005.67 700,567 1234
7/19/2004 Merle Toy 2.76 7,008.43 700,843 1233
7/20/2004 Flynn's Tire 4.11 7,012.54 701,254 1231
7/20/2004 Morris Tire 1.48 7,014.02 701,402 1230
7/21/2004 Merle Toy 1.12 7,015.14 701,514 1228
7/21/2004 Merle Toy 0.94 7,016.08 701,608 1226
7/21/2004 Merle Toy 1.09 7,017.17 701,717 1225
7/21/2004 Rupps Auto 0.88 7,018.05 701,805 1229
7/21/2004 Indiana County Solid Waste Authority (ICSWA) 1.73 7,019.78 701,978 1227
7/22/2004 Morris Tire 1.59 7,021.37 702,137 1222
7/22/2004 Indiana County Solid Waste Authority (ICSWA) 2.29 7,023.66 702,366 1224
7/22/2004 Indiana County Solid Waste Authority (ICSWA) 0.75 7,024.41 702,441 1221
7/22/2004 Rupps Auto 0.82 7,025.23 702,523 1223
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7/26/2004 Lucchetti 1.49 7,026.72 702,672 1742
7/26/2004 Weavertown 11.41 7,038.13 703,813 1746
7/26/2004 Weavertown 7.03 7,045.16 704,516 1745
7/26/2004 Campbell's 2.32 7,047.48 704,748 1750
7/26/2004 Specialty 8.64 7,056.12 705,612 1748
7/26/2004 Specialty 5.91 7,062.03 706,203 1749
7/26/2004 Specialty 7.19 7,069.22 706,922 1744
7/26/2004 Specialty 8.68 7,077.90 707,790 1743
7/26/2004 Specialty 10.08 7,087.98 708,798 1741
7/26/2004 Specialty 11.55 7,099.53 709,953 1740
7/26/2004 Specialty 5.66 7,105.19 710,519 1739
7/27/2004 Lucchetti 1.53 7,106.72 710,672 1723
7/27/2004 Specialty 11.93 7,118.65 711,865 1737
7/27/2004 Specialty 13.71 7,132.36 713,236 1736
7/27/2004 Specialty 8.85 7,141.21 714,121 1735
7/27/2004 Specialty 9.58 7,150.79 715,079 1732
7/27/2004 Specialty 11.96 7,162.75 716,275 1731
7/27/2004 Specialty 13.22 7,175.97 717,597 1730
7/27/2004 Specialty 7.42 7,183.39 718,339 1729
7/27/2004 Specialty 10.40 7,193.79 719,379 1728
7/27/2004 Specialty 13.23 7,207.02 720,702 1725
7/27/2004 Specialty 15.24 7,222.26 722,226 1724
7/27/2004 Campbell's 2.49 7,224.75 722,475 1738
7/27/2004 Indiana County Solid Waste Authority (ICSWA) 2.26 7,227.01 722,701 1727
7/27/2004 Indiana County Solid Waste Authority (ICSWA) 0.98 7,227.99 722,799 1726
7/27/2004 Rupps Auto 0.94 7,228.93 722,893 1733
7/28/2004 Rupps Auto 0.84 7,229.77 722,977 1716
7/28/2004 Campbell's 3.70 7,233.47 723,347 1722
7/28/2004 Bob Weimer 3.64 7,237.11 723,711 1718
7/28/2004 Bob Weimer 5.99 7,243.10 724,310 1717
7/28/2004 Bob Weimer 5.49 7,248.59 724,859 1715
7/28/2004 Bob Weimer 3.42 7,252.01 725,201 1714
7/28/2004 Specialty 12.32 7,264.33 726,433 1711
7/28/2004 Specialty 13.23 7,277.56 727,756 1708
7/28/2004 Specialty 18.35 7,295.91 729,591 1709
7/28/2004 Specialty 14.23 7,310.14 731,014 1710
7/28/2004 Specialty 11.63 7,321.77 732,177 1713
7/28/2004 Specialty 17.85 7,339.62 733,962 1721
7/28/2004 Specialty 12.76 7,352.38 735,238 1720
7/28/2004 Specialty 9.46 7,361.84 736,184 1719
7/29/2004 Indiana County Solid Waste Authority (ICSWA) 3.28 7,365.12 736,512 1699
7/29/2004 Specialty 18.57 7,383.69 738,369 1704
7/29/2004 Specialty 16.48 7,400.17 740,017 1702
7/29/2004 Specialty 13.98 7,414.15 741,415 1701
7/29/2004 Specialty 15.77 7,429.92 742,992 1700
7/29/2004 Specialty 26.40 7,456.32 745,632 1707
7/29/2004 Specialty 20.76 7,477.08 747,708 1706
7/29/2004 Specialty 14.81 7,491.89 749,189 1705
7/29/2004 Indiana County Solid Waste Authority (ICSWA) 3.30 7,495.19 749,519 1698
7/29/2004 Lucchetti 1.41 7,496.60 749,660 1703
8/2/2004 Hooks & Toy 2.56 7,499.16 749,916 1689
8/2/2004 Lucchetti 0.31 7,499.47 749,947 1690
8/2/2004 River Sweep 20.41 7,519.88 751,988 1691
8/2/2004 Rupps Auto 0.88 7,520.76 752,076 1692
8/2/2004 Campbell's 3.65 7,524.41 752,441 169
8/2/2004 Indiana County Solid Waste Authority (ICSWA) 5.51 7,529.92 752,992 1695
8/2/2004 Indiana County Solid Waste Authority (ICSWA) 0.58 7,530.50 753,050 1688
8/2/2004 Specialty 14.49 7,544.99 754,499 1696
8/2/2004 Specialty 14.30 7,559.29 755,929 1694
8/2/2004 Specialty 17.57 7,576.86 757,686 1693
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8/3/2004 Chapmans Auto 7.71 7,584.57 758,457 1682
8/3/2004 D & D Auto 6.90 7,591.47 759,147 1687
8/3/2004 D & D Auto 6.63 7,598.10 759,810 1683
8/3/2004 D & D Auto 6.97 7,605.07 760,507 1680
8/3/2004 Elliot Tire 5.45 7,610.52 761,052 1681
8/3/2004 Jims Auto 0.78 7,611.30 761,130 1686
8/3/2004 Indiana County Solid Waste Authority (ICSWA) 0.30 7,611.60 761,160 1684
8/3/2004 Local 0.50 7,612.10 761,210 1685
8/4/2004 D & D Auto 6.22 7,618.32 761,832 1679
8/4/2004 D & D Auto 9.14 7,627.46 762,746 1676
8/4/2004 D & D Auto 7.56 7,635.02 763,502 1673
8/4/2004 Jims Auto 0.72 7,635.74 763,574 1678
8/4/2004 Lucchetti 0.42 7,636.16 763,616 1677
8/4/2004 Lucchetti 1.51 7,637.67 763,767 1675
8/4/2004 Lucchetti 1.49 7,639.16 763,916 1672
8/4/2004 Private 0.71 7,639.87 763,987 1674
8/4/2004 Wagner 6.84 7,646.71 764,671 1671
8/5/2004 66 Auto 0.48 7,647.19 764,719 1668
8/5/2004 Bob Hamil 1.36 7,648.55 764,855 1666
8/5/2004 Campbell's 3.52 7,652.07 765,207 1667
8/5/2004 D & D Auto 9.02 7,661.09 766,109 1670
8/5/2004 D & D Auto 6.84 7,667.93 766,793 1669
8/5/2004 D & D Auto 9.85 7,677.78 767,778 1665
8/6/2004 D & D Auto 9.48 7,687.26 768,726 1664
8/6/2004 D & D Auto 9.77 7,697.03 769,703 1663
8/6/2004 D & D Auto 9.01 7,706.04 770,604 1662
8/9/2004 66 Auto 0.65 7,706.69 770,669 1652
8/9/2004 Avonmore Boro 0.90 7,707.59 770,759 1658
8/9/2004 GAP Enterprises 5.65 7,713.24 771,324 1661
8/9/2004 Gene Lamer 2.81 7,716.05 771,605 1657
8/9/2004 Lucchetti 1.47 7,717.52 771,752 1659
8/9/2004 Moody 0.78 7,718.30 771,830 1654
8/9/2004 Rankin 4.68 7,722.98 772,298 1653
8/9/2004 Rupps Auto 0.81 7,723.79 772,379 1660
8/9/2004 Wagner 7.30 7,731.09 773,109 1656
8/9/2004 Weichey Auto 6.20 7,737.29 773,729 1655

8/10/2004 Avonmore Boro 0.57 7,737.86 773,786 1649
8/10/2004 Chapmans Auto 8.51 7,746.37 774,637 1647
8/10/2004 D & D Auto 8.05 7,754.42 775,442 1645
8/10/2004 Luther Ford 2.65 7,757.07 775,707 1646
8/10/2004 Luther Ford 2.69 7,759.76 775,976 1643
8/10/2004 Rankin 4.65 7,764.41 776,441 1650
8/10/2004 Campbell's 2.67 7,767.08 776,708 1651
8/10/2004 Indiana County Solid Waste Authority (ICSWA) 1.85 7,768.93 776,893 1644
8/10/2004 Weichey Auto 3.80 7,772.73 777,273 1648
8/11/2004 Luther Ford 2.81 7,775.54 777,554 1640
8/11/2004 Campbell's 3.49 7,779.03 777,903 1641
8/11/2004 Indiana County Solid Waste Authority (ICSWA) 0.36 7,779.39 777,939 1635
8/11/2004 Luther Ford 0.94 7,780.33 778,033 1636
8/11/2004 Mike Berconsky 13.94 7,794.27 779,427 1639
8/11/2004 Rankin 4.88 7,799.15 779,915 1642
8/11/2004 Rankin 4.60 7,803.75 780,375 1637
8/11/2004 Weichey Auto 3.70 7,807.45 780,745 1638
8/12/2004 Rankin 5.55 7,813.00 781,300 1634
8/12/2004 Rankin 5.04 7,818.04 781,804 1631
8/12/2004 Weichey Auto 4.78 7,822.82 782,282 1632
8/12/2004 Yammer Auto 5.22 7,828.04 782,804 1633
8/12/2004 Yammer Auto 4.79 7,832.83 783,283 1630
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8/16/2004 Arblaster 2.39 7,835.22 783,522 1616
8/16/2004 D & D 4.65 7,839.87 783,987 1628
8/16/2004 D & D 8.28 7,848.15 784,815 1627
8/16/2004 D & D 9.92 7,858.07 785,807 1626
8/16/2004 D & D 8.16 7,866.23 786,623 1620
8/16/2004 D & D 7.47 7,873.70 787,370 1619
8/16/2004 D & D 4.96 7,878.66 787,866 1617
8/16/2004 D & D 9.64 7,888.30 788,830 1611
8/16/2004 D & D 7.25 7,895.55 789,555 1610
8/16/2004 D & D 5.43 7,900.98 790,098 1609
8/16/2004 Dan Turack 1.60 7,902.58 790,258 1615
8/16/2004 Fat Boys Tire 2.76 7,905.34 790,534 1612
8/16/2004 IUP 1.49 7,906.83 790,683 1622
8/16/2004 J.W. Marshall 11.26 7,918.09 791,809 1625
8/16/2004 Kennedy Diversified 6.56 7,924.65 792,465 1623
8/16/2004 Noland Salvage 12.72 7,937.37 793,737 1629
8/16/2004 Rhodes Salvage 5.29 7,942.66 794,266 1618
8/16/2004 Tire Express 4.29 7,946.95 794,695 1614
8/16/2004 Walters Auto Wrecking 4.90 7,951.85 795,185 1621
8/16/2004 Weichey Auto 4.40 7,956.25 795,625 1624
8/16/2004 Weichey Auto 2.95 7,959.20 795,920 1613
8/17/2004 66 Auto 0.35 7,959.55 795,955 1598
8/17/2004 D & D 10.99 7,970.54 797,054 1608
8/17/2004 D & D 8.23 7,978.77 797,877 1607
8/17/2004 D & D 5.20 7,983.97 798,397 1603
8/17/2004 D & D 9.82 7,993.79 799,379 1596
8/17/2004 D & D 8.44 8,002.23 800,223 1595
8/17/2004 D & D 5.24 8,007.47 800,747 1594
8/17/2004 D & D 9.97 8,017.44 801,744 1590
8/17/2004 D & D 10.12 8,027.56 802,756 1589
8/17/2004 D & D 4.96 8,032.52 803,252 1588
8/17/2004 66 Auto 0.44 8,032.96 803,296 1585
8/17/2004 Bowser Tire 1.28 8,034.24 803,424 1586
8/17/2004 D & D Auto 6.71 8,040.95 804,095 1604
8/17/2004 Dan Turack 1.73 8,042.68 804,268 1602
8/17/2004 Dan Turack 0.37 8,043.05 804,305 1601
8/17/2004 Dan Turack 1.81 8,044.86 804,486 1600
8/17/2004 J.W. Marshall 11.56 8,056.42 805,642 1606
8/17/2004 Lias Tire Inc 3.78 8,060.20 806,020 1599
8/17/2004 Rankin 3.33 8,063.53 806,353 1605
8/17/2004 Skovensky Auto 1.09 8,064.62 806,462 1593
8/17/2004 Tire Express 2.64 8,067.26 806,726 1591
8/17/2004 Walters Auto Wrecking 3.55 8,070.81 807,081 1584
8/17/2004 Weichey Auto 5.04 8,075.85 807,585 1592
8/17/2004 Weichey Auto 5.13 8,080.98 808,098 1587
8/17/2004 Wood Pontiac 1.27 8,082.25 808,225 1597
8/17/2004 Zimmy's Auto 0.74 8,082.99 808,299 1583
8/17/2004 Zimmy's Auto 0.49 8,083.48 808,348 1582
8/18/2004 66 Auto 0.38 8,083.86 808,386 1571
8/18/2004 D & D 10.63 8,094.49 809,449 1579
8/18/2004 D & D 5.26 8,099.75 809,975 1578
8/18/2004 D & D 10.22 8,109.97 810,997 1577
8/18/2004 D & D 10.03 8,120.00 812,000 1568
8/18/2004 D & D 4.91 8,124.91 812,491 1567
8/18/2004 D & D 7.38 8,132.29 813,229 1566
8/18/2004 D & D 8.65 8,140.94 814,094 1560
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8/18/2004 D & D 12.00 8,152.94 815,294 1558
8/18/2004 D & D 5.06 8,158.00 815,800 1557
8/18/2004 66 Auto 0.49 8,158.49 815,849 1561
8/18/2004 Dan Turack 1.84 8,160.33 816,033 1573
8/18/2004 Dan Turack 1.74 8,162.07 816,207 1559
8/18/2004 Maritz Tire 1.44 8,163.51 816,351 1570
8/18/2004 N. Apollo Auto 3.09 8,166.60 816,660 1580
8/18/2004 Rankin 3.26 8,169.86 816,986 1581
8/18/2004 Rhodes Salvage 6.27 8,176.13 817,613 1572
8/18/2004 Rupps Auto 0.74 8,176.87 817,687 1574
8/18/2004 Skander 10.18 8,187.05 818,705 1569
8/18/2004 Tim Shearer 0.75 8,187.80 818,780 1564
8/18/2004 Tim Shearer 0.83 8,188.63 818,863 1556
8/18/2004 Weichey Auto 5.12 8,193.75 819,375 1565
8/18/2004 Zimmy's Auto 0.85 8,194.60 819,460 1576
8/18/2004 Zimmy's Auto 0.56 8,195.16 819,516 1575
8/18/2004 Zimmy's Auto 0.52 8,195.68 819,568 1563
8/18/2004 Zimmy's Auto 3.54 8,199.22 819,922 1562
8/19/2004 Dan Turack 1.63 8,200.85 820,085 1550
8/19/2004 D & D 11.76 8,212.61 821,261 1555
8/19/2004 D & D 4.81 8,217.42 821,742 1554
8/19/2004 D & D 7.01 8,224.43 822,443 1553
8/19/2004 D & D 9.78 8,234.21 823,421 1548
8/19/2004 D & D 5.39 8,239.60 823,960 1547
8/19/2004 D & D 6.59 8,246.19 824,619 1545
8/19/2004 D & D 6.51 8,252.70 825,270 1544
8/19/2004 D & D 11.15 8,263.85 826,385 1539
8/19/2004 D & D 5.07 8,268.92 826,892 1538
8/19/2004 D & D 6.88 8,275.80 827,580 1537
8/19/2004 J.W. Marshall 12.20 8,288.00 828,800 1543
8/19/2004 Moury Site 3.82 8,291.82 829,182 1541
8/19/2004 Rankin 3.31 8,295.13 829,513 1552
8/19/2004 Rankin 4.29 8,299.42 829,942 1540
8/19/2004 Tim Shearer 0.80 8,300.22 830,022 1551
8/19/2004 Tire Express 2.57 8,302.79 830,279 1542
8/19/2004 Weichey Auto 4.63 8,307.42 830,742 1546
8/19/2004 Wood Pontiac 1.33 8,308.75 830,875 1549
8/23/2004 Blazczak Salvage 15.59 8,324.34 832,434 1521
8/23/2004 D & D Auto 4.59 8,328.93 832,893 1994
8/23/2004 D & D Auto 8.75 8,337.68 833,768 1526
8/23/2004 D & D Auto 6.24 8,343.92 834,392 1530
8/23/2004 D & D Auto 10.24 8,354.16 835,416 1532
8/23/2004 D & D Auto 4.32 8,358.48 835,848 1995
8/23/2004 D & D Auto 9.55 8,368.03 836,803 1996
8/23/2004 Dan Turack 1.69 8,369.72 836,972 1999
8/23/2004 Elliot Tire 4.76 8,374.48 837,448 1525
8/23/2004 J.W. Marshall 14.05 8,388.53 838,853 1535
8/23/2004 Kennedy Diversified 6.94 8,395.47 839,547 1528
8/23/2004 Moury Site 3.67 8,399.14 839,914 1531
8/23/2004 Noland Salvage 11.38 8,410.52 841,052 1536
8/23/2004 R & S Auto Shop 1.44 8,411.96 841,196 2000
8/23/2004 Rankin 3.69 8,415.65 841,565 1533
8/23/2004 Rhodes Salvage 7.32 8,422.97 842,297 1524
8/23/2004 Rhodes Salvage 12.74 8,435.71 843,571 1523
8/23/2004 Rhodes Salvage 6.81 8,442.52 844,252 1993
8/23/2004 Slippery Rock Salavage 11.52 8,454.04 845,404 1527
8/23/2004 Tim Shearer 0.78 8,454.82 845,482 1522
8/23/2004 Tim Shearer 0.73 8,455.55 845,555 1998
8/23/2004 Tire Express 2.73 8,458.28 845,828 1529
8/23/2004 Weichey Auto 5.55 8,463.83 846,383 1534
8/23/2004 Weichey Auto 5.41 8,469.24 846,924 1997
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8/24/2004 Blazczak Salvage 0.94 8,470.18 847,018 1986
8/24/2004 Blazczak Salvage 1.24 8,471.42 847,142 1980
8/24/2004 Cranberry Twp 1.97 8,473.39 847,339 1982
8/24/2004 Dan Turack 1.38 8,474.77 847,477 1981
8/24/2004 Lias Tire Inc 3.69 8,478.46 847,846 1990
8/24/2004 Livivgston Auto 0.48 8,478.94 847,894 1978
8/24/2004 McCarthy's Auto 2.17 8,481.11 848,111 1988
8/24/2004 McCarthy's Auto 0.49 8,481.60 848,160 1985
8/24/2004 Mike Berconsky 11.62 8,493.22 849,322 1987
8/24/2004 N. Apollo Auto 4.92 8,498.14 849,814 1979
8/24/2004 Rankin 3.56 8,501.70 850,170 1992
8/24/2004 Tire Express 2.49 8,504.19 850,419 1983
8/24/2004 Van Ferraro 0.50 8,504.69 850,469 1989
8/24/2004 Weichey Auto 7.01 8,511.70 851,170 1984
8/25/2004 B & H Tire Service 0.39 8,512.09 851,209 1971
8/25/2004 B & H Tire Service 3.31 8,515.40 851,540 1966
8/25/2004 Blairsville Boro 0.96 8,516.36 851,636 1962
8/25/2004 Blazczak 4.56 8,520.92 852,092 1968
8/25/2004 Blazczak 1.06 8,521.98 852,198 1967
8/25/2004 Blazczak 1.34 8,523.32 852,332 1961
8/25/2004 Blazczak 4.16 8,527.48 852,748 1958
8/25/2004 Blazczak 0.92 8,528.40 852,840 1940
8/25/2004 Cranberry Twp 3.15 8,531.55 853,155 1965
8/25/2004 Indiana County Recycling Center 5.22 8,536.77 853,677
8/25/2004 Indiana County Recycling Center 3.20 8,539.97 853,997
8/25/2004 McCarthy's Auto 0.94 8,540.91 854,091 1973
8/25/2004 Moody Salvage 0.90 8,541.81 854,181 1964
8/25/2004 Moury Site 3.46 8,545.27 854,527 1975
8/25/2004 Moury Site 3.29 8,548.56 854,856 1974
8/25/2004 R & S Auto Shop 1.54 8,550.10 855,010 1972
8/25/2004 R & S Auto Shop 2.21 8,552.31 855,231 1969
8/25/2004 Rankin 3.37 8,555.68 855,568 1976
8/25/2004 Scott Shaffer 0.99 8,556.67 855,667 1963
8/25/2004 Slippery Rock Salavage 5.81 8,562.48 856,248 1977
8/25/2004 Tim Shearer 0.74 8,563.22 856,322 1960
8/25/2004 Walters Auto Wrecking 2.06 8,565.28 856,528 1970
8/25/2004 Weichey Auto 5.38 8,570.66 857,066 1959
8/26/2004 B & H Tire Service 0.35 8,571.01 857,101 1957
8/26/2004 B & H Tire Service 10.88 8,581.89 858,189 1956
8/26/2004 B & H Tire Service 3.85 8,585.74 858,574 1955
8/26/2004 B & H Tire Service 2.80 8,588.54 858,854 1939
8/26/2004 Blazczak 4.32 8,592.86 859,286 1952
8/26/2004 Blazczak 0.91 8,593.77 859,377 1951
8/26/2004 Cranberry Twp 0.60 8,594.37 859,437 1938
8/26/2004 D & D Auto 6.73 8,601.10 860,110 1936
8/26/2004 Dan Turack 1.62 8,602.72 860,272 1942
8/26/2004 J.W. Marshall 8.25 8,610.97 861,097 1937
8/26/2004 Lias Tire Inc 3.55 8,614.52 861,452 1949
8/26/2004 McCarthy's Auto 0.97 8,615.49 861,549 1950
8/26/2004 Moury Site 3.36 8,618.85 861,885 1947
8/26/2004 Moury Site 3.18 8,622.03 862,203 1946
8/26/2004 R & S Auto Shop 1.49 8,623.52 862,352 1948
8/26/2004 Rankin 3.60 8,627.12 862,712 1954
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8/26/2004 River Sweep 9.37 8,636.49 863,649 1943
8/26/2004 Slippery Rock Salavage 10.86 8,647.35 864,735 1953
8/26/2004 Tire Express 2.56 8,649.91 864,991 1945
8/26/2004 Van Ferraro 0.48 8,650.39 865,039 1944
8/26/2004 Weichey Auto 5.24 8,655.63 865,563 1941
8/26/2004 Weichey Auto 2.43 8,658.06 865,806 1935
8/30/2004 Blazczak 7.41 8,665.47 866,547 1925
8/30/2004 Blazczak 1.24 8,666.71 866,671 1919
8/30/2004 Bowser Tire 1.38 8,668.09 866,809 1918
8/30/2004 D & D Auto 9.49 8,677.58 867,758 1926
8/30/2004 D & D Auto 7.00 8,684.58 868,458 1922
8/30/2004 D & D Auto 4.95 8,689.53 868,953 1917
8/30/2004 Dan Turack 1.70 8,691.23 869,123 1929
8/30/2004 Dan Turack 1.00 8,692.23 869,223 1928
8/30/2004 Dan Turack 2.34 8,694.57 869,457 1927
8/30/2004 Hole's Tire 11.36 8,705.93 870,593 1934
8/30/2004 McCarthy's Auto 1.00 8,706.93 870,693 1930
8/30/2004 N. Apollo Auto 3.91 8,710.84 871,084 1931
8/30/2004 Patterson Auto 11.51 8,722.35 872,235 1920
8/30/2004 R & S Auto Shop 4.70 8,727.05 872,705 1924
8/30/2004 Rankin 3.80 8,730.85 873,085 1933
8/30/2004 Rankin 4.02 8,734.87 873,487 1923
8/30/2004 Tire Express 2.35 8,737.22 873,722 1921
8/31/2004 Blazczak 0.98 8,738.20 873,820 1908
8/31/2004 Blazczak 0.63 8,738.83 873,883 1903
8/31/2004 Hole's Tire 6.51 8,745.34 874,534 1916
8/31/2004 Hook's and Toy 0.51 8,745.85 874,585 1906
8/31/2004 J.W. Marshall 7.85 8,753.70 875,370 1914
8/31/2004 McCarthy's Auto 1.07 8,754.77 875,477 1913
8/31/2004 McCarthy's Auto 0.30 8,755.07 875,507 1910
8/31/2004 Moury Site 3.34 8,758.41 875,841 1912
8/31/2004 Moury Site 3.14 8,761.55 876,155 1907
8/31/2004 R & S Auto Shop 7.79 8,769.34 876,934 1905
8/31/2004 R & S Auto Shop 3.27 8,772.61 877,261 1902
8/31/2004 Rankin 4.16 8,776.77 877,677 1915
8/31/2004 Skander 12.40 8,789.17 878,917 1904
8/31/2004 Tire Express 2.82 8,791.99 879,199 1909
8/31/2004 Weichey Auto 4.93 8,796.92 879,692 1911
9/1/2004 Blazczak 0.56 8,797.48 879,748 1894
9/1/2004 D & D Auto 3.49 8,800.97 880,097 1900
9/1/2004 Elliott 2.02 8,802.99 880,299 1895
9/1/2004 Indiana County Solid Waste Authority (ICSWA) 1.31 8,804.30 880,430 1892
9/1/2004 Moury Site 3.96 8,808.26 880,826 1897
9/1/2004 N. Apollo Auto 4.53 8,812.79 881,279 1901
9/1/2004 Patterson Auto 10.59 8,823.38 882,338 1898
9/1/2004 Patterson Auto 9.29 8,832.67 883,267 1893
9/1/2004 Rankin 3.67 8,836.34 883,634 1899
9/1/2004 Van Ferraro 0.44 8,836.78 883,678 1896
9/2/2004 City Auto Repair Service 9.15 8,845.93 884,593 1885
9/2/2004 D & D Auto 5.59 8,851.52 885,152 1883
9/2/2004 Dandrea Bros 5.89 8,857.41 885,741 1891
9/2/2004 Hole's Tire 5.11 8,862.52 886,252 1888
9/2/2004 Kennedy Diversified 7.29 8,869.81 886,981 1884
9/2/2004 Moody Salvage 0.47 8,870.28 887,028 1879
9/2/2004 N. Apollo Auto 4.54 8,874.82 887,482 1877
9/2/2004 Patterson Auto 6.38 8,881.20 888,120 1886
9/2/2004 Patterson Auto 11.33 8,892.53 889,253 1878
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9/2/2004 Rankin 3.76 8,896.29 889,629 1889
9/2/2004 Rankin 3.91 8,900.20 890,020 1881
9/2/2004 Slippery Rock Salavage 6.41 8,906.61 890,661 1890
9/2/2004 Tire Express 2.15 8,908.76 890,876 1882
9/2/2004 Walters Auto Wrecking 1.66 8,910.42 891,042 1887
9/2/2004 Weichey Auto 5.17 8,915.59 891,559 1876
9/7/2004 Adam's Tire 2.09 8,917.68 891,768 1871
9/7/2004 Adam's Tire 2.35 8,920.03 892,003 1866
9/7/2004 Burchfield's 3.22 8,923.25 892,325 1868
9/7/2004 City Auto Repair Service 4.42 8,927.67 892,767 1874
9/7/2004 D & D Auto 5.69 8,933.36 893,336 1863
9/7/2004 D & D Auto 3.82 8,937.18 893,718 1867
9/7/2004 Dandrea Bros 5.11 8,942.29 894,229 1860
9/7/2004 Kennedy Diversified 11.78 8,954.07 895,407 1864
9/7/2004 Kennedy Diversified 10.92 8,964.99 896,499 1870
9/7/2004 McCarthy's Auto 1.01 8,966.00 896,600 1873
9/7/2004 Moody Salvage 0.50 8,966.50 896,650 1862
9/7/2004 Nick Micale 4.17 8,970.67 897,067 1859
9/7/2004 Patterson Auto 11.63 8,982.30 898,230 1858
9/7/2004 Patterson Auto 12.65 8,994.95 899,495 1872
9/7/2004 Rankin 3.72 8,998.67 899,867 1875
9/7/2004 Rankin 3.64 9,002.31 900,231 1869
9/7/2004 Rankin 3.51 9,005.82 900,582 1861
9/7/2004 Tim Shearer 0.72 9,006.54 900,654 1865
9/8/2004 Vogel 9.54 9,016.08 901,608 1857

9/10/2004 D & D Auto 7.24 9,023.32 902,332 1856
9/10/2004 Tires and More 0.32 9,023.64 902,364 1855
9/13/2004 Ambrose Auto 4.20 9,027.84 902,784 1841
9/13/2004 Blazczak 0.78 9,028.62 902,862 1844
9/13/2004 City Auto Repair Service 4.36 9,032.98 903,298 1851
9/13/2004 Dan Turack 1.92 9,034.90 903,490 1849
9/13/2004 Dan Turack 1.92 9,036.82 903,682 1842
9/13/2004 Lloyd George 0.34 9,037.16 903,716 1846
9/13/2004 Moody Salvage 0.86 9,038.02 903,802 1840
9/13/2004 Moury Site 3.34 9,041.36 904,136 1854
9/13/2004 Moury Site 3.91 9,045.27 904,527 1845
9/13/2004 Patterson Auto 14.07 9,059.34 905,934 1852
9/13/2004 Patterson Auto 13.72 9,073.06 907,306 1839
9/13/2004 Rankin 3.97 9,077.03 907,703 1853
9/13/2004 Tim Shearer 0.68 9,077.71 907,771 1848
9/13/2004 Tim Shearer 0.62 9,078.33 907,833 1843
9/13/2004 Tire Express 2.48 9,080.81 908,081 1847
9/13/2004 Vogel 6.32 9,087.13 908,713 1850
9/14/2004 Bates Auto 15.14 9,102.27 910,227 1837
9/14/2004 Dan Turack 1.74 9,104.01 910,401 1834
9/14/2004 Misc. 0.32 9,104.33 910,433 1829
9/14/2004 Dandrea Bros 6.95 9,111.28 911,128 1838
9/14/2004 Lucchetti 1.21 9,112.49 911,249 1832
9/14/2004 Moody Salvage 0.97 9,113.46 911,346 1931
9/14/2004 Nick Micale 4.12 9,117.58 911,758 1830
9/14/2004 N. Apollo Auto 4.79 9,122.37 912,237 1836
9/14/2004 Patterson Auto 13.56 9,135.93 913,593 1833
9/14/2004 Walters Auto Wrecking 1.88 9,137.81 913,781 1835
9/15/2004 Bates Auto 11.33 9,149.14 914,914 1827
9/15/2004 Blairsville Tire Corral 0.87 9,150.01 915,001 1818
9/15/2004 D & D Auto 5.63 9,155.64 915,564 1819
9/15/2004 Dandrea Bros 11.71 9,167.35 916,735 1828
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9/15/2004 Kennedy Diversified 6.66 9,174.01 917,401 1823
9/15/2004 Lucchetti 1.12 9,175.13 917,513 1824
9/15/2004 Major Brand 5.67 9,180.80 918,080 1821
9/15/2004 Patterson Auto 11.08 9,191.88 919,188 1826
9/15/2004 Rankin 3.67 9,195.55 919,555 1825
9/15/2004 Rob Dandrea 2.34 9,197.89 919,789 1822
9/15/2004 Tim Shearer 0.79 9,198.68 919,868 1820
9/16/2004 Bates Auto 15.74 9,214.42 921,442 1815
9/16/2004 Blairsville Tire Corral 1.10 9,215.52 921,552 1806
9/16/2004 Dandrea Bros 6.24 9,221.76 922,176 1816
9/16/2004 Dawson Auto 4.41 9,226.17 922,617 1814
9/16/2004 Johnson Tire 4.29 9,230.46 923,046 1804
9/16/2004 Moury Site 3.27 9,233.73 923,373 1809
9/16/2004 N. Apollo Auto 5.20 9,238.93 923,893 1817
9/16/2004 Pa Cleanways 1.09 9,240.02 924,002 1805
9/16/2004 Rankin 3.62 9,243.64 924,364 1807
9/16/2004 Rob Dandrea 3.84 9,247.48 924,748 1808
9/16/2004 Slippery Rock Salavage 7.31 9,254.79 925,479 1813
9/16/2004 Tim Shearer 1.72 9,256.51 925,651 1812
9/16/2004 Tim Shearer 0.88 9,257.39 925,739 1810
9/16/2004 Tire Express 2.42 9,259.81 925,981 1811
9/20/2004 Blairsville Tire Corral 0.95 9,260.76 926,076 1800
9/20/2004 Blairsville Tire Corral 0.97 9,261.73 926,173 1795
9/20/2004 D.C. Sales & Service 5.63 9,267.36 926,736 1802
9/20/2004 D.C. Sales & Service 6.31 9,273.67 927,367 1791
9/20/2004 Fess's Auto 1.39 9,275.06 927,506 1797
9/20/2004 Lucchetti 1.07 9,276.13 927,613 1801
9/20/2004 Dawson Auto 4.85 9,280.98 928,098 1796
9/20/2004 Morris Tire 1.88 9,282.86 928,286 1793
9/20/2004 Rankin 3.87 9,286.73 928,673 1803
9/20/2004 Rankin 3.88 9,290.61 929,061 1798
9/20/2004 Rob Dandrea 2.77 9,293.38 929,338 1794
9/20/2004 Tim Shearer 0.62 9,294.00 929,400 1792
9/20/2004 Tire Express 2.48 9,296.48 929,648 1799
9/21/2004 City Auto 10.58 9,307.06 930,706 1785
9/21/2004 Rankin 3.73 9,310.79 931,079 1790
9/21/2004 Distributor Tires 1.24 9,312.03 931,203 1788
9/21/2004 Tim Shearer 0.75 9,312.78 931,278 1786
9/21/2004 Blairsville Tire Corral 0.78 9,313.56 931,356 1784
9/21/2004 Morris Tire 0.75 9,314.31 931,431 1783
9/21/2004 Rob Dandrea 3.08 9,317.39 931,739 1782
9/21/2004 Nick Micale 3.62 9,321.01 932,101 1781
9/21/2004 Skander Tire 12.82 9,333.83 933,383 1789
9/21/2004 Tire Express 2.49 9,336.32 933,632 1787
9/22/2004 Dandrea Bros. 6.68 9,343.00 934,300 2248
9/22/2004 Distributor Tires 1.16 9,344.16 934,416 1780
9/22/2004 N. Apollo Auto 5.20 9,349.36 934,936 2250
9/22/2004 Rankin 3.69 9,353.05 935,305 2249
9/22/2004 DC Sales & Service 7.87 9,360.92 936,092 2247
9/22/2004 Blazczak 1.17 9,362.09 936,209 2243
9/22/2004 Moody's 0.83 9,362.92 936,292 2241
9/22/2004 Nick Micale 2.99 9,365.91 936,591 2240
9/22/2004 Rob Dandrea 2.86 9,368.77 936,877 2239
9/22/2004 Kennedy Diversified 7.92 9,376.69 937,669 2246
9/22/2004 Moury Site 3.52 9,380.21 938,021 2245
9/22/2004 Moury Site 3.27 9,383.48 938,348 2244
9/22/2004 Slippery Rock Salvage 8.35 9,391.83 939,183 2242
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9/23/2004 D & D Auto 6.33 9,398.16 939,816 2232
9/23/2004 Rankin 3.98 9,402.14 940,214 2238
9/23/2004 Distributor Tires 1.24 9,403.38 940,338 2236
9/23/2004 Blairsville Tire Corral 1.18 9,404.56 940,456 2235
9/23/2004 Blazczak 0.97 9,405.53 940,553 2234
9/23/2004 Rob Dandrea 2.98 9,408.51 940,851 2231
9/23/2004 Dan Turack 1.78 9,410.29 941,029 2230
9/23/2004 Dandrea Bros. 13.42 9,423.71 942,371 2237
9/23/2004 Dawson Auto 4.17 9,427.88 942,788 2233
9/27/2004 D & D Auto 9.49 9,437.37 943,737 2216
9/27/2004 N. Apollo Auto 6.71 9,444.08 944,408 2229
9/27/2004 Distributor Tires 1.10 9,445.18 944,518 2228
9/27/2004 Ligits Auto 6.05 9,451.23 945,123 2227
9/27/2004 DC Sales & Service 5.89 9,457.12 945,712 2226
9/27/2004 Rankin 3.81 9,460.93 946,093 2223
9/27/2004 Passerini 1.95 9,462.88 946,288 2222
9/27/2004 Elliot Tire 5.45 9,468.33 946,833 2221
9/27/2004 Blairsville Tire Corral 0.86 9,469.19 946,919 2220
9/27/2004 Tom Mechling 0.57 9,469.76 946,976 2219
9/27/2004 Troup 1.05 9,470.81 947,081 2217
9/27/2004 Rankin 4.46 9,475.27 947,527 2215
9/27/2004 Dawson Auto 4.41 9,479.68 947,968 2224
9/27/2004 Rhodes Auto 6.47 9,486.15 948,615 2225
9/27/2004 Rhodes Auto 5.15 9,491.30 949,130 2218
9/28/2004 Bates 10.07 9,501.37 950,137 2211
9/28/2004 N. Apollo Auto 6.66 9,508.03 950,803 2214
9/28/2004 Distributor Tires 1.23 9,509.26 950,926 2212
9/28/2004 Troup 0.99 9,510.25 951,025 2210
9/28/2004 Blairsville Tire Corral 0.60 9,510.85 951,085 2207
9/28/2004 Clydes Towing 4.33 9,515.18 951,518 2206
9/28/2004 Troup 1.02 9,516.20 951,620 2205
9/28/2004 Blairsville Tire Corral 0.95 9,517.15 951,715 2204
9/28/2004 Don Crytzer 0.23 9,517.38 951,738 2203
9/28/2004 Dandrea Bros. 6.10 9,523.48 952,348 2213
9/28/2004 Moury Site 3.50 9,526.98 952,698 2209
9/28/2004 Tire Express 2.34 9,529.32 952,932 2208
9/29/2004 D & D Auto 8.56 9,537.88 953,788 2198
9/29/2004 Distributor Tires 1.21 9,539.09 953,909 2202
9/29/2004 Flynns 0.61 9,539.70 953,970 2199
9/29/2004 Flynns 0.52 9,540.22 954,022 2197
9/29/2004 Zimmy's Auto 1.62 9,541.84 954,184 2196
9/29/2004 Mid County Transit 0.54 9,542.38 954,238 2195
9/29/2004 Flynns 0.58 9,542.96 954,296 2191
9/29/2004 Blairsville Tire Corral 0.58 9,543.54 954,354 2192
9/29/2004 Rob Dandrea 3.15 9,546.69 954,669 2193
9/29/2004 N. Apollo Auto 6.41 9,553.10 955,310 2194
9/29/2004 Dandrea Bros. 7.43 9,560.53 956,053 2201
9/29/2004 Slippery Rock Salvage 5.82 9,566.35 956,635 2200
9/30/2004 Dandrea Bros. 14.02 9,580.37 958,037 2190
9/30/2004 B & M 3.46 9,583.83 958,383 2189
9/30/2004 N. Apollo Auto 6.29 9,590.12 959,012 2185
9/30/2004 Dick Livengood 0.73 9,590.85 959,085 2184
9/30/2004 Dawson Auto 4.29 9,595.14 959,514 2186
9/30/2004 Moury Site 3.43 9,598.57 959,857 2188
9/30/2004 Rhodes Auto 7.69 9,606.26 960,626 2187
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Cumulative    
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Approx. # of 
Tires Truck Co. Ticket #

Daily Tire Delivery Log

10/4/2004 Bates 14.48 9,620.74 962,074 2182
10/4/2004 N. Apollo Auto 6.43 9,627.17 962,717 2183
10/4/2004 Troup 0.83 9,628.00 962,800 2181
10/4/2004 Troup 1.27 9,629.27 962,927 2176
10/4/2004 Tim Shearer 0.82 9,630.09 963,009 2178
10/4/2004 Bowser Tire 1.61 9,631.70 963,170 2179
10/4/2004 DC Sales & Service 4.61 9,636.31 963,631 2180
10/4/2004 Tim Shearer 0.86 9,637.17 963,717 2173
10/4/2004 Bowser Tire 1.86 9,639.03 963,903 2172
10/4/2004 Dawson Auto 4.50 9,643.53 964,353 2175
10/4/2004 Rhodes Auto 6.50 9,650.03 965,003 2174
10/4/2004 Slippery Rock Salvage 7.20 9,657.23 965,723 2177
10/5/2004 Lias Tire 1.51 9,658.74 965,874 2159
10/5/2004 Rob Dandrea 2.91 9,661.65 966,165 2158
10/5/2004 Blairsville Tire Corral 2.11 9,663.76 966,376 2162
10/5/2004 Flynns 1.48 9,665.24 966,524 2163
10/5/2004 Tim Shearer 0.82 9,666.06 966,606 2164
10/5/2004 Dick Livengood 0.73 9,666.79 966,679 2167
10/5/2004 Ligonier Township 1.14 9,667.93 966,793 2169
10/5/2004 Wal-Mart 1.02 9,668.95 966,895 2171
10/5/2004 Wal-Mart 0.66 9,669.61 966,961 2170
10/5/2004 Wal-Mart 1.41 9,671.02 967,102 2168
10/5/2004 Wal-Mart 1.45 9,672.47 967,247 2165
10/5/2004 Lias Tire 3.29 9,675.76 967,576 2160
10/5/2004 Tire Express 2.18 9,677.94 967,794 2161
10/5/2004 Weichey 3.48 9,681.42 968,142 2166
10/6/2004 D & D Auto 7.21 9,688.63 968,863 2157
10/6/2004 Wagner Tires 4.24 9,692.87 969,287 2154
10/6/2004 Seliga Auto Sales 0.69 9,693.56 969,356 2156
10/6/2004 DOT # 479 1.29 9,694.85 969,485 2155
10/6/2004 DOT # 479 1.55 9,696.40 969,640 2153
10/6/2004 DOT # 290 1.07 9,697.47 969,747 2152
10/6/2004 DOT # 479 1.59 9,699.06 969,906 2151
10/6/2004 DOT #290 1.14 9,700.20 970,020 2149
10/6/2004 Wal-Mart 1.30 9,701.50 970,150
10/6/2004 Wal-Mart 2.05 9,703.55 970,355 2143
10/6/2004 Wal-Mart 0.77 9,704.32 970,432
10/6/2004 Wal-Mart 1.19 9,705.51 970,551 2380
10/6/2004 DOT # 141 1.13 9,706.64 970,664 2148
10/6/2004 DOT #479 1.30 9,707.94 970,794 2147
10/6/2004 N. Apollo Auto 6.02 9,713.96 971,396 2146
10/6/2004 DOT # 479 1.79 9,715.75 971,575 2145
10/6/2004 DOT # 290 0.77 9,716.52 971,652 2144
10/6/2004 DOT # 141 2.02 9,718.54 971,854 2143
10/7/2004 Cascade Auto Wrecking 4.47 9,723.01 972,301 2142
10/7/2004 Rhodes Auto 4.63 9,727.64 972,764 2141
10/7/2004 B & M 3.48 9,731.12 973,112 2140
10/7/2004 Wagner Tires 2.82 9,733.94 973,394 2139
10/7/2004 Washington Co. Parks & Rec. 1.07 9,735.01 973,501 2138
10/7/2004 Tire Corral Blairsville 1.81 9,736.82 973,682 2137
10/7/2004 Tire Express 2.25 9,739.07 973,907 2136
10/7/2004 Hooks & Toy 0.61 9,739.68 973,968 2135
10/7/2004 Rhodes 5.28 9,744.96 974,496 2134
10/7/2004 Rob Dandrea 3.22 9,748.18 974,818 3133

10/11/2004 Wagner/Chuck Tanner 3.47 9,751.65 975,165 2132
10/11/2004 N. Apollo Auto 5.78 9,757.43 975,743 2131
10/11/2004 Blairsville Tire Corral 1.77 9,759.20 975,920 2130
10/11/2004 D.C. Sales & Service 5.25 9,764.45 976,445 2129
10/11/2004 Tire Express 2.48 9,766.93 976,693 2128
10/11/2004 Slippery Rock Salvage 6.80 9,773.73 977,373 2127
10/11/2004 Rob Dandrea 3.12 9,776.85 977,685 2126
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10/12/2004 Cascade Auto Wrecking 4.54 9,781.39 978,139 2125
10/12/2004 D & D Auto 6.78 9,788.17 978,817 2124
10/12/2004 Zimmy's Auto 1.76 9,789.93 978,993 2123
10/12/2004 J.M. Zimmerman 2.23 9,792.16 979,216 2122
10/13/2004 Cascade Auto Wrecking 3.75 9,795.91 979,591 2121
10/13/2004 N. Apollo Auto 5.80 9,801.71 980,171 2120
10/13/2004 Slipper Rock Salvage 9.37 9,811.08 981,108 2119
10/13/2004 McCarthy's Auto 1.08 9,812.16 981,216 2118
10/13/2004 Paper City Johnsonsburg 10.27 9,822.43 982,243 2117
10/13/2004 Lias Tire 3.43 9,825.86 982,586 2116
10/13/2004 Wagner Yellow Box 3.12 9,828.98 982,898 2115
10/13/2004 Moody Salvage 0.65 9,829.63 982,963 2114
10/14/2004 Dandrer Bros. 14.22 9,843.85 984,385 2113
10/14/2004 B & M 3.99 9,847.84 984,784 2112
10/14/2004 Rhodes 6.09 9,853.93 985,393 2111
10/14/2004 D & D Auto 2.82 9,856.75 985,675 2110
10/14/2004 Campbells 12.54 9,869.29 986,929 2109
10/14/2004 Blazczak 1.13 9,870.42 987,042 2108
10/14/2004 Moody Salvage 15.98 9,886.40 988,640 2107
10/14/2004 Tire Express 2.35 9,888.75 988,875 2106
10/14/2004 Micale's Wrecking 2.49 9,891.24 989,124 2105
10/14/2004 Tim Shearer 0.75 9,891.99 989,199 2104
10/14/2004 D & D Auto 4.27 9,896.26 989,626 2103
10/18/2004 Bates Auto 1.41 9,897.67 989,767 2101
10/18/2004 Tire Corral Blairsville 11.68 9,909.35 990,935 2102
10/18/2004 Tire Express 2.30 9,911.65 991,165 2100
10/18/2004 Bob's Auto 12.15 9,923.80 992,380 2099
10/18/2004 Birchfield 2.78 9,926.58 992,658 2098
10/18/2004 Allstar 2.89 9,929.47 992,947 2097
10/18/2004 Tire Corral Blairsville 1.39 9,930.86 993,086 2096
10/18/2004 Rob Dandrea 3.63 9,934.49 993,449 2095
10/18/2004 Saxonburg Auto 4.34 9,938.83 993,883 2094
10/19/2004 Allstar 3.31 9,942.14 994,214 2093
10/19/2004 Tire Express 2.13 9,944.27 994,427 2092
10/19/2004 Allstar 3.50 9,947.77 994,777 2091
10/19/2004 N. Apollo Auto 6.07 9,953.84 995,384 2090
10/20/2004 Indiana County Recycling Center 3.20 9,957.04 995,704 2088
10/20/2004 Moury Site 3.36 9,960.40 996,040 2085
10/20/2004 Moury Site 3.52 9,963.92 996,392 2086
10/20/2004 Tire Outlet 9.95 9,973.87 997,387 2089
10/20/2004 Rob Dandrea 2.99 9,976.86 997,686 2087
10/20/2004 Tim Shearer 0.81 9,977.67 997,767 2084
10/20/2004 Blazczak 1.12 9,978.79 997,879 2083
10/20/2004 B & M 3.55 9,982.34 998,234 2082
10/21/2004 Tire Express 2.39 9,984.73 998,473 2079
10/21/2004 Lias Tire 4.94 9,989.67 998,967 2080
10/21/2004 Dandrea Brothers 14.70 10,004.37 1,000,437 2081
10/21/2004 Blairsville Tire Corral 1.66 10,006.03 1,000,603 2078
10/21/2004 Misc 0.61 10,006.64 1,000,664 2075
10/21/2004 Luther Ford 2.11 10,008.75 1,000,875 2076
10/21/2004 Bobs Auto 13.69 10,022.44 1,002,244 2077
10/21/2004 Saxonburg Auto 3.72 10,026.16 1,002,616 2074
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10/25/2004 Dandrea Brothers 13.91 10,040.07 1,004,007 2073
10/25/2004 Tire Express 2.44 10,042.51 1,004,251 2067
10/25/2004 N. Apollo Auto 5.73 10,048.24 1,004,824 2072
10/25/2004 Tire Outlet 10.86 10,059.10 1,005,910 2071
10/25/2004 Tire Outlet 0.37 10,059.47 1,005,947 2070
10/25/2004 Merle Barger 0.25 10,059.72 1,005,972 2069
10/25/2004 John Berkoben 0.55 10,060.27 1,006,027 2068
10/25/2004 Elliot Tire 5.19 10,065.46 1,006,546 2066
10/25/2004 Blairsville Tire Corral 0.88 10,066.34 1,006,634 2065
10/26/2004 Tire Express 2.40 10,068.74 1,006,874 2056
10/26/2004 Rankin 3.69 10,072.43 1,007,243 2064
10/26/2004 Randy Martz 2.61 10,075.04 1,007,504 2063
10/26/2004 Tire Outlet 3.49 10,078.53 1,007,853 2062
10/26/2004 Tim Shearer 0.72 10,079.25 1,007,925 2061
10/26/2004 Fauzey 1.61 10,080.86 1,008,086 2057
10/26/2004 Blairsville Tire Corral 2.19 10,083.05 1,008,305 2059
10/26/2004 Randy Martz 2.68 10,085.73 1,008,573 2058
10/26/2004 Luther Ford 1.61 10,087.34 1,008,734 2060
10/26/2004 Luther Ford 1.47 10,088.81 1,008,881 2055
10/27/2004 Good Brothers Tire 2.34 10,091.15 1,009,115 2054
10/27/2004 Blairsville Tire Corral 1.53 10,092.68 1,009,268 2053
10/27/2004 Livengood 0.59 10,093.27 1,009,327 2052
10/27/2004 N. Apollo Auto 5.87 10,099.14 1,009,914 2051
10/27/2004 Randy Martz 3.05 10,102.19 1,010,219 2050
10/27/2004 Blairsville Tire Corral 2.53 10,104.72 1,010,472 2049
10/27/2004 Randy Martz 2.97 10,107.69 1,010,769 2048
10/27/2004 Morris Tire 1.62 10,109.31 1,010,931 2047
10/28/2004 Dandrea Brothers 14.86 10,124.17 1,012,417 2043
10/28/2004 Slippery Rock Salvage 5.91 10,130.08 1,013,008 2041
10/28/2004 Tire Express 2.62 10,132.70 1,013,270 2040
10/28/2004 Blairsville Tire Corral 1.74 10,134.44 1,013,444 2046
10/28/2004 Tim Shearer 0.76 10,135.20 1,013,520 2045
10/28/2004 Don Hunter 0.16 10,135.36 1,013,536 2044
10/28/2004 Fauzey 1.83 10,137.19 1,013,719 2042
10/28/2004 DCNR Forest 0.50 10,137.69 1,013,769 2039
10/28/2004 Blairsville Tire Corral 2.00 10,139.69 1,013,969 2038
10/28/2004 Hooks & Toy 0.40 10,140.09 1,014,009 2037
10/28/2004 N. Apollo Auto 5.27 10,145.36 1,014,536 2036
11/16/2004 Elliot Tire 4.70 10,150.06 1,015,006 2035
11/16/2004 Elliot Tire 0.53 10,150.59 1,015,059 2034
11/17/2004 Dandrea Brothers 12.79 10,163.38 1,016,338 2033
11/17/2004 Good Brothers Tire 3.25 10,166.63 1,016,663 2032
11/18/2004 D & D Auto 9.15 10,175.78 1,017,578 2028
11/18/2004 Bowser Tire 1.82 10,177.60 1,017,760 2031
11/18/2004 N. Apollo Auto 6.11 10,183.71 1,018,371 2030
11/18/2004 Bowser Tire 2.18 10,185.89 1,018,589 2029
11/19/2004 Flynns 1.97 10,187.86 1,018,786 2027
11/22/2004 Texas Auto Ranch 2.46 10,190.32 1,019,032 2026
11/23/2004 Dandrea Brothers 12.21 10,202.53 1,020,253 2025
11/23/2004 Blairsville Tire Corral 1.02 10,203.55 1,020,355 2024
11/23/2004 Veronesi 2.45 10,206.00 1,020,600 2023
11/24/2004 Shaffers 3.05 10,209.05 1,020,905 2022
11/24/2004 Gary Johnson 0.73 10,209.78 1,020,978 2021
11/24/2004 Gary Johnson 1.14 10,210.92 1,021,092 2018
11/24/2004 Blairsville Tire Corral 1.30 10,212.22 1,021,222 2019
11/24/2004 Good Brothers Tire 1.60 10,213.82 1,021,382 2020
11/24/2004 Veronesi 1.06 10,214.88 1,021,488 2017
11/26/2004 D & D Auto 4.76 10,219.64 1,021,964 2016
11/30/2004 Dandrea Brothers 12.50 10,232.14 1,023,214 2015
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12/1/2004 Hammel Tires 1.18 10,233.32 1,023,332 2013
12/1/2004 Elliot Tire 5.35 10,238.67 1,023,867 2012
12/4/2004 Thrower 2.34 10,241.01 1,024,101
12/4/2004 Thrower 6.20 10,247.21 1,024,721
12/6/2004 D & D Auto 5.60 10,252.81 1,025,281 2011
12/7/2004 D & D Auto 6.69 10,259.50 1,025,950 2010
12/7/2004 Tire Express 2.29 10,261.79 1,026,179 2009
12/8/2004 Tanner 4.40 10,266.19 1,026,619 2368
12/8/2004 Hooks & Toy 0.66 10,266.85 1,026,685 2369
12/9/2004 Blairsville Tire Corral 2.38 10,269.23 1,026,923 2367
12/9/2004 Elliot Tire 4.06 10,273.29 1,027,329 2366
12/9/2004 Flynns 3.01 10,276.30 1,027,630 2365
12/9/2004 Johnstons 1.13 10,277.43 1,027,743 2364
12/9/2004 Flynns 2.28 10,279.71 1,027,971 2363
12/9/2004 Blairsville Tire Corral 1.55 10,281.26 1,028,126 2362
12/9/2004 Johnstons 1.23 10,282.49 1,028,249 2361

12/10/2004 D & D Auto 2.36 10,284.85 1,028,485 2359
12/10/2004 Tire Express 2.51 10,287.36 1,028,736 2360
12/10/2004 Bowser Tire 1.60 10,288.96 1,028,896 2358
12/14/2004 Tire Express 2.55 10,291.51 1,029,151 2357
12/15/2004 D & D Auto 11.64 10,303.15 1,030,315 2356
12/15/2004 Rhodes Auto 6.34 10,309.49 1,030,949 2354
12/15/2004 Rhodes Auto 7.56 10,317.05 1,031,705 2352
12/15/2004 Wind Gap 14.87 10,331.92 1,033,192 2353
12/15/2004 Wind Gap 15.75 10,347.67 1,034,767 2351
12/16/2004 Tire Express 1.69 10,349.36 1,034,936 2350
12/16/2004 Wind Gap 13.98 10,363.34 1,036,334 2349
12/16/2004 Wind Gap 15.16 10,378.50 1,037,850 2348
12/17/2004 Tire Express 2.51 10,381.01 1,038,101 2345
12/17/2004 Tires and More 0.75 10,381.76 1,038,176 2347
12/17/2004 Good Brothers Tire 2.08 10,383.84 1,038,384 2346
12/17/2004 Tires and More 0.95 10,384.79 1,038,479 2344
12/17/2004 Wind Gap 14.78 10,399.57 1,039,957 2343
12/17/2004 Wind Gap 15.41 10,414.98 1,041,498 2342
12/21/2004 Tire Express 2.05 10,417.03 1,041,703 2341
12/21/2004 Wind Gap 15.10 10,432.13 1,043,213 2340
12/21/2004 Wind Gap 13.75 10,445.88 1,044,588 2339
12/23/2004 Elliot Tire 5.04 10,450.92 1,045,092 2336
12/23/2004 Bowser Tire 1.76 10,452.68 1,045,268 2338
12/27/2004 Wind Gap 15.97 10,468.65 1,046,865 2337
12/27/2004 Wind Gap 14.45 10,483.10 1,048,310 2335
12/28/2004 Tire Express 2.00 10,485.10 1,048,510 2333
12/28/2004 Barry Burton 1.50 10,486.60 1,048,660 2334
12/28/2004 Barry Burton 3.00 10,489.60 1,048,960 2332
12/28/2004 Wind Gap 15.00 10,504.60 1,050,460 2331
12/28/2004 Wind Gap 15.00 10,519.60 1,051,960 2330
12/29/2004 Barry Burton 2.00 10,521.60 1,052,160 2329
12/29/2004 Wind Gap 15.00 10,536.60 1,053,660 2328
12/29/2004 Wind Gap 15.00 10,551.60 1,055,160 2327
12/30/2004 Tire Express 2.00 10,553.60 1,055,360 2325
12/30/2004 Barry Burton 2.50 10,556.10 1,055,610 2326
12/30/2004 Barry Burton 3.00 10,559.10 1,055,910 2324
12/30/2004 Wind Gap 15.00 10,574.10 1,057,410 2323
12/30/2004 Wind Gap 15.00 10,589.10 1,058,910 2322
12/31/2004 Barry Burton 2.00 10,591.10 1,059,110 2321
12/31/2004 K & S 6.00 10,597.10 1,059,710 2320
12/31/2004 Wind Gap 15.00 10,612.10 1,061,210 2319
12/31/2004 Wind Gap 15.00 10,627.10 1,062,710 2318
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1/3/2005 Blairsville Tire Corral 3.00 10,630.10 1,063,010 2317
1/3/2005 Wind Gap 15.00 10,645.10 1,064,510 2315
1/3/2005 Wind Gap 15.00 10,660.10 1,066,010 2316
1/4/2005 Wind Gap 15.00 10,675.10 1,067,510 2314
1/4/2005 Tire Express 2.00 10,677.10 1,067,710 2313
1/4/2005 Morris Tire 1.00 10,678.10 1,067,810 2312
1/6/2005 Elliot Tire 3.50 10,681.60 1,068,160 2304
1/6/2005 Tire Express 1.50 10,683.10 1,068,310 2303
1/7/2005 Good Brothers Tire 2.00 10,685.10 1,068,510 2311
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APPENDIX B 

Tire Derived Aggregate (TDA) Log



Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

1002 8863 71,700.00 36,480.00 35,220.00 17.61 17.61
1001 8864 86,068.00 36,200.00 49,868.00 24.93 42.54
1007 8866 78,920.00 43,680.00 35,240.00 17.62 60.16
1009 8866 78,460.00 43,540.00 34,920.00 17.46 77.62
1010 8866 77,740.00 43,580.00 34,160.00 17.08 94.70

23-Sep-03 1012 8071 8864 80,120.00 36,300.00 43,820.00 21.91 116.61
1013 8864 88,560.00 36,360.00 52,200.00 26.10 142.71
1014 8863 83,000.00 36,320.00 46,680.00 23.34 166.05
1015 8863 82,040.00 36,240.00 45,800.00 22.90 188.95
1016 8864 84,720.00 36,120.00 48,600.00 24.30 213.25
1017 8863 81,100.00 36,240.00 44,860.00 22.43 235.68
1018 8864 82,120.00 36,140.00 45,980.00 22.99 258.67

30-Sep-03 1019 8071 8863 78,340.00 36,060.00 42,280.00 21.14 279.81
1-Oct-03 1020 8071 8864 81,360.00 35,920.00 45,440.00 22.72 302.53

1021 8863 80,620.00 35,920.00 44,700.00 22.35 324.88
1022 8864 79,780.00 35,720.00 44,060.00 22.03 346.91

3-Oct-03 1023 8071 8863 78,400.00 35,920.00 42,480.00 21.24 368.15
1024 8864 76,240.00 35,900.00 40,340.00 20.17 388.32
1011 8866 74,180.00 43,580.00 30,600.00 15.30 403.62
1008 8867 70,560.00 43,280.00 27,280.00 13.64 417.26
1026 8866 69,740.00 43,120.00 26,620.00 13.31 430.57
1027 8867 73,720.00 42,920.00 30,800.00 15.40 445.97
1028 8866 56,960.00 43,680.00 13,280.00 6.64 452.61
1029 8867 74,720.00 42,640.00 32,080.00 16.04 468.65
1030 8866 73,520.00 42,840.00 30,680.00 15.34 483.99
1025 8863 81,420.00 35,360.00 46,060.00 23.03 507.02
1031 8864 64,780.00 35,300.00 29,480.00 14.74 521.76

9-Oct-03 1032 8072 8867 71,900.00 42,660.00 29,240.00 14.62 536.38
22-Oct-03 1035 8072 8864 80,920.00 36,560.00 44,360.00 22.18 558.56

1034 8867 74,140.00 43,300.00 30,840.00 15.42 573.98
1033 8866 76,120.00 43,520.00 32,600.00 16.30 590.28
1036 8863 75,040.00 36,140.00 38,900.00 19.45 609.73
1038 8867 76,760.00 43,320.00 33,440.00 16.72 626.45
1037 8864 85,280.00 35,980.00 49,300.00 24.65 651.10
1039 8866 74,360.00 43,520.00 30,840.00 15.42 666.52
1040 8863 79,800.00 36,100.00 43,700.00 21.85 688.37
1043 8867 76,580.00 43,220.00 33,360.00 16.68 705.05
1042 8864 80,980.00 36,080.00 44,900.00 22.45 727.50

7-Oct-03

8-Oct-03

28-Oct-03 8072

8071

22-Sep-03 8071

24-Sep-03 8071

26-Sep-03

29-Sep-03

8071

2-Oct-03

24-Oct-03 8072

23-Oct-03 8072

8071

80716-Oct-03

8071

8072

Tire Derived Aggregate (TDA) Log
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Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

1041 8866 78,020.00 43,400.00 34,620.00 17.31 744.81
1044 8863 80,080.00 36,480.00 43,600.00 21.80 766.61
1045 8864 80,020.00 36,340.00 43,680.00 21.84 788.45
1046 8867 77,040.00 43,100.00 33,940.00 16.97 805.42
1047 8072 76,560.00 36,620.00 39,940.00 19.97 825.39

4-Nov-03 1048 8072 8867 74,580.00 43,980.00 30,600.00 15.30 840.69
5-Nov-03 1049 8072 8863 80,380.00 37,000.00 43,380.00 21.69 862.38

1050 8863 79,920.00 37,300.00 42,620.00 21.31 883.69
1051 8866 77,980.00 44,060.00 33,920.00 16.96 900.65
1052 8867 78,660.00 43,880.00 34,780.00 17.39 918.04
1053 8864 78,940.00 36,860.00 42,080.00 21.04 939.08
1054 8867 79,400.00 45,480.00 33,920.00 16.96 956.04
1056 8867 74,860.00 43,720.00 31,140.00 15.57 971.61
1055 8866 77,040.00 43,860.00 33,180.00 16.59 988.20

11-Nov-03 1057 8072 8863 78,340.00 37,060.00 41,280.00 20.64 1,008.84
1058 8072 8867 79,060.00 43,760.00 35,300.00 17.65 1,026.49
1059 8072 8866 79,740.00 43,980.00 35,760.00 17.88 1,044.37

13-Nov-03 1060 8072 8864 79,280.00 36,440.00 42,840.00 21.42 1,065.79
14-Nov-03 1061 8072 8863 77,060.00 36,500.00 40,560.00 20.28 1,086.07
17-Nov-03 1062 8072 8864 77,020.00 36,820.00 40,200.00 20.10 1,106.17

1064 8072 8867 77,540.00 43,560.00 33,980.00 16.99 1,123.16
1063 8072 8863 79,820.00 36,780.00 43,040.00 21.52 1,144.68
1065 8072 8864 80,860.00 36,940.00 43,920.00 21.96 1,166.64

19-Nov-03 1066 8072 8863 76,580.00 36,840.00 39,740.00 19.87 1,186.51
1067 8864 80,260.00 36,980.00 43,280.00 21.64 1,208.15
1068 8863 80,240.00 36,740.00 43,500.00 21.75 1,229.90

21-Nov-03 1069 8072 8864 78,240.00 36,620.00 41,620.00 20.81 1,250.71
1070 8863 80,420.00 37,140.00 43,280.00 21.64 1,272.35
1071 8864 76,120.00 37,320.00 38,800.00 19.40 1,291.75
1072 8864 76,020.00 37,180.00 38,840.00 19.42 1,311.17
1073 8863 75,880.00 37,300.00 38,580.00 19.29 1,330.46
1074 8864 71,360.00 36,540.00 34,820.00 17.41 1,347.87
1075 8863 75,760.00 36,840.00 38,920.00 19.46 1,367.33

15-Mar-04 12293 8072 8863 74,280.00 36,980.00 37,300.00 18.65 1,385.98
1077 8863 80,620.00 37,340.00 43,280.00 21.64 1,407.62
1076 8863 80,560.00 37,040.00 43,520.00 21.76 1,429.38

24-Mar-04 1078 8072 8863 78,520.00 36,400.00 42,120.00 21.06 1,450.44
1079 8072 8863 79,980.00 37,580.00 42,400.00 21.20 1,471.64
1080 8072 8866 76,980.00 44,560.00 32,420.00 16.21 1,487.85
1081 8864 79,700.00 37,140.00 42,560.00 21.28 1,509.13
1082 8864 76,020.00 36,780.00 39,240.00 19.62 1,528.75

8072

8072

31-Oct-03

3-Nov-03

7-Nov-03

10-Nov-03

8072

8072

22-Mar-04 8072

25-Mar-04

8072

25-Nov-03 8072

20-Nov-03

12-Nov-03

2-Dec-03 8072

4-Dec-03 8072

18-Nov-03
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Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

29-Mar-04 1083 8072 8864 79,500.00 36,620.00 42,880.00 21.44 1,550.19
1085 8071 8864 76,900.00 36,680.00 40,220.00 20.11 1,570.30
1086 8864 8071 74,600.00 36,840.00 37,760.00 18.88 1,589.18
1087 Tri-Axle 44,600.00 28,960.00 15,640.00 7.82 1,597.00
1088 Tri-Axle 44,500.00 29,060.00 15,440.00 7.72 1,604.72
1089 8071 8864 74,660.00 36,720.00 37,940.00 18.97 1,623.69
1090 Tri-Axle 43,980.00 28,920.00 15,060.00 7.53 1,631.22
1091 Tri-Axle 44,020.00 28,900.00 15,120.00 7.56 1,638.78
1084 8071 8867 79,880.00 43,800.00 36,080.00 18.04 1,656.82
1094 Tri-Axle 42,940.00 28,920.00 14,020.00 7.01 1,663.83
1093 8071 8867 77,720.00 43,860.00 33,860.00 16.93 1,680.76
1095 Tri-Axle 3 44,380.00 28,820.00 15,560.00 7.78 1,688.54
1096 Tri-Axle 24 45,140.00 32,400.00 12,740.00 6.37 1,694.91
1099 Tri-Axle 3 43,720.00 28,820.00 14,900.00 7.45 1,702.36
1100 Tri-Axle 24 47,000.00 32,240.00 14,760.00 7.38 1,709.74
1092 8071 8864 76,180.00 36,720.00 39,460.00 19.73 1,729.47
1101 Tri-Axle 3 45,200.00 28,880.00 16,320.00 8.16 1,737.63
1102 Tri-Axle 24 49,160.00 32,280.00 16,880.00 8.44 1,746.07
1103 Tri-Axle 3 44,900.00 28,800.00 16,100.00 8.05 1,754.12
1104 Tri-Axle 24 47,680.00 32,320.00 15,360.00 7.68 1,761.80
1105 8071 8864 78,540.00 36,800.00 41,740.00 20.87 1,782.67
1106 Tri-Axle 3 44,220.00 28,740.00 15,480.00 7.74 1,790.41
1110 Tri-Axle 24 47,880.00 32,220.00 15,660.00 7.83 1,798.24
1107 8071 8864 79,440.00 36,740.00 42,700.00 21.35 1,819.59
1108 Tri-Axle 3 45,160.00 28,780.00 16,380.00 8.19 1,827.78
1109 Tri-Axle 24 48,820.00 32,240.00 16,580.00 8.29 1,836.07
1111 8071 8864 79,160.00 36,800.00 42,360.00 21.18 1,857.25
1112 Tri-Axle 3 45,200.00 28,840.00 16,360.00 8.18 1,865.43
1113 Tri-Axle 24 47,360.00 32,240.00 15,120.00 7.56 1,872.99
1097 8071 8867 78,600.00 43,900.00 34,700.00 17.35 1,890.34
1098 8071 8863 77,340.00 36,860.00 40,480.00 20.24 1,910.58
1116 Tri-Axle 24 48,600.00 32,260.00 16,340.00 8.17 1,918.75
1117 Tri-Axle 3 44,680.00 28,800.00 15,880.00 7.94 1,926.69
1115 8071 8867 78,460.00 43,880.00 34,580.00 17.29 1,943.98
1119 Tri-Axle 24 47,840.00 32,280.00 15,560.00 7.78 1,951.76
1120 Tri-Axle 3 44,420.00 28,820.00 15,600.00 7.80 1,959.56
1121 8071 8867 78,400.00 43,960.00 34,440.00 17.22 1,976.78
1122 Tri-Axle 24 47,980.00 32,260.00 15,720.00 7.86 1,984.64
1123 Tri-Axle 3 42,860.00 28,800.00 14,060.00 7.03 1,991.67
1124 8071 8867 79,420.00 43,920.00 35,500.00 17.75 2,009.42
1125 Tri-Axle 24 45,660.00 32,260.00 13,400.00 6.70 2,016.12

25-May-04

26-May-04

27-May-04
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Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

1126 Tri-Axle 3 43,320.00 28,780.00 14,540.00 7.27 2,023.39
1127 8071 8867 79,160.00 43,880.00 35,280.00 17.64 2,041.03
1128 Tri-Axle 24 47,540.00 32,240.00 15,300.00 7.65 2,048.68
1129 Tri-Axle 3 43,760.00 28,780.00 14,980.00 7.49 2,056.17
1130 8071 8867 79,480.00 43,920.00 35,560.00 17.78 2,073.95
1131 Tri-Axle 3 43,900.00 28,760.00 15,140.00 7.57 2,081.52
1132 Tri-Axle 24 46,640.00 32,280.00 14,360.00 7.18 2,088.70
1114 8071 8864 75,840.00 36,800.00 39,040.00 19.52 2,108.22
1118 8071 8863 77,940.00 37,180.00 40,760.00 20.38 2,128.60
1133 8071 8864 74,000.00 36,420.00 37,580.00 18.79 2,147.39
1135 8071 8864 76,840.00 36,720.00 40,120.00 20.06 2,167.45
1136 8071 8867 78,540.00 43,800.00 34,740.00 17.37 2,184.82
1134 8071 8863 79,400.00 36,800.00 42,600.00 21.30 2,206.12
1139 8071 8863 74,580.00 36,640.00 37,940.00 18.97 2,225.09

4-Jun-04 1140 8071 8863 71,320.00 36,880.00 34,440.00 17.22 2,242.31
1141 8071 8863 77,420.00 36,880.00 40,540.00 20.27 2,262.58
1137 8071 8864 77,780.00 36,700.00 41,080.00 20.54 2,283.12
1143 Tri-Axle 24 46,700.00 32,200.00 14,500.00 7.25 2,290.37
1144 Tri-Axle 3 44,540.00 28,880.00 15,660.00 7.83 2,298.20
1146 Tri-Axle 24 48,680.00 32,180.00 16,500.00 8.25 2,306.45
1147 Tri-Axle 3 44,340.00 28,760.00 15,580.00 7.79 2,314.24
1148 Tri-Axle 24 47,100.00 32,180.00 14,920.00 7.46 2,321.70
1149 Tri-Axle 3 42,260.00 28,820.00 13,440.00 6.72 2,328.42
1142 8071 8863 71,120.00 36,720.00 34,400.00 17.20 2,345.62

21-Jun-04 1150 Tri-Axle 3 43,240.00 29,260.00 13,980.00 6.99 2,352.61
1145 8071 8864 79,680.00 36,820.00 42,860.00 21.43 2,374.04
1151 8072 8863 76,160.00 37,160.00 39,000.00 19.50 2,393.54

23-Jun-04 1152 8071 8864 79,660.00 37,000.00 42,660.00 21.33 2,414.87
1153 8072 8863 76,600.00 37,100.00 39,500.00 19.75 2,434.62
1156 Tri-Axle 3 45,020.00 29,220.00 15,800.00 7.90 2,442.52
1154 8071 8864 74,080.00 36,880.00 37,200.00 18.60 2,461.12
1157 Tri-Axle 3 44,220.00 29,180.00 15,040.00 7.52 2,468.64
1158 Tri-Axle 3 43,880.00 29,180.00 14,700.00 7.35 2,475.99
1159 8071 8864 79,680.00 36,540.00 43,140.00 21.57 2,497.56
1160 Tri-Axle 3 44,280.00 29,220.00 15,060.00 7.53 2,505.09
1162 Tri-Axle 3 43,080.00 29,200.00 13,880.00 6.94 2,512.03
1163 Tri-Axle 3 43,920.00 29,160.00 14,760.00 7.38 2,519.41
1164 Tri-Axle 3 43,420.00 29,180.00 14,240.00 7.12 2,526.53
1161 8071 8864 79,760.00 36,560.00 43,200.00 21.60 2,548.13
1155 8071 8863 69,600.00 36,440.00 33,160.00 16.58 2,564.71

1-Jun-04

27-May-04

2-Jun-04

7-Jun-04

8-Jun-04

9-Jun-04

22-Jun-04

24-Jun-04

25-Jun-04

29-Jun-04
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Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

1166 8071 8863 75,940.00 36,700.00 39,240.00 19.62 2,584.33
1167 Tri-Axle 3 44,000.00 29,000.00 15,000.00 7.50 2,591.83
1169 Tri-Axle 3 44,780.00 29,040.00 15,740.00 7.87 2,599.70
1170 Tri-Axle 3 44,180.00 29,140.00 15,040.00 7.52 2,607.22
1171 Tri-Axle 3 44,340.00 29,100.00 15,240.00 7.62 2,614.84
1165 8071 8864 73,600.00 36,780.00 36,820.00 18.41 2,633.25
1172 Tri-Axle 3 45,200.00 29,100.00 16,100.00 8.05 2,641.30
1174 Tri-Axle 3 44,900.00 29,000.00 15,900.00 7.95 2,649.25
1175 Tri-Axle 3 44,060.00 29,060.00 15,000.00 7.50 2,656.75
1176 Tri-Axle 3 44,000.00 29,040.00 14,960.00 7.48 2,664.23
1177 Tri-Axle 3 43,900.00 29,100.00 14,800.00 7.40 2,671.63
1173 8864 8071 79,540.00 36,560.00 42,980.00 21.49 2,693.12
1168 8863 8071 71,080.00 36,520.00 34,560.00 17.28 2,710.40
1138 8867 8071 77,180.00 43,740.00 33,440.00 16.72 2,727.12
1181 Tri-Axle 3 45,040.00 29,000.00 16,040.00 8.02 2,735.14
1182 Tri-Axle 3 43,820.00 28,920.00 14,900.00 7.45 2,742.59
1179 8863 8071 70,940.00 35,920.00 35,020.00 17.51 2,760.10
1178 8864 8071 69,000.00 36,500.00 32,500.00 16.25 2,776.35
1184 8864 8071 79,620.00 36,480.00 43,140.00 21.57 2,797.92
1186 Tri-Axle 3 44,520.00 28,880.00 15,640.00 7.82 2,805.74
1183 8863 8071 74,280.00 36,200.00 38,080.00 19.04 2,824.78
1187 8863 8071 79,880.00 36,300.00 43,580.00 21.79 2,846.57
1185 8864 8071 70,000.00 36,440.00 33,560.00 16.78 2,863.35
1189 8864 8071 71,380.00 36,380.00 35,000.00 17.50 2,880.85
1188 8863 8071 76,420.00 36,320.00 40,100.00 20.05 2,900.90
1190 8864 8071 80,020.00 36,320.00 43,700.00 21.85 2,922.75
1192 Tri-Axle 3 45,480.00 29,800.00 15,680.00 7.84 2,930.59
1193 Tri-Axle 3 46,300.00 29,780.00 16,520.00 8.26 2,938.85
1194 8863 8071 79,440.00 35,780.00 43,660.00 21.83 2,960.68
1180 8867 8071 62,440.00 43,380.00 19,060.00 9.53 2,970.21
1191 8864 8071 78,920.00 36,480.00 42,440.00 21.22 2,991.43
1195 8863 8071 80,000.00 35,780.00 44,220.00 22.11 3,013.54
1197 8864 8071 74,640.00 36,260.00 38,380.00 19.19 3,032.73
1198 8863 8071 77,420.00 35,980.00 41,440.00 20.72 3,053.45
1199 8864 8071 79,960.00 36,340.00 43,620.00 21.81 3,075.26
1201 8864 8071 64,840.00 36,160.00 28,680.00 14.34 3,089.60
1200 8863 8071 77,200.00 35,940.00 41,260.00 20.63 3,110.23
1202 8864 8071 79,660.00 36,080.00 43,580.00 21.79 3,132.02
1203 8863 8071 78,320.00 35,920.00 42,400.00 21.20 3,153.22
1204 8864 8071 71,560.00 36,260.00 35,300.00 17.65 3,170.87
1205 8863 8071 79,640.00 35,820.00 43,820.00 21.91 3,192.78
1207 8863 8071 63,980.00 35,920.00 28,060.00 14.03 3,206.81

30-Jun-04

1-Jul-04

6-Jul-04

7-Jul-04

8-Jul-04

9-Jul-04

13-Jul-04

14-Jul-04

15-Jul-04

19-Jul-04

20-Jul-04
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Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

1208 8863 8071 55,080.00 35,740.00 19,340.00 9.67 3,216.48
1206 8864 8071 73,460.00 36,260.00 37,200.00 18.60 3,235.08
1209 8863 8071 55,080.00 35,740.00 19,340.00 9.67 3,244.75
1211 8863 8071 75,540.00 35,560.00 39,980.00 19.99 3,264.74
1210 8864 8071 73,280.00 35,880.00 37,400.00 18.70 3,283.44
1212 8863 8071 78,520.00 35,620.00 42,900.00 21.45 3,304.89
1214 8864 8071 78,980.00 37,100.00 41,880.00 20.94 3,325.83

5-Aug-04 1215 8864 8071 75,040.00 37,100.00 37,940.00 18.97 3,344.80
1213 8863 8071 79,900.00 36,760.00 43,140.00 21.57 3,366.37
1216 8864 8071 72,320.00 36,760.00 35,560.00 17.78 3,384.15
1219 8866 8071 76,100.00 43,620.00 32,480.00 16.24 3,400.39
1196 8867 8071 70,400.00 43,180.00 27,220.00 13.61 3,414.00
1217 8863 8071 79,140.00 36,680.00 42,460.00 21.23 3,435.23
1220 8863 8071 79,920.00 36,200.00 43,720.00 21.86 3,457.09
1218 8864 8071 79,580.00 36,780.00 42,800.00 21.40 3,478.49
1502 8864 8071 76,380.00 36,860.00 39,520.00 19.76 3,498.25
1503 8864 8071 77,380.00 36,660.00 40,720.00 20.36 3,518.61
1504 8864 8071 79,960.00 36,700.00 43,260.00 21.63 3,540.24
1501 8863 8072 67,000.00 37,080.00 29,920.00 14.96 3,555.20
1505 8864 8071 75,980.00 36,480.00 39,500.00 19.75 3,574.95
1506 8863 8072 79,360.00 36,800.00 42,560.00 21.28 3,596.23
1508 8864 8071 79,760.00 36,480.00 43,280.00 21.64 3,617.87
1509 8864 8071 79,380.00 36,500.00 42,880.00 21.44 3,639.31
1510 8864 8071 76,560.00 36,500.00 40,060.00 20.03 3,659.34
1511 8864 8071 78,400.00 36,440.00 41,960.00 20.98 3,680.32
1507 8863 8072 75,540.00 36,780.00 38,760.00 19.38 3,699.70
1991 8863 8072 80,000.00 36,800.00 43,200.00 21.60 3,721.30
1512 8864 8071 74,260.00 36,640.00 37,620.00 18.81 3,740.11
1514 8864 8071 79,500.00 36,680.00 42,820.00 21.41 3,761.52
1515 8864 8071 79,920.00 36,500.00 43,420.00 21.71 3,783.23
1513 8863 8072 78,440.00 37,060.00 41,380.00 20.69 3,803.92
1516 8864 8071 79,940.00 36,520.00 43,420.00 21.71 3,825.63
1517 8863 8072 77,400.00 36,780.00 40,620.00 20.31 3,845.94
1519 8863 8072 76,500.00 37,040.00 39,460.00 19.73 3,865.67
1932 8867 8072 79,940.00 44,020.00 35,920.00 17.96 3,883.63

31-Aug-04 1518 8864 8071 79,460.00 36,820.00 42,640.00 21.32 3,904.95
1-Sep-04 1751 8864 8071 70,420.00 36,420.00 34,000.00 17.00 3,921.95
2-Sep-04 1752 8864 8071 77,860.00 36,420.00 41,440.00 20.72 3,942.67

21-Jul-04

22-Jul-04

4-Aug-04

6-Aug-04

9-Aug-04

18-Aug-04

23-Aug-04

24-Aug-04

25-Aug-04

28-Aug-04
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Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

1520 8863 8072 72,040.00 36,960.00 35,080.00 17.54 3,960.21
1754 8863 8072 73,160.00 36,120.00 37,040.00 18.52 3,978.73
1756 Tri-Axle Roenigk 44,540.00 31,140.00 13,400.00 6.70 3,985.43
1753 8864 8071 73,600.00 36,480.00 37,120.00 18.56 4,003.99
1757 Tri-Axle Roenigk 43,620.00 31,160.00 12,460.00 6.23 4,010.22
1758 8864 8072 72,340.00 37,080.00 35,260.00 17.63 4,027.85
1755 8863 8072 73,380.00 35,960.00 37,420.00 18.71 4,046.56
1760 8863 8071 76,000.00 36,100.00 39,900.00 19.95 4,066.51
1759 8864 8072 75,400.00 36,840.00 38,560.00 19.28 4,085.79
1762 8867 8072 80,010.00 44,100.00 35,910.00 17.96 4,103.75
1763 8867 8072 78,580.00 44,100.00 34,480.00 17.24 4,120.99
1764 8867 8072 77,760.00 44,040.00 33,720.00 16.86 4,137.85
1765 Tri-Axle Roenigk 45,180.00 31,360.00 13,820.00 6.91 4,144.76
1766 Tri-Axle Roenigk 44,520.00 31,280.00 13,240.00 6.62 4,151.38
1767 8867 8072 75,820.00 44,080.00 31,740.00 15.87 4,167.25
1768 Tri-Axle Roenigk 43,060.00 31,260.00 11,800.00 5.90 4,173.15
1770 Tri-Axle Roenigk 44,940.00 31,240.00 13,700.00 6.85 4,180.00
1769 8867 8082 72,960.00 44,120.00 28,840.00 14.42 4,194.42
1771 Tri-Axle Roenigk 42,900.00 31,340.00 11,560.00 5.78 4,200.20
1772 8867 8072 75,920.00 44,120.00 31,800.00 15.90 4,216.10
1773 Tri-Axle Roenigk 43,560.00 31,280.00 12,280.00 6.14 4,222.24
1774 8863 8071 68,520.00 35,900.00 32,620.00 16.31 4,238.55
1775 Tri-Axle Roenigk 43,280.00 31,200.00 12,080.00 6.04 4,244.59
1761 8864 8072 74,800.00 37,260.00 37,540.00 18.77 4,263.36
1778 Tri-Axle Roenigk 42,820.00 31,160.00 11,660.00 5.83 4,269.19
1776 8863 8071 70,540.00 35,920.00 34,620.00 17.31 4,286.50
1777 8864 8072 79,300.00 36,900.00 42,400.00 21.20 4,307.70
2000 8864 8072 71,440.00 37,140.00 34,300.00 17.15 4,324.85

23-Sep-04 1779 8863 8071 78,100.00 35,840.00 42,260.00 21.13 4,345.98
24-Sep-04 2002 8863 8071 73,180.00 35,920.00 37,260.00 18.63 4,364.61

2001 8864 8072 79,880.00 36,860.00 43,020.00 21.51 4,386.12
2004 8864 8072 73,100.00 36,960.00 36,140.00 18.07 4,404.19
2003 8863 8071 76,160.00 37,500.00 38,660.00 19.33 4,423.52
2005 8864 8072 67,020.00 36,840.00 30,180.00 15.09 4,438.61
2007 8864 8072 59,940.00 36,800.00 23,140.00 11.57 4,450.18

14-Sep-04

28-Sep-04

15-Sep-04

16-Sep-04

22-Sep-04

27-Sep-04

7-Sep-04

8-Sep-04

Page 7 of 8



Date Shipped Ticket # Tractor # Trailer # Gross Weight (lbs) Tare Weight (lbs) Net Weight (lbs) Shred Weight       
(tons)

Cumulative Weights 
(tons)

Tire Derived Aggregate (TDA) Log

15-Apr-05 189145 - 189223 0.00 163.99 4,614.17
18-Apr-05 189275 - 189341 0.00 119.67 4,733.84
20-Apr-05 189550 - 189579 0.00 57.04 4,790.88
21-Apr-05 189597 - 189694 0.00 180.40 4,971.28
22-Apr-05 189771 - 189779 0.00 27.90 4,999.18
5-May-05 190417 - 190418 0.00 14.06 5,013.24
6-May-05 190565 - 190601 0.00 72.18 5,085.42

11-May-05 2253 - 2265 0.00 97.82 5,183.24
12-May-05 2266 - 2291 0.00 200.50 5,383.74
16-May-05 2292 - 2302, 2305 0.00 91.53 5,475.27

2306 - 2309, 2501 - 2503 0.00 51.98 5,527.25
2504 - 2509 0.00 43.15 5,570.40

18-May-05
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APPENDIX C 

TDA Quality Assurance (QA) Test Results 



Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"

Power # 1 09/09/03 100.00% 100.00% 43.34% 3.24% 0.44% NA 0.00% 0.00% NA 0.44% 2.19% NA 18.21%

Power # 2 09/16/03 100.00% 100.00% 40.83% 3.59% 0.64% NA 0.00% 0.00% NA 4.59% 2.22% NA 11.01%

Power # 3 09/18/03 100.00% 100.00% 46.71% 4.25% 0.52% NA 0.00% 1.40% NA 2.05% 2.95% NA 9.81%

Power # 4 09/22/03 100.00% 100.00% 40.16% 2.19% 0.28% NA 0.00% 0.00% NA 8.13% 9.96% NA 29.31%

Power # 5 09/23/03 100.00% 100.00% 42.36% 2.17% 0.13% NA 0.00% 0.00% NA 3.37% 0.78% NA 5.80%

Power # 6 09/26/03 100.00% 100.00% 43.24% 2.18% 0.02% NA 0.00% 0.00% NA 3.23% 2.16% NA 10.89%

Power # 7 09/26/03 100.00% 100.00% 46.83% 3.62% 0.14% NA 0.00% 0.00% NA 4.65% 0.36% NA 13.29%

Power # 8 09/30/03 100.00% 100.00% 49.70% 3.30% 0.50% NA 0.00% 0.00% NA 9.90% 2.02% NA 12.18%

Power # 9 10/01/03 100.00% 99.34% 44.48% 3.36% 0.18% NA 0.00% 0.00% NA 5.52% 4.39% NA 17.23%

Power # 4-A (Retest) 10/01/03 100.00% 100.00% 44.88% 2.31% 0.37% NA 0.00% 0.00% NA 3.71% 4.34% NA 16.81%

Power # 4-B (Retest) 10/01/03 100.00% 100.00% 47.83% 2.38% 0.48% NA 0.00% 0.00% NA 6.50% 2.99% NA 16.86%

Power # 4-C (Retest) 10/01/03 100.00% 100.00% 40.29% 2.89% 0.26% NA 0.00% 0.00% NA 6.45% 10.92% NA 36.66%

Power # 4-D (Retest) 10/03/03 100.00% 100.00% 47.79% 3.05% 0.22% NA 0.00% 0.78% NA 6.66% 5.61% NA 17.16%

Power # 4-E (Retest) 10/03/03 100.00% 100.00% 47.84% 2.49% 0.28% NA 0.00% 0.00% NA 6.35% 9.04% NA 20.60%

Power # 4-F (Retest) 10/03/03 100.00% 100.00% 44.47% 3.55% 0.57% NA 0.00% 0.85% NA 5.52% 3.44% NA 20.69%

Power # 10 10/02/03 100.00% 100.00% 49.05% 3.56% 0.00% NA 0.00% 0.00% NA 2.83% 3.54% NA 23.51%

Power # 11 10/06/03 100.00% 100.00% 55.60% 5.28% 0.85% NA 0.00% 0.00% NA 3.01% 1.45% NA 9.08%

Power # 12 10/07/03 100.00% 100.00% 28.06% 1.56% 0.25% NA 0.00% 0.00% NA 8.50% 5.02% NA 14.96%

Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

- Shaded values exceed specification criteria

QA Test Summary Log

Exposed Steel (% Measured)Specification

   Sample ID
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 13-A 10/08/03 100.00% 100.00% 27.75% 0.57% 0.36% NA 0.00% 1.00% NA 11.75% 3.13% NA 15.43%

Power # 13-B 10/08/03 100.00% 100.00% 44.00% 3.83% 0.60% NA 0.00% 0.00% NA 5.04% 0.29% NA 5.02%

Power # 13-C 10/06/03 100.00% 100.00% 55.60% 5.28% 0.85% NA 0.00% 0.00% NA 3.01% 1.45% NA 9.08%

100.00% 100.00% 42.45% 3.23% 0.60% NA 0.00% 0.33% NA 6.60% 1.62% NA 9.84%

Power # 14-A 10/21/03 100.00% 100.00% 53.83% 3.62% 0.00% NA 0.00% 0.00% NA 1.57% 5.09% NA 17.59%

Power # 14-B 10/22/03 100.00% 100.00% 25.67% 1.79% 0.28% NA 0.00% 0.00% NA 4.71% 4.01% NA 15.50%

Power # 14-C 10/22/03 100.00% 100.00% 45.68% 3.14% 0.22% NA 0.00% 0.00% NA 10.51% 2.15% NA 17.50%

100.00% 100.00% 41.73% 2.85% 0.17% NA 0.00% 0.00% NA 5.60% 3.75% NA 16.86%

Power # 15-A 10/23/03 100.00% 100.00% 34.02% 2.79% 0.28% NA 0.00% 0.00% NA 10.69% 1.94% NA 16.86%

Power # 15-B 10/24/03 100.00% 100.00% 33.21% 2.16% 0.07% NA 0.00% 0.71% NA 5.78% 5.55% NA 19.03%

Power # 15-C 10/24/03 100.00% 100.00% 48.99% 2.24% 0.30% NA 0.00% 0.00% NA 9.75% 5.81% NA 31.97%

100.00% 100.00% 38.74% 2.40% 0.22% NA 0.00% 0.24% NA 8.74% 4.43% NA 22.62%

Power # 16-A 10/27/03 100.00% 100.00% 46.60% 3.00% 0.02% NA 0.00% 0.00% NA 5.46% 8.41% NA 30.44%

Power # 16-B 10/27/03 100.00% 100.00% 39.81% 3.36% 0.48% NA 0.00% 0.00% NA 7.07% 1.56% NA 6.04%

Power # 16-C 10/28/03 100.00% 100.00% 39.52% 3.30% 0.72% NA 0.00% 0.00% NA 3.41% 4.32% NA 12.23%

100.00% 100.00% 41.98% 3.22% 0.41% NA 0.00% 0.00% NA 5.31% 4.76% NA 16.24%

Power # 17-A 10/28/03 100.00% 100.00% 38.09% 2.54% 0.03% NA 0.00% 0.00% NA 8.83% 7.34% NA 19.07%

Power # 17-B 10/31/03 100.00% 100.00% 43.03% 3.79% 0.75% NA 0.00% 0.00% NA 2.08% 5.31% NA 11.83%

Power # 17-C 10/31/03 100.00% 100.00% 37.77% 3.91% 0.00% NA 0.00% 0.00% NA 6.56% 0.88% NA 7.78%

100.00% 100.00% 39.63% 3.41% 0.26% NA 0.00% 0.00% NA 5.82% 4.51% NA 12.89%

 - Shaded values exceed specification criteria

Lot # 14 AVG.

Lot # 17 AVG.

Lot # 15 AVG.

Lot # 16 AVG.

Lot # 13 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 18-A 11/03/03 100.00% 100.00% 37.78% 3.78% 0.26% NA 0.00% 0.00% NA 10.29% 0.94% NA 13.07%

Power # 18-B 11/04/03 100.00% 100.00% 45.88% 3.90% 0.26% NA 0.00% 0.00% NA 2.81% 6.13% NA 16.12%

Power # 18-C 11/06/03 100.00% 100.00% 51.05% 4.55% 0.11% NA 0.00% 0.00% NA 1.38% 3.55% NA 16.88%

100.00% 100.00% 44.90% 4.08% 0.21% NA 0.00% 0.00% NA 4.83% 3.54% NA 15.36%

Power # 19-A 11/06/03 100.00% 100.00% 40.18% 3.01% 0.05% NA 0.00% 0.00% NA 10.04% 3.30% NA 15.18%

Power # 19-B 11/07/03 100.00% 100.00% 45.38% 2.26% 0.62% NA 0.00% 0.00% NA 3.19% 3.15% NA 7.00%

Power # 19-C 11/10/03 100.00% 100.00% 39.33% 2.36% 0.61% NA 0.00% 1.07% NA 5.97% 1.19% NA 7.63%

100.00% 100.00% 41.63% 2.54% 0.43% NA 0.00% 0.36% NA 6.40% 2.55% NA 9.94%

Power # 20-A 11/10/03 100.00% 100.00% 47.76% 2.70% 0.04% NA 0.00% 0.00% NA 8.92% 1.39% NA 6.19%

Power # 20-B 11/11/03 100.00% 100.00% 39.54% 1.94% 0.47% NA 0.00% 0.00% NA 9.89% 0.51% NA 10.36%

Power # 20-C 11/11/03 100.00% 100.00% 46.16% 2.02% 0.03% NA 0.00% 0.00% NA 8.88% 1.52% NA 12.49%

100.00% 100.00% 44.49% 2.22% 0.18% NA 0.00% 0.00% NA 9.23% 1.14% NA 9.68%

Power # 21-A 11/13/03 100.00% 100.00% 30.06% 1.87% 1.24% NA 0.00% 0.00% NA 8.97% 3.22% NA 15.11%

Power # 21-B 11/14/03 100.00% 100.00% 24.24% 1.00% 0.53% NA 0.00% 0.00% NA 17.43% 5.92% NA 24.15%

Power # 21-D 11/17/03 100.00% 100.00% 53.18% 2.18% 0.56% NA 0.00% 0.00% NA 1.46% 3.11% NA 8.46%

100.00% 100.00% 35.83% 1.68% 0.78% NA 0.00% 0.00% NA 9.29% 4.08% NA 15.91%

Power # 22-A (21-C) 11/17/03 100.00% 100.00% 43.78% 1.80% 0.01% NA 0.00% 0.00% NA 4.06% 1.97% NA 10.92%

Power # 22-B 11/17/03 100.00% 100.00% 43.35% 2.49% 0.00% NA 0.00% 0.00% NA 6.76% 2.96% NA 12.17%

Power # 22-C 11/18/03 100.00% 100.00% 49.71% 3.85% 0.05% NA 0.00% 0.00% NA 10.08% 8.51% NA 31.54%

100.00% 100.00% 45.61% 2.71% 0.02% NA 0.00% 0.00% NA 6.97% 4.48% NA 18.21%Lot # 22 AVG.

Lot # 21 AVG.

Lot # 20 AVG.

Lot # 19 AVG.

Lot # 18 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 23-A 11/20/03 100.00% 100.00% 49.99% 3.84% 0.05% NA 0.00% 0.00% NA 3.65% 1.77% NA 12.58%

Power # 23-B 11/20/03 100.00% 100.00% 44.09% 4.44% 0.08% NA 0.00% 0.00% NA 7.37% 4.08% NA 16.71%

Power # 23-C 11/21/03 100.00% 100.00% 43.39% 2.59% 0.05% NA 0.00% 0.00% NA 3.25% 6.00% NA 15.65%

100.00% 100.00% 45.82% 3.62% 0.06% NA 0.00% 0.00% NA 4.76% 3.95% NA 14.98%

Power # 24-A 11/25/03 100.00% 100.00% 35.58% 2.35% 0.20% NA 0.00% 0.00% NA 2.24% 6.79% NA 14.42%

Power # 24-B 12/02/03 100.00% 100.00% 43.21% 2.42% 0.26% NA 0.00% 0.00% NA 5.51% 3.28% NA 13.18%

Power # 24-C 12/04/03 100.00% 100.00% 44.01% 2.03% 0.23% NA 0.00% 0.00% NA 2.71% 1.75% NA 8.86%

100.00% 100.00% 40.93% 2.27% 0.23% NA 0.00% 0.00% NA 3.49% 3.94% NA 12.15%

Power # 25-A 03/12/04 100.00% 100.00% 32.34% 1.45% 0.38% NA 0.00% 0.00% NA 6.14% 1.59% NA 3.28%

Power # 25-B 03/15/04 100.00% 100.00% 39.90% 2.50% 0.51% NA 0.00% 0.00% NA 4.08% 1.31% NA 6.06%

Power # 25-C 03/18/04 100.00% 100.00% 34.57% 2.93% 0.66% NA 0.00% 0.98% NA 6.12% 0.94% NA 7.58%

100.00% 100.00% 35.60% 2.29% 0.52% NA 0.00% 0.33% NA 5.45% 1.28% NA 5.64%

Power # 26-A 03/19/04 100.00% 100.00% 34.22% 2.09% 0.16% NA 0.00% 0.00% NA 4.79% 0.56% NA 6.91%

Power # 26-B 03/22/04 100.00% 100.00% 38.52% 2.17% 0.19% NA 0.00% 0.00% NA 7.05% 2.46% NA 9.79%

Power # 26-C 03/24/04 100.00% 99.28% 36.44% 3.21% 1.45% NA 0.00% 0.00% NA 6.82% 0.79% NA 9.48%

100.00% 99.76% 36.39% 2.49% 0.60% NA 0.00% 0.00% NA 6.22% 1.27% NA 8.73%

Power # 27-A 03/25/04 100.00% 100.00% 39.64% 1.02% 0.03% NA 0.00% 0.86% NA 6.08% 1.18% NA 5.41%

Power # 27-B 03/26/04 100.00% 100.00% 36.88% 2.52% 0.78% NA 0.00% 0.00% NA 4.81% 0.87% NA 5.88%

Power # 27-C 03/26/04 100.00% 100.00% 36.42% 1.96% 0.32% NA 0.00% 0.00% NA 6.80% 0.09% NA 6.48%

100.00% 100.00% 37.65% 1.83% 0.38% NA 0.00% 0.29% NA 5.90% 0.71% NA 5.92%

Lot # 25 AVG.

Lot # 26 AVG.

Lot # 27 AVG.

 - Shaded values exceed specification criteria

Lot # 23 AVG.

Lot # 24 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 28-A 03/29/04 100.00% 100.00% 32.60% 3.01% 0.85% NA 0.00% 1.01% NA 10.05% 1.40% NA 6.23%

Power # 28-B 04/19/04 100.00% 100.00% 43.35% 2.00% 0.22% NA 0.00% 0.00% NA 4.74% 0.64% NA 7.37%

Power # 28-C 04/20/04 100.00% 100.00% 36.15% 1.91% 0.44% NA 0.00% 0.77% NA 13.32% 4.09% NA 11.17%

100.00% 100.00% 37.37% 2.31% 0.50% NA 0.00% 0.59% NA 9.37% 2.04% NA 8.26%

Power # 29-A 04/21/04 100.00% 100.00% 40.50% 2.57% 1.48% NA 0.00% 0.00% NA 3.46% 0.01% NA 5.46%

Power # 29-B 04/21/04 100.00% 100.00% 44.91% 1.93% 0.64% NA 0.00% 0.00% NA 4.89% 0.99% NA 7.92%

Power # 29-C 04/22/04 100.00% 100.00% 50.16% 2.70% 0.66% NA 0.00% 0.00% NA 3.23% 1.84% NA 8.91%

100.00% 100.00% 45.19% 2.40% 0.93% NA 0.00% 0.00% NA 3.86% 0.95% NA 7.43%

Power # 30-A 04/26/04 100.00% 100.00% 51.37% 3.52% 0.37% NA 0.00% 0.00% NA 4.50% 0.90% NA 4.78%

Power # 30-B 04/27/04 100.00% 100.00% 25.40% 1.11% 0.52% NA 0.00% 0.00% NA 5.90% 0.77% NA 5.33%

Power # 30-C 04/28/04 100.00% 100.00% 34.30% 1.88% 0.35% NA 0.00% 0.00% NA 7.56% 0.93% NA 5.43%

100.00% 100.00% 37.02% 2.17% 0.41% NA 0.00% 0.00% NA 5.99% 0.87% NA 5.18%

Power # 31-A 04/28/04 100.00% 100.00% 39.26% 1.91% 0.84% NA 0.00% 0.00% NA 6.55% 0.55% NA 5.94%

Power # 31-B 04/29/04 100.00% 100.00% 37.95% 2.55% 0.80% NA 0.00% 1.16% NA 10.05% 1.54% NA 10.09%

Power # 31-C 04/29/04 100.00% 100.00% 37.89% 2.26% 0.71% NA 0.00% 0.00% NA 2.04% 0.82% NA 6.81%

100.00% 100.00% 38.37% 2.24% 0.78% NA 0.00% 0.39% NA 6.21% 0.97% NA 7.61%

Power # 32-A 05/03/04 100.00% 100.00% 39.31% 3.22% 0.97% NA 0.00% 0.00% NA 2.13% 3.09% NA 7.72%

Power # 32-B 05/06/04 100.00% 100.00% 33.54% 1.76% 0.56% NA 0.00% 0.00% NA 2.91% 2.48% NA 8.70%

Power # 32-C 05/06/04 100.00% 100.00% 36.66% 1.94% 0.77% NA 0.00% 0.00% NA 5.57% 1.13% NA 8.86%

100.00% 100.00% 36.50% 2.31% 0.77% NA 0.00% 0.00% NA 3.54% 2.23% NA 8.43%

Lot # 30 AVG.

 - Shaded values exceed specification criteria

Lot # 29 AVG.

Lot # 28 AVG.

Lot # 32 AVG.

Lot # 31 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 33-A 05/12/04 100.00% 100.00% 35.09% 2.74% 0.39% NA 0.00% 0.00% NA 2.49% 1.92% NA 4.30%

Power # 33-B 05/13/04 100.00% 100.00% 38.37% 2.48% 0.25% NA 0.00% 0.00% NA 1.29% 1.24% NA 7.02%

Power # 33-C 05/13/04 100.00% 100.00% 45.75% 3.20% 0.21% NA 0.00% 0.00% NA 4.37% 0.61% NA 5.30%

100.00% 100.00% 39.74% 2.81% 0.28% NA 0.00% 0.00% NA 2.72% 1.26% NA 5.54%

Power # 34-A 05/18/04 100.00% 100.00% 40.37% 2.47% 0.59% NA 0.00% 0.00% NA 1.31% 1.77% NA 8.73%

Power # 34-B 05/20/04 100.00% 100.00% 37.36% 3.36% 0.37% NA 0.00% 0.00% NA 3.71% 2.69% NA 8.66%

Power # 34-C 05/25/04 100.00% 100.00% 44.38% 2.73% 0.73% NA 0.00% 0.00% NA 1.26% 2.61% NA 11.01%

100.00% 100.00% 40.70% 2.85% 0.56% NA 0.00% 0.00% NA 2.09% 2.36% NA 9.47%

Power # 35-A 05/26/04 100.00% 100.00% 45.96% 3.15% 0.33% NA 0.00% 0.00% NA 2.25% 1.95% NA 9.51%

Power # 35-B 05/27/04 100.00% 100.00% 40.42% 2.83% 0.25% NA 0.00% 0.00% NA 5.86% 0.78% NA 8.00%

Power # 35-C 05/28/04 100.00% 100.00% 37.10% 2.97% 0.15% NA 0.00% 0.00% NA 1.78% 3.11% NA 19.86%

100.00% 100.00% 41.16% 2.98% 0.24% NA 0.00% 0.00% NA 3.30% 1.95% NA 12.46%

Power # 36-A 05/28/04 100.00% 100.00% 36.42% 3.01% 1.04% NA 0.00% 0.00% NA 5.02% 0.35% NA 5.97%

Power # 36-B 06/01/04 100.00% 100.00% 35.57% 2.19% 0.75% NA 0.00% 0.00% NA 7.18% 4.00% NA 10.88%

Power # 36-C 06/01/04 100.00% 100.00% 35.31% 1.55% 0.19% NA 0.98% 0.00% NA 9.45% 1.68% NA 4.19%

100.00% 100.00% 35.77% 2.25% 0.66% NA 0.33% 0.00% NA 7.22% 2.01% NA 7.01%

Power # 37-A 06/02/04 100.00% 100.00% 38.07% 2.25% 0.72% NA 0.00% 0.00% NA 4.58% 4.31% NA 16.08%

Power # 37-B 06/02/04 100.00% 100.00% 39.89% 2.55% 0.73% NA 0.77% 0.00% NA 8.95% 0.39% NA 4.73%

Power # 37-C 06/02/04 100.00% 100.00% 33.50% 2.40% 0.29% NA 0.00% 0.00% NA 11.44% 1.02% NA 14.85%

100.00% 100.00% 37.15% 2.40% 0.58% NA 0.26% 0.00% NA 8.32% 1.91% NA 11.89%

 - Shaded values exceed specification criteria

Lot # 33 AVG.

Lot # 37 AVG.

Lot # 35 AVG.

Lot # 34 AVG.

Lot # 36 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 38-A 06/03/04 100.00% 100.00% 30.75% 2.88% 0.88% NA 0.00% 0.00% NA 5.17% 1.03% NA 6.32%

Power # 38-B 06/04/04 100.00% 100.00% 49.39% 4.45% 0.75% NA 0.00% 0.00% NA 5.60% 1.78% NA 7.57%

Power # 38-C 06/07/04 100.00% 100.00% 48.57% 4.88% 0.41% NA 0.00% 0.00% NA 4.59% 0.21% NA 6.45%

100.00% 100.00% 42.90% 4.07% 0.68% NA 0.00% 0.00% NA 5.12% 1.01% NA 6.78%

Power # 39-A 06/08/04 100.00% 100.00% 45.91% 4.67% 0.65% NA 0.00% 0.00% NA 7.84% 0.54% NA 2.40%

Power # 39-B 06/09/04 100.00% 100.00% 42.15% 3.18% 0.54% NA 0.00% 0.00% NA 3.47% 0.00% NA 3.53%

Power # 39-C 06/21/04 100.00% 100.00% 39.04% 2.94% 1.02% NA 0.00% 0.00% NA 6.36% 1.56% NA 6.38%

100.00% 100.00% 42.37% 3.60% 0.74% NA 0.00% 0.00% NA 5.89% 0.70% NA 4.10%

Power # 40-A 06/22/04 100.00% 100.00% 39.18% 2.27% 0.85% NA 0.00% 0.00% NA 3.40% 2.16% NA 9.07%

Power # 40-B 06/23/04 100.00% 100.00% 37.07% 2.40% 0.00% NA 0.00% 0.00% NA 5.29% 1.03% NA 6.40%

Power # 40-C 06/23/04 100.00% 100.00% 30.97% 1.86% 0.53% NA 0.00% 0.00% NA 8.93% 1.29% NA 7.05%

100.00% 100.00% 35.74% 2.18% 0.46% NA 0.00% 0.00% NA 5.87% 1.49% NA 7.51%

Power # 41-A 06/24/04 100.00% 100.00% 33.08% 1.40% 0.28% NA 0.00% 0.00% NA 8.86% 0.78% NA 6.40%

Power # 41-B 06/24/04 100.00% 100.00% 33.56% 1.94% 0.81% NA 0.00% 0.00% NA 7.41% 2.23% NA 6.10%

Power # 41-C 06/28/04 100.00% 100.00% 31.41% 1.62% 0.27% NA 0.00% 0.00% NA 9.77% 2.51% NA 11.21%

100.00% 100.00% 32.68% 1.65% 0.45% NA 0.00% 0.00% NA 8.68% 1.84% NA 7.90%

Power # 42-A 06/29/04 100.00% 100.00% 32.52% 1.93% 0.34% NA 0.00% 0.00% NA 9.68% 3.45% NA 11.38%

Power # 42-B 06/29/04 100.00% 100.00% 45.71% 3.39% 0.66% NA 0.00% 0.00% NA 2.05% 5.48% NA 12.29%

Power # 42-C 06/30/04 100.00% 100.00% 44.81% 3.54% 0.47% NA 0.00% 0.00% NA 6.06% 4.90% NA 13.97%

100.00% 100.00% 41.01% 2.95% 0.49% NA 0.00% 0.00% NA 5.93% 4.61% NA 12.55%

 - Shaded values exceed specification criteria

Lot # 38 AVG.

Lot # 42 AVG.

Lot # 41 AVG.

Lot # 40 AVG.

Lot # 39 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 43-A 06/30/04 100.00% 100.00% 49.40% 4.51% 0.72% NA 0.00% 0.00% NA 5.10% 1.11% NA 4.51%

Power # 43-B 07/01/04 100.00% 100.00% 33.84% 1.99% 0.09% NA 0.00% 0.00% NA 12.43% 3.02% NA 14.22%

Power # 43-C 07/06/04 100.00% 100.00% 45.55% 3.63% 0.46% NA 0.00% 0.00% NA 2.32% 2.41% NA 14.13%

100.00% 100.00% 42.93% 3.38% 0.42% NA 0.00% 0.00% NA 6.62% 2.18% NA 10.95%

Power # 44-A 07/06/04 100.00% 100.00% 41.25% 3.55% 0.65% NA 0.00% 0.00% NA 8.51% 1.12% NA 7.41%

Power # 44-B 07/07/04 100.00% 100.00% 39.70% 2.28% 0.20% NA 0.00% 0.00% NA 5.93% 2.52% NA 11.36%

Power # 44-C 07/07/04 100.00% 100.00% 48.73% 2.62% 0.51% NA 0.00% 0.00% NA 7.45% 3.98% NA 7.70%

100.00% 100.00% 43.23% 2.82% 0.45% NA 0.00% 0.00% NA 7.30% 2.54% NA 8.82%

Power # 45-A 07/08/04 100.00% 100.00% 41.47% 2.84% 0.19% NA 0.00% 0.00% NA 10.22% 3.47% NA 7.96%

Power # 45-B 07/09/04 100.00% 100.00% 38.03% 1.45% 0.39% NA 0.00% 0.00% NA 3.70% 0.92% NA 5.30%

Power # 45-C 07/13/04 100.00% 100.00% 42.71% 2.93% 0.24% NA 0.00% 0.00% NA 5.53% 1.83% NA 7.69%

100.00% 100.00% 40.74% 2.41% 0.27% NA 0.00% 0.00% NA 6.48% 2.07% NA 6.98%

Power # 46-A 07/14/04 100.00% 100.00% 34.37% 1.39% 0.20% NA 0.00% 0.00% NA 8.05% 2.96% NA 15.27%

Power # 46-B 07/15/04 100.00% 100.00% 39.37% 2.97% 0.58% NA 0.00% 0.00% NA 4.18% 1.93% NA 10.19%

Power # 46-C 07/15/04 100.00% 100.00% 40.93% 3.07% 0.74% NA 0.00% 0.00% NA 8.30% 4.60% NA 12.02%

100.00% 100.00% 38.22% 2.48% 0.51% NA 0.00% 0.00% NA 6.84% 3.16% NA 12.49%

Power # 47-A 07/15/04 100.00% 100.00% 36.14% 1.74% 0.31% NA 0.00% 0.00% NA 2.93% 1.45% NA 8.38%

Power # 47-B 07/19/04 100.00% 100.00% 36.28% 2.29% 0.16% NA 0.00% 0.00% NA 3.79% 3.12% NA 15.94%

Power # 47-C 07/19/04 100.00% 100.00% 34.42% 2.86% 0.19% NA 0.00% 0.00% NA 4.24% 0.95% NA 6.50%

100.00% 100.00% 35.61% 2.30% 0.22% NA 0.00% 0.00% NA 3.65% 1.84% NA 10.27%

Lot # 46 AVG.

Lot # 47 AVG.

 - Shaded values exceed specification criteria

Lot # 43 AVG.

Lot # 44 AVG.

Lot # 45 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 48-A 07/20/04 100.00% 100.00% 43.00% 4.11% 0.70% NA 0.00% 0.00% NA 3.36% 6.06% NA 18.20%

Power # 48-B 07/20/04 100.00% 100.00% 45.78% 4.09% 0.71% NA 0.00% 0.00% NA 2.24% 0.78% NA 7.81%

Power # 48-C 07/21/04 100.00% 100.00% 34.20% 2.15% 0.23% NA 0.00% 0.00% NA 9.06% 1.99% NA 9.45%

100.00% 100.00% 40.99% 3.45% 0.55% NA 0.00% 0.00% NA 4.89% 2.94% NA 11.82%

Power # 49-A 07/21/04 100.00% 100.00% 48.60% 4.76% 0.86% NA 0.00% 0.00% NA 1.53% 2.43% NA 13.54%

Power # 49-B 07/21/04 100.00% 100.00% 37.75% 3.49% 0.39% NA 0.00% 0.00% NA 5.30% 0.79% NA 4.93%

Power # 49-C 07/22/04 100.00% 100.00% 44.92% 4.03% 0.62% NA 0.00% 0.00% NA 3.06% 3.91% NA 16.49%

100.00% 100.00% 43.76% 4.09% 0.62% NA 0.00% 0.00% NA 3.30% 2.38% NA 11.65%

Power # 50-A 07/22/04 100.00% 100.00% 47.66% 4.08% 0.24% NA 0.00% 0.00% NA 4.50% 1.48% NA 6.16%

Power # 50-B 07/26/04 100.00% 100.00% 32.78% 1.51% 0.56% NA 0.00% 0.00% NA 10.06% 1.98% NA 10.22%

Power # 50-C 07/27/04 100.00% 100.00% 42.23% 2.84% 0.35% NA 0.00% 0.00% NA 0.49% 1.66% NA 5.59%

100.00% 100.00% 40.89% 2.81% 0.38% NA 0.00% 0.00% NA 5.02% 1.71% NA 7.32%

Power # 51-A 08/05/04 100.00% 100.00% 39.26% 2.27% 0.36% NA 0.00% 0.00% NA 2.09% 0.39% NA 4.53%

Power # 51-B 08/05/04 100.00% 100.00% 32.15% 2.33% 0.20% NA 0.00% 0.00% NA 9.28% 1.33% NA 2.29%

Power # 51-C 08/06/04 100.00% 100.00% 38.10% 2.85% 0.68% NA 0.00% 0.00% NA 6.37% 2.03% NA 7.54%

100.00% 100.00% 36.50% 2.48% 0.41% NA 0.00% 0.00% NA 5.91% 1.25% NA 4.79%

Power # 52-A 08/06/04 100.00% 100.00% 32.34% 1.45% 0.38% NA 0.00% 0.00% NA 6.14% 1.59% NA 3.28%

Power # 52-B 08/09/04 100.00% 100.00% 39.14% 1.58% 0.65% NA 0.00% 0.00% NA 3.87% 0.35% NA 0.35%

Power # 52-C 08/09/04 100.00% 100.00% 35.23% 2.88% 0.56% NA 0.00% 1.20% NA 2.45% 0.63% NA 1.17%

100.00% 100.00% 35.57% 1.97% 0.53% NA 0.00% 0.40% NA 4.15% 0.86% NA 1.60%

 - Shaded values exceed specification criteria

Lot # 49 AVG.

Lot # 50 AVG.

Lot # 51 AVG.

Lot # 52 AVG.

Lot # 48 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 53-A 08/10/04 100.00% 100.00% 40.02% 2.33% 0.50% NA 0.00% 0.00% NA 2.69% 0.00% NA 1.81%

Power # 53-B 08/16/04 100.00% 100.00% 35.41% 1.74% 0.03% NA 0.00% 0.00% NA 8.38% 2.02% NA 6.42%

Power # 53-C 08/16/04 100.00% 100.00% 45.29% 3.75% 0.49% NA 0.00% 0.00% NA 1.37% 0.67% NA 4.25%

100.00% 100.00% 40.24% 2.61% 0.34% NA 0.00% 0.00% NA 4.15% 0.90% NA 4.16%

Power # 54-A 08/18/04 100.00% 100.00% 41.52% 3.35% 0.83% NA 0.00% 0.00% NA 4.03% 0.95% NA 12.99%

Power # 54-B 08/18/04 100.00% 100.00% 50.29% 4.49% 0.79% NA 0.00% 0.00% NA 1.13% 0.93% NA 3.08%

Power # 54-C 08/19/04 100.00% 100.00% 42.33% 3.37% 0.36% NA 0.00% 0.00% NA 0.78% 0.02% NA 5.31%

100.00% 100.00% 44.71% 3.74% 0.66% NA 0.00% 0.00% NA 1.98% 0.63% NA 7.13%

Power # 55-A 08/24/04 100.00% 100.00% 42.40% 2.73% 0.71% NA 0.00% 0.00% NA 7.97% 0.86% NA 3.22%

Power # 55-B 08/24/04 100.00% 100.00% 46.83% 3.62% 0.14% NA 0.00% 0.00% NA 4.65% 0.29% NA 5.02%

Power # 55-C 08/25/04 100.00% 100.00% 40.17% 2.35% 0.74% NA 0.00% 0.00% NA 1.54% 2.02% NA 11.36%

100.00% 100.00% 43.13% 2.90% 0.53% NA 0.00% 0.00% NA 4.72% 1.06% NA 6.53%

Power # 56-A 08/26/04 100.00% 100.00% 36.55% 2.59% 0.22% NA 0.00% 0.00% NA 3.28% 0.00% NA 1.91%

Power # 56-B 08/30/04 100.00% 100.00% 45.22% 3.41% 0.45% NA 0.00% 0.00% NA 6.37% 1.70% NA 8.84%

Power # 56-C 08/31/04 100.00% 100.00% 38.67% 3.22% 0.79% NA 0.00% 0.00% NA 6.51% 0.91% NA 6.37%

100.00% 100.00% 40.15% 3.07% 0.49% NA 0.00% 0.00% NA 5.39% 0.87% NA 5.71%

Power # 57-A 09/01/04 100.00% 100.00% 40.93% 3.42% 0.55% NA 0.00% 0.00% NA 3.92% 0.73% NA 8.19%

Power # 57-B 09/02/04 100.00% 100.00% 48.20% 5.11% 1.23% NA 0.00% 0.00% NA 1.39% 0.91% NA 6.64%

Power # 57-C 09/07/04 100.00% 100.00% 41.34% 3.11% 0.48% NA 0.00% 0.00% NA 2.74% 1.91% NA 8.34%

100.00% 100.00% 43.49% 3.88% 0.75% NA 0.00% 0.00% NA 2.68% 1.18% NA 7.72%Lot # 57 AVG.

 - Shaded values exceed specification criteria

Lot # 56 AVG.

Lot # 53 AVG.

Lot # 54 AVG.

Lot # 55 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 58-A 09/08/04 100.00% 100.00% 42.09% 2.29% 1.06% NA 0.00% 0.00% NA 3.09% 2.95% NA 11.05%

Power # 58-B 09/15/04 100.00% 100.00% 43.46% 2.43% 0.71% NA 0.00% 0.00% NA 3.55% 0.95% NA 5.71%

Power # 58-C 09/16/04 100.00% 100.00% 39.17% 1.79% 0.30% NA 0.00% 0.00% NA 1.79% 0.00% NA 3.22%

100.00% 100.00% 41.57% 2.17% 0.69% NA 0.00% 0.00% NA 2.81% 1.30% NA 6.66%

Power # 59-A 09/17/04 100.00% 100.00% 33.49% 2.15% 0.56% NA 0.00% 0.00% NA 4.83% 1.59% NA 6.61%

Power # 59-B 09/20/04 100.00% 100.00% 36.11% 2.17% 0.42% NA 0.00% 0.00% NA 2.61% 0.00% NA 4.95%

Power # 59-C 09/21/04 100.00% 100.00% 33.65% 3.26% 0.37% NA 0.00% 0.00% NA 9.17% 2.22% NA 7.21%

100.00% 100.00% 34.42% 2.53% 0.45% NA 0.00% 0.00% NA 5.54% 1.27% NA 6.26%

Power # 60-A 09/22/04 100.00% 100.00% 39.90% 2.78% 0.66% NA 0.00% 0.00% NA 1.24% 2.45% NA 9.72%

Power # 60-B 09/23/04 100.00% 100.00% 46.59% 2.43% 0.07% NA 0.00% 0.00% NA 4.36% 0.38% NA 4.70%

Power # 60-C 09/24/04 100.00% 100.00% 36.28% 2.51% 0.16% NA 0.00% 0.00% NA 7.44% 1.72% NA 6.79%

100.00% 100.00% 40.92% 2.57% 0.30% NA 0.00% 0.00% NA 4.35% 1.52% NA 7.07%

Power # 61-A 09/27/04 100.00% 100.00% 41.10% 3.07% 0.40% NA 0.00% 0.00% NA 4.37% 3.56% NA 12.83%

Power # 61-B 10/06/04 100.00% 100.00% 35.91% 2.04% 0.11% NA 0.00% 0.00% NA 5.92% 0.00% NA 0.88%

Power # 61-C 10/07/04 100.00% 100.00% 35.33% 1.45% 0.31% NA 0.00% 0.00% NA 5.28% 0.36% NA 1.86%

100.00% 100.00% 37.45% 2.19% 0.27% NA 0.00% 0.00% NA 5.19% 1.31% NA 5.19%

Power # 62-A 10/07/04 100.00% 100.00% 38.01% 3.28% 0.60% NA 0.00% 0.00% NA 3.29% 0.36% NA 2.64%

Power # 62-B 10/08/04 100.00% 100.00% 38.09% 2.46% 0.84% NA 0.00% 0.00% NA 0.77% 0.65% NA 5.39%

Power # 62-C 10/08/04 100.00% 100.00% 43.36% 3.47% 1.02% NA 0.00% 0.00% NA 3.87% 0.55% NA 2.50%

100.00% 100.00% 39.82% 3.07% 0.82% NA 0.00% 0.00% NA 2.64% 0.52% NA 3.51%

Lot # 60 AVG.

Lot # 58 AVG.

 - Shaded values exceed specification criteria

Lot # 59 AVG.

Lot # 61 AVG.

Lot # 62 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 63-A 10/12/04 100.00% 100.00% 36.76% 1.61% 0.10% NA 0.00% 1.00% NA 2.77% 0.33% NA 5.70%

Power # 63-B 10/13/04 100.00% 100.00% 35.97% 2.39% 0.63% NA 0.00% 0.00% NA 2.96% 1.74% NA 6.43%

Power # 63-C 10/18/04 100.00% 100.00% 38.96% 2.74% 0.05% NA 0.00% 0.00% NA 7.10% 0.49% NA 5.47%

100.00% 100.00% 37.23% 2.25% 0.26% NA 0.00% 0.33% NA 4.28% 0.85% NA 5.87%

Power # 64-A 10/19/04 100.00% 100.00% 37.99% 1.72% 0.07% NA 0.00% 0.00% NA 1.58% 0.86% NA 3.77%

Power # 64-B 10/20/04 100.00% 100.00% 41.14% 2.35% 0.54% NA 0.00% 0.00% NA 1.67% 0.63% NA 4.78%

Power # 64-C 10/21/04 100.00% 100.00% 44.12% 3.98% 1.18% NA 0.00% 0.00% NA 2.92% 0.93% NA 10.21%

100.00% 100.00% 41.08% 2.68% 0.60% NA 0.00% 0.00% NA 2.06% 0.81% NA 6.25%

Power # 65-A 10/21/04 100.00% 100.00% 31.69% 1.72% 0.23% NA 0.00% 0.00% NA 0.99% 0.07% NA 0.55%

Power # 65-B 10/22/04 100.00% 100.00% 48.90% 2.92% 0.63% NA 0.00% 0.00% NA 0.56% 0.97% NA 7.95%

Power # 65-C 10/26/04 100.00% 100.00% 40.03% 2.10% 0.06% NA 0.00% 0.00% NA 4.67% 1.43% NA 7.27%

100.00% 100.00% 40.21% 2.25% 0.31% NA 0.00% 0.00% NA 2.07% 0.82% NA 5.26%

Power # 66-A 10/26/04 100.00% 100.00% 41.27% 2.88% 0.31% NA 0.00% 0.00% NA 3.77% 0.24% NA 3.84%

Power # 66-B 11/03/04 100.00% 100.00% 32.79% 1.11% 0.01% NA 0.00% 0.00% NA 8.04% 0.68% NA 3.52%

Power # 66-C 11/05/04 100.00% 100.00% 36.87% 2.43% 0.67% NA 0.00% 0.00% NA 0.72% 0.58% NA 7.50%

100.00% 100.00% 36.98% 2.14% 0.33% NA 0.00% 0.00% NA 4.18% 0.50% NA 4.95%

Power # 67-A 11/09/04 100.00% 100.00% 28.75% 1.60% 0.16% NA 0.00% 0.00% NA 8.64% 1.71% NA 7.15%

Power # 67-B 11/10/04 100.00% 100.00% 34.13% 2.42% 0.58% NA 0.00% 0.00% NA 4.57% 2.17% NA 11.86%

Power # 67-C 11/10/04 100.00% 100.00% 37.41% 2.62% 0.46% NA 0.00% 0.00% NA 1.39% 0.00% NA 1.68%

100.00% 100.00% 33.43% 2.21% 0.40% NA 0.00% 0.00% NA 4.87% 1.29% NA 6.90%

 - Shaded values exceed specification criteria

Lot # 67 AVG.

Lot # 66 AVG.

Lot # 65 AVG.

Lot # 64 AVG.

Lot # 63 AVG.
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Gradation

12" 8" 3" 1.5" No. 4 Pan > 18" 11.8">length<18" > 11.8" > 2" 1">length<2" > 1"Date 

NA

Sieve (% Passing) Free Steel (% Meas.)

1% max.
1% max.

1% max.

Length (% Measured)

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

QA Test Summary Log

Exposed Steel (% Measured)

Date 

NA
1% max.

1% max.
1% max.

50% max.

25% max.
100% NA

10% max.

24% max.
75% min.

NA
10% max.

Specification

   Sample ID

Power # 68-A 11/12/04 100.00% 100.00% 42.71% 2.79% 0.15% NA 0.00% 0.00% NA 3.61% 2.14% NA 8.89%

Power # 68-B 11/13/04 100.00% 100.00% 39.19% 3.15% 0.63% NA 0.00% 0.00% NA 1.99% 2.11% NA 10.32%

Power # 68-C 11/16/04 100.00% 100.00% 36.33% 1.24% 0.64% NA 0.00% 0.00% NA 5.11% 1.00% NA 8.10%

100.00% 100.00% 39.41% 2.39% 0.47% NA 0.00% 0.00% NA 3.57% 1.75% NA 9.10%

Power # 69-A 11/16/04 100.00% 100.00% 28.50% 2.35% 0.51% NA 0.00% 0.00% NA 6.26% 1.28% NA 2.42%

Power # 69-B 11/18/04 100.00% 100.00% 24.76% 1.41% 0.04% NA 0.00% 0.00% NA 13.73% 0.00% NA 1.81%

Power # 69-C 11/23/04 100.00% 100.00% 40.72% 1.77% 0.30% NA 0.00% 0.00% NA 4.64% 0.37% NA 4.15%

100.00% 100.00% 31.33% 1.84% 0.28% NA 0.00% 0.00% NA 8.21% 0.55% NA 2.79%

Power # 70-A 11/26/04 100.00% 100.00% 18.33% 0.80% 0.63% NA 0.00% 0.00% NA 11.50% 0.81% NA 3.78%

Power # 70-B 12/07/04 100.00% 100.00% 33.73% 1.97% 0.07% NA 0.00% 0.00% NA 3.19% 0.58% NA 3.24%

Power # 70-C 12/10/04 100.00% 100.00% 41.90% 1.88% 0.21% NA 0.00% 0.00% NA 9.37% 0.35% NA 4.62%

100.00% 100.00% 31.32% 1.55% 0.30% NA 0.00% 0.00% NA 8.02% 0.58% NA 3.88%

Power # 71-A 12/30/04 100.00% 100.00% 35.69% 1.77% 0.21% NA 0.00% 0.00% NA 7.27% 0.51% NA 5.32%

Power # 71-B 12/31/04 100.00% 100.00% 36.52% 2.24% 0.17% NA 0.00% 0.00% NA 2.73% 0.91% NA 5.29%

Power # 71-C 01/10/05 100.00% 100.00% 34.85% 2.45% 0.24% NA 0.00% 0.00% NA 7.90% 1.61% NA 6.06%

100.00% 100.00% 35.69% 2.15% 0.21% NA 0.00% 0.00% NA 5.97% 1.01% NA 5.56%

Power # 72-A 02/09/05 100.00% 100.00% 28.50% 1.56% 0.19% NA 0.00% 0.00% NA 8.86% 0.81% NA 8.01%

Power # 72-B 02/15/05 100.00% 100.00% 34.43% 2.70% 0.32% NA 0.00% 0.00% NA 7.66% 1.75% NA 11.37%

Power # 72-C 02/23/05 100.00% 100.00% 35.88% 2.08% 0.27% NA 0.00% 0.00% NA 1.46% 0.83% NA 3.59%

100.00% 100.00% 32.94% 2.11% 0.26% NA 0.00% 0.00% NA 5.99% 1.13% NA 7.66%

 - Shaded values exceed specification criteria

Lot # 72 AVG.

Lot # 71 AVG.

Lot # 70 AVG.

Lot # 69 AVG.

Lot # 68 AVG.
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APPENDIX D 
USE GUIDELINES FOR LIGHTWEIGHT EMBANKMENTS USING TIRE SHREDS 

 
LIGHTWEIGHT EMBANKMENTS USING TIRE SHREDS:  Calculation of Overbuild 

 



O S - 6 0 0  ( 3 - 8 9 )  C O M M O N W E A L T H  O F  P E N N S Y L V A N I A
D E P A R T M E N T  O F  T R A N S P O R T A T I O N

 
DATE:  December 23, 2002 
 
 
SUBJECT: Provisional Special Provision 
  Lightweight Embankments Using Tire Shreds 
 
 
TO:   DISTRICT ENGINEERS/ADMINISTRATOR 
 
 
 
FROM:  Gary L. Hoffman, P.E.  

Chief Engineer 
  Highway Administration 
 

Attached please find a special provision and use guidelines for incorporating scrap tires in 
embankments.  Scrap tires can be used as alternatives to common, foreign, and selected 
borrow materials.  Fifteen states (CA, CO, IN, MA, ME, MN, NY, NC, OR, TX, VT, VA, 
WA, WI, and WY) have utilized tire shreds or chips as a lightweight fill material as the core 
embankment material, or blended with soil.  The American Society for Testing and Materials 
(ASTM) has developed specification D-6270 entitled “Standard Practice for Use of Scrap 
Tires in Civil Engineering Applications.” 
 
The Provisional Special Provision for scrap tires in embankments has been issued as follows: 
 

Specification 
Version 

Special Provision 
Number 

ITEM NUMBERS  

METRIC    
ENGLISH    

 
The provisional status of this special provision will allow the use of this type of product on 
projects in accordance with the attached guidelines.  In the use of any provisional special 
provision, the District is requested to monitor performance and report any problems with the 
specification to the Engineering Technology and Information Division, Bureau of 
Construction and Materials at (717) 787-7287. 
 
PENNDOT’s Strategic Environmental Management (SEM) Program Office and the 
Pennsylvania Department of Environmental Protection (PADEP) are cooperatively 
participating in a construction project using tire shreds as embankment materials in 
Engineering District 10-0.  Interested parties are directed to the SEM Program Office as a 
PENNDOT-PADEP interagency Memorandum of Understanding has been established to 
enable PENNDOT to process and use scrap tires in civil engineering applications. Please 
contact the PADEP’s Bureau of Land Recycling and Waste Management (BLRWM) at (717) 
787-7381 for a Commonwealth-wide listing of waste tire sites with suitable quantities of tires 
for embankment construction.   
 
Any problems regarding environmental compliance of scrap tires should be reported to the 
Chief Engineer’s Office, SEM Program Office, Pollution Prevention Division at (717) 783-
3616.  If you have any questions, please call Mr. Ken Thornton at (717) 783-3616. 
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cc. M.M. Ryan, P.E. 
K.J. Thornton, P.G. 
J.A. Cheatham, P.E., FHWA 
A.C. Bhajandas, P.E. 
S.B Zimmerman 
D.A Schreiber, P.E. 
T.E. Bryer, P.E. 
R. J Peda, P.E. 
N. Krise 
District ADE’s for Design 
District ADE’s/ADA for Maintenance 
District ADE’s for Construction 
District Experimental Coordinators  
L.E. Holley, PADEP 



USE GUIDELINES FOR 
LIGHTWEIGHT EMBANKMENTS USING TIRE SHREDS 

 
Attached is a new provisional special provision and quality assurance testing procedure for lightweight fills using 
tire shreds.  Approval is based upon previous project experience in Engineering District 10-0, other States, and the 
ASTM D-6270.  Until additional experience is gained statewide, this product will retain a provisional status.  The 
use guidelines and provisional special provision are consistent with recent projects in which the internal heating of 
tire shred fills has been negligible. 
 
Tire shreds are most advantageously used as a lightweight fill over compressible soils or placed at the head of 
landslides or unstable ground.  Key motivations for using scrap tires include: 
 

• Compacted tire shreds (~50 lb/ft3) weigh significantly less than ordinary soils (~120 lb/ft3); 
• The high hydraulic conductivity (1 to 10 cm/s) and low earth pressures associated with tire shreds makes 

them excellent candidates for use adjacent to abutments and retaining walls; 
• Tire shreds can cost 50% less than conventional lightweight fill materials (expanded shale, geofoam); 
• The use of tire shreds may eliminate the need for staged construction due to reduced overburden pressures; 
• Significant cost savings to the Commonwealth can be realized when PADEP sponsored waste tire pile 

remediation efforts are integrated with PENNDOT bridge and embankment projects using tire shreds. 
 
Generally speaking, scrap tires from abandoned, waste tire pile cleanups, river sweeps, community collections, etc., 
can be suitable for use providing they are not caked with mud and were not previously buried in, or mixed with 
soils, etc.  This may include tires on rims or those containing water, ice, mud, dirt, gravel, leaf litter, organic matter 
and other debris associated with the cleanup of abandoned waste tire piles.  If the remediation of waste tire piles is 
linked to bridge construction in anyway (as opposed to purchasing shreds meeting the specification on the open 
market), care should be taken in all phases of collecting and processing the tires to minimize the inclusion of foreign 
material with the tires.  The use of excavators with grapple attachments is among the preferred techniques for 
collecting and handling whole tires and shreds, not bulldozers and backhoes.  Tree saplings, wood, organic matter, 
leaf litter and other organic matter should be minimized and removed from whole tires prior to processing.  In 
essence, the cleaner the tires, the better, though tires from river sweeps and waste tire pile cleanups can be processed 
cost effectively with appropriate handling techniques and equipment.  The SEM Program Office and PADEP 
BLRWM can assist in identifying adequate scrap tire sources as the recycling of these tires will likely involve a 
coordinated effort. 
 
The recommended configuration for lightweight embankments using tire shreds involves a core of tire shreds 
surrounded by separation geotextiles and soil on all sides, as shown in Figure 1.  The compressible nature of tire 
shreds necessitates overbuilding the top of each tire shred layer to achieve the final desired elevation.  Overbuilds 
are based on the thickness of the each tire shred layer and the anticipated overburden pressures, as described in the 
attachment, “Calculation of Overbuild.”  Overbuilding is prescribed at the center of the tire shred layer and tapers to 
zero at the edges.  The Engineer must specify overbuilds for the contractor, as the attached Figure 1 shows only the 
maximum final thicknesses. 
 
To estimate the quantity of tires needed for a project, assume 100 tires = 1 ton = 1.5 yd3 with a compacted unit 
weight of 50 lb/ft3.  Typical design values of tire shred frictional angles, cohesion and geotextile-tire shred 
interfacial friction are as follows: 
 

• Compacted dry unit weight of tire shreds:  50 lb/ft3 
• Internal angle of friction for tire shreds (φ’):  27° (toe failure)  25° (deep seated)  
• Cohesion intercept for tire shreds (c’):  70 lb/ft2 (toe failure) 0 lb/ft2 (deep seated) 

 
Strain compatibility concerns motivate lower parameter values for deep seated rotational failures in soft, underlying 
soils.  Interfacial friction between tire shreds and geotextiles has a contact efficiency of 1.00, i.e., the interface 
strength is the same as the tire shreds themselves. 
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The key aspect of the embankment design is to isolate the tire shreds from exposure to moisture, air, fines and 
organic matter.  Do not mix tire shreds with fertilizer, organic matter or top soil.  The tire shreds are isolated from 
surrounding soils using a separation geotextile to prevent migration of fines into the tire shred layers.  While some 
infiltration of water into the tire shred layers from the surrounding soils is inevitable, this configuration minimizes 
free contact with air and water.  Do not place tire shreds on frozen ground, and place the tire shreds a minimum of 2 
feet above the seasonal high water table and 100-year flood plain level.  Owing to the high hydraulic conductivity of 
the tire shreds, external drainage of the bottom of these layers is required.  AASHTO No.10 aggregates are suitable 
for this task.  Do not use geotextile wrapped slotted PVC pipe sections (or equivalent) as they will act as conduits 
for air.  If granular working mats are used on soft soil sites for initial site access and construction, the tires shreds 
must be isolated from the mats as the working mats can also act as conduits for air if they daylight at the edges of 
the embankment. 
 
Tire shreds may be placed directly adjacent to bridge abutments or retaining walls, i.e., as a substitute for structural 
backfill shown in Publication 72, Standards for Road Construction Drawings (RC-12).  In such cases, weep holes 
should not daylight directly into the tire shreds.  Weep holes should be installed at the base of the bottommost tire 
shred layer, and a geotextile-wrapped AASHTO No. 10 aggregate filter (on the order of 1.5 ft wide by 1.5 ft high) 
should be placed between the tire shreds and weep holes along the perimeter facing the abutment and wing walls.  If 
the base of the uppermost tire shred layer slopes toward the abutment or wing walls, drainage may be achieved by 
installing vertical drain(s) comprised of geotextile-wrapped AASHTO No.10 aggregate set back a few feet from the 
abutment and wing walls. 
 
Placement and compaction specifications are developed for the abutment areas (adjacent to abutments and wing 
walls) and the general fill area.  The compression of the tire shreds is almost immediate.  However, to account for 
the weight of the traffic pavement, a surcharge is to be placed to 0.3 m (1 ft) above the final grade for a period of 30 
days.  Leave the surcharge in place for 60 days in areas where tire shreds are placed directly against bridge 
abutments.  Remove common borrow used as surcharge and grade to elevation indicated.  Placement and removal of 
the common borrow will be considered incidental to construction of the tire shred fill. 
 
The contract may be developed with tire shreds as alternate bid items or the District may choose to put it into the 
contract as the sole item for a chosen embankment application.  If used as a sole item in a contract, then limit to 
three projects per district for monitoring purposes.  Provisional status requires that the use of tire shreds in 
embankments will be monitored by the District and by the Engineering and Information Division, Bureau of 
Construction and Materials.   
 
Monitoring by the District will include advising the Engineering Technology and Information Division of where tire 
shreds have been incorporated into embankments, of any problems encountered during construction, and of any 
problems observed at the three month evaluation.  Monitoring may include visual inspection of embankment 
incorporating tire shreds and to the installation of settlement plates or platforms, slope indicator devices, or 
benchmarks along the slopes of the embankment and within, or adjacent, to the roadway.  Thermistors to monitor 
internal temperatures of the tire shred layers may also be installed.  Readings should continue every three months for 
three years to document the field performance of the embankment.  If at any point the District becomes concerned 
with the condition of the embankment, or any problem is demonstrated with tire shreds, the Provisional Special 
Provision will be withdrawn immediately, or modified and reissued if the problem can be addressed.   
 
If there are any questions, please contact Robert C. Klotz, P.E., Engineering Technology and Information Division, 
Bureau of Construction and Materials at (717) 787-7287.   



LIGHTWEIGHT EMBANKMENTS USING TIRE SHREDS 
 

Calculation of Overbuild 
 

Tire shreds experience immediate compression under an applied load, such as the weight of an overlying soil cover.  
The top elevation of the tire shred layer(s) should be overbuilt to compensate for this compression.  The overbuild is 
determined using the procedure given below with the aid of a design chart (Figure O-1).  Figure O-1 is applicable to 
tire shreds (12-in. maximum size) that have been placed and compacted in 12-in. thick layers. 
 
Single Tire Shred Layer 
 
The overbuild for a single tire shred layer is determined directly from Figure O-1.  First, calculate the vertical stress 
that will be applied to the top of the tire shred layer as the sum of the unit weights times the thicknesses of the 
overlying layers.  Second, enter Figure O-1 with the calculated vertical stress and the final compressed thickness of 
the tire shred layer to find the overbuild.  Consider the following example. 
 

9-in. (0.75 ft) pavement at 160 pcf 
2 ft aggregate base at 125 pcf 
2 ft low permeability soil cover at 120 pcf 
10- ft thick tire shred layer 

 
The vertical stress applied to the top of the tire shred layer would be: 
     
(0.75 ft x 160 pcf) + (2 ft x 125 pcf) + (2 ft x 120 pcf) = 610 psf 
 
Enter Figure O-1 with 610 psf and using the line for a tire shred layer thickness of 10 ft results in an 
overbuild of 0.68 ft.  Round to the nearest 0.1 ft, thus, use an overbuild of 0.7 ft. 
 
Bottom Tire Shred Layer of Two Layer Cross Section 
 
The overbuild for the bottom tire shred layer of a two layer cross section is also determined directly from Figure O-
1.  The procedure is the same as described above for a single tire shred layer.  Consider the following example. 
 

9-in. (0.75 ft) pavement at 160 pcf 
2 ft aggregate base at 125 pcf 
2 ft low permeability soil cover at 120 pcf 
10 ft upper tire shred layer at 50 pcf 
3 ft soil separation layer at 120 pcf 
10-ft thick lower tire shred layer 

 
The vertical stress applied to the top of the lower tire shred layer would be: 
 
    (0.75 ft x 160 pcf) + (2 ft x 125 pcf) + (2 ft x 120 pcf) + (10 ft x 50 pcf) + (3 ft x 120 pcf) = 1470 psf 
 
Enter Figure O-1 with 1470 psf and using the line for a tire shred layer thickness of 10 ft results in an 
overbuild of 1.13 ft.  Round to the nearest 0.1 ft, thus, use an overbuild of 1.1 ft for the lower tire shred 
layer. 
 
Upper Tire Shred Layer in Dual Layer Cross Section 
 
The overbuild of the top elevation for the upper tire shred layer in a two layer cross section must include both the 
compression of the upper tire shred layer when the pavement, base, and soil cover is placed, and the compression of 
lower tire shred layer that will still occur under the weight of these layers.  In other words, the lower tire shred layer 
has not yet compressed to its final thickness.  This will only occur once the embankment reaches final grade. So the 
question is, “How much compression of the lower tire shred layer occurs during placement of the pavement, base 
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and soil cover?”  Consider the same two-layer example used above. 
 

9-in. (0.75 ft) pavement at 160 pcf 
2 ft aggregate base at 125 pcf 
2 ft low permeability soil cover at 120 pcf 
10 ft upper tire shred layer at 50 pcf 
3ft soil separation layer @120 pcf 
10-ft thick lower tire shred layer 

 
Step 1.  The final vertical stress applied to the top of the upper tire shred layer would be: 
 
(0.75 ft x 160 pcf) + (2 ft x 125 pcf) + (2 ft x 120 pcf) = 610 psf.    
 
Enter Figure O-1 with 610 psf and using the line for a tire shred layer thickness of 10 ft 
results in a compression of 0.68 ft. 
 
Step 2.  Once the upper tire shred layer is in place, the vertical stress applied to the top of 
the lower tire shred layer would be:  
 
(10 ft x 50 pcf) + (3 x 120 pcf) = 860 psf.   
 
To determine the compression of the lower tire shred layer that has occurred up to this 
point, enter Figure O-1 with 860 psf and using the line for a tire shred layer thickness of 
10 ft results in a compression of 0.84 ft. 
 
Step 3.  Once the embankment reaches its final grade, the vertical stress applied to the top 
of the lower tire shred layer would be:  
 
(0.75 ft x 160 pcf) + (2 ft x 125 pcf) + (2 ft x 120 pcf) + (10 ft x 50 pcf) + (3 ft x 120 pcf) 
= 1470 psf.   
 
Enter Figure O-1 with 1470 psf and using the line for a tire shred layer thickness of 10 ft 
results in an overbuild of 1.13 ft.  (Note: rounding to 1.1 ft would give the overbuild of 
the lower tire shred layer). 
 
Step 4.  Subtract the result from Step 2 from Step 3 to obtain the compression of the 
lower tire shred layer that occurs when the pavement, base, and soil cover is placed.   
1.13 ft – 0.84 ft = 0.29 ft. 
 
Step 5.  Add the results from Steps 1 and 4 to obtain the amount the top elevation of the 
upper tire shred layer should be overbuilt.  0.68 ft + 0.29 ft = 0.97 ft.  Round to the 
nearest 0.1 ft.  Thus, the elevation of the top of the upper tire shred layer should be 
overbuilt by 1.0 ft. 

 
Final result:  Overbuild the top elevation of the lower tire shred layer by 1.1 ft and the upper tire shred layer 
by 1.0 ft. 
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Figure O-1  Overbuild for a single tire shred layer or bottom layer of a multi-layer cross 
section. 
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APPENDIX E 

Geotechnical Instrumentation Summary  
 
 



Geotechnical Instrumentation Summary 

Embankment Station Offset from 
Centerline

Offset 
Distance 

(ft)

Initial 
Elevation 

(ft)
Inclinometers

I-1 1 204+50 L 50 - Manual
DM-1 1 204+50 L 50 765.36 08/12/03 Manual
DM-2 1 204+50 L 50 766.33 08/12/03 Manual
SM-1 1 204+50 L 50 782.23 08/12/03 Manual
SM-2 1 204+50 L 50 785.25 08/12/03 Manual
PM-1 1 204+50 L 50 789.21 08/12/03 Manual

I-2 1 204+50 L 23 - Manual
DM-1 1 204+50 L 23 765.01 08/12/03 Manual
DM-2 1 204+50 L 23 766.02 08/12/03 Manual
SM-1 1 204+50 L 23 774.94 08/12/03 Manual
SM-2 1 204+50 L 23 780.92 08/12/03 Manual
PM-1 1 204+50 L 23 789.28 08/12/03 Manual
PM-2 1 204+50 L 23 793.36 09/24/03 Manual
PM-3 1 204+50 L 23 798.79 03/24/04 Manual

I-3 1 204+50 - 0 - Manual
DM-1 1 204+50 - 0 763.74 08/12/03 Manual
DM-2 1 204+50 - 0 764.69 08/12/03 Manual
SM-1 1 204+50 - 0 781.65 08/12/03 Manual
SM-2 1 204+50 - 0 786.17 08/12/03 Manual
PM-1 1 204+50 - 0 788.49 08/12/03 Manual
PM-2 1 204+50 - 0 792.85 09/24/03 Manual
SM-3 1 204+50 - 0 794.58 10/14/03 Manual
SM-4 1 204+50 - 0 795.97 10/28/03 Manual
SM-5 1 204+50 - 0 797.66 11/12/03 Manual
SM-6 1 204+50 - 0 799.72 11/25/03 Manual
PM-3 1 204+50 - 0 801.01 04/24/04 Manual

I-4 1 204+50 R 23 - Manual
DM-1 1 204+50 R 23 756.63 08/12/03 Manual
DM-2 1 204+50 R 23 757.56 08/12/03 Manual
SM-1 1 204+50 R 23 776.34 08/12/03 Manual
SM-2 1 204+50 R 23 781.17 08/12/03 Manual
PM-1 1 204+50 R 23 787.43 08/12/03 Manual
PM-2 1 204+50 R 23 791.84 09/24/03 Manual
PM-3 1 204+50 R 23 796.15 03/24/04 Manual

I-5 1 204+50 R 53 - Manual
DM-1 1 204+50 R 53 752.88 08/12/03 Manual
DM-2 1 204+50 R 53 753.93 08/12/03 Manual
SM-1 1 204+50 R 53 779.16 08/12/03 Manual
SM-2 1 204+50 R 53 786.35 08/12/03 Manual
PM-1 1 204+50 R 53 789.47 08/12/03 Manual

I-6 1 204+00 L 48 - Manual
DM-1 1 204+00 L 48 758.44 08/12/03 Manual
DM-2 1 204+00 L 48 759.41 08/12/03 Manual
SM-1 1 204+00 L 48 779.65 08/12/03 Manual
SM-2 1 204+00 L 48 784.06 08/12/03 Manual
PM-1 1 204+00 L 48 787.81 08/12/03 Manual

Instrumentation 
(Serial #)

Date of 
Initial 

Reading
Readings

Physical Location
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Geotechnical Instrumentation Summary 

Embankment Station Offset from 
Centerline

Offset 
Distance 

(ft)

Initial 
Elevation 

(ft)

Instrumentation 
(Serial #)

Date of 
Initial 

Reading
Readings

Physical Location

I-7 1 204+00 L 22 - Manual
DM-1 1 204+00 L 22 755.65 08/12/03 Manual
DM-2 1 204+00 L 22 756.69 08/12/03 Manual
SM-1 1 204+00 L 22 776.70 08/12/03 Manual
SM-2 1 204+00 L 22 783.70 08/12/03 Manual
PM-1 1 204+00 L 22 787.56 08/12/03 Manual
PM-2 1 204+00 L 22 792.25 09/24/03 Manual
PM-3 1 204+00 L 22 796.14 04/15/04 Manual

I-8 1 204+00 - 0 - Manual
DM-1 1 204+00 - 0 759.15 08/12/03 Manual
DM-2 1 204+00 - 0 760.08 08/12/03 Manual
SM-1 1 204+00 - 0 773.58 08/12/03 Manual
SM-2 1 204+00 - 0 786.51 08/12/03 Manual
PM-1 1 204+00 - 0 791.09 08/12/03 Manual
PM-2 1 204+00 - 0 793.26 09/24/03 Manual
SM-3 1 204+00 - 0 795.13 10/28/03 Manual
SM-4 1 204+00 - 0 796.75 11/12/03 Manual
SM-5 1 204+00 - 0 798.56 11/25/03 Manual
SM-6 1 204+00 - 0 799.78 03/24/04 Manual
PM-3 1 204+00 - 0 800.38 04/24/04 Manual

I-9 1 204+00 R 21 - Manual
DM-1 1 204+00 R 21 759.74 08/12/03 Manual
DM-2 1 204+00 R 21 760.88 08/12/03 Manual
SM-1 1 204+00 R 21 774.21 08/12/03 Manual
SM-2 1 204+00 R 21 785.27 08/12/03 Manual
PM-1 1 204+00 R 21 792.64 08/12/03 Manual
PM-2 1 204+00 R 21 793.83 09/24/03 Manual
PM-3 1 204+00 R 21 795.90 04/13/04 Manual

I-10 1 204+00 R 49 - Manual
DM-1 1 204+00 R 49 760.62 08/12/03 Manual
DM-2 1 204+00 R 49 761.61 08/12/03 Manual
SM-1 1 204+00 R 49 778.34 08/12/03 Manual
SM-2 1 204+00 R 49 785.50 08/12/03 Manual
PM-1 1 204+00 R 49 791.65 08/12/03 Manual

I-11 2 207+00 L 60 - Manual
DM-1 2 207+00 L 60 756.20 08/01/03 Manual
DM-2 2 207+00 L 60 757.37 08/01/03 Manual
SM-1 2 207+00 L 60 773.06 08/01/03 Manual
SM-2 2 207+00 L 60 786.03 08/01/03 Manual
PM-1 2 207+00 L 60 789.15 08/01/03 Manual

I-12 2 207+00 L 38 - Manual
DM-1 2 207+00 L 38 755.92 08/01/03 Manual
DM-2 2 207+00 L 38 756.82 08/01/03 Manual
SM-1 2 207+00 L 38 773.47 08/01/03 Manual
SM-2 2 207+00 L 38 786.79 08/01/03 Manual
PM-1 2 207+00 L 38 789.82 08/01/03 Manual
PM-2 2 207+00 L 38 792.50 05/25/04 Manual
PM-3 2 207+00 L 38 795.98 07/16/04 Manual
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I-13 2 207+00 - 0 - Manual
DM-1 2 207+00 - 0 757.48 08/01/03 Manual
DM-2 2 207+00 - 0 758.53 08/01/03 Manual
SM-1 2 207+00 - 0 776.61 08/01/03 Manual
SM-2 2 207+00 - 0 786.73 08/01/03 Manual
PM-1 2 207+00 - 0 789.98 08/01/03 Manual
PM-2 2 207+00 - 0 793.72 05/25/04 Manual
SM-3 2 207+00 - 0 796.15 06/22/04 Manual
SM-4 2 207+00 - 0 797.59 07/07/04 Manual
SM-5 2 207+00 - 0 799.82 08/09/04 Manual
SM-6 2 207+00 - 0 801.13 11/02/04 Manual
PM-3 2 207+00 - 0 802.99 11/02/04 Manual
PM-4 2 207+00 - 0 805.82 04/19/05 Manual
SM-7 2 207+00 - 0 806.77 04/20/05 Manual
PM-5 2 207+00 - 0 807.87 05/31/05 Manual

I-14 2 207+00 R 36 - Manual
DM-1 2 207+00 R 36 758.53 08/01/03 Manual
DM-2 2 207+00 R 36 759.48 08/01/03 Manual
SM-1 2 207+00 R 36 781.49 08/01/03 Manual
SM-2 2 207+00 R 36 786.40 08/01/03 Manual
PM-1 2 207+00 R 36 788.37 08/01/03 Manual
PM-2 2 207+00 R 36 791.40 05/25/04 Manual
PM-3 2 207+00 R 36 794.68 08/04/04 Manual

I-15 2 207+00 R 65 - Manual
DM-1 2 207+00 R 65 761.61 08/01/03 Manual
DM-2 2 207+00 R 65 762.65 08/01/03 Manual
SM-1 2 207+00 R 65 774.76 08/01/03 Manual
SM-2 2 207+00 R 65 781.88 08/01/03 Manual
PM-1 2 207+00 R 65 788.56 08/01/03 Manual

I-16 2 208+00 L 70 - Manual
DM-1 2 208+00 L 70 765.02 08/01/03 Manual
DM-2 2 208+00 L 70 766.02 08/01/03 Manual
SM-1 2 208+00 L 70 775.29 08/01/03 Manual
SM-2 2 208+00 L 70 782.18 08/01/03 Manual
PM-1 2 208+00 L 70 790.85 08/01/03 Manual

I-17 2 208+00 L 40 - Manual
DM-1 2 208+00 L 40 771.47 08/01/03 Manual
DM-2 2 208+00 L 40 772.42 08/01/03 Manual
SM-1 2 208+00 L 40 782.21 08/01/03 Manual
SM-2 2 208+00 L 40 787.21 08/01/03 Manual
PM-1 2 208+00 L 40 791.02 08/01/03 Manual
PM-2 2 208+00 L 40 793.66 07/16/04 Manual
PM-3 2 208+00 L 40 797.65 07/16/04 Manual
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I-18 2 208+00 - 0 - Manual
DM-1 2 208+00 - 0 777.03 08/01/03 Manual
DM-2 2 208+00 - 0 778.10 08/01/03 Manual
SM-1 2 208+00 - 0 782.05 08/01/03 Manual
SM-2 2 208+00 - 0 788.94 08/01/03 Manual
PM-1 2 208+00 - 0 791.42 08/01/03 Manual
PM-2 2 208+00 - 0 794.64 05/25/04 Manual
SM-3 2 208+00 - 0 796.99 06/22/04 Manual
SM-4 2 208+00 - 0 798.56 07/07/04 Manual
SM-5 2 208+00 - 0 800.62 08/09/04 Manual
SM-6 2 208+00 - 0 802.18 09/02/04 Manual
PM-3 2 208+00 - 0 804.46 11/02/04 Manual
PM-4 2 208+00 - 0 806.46 04/19/05 Manual
SM-7 2 208+00 - 0 807.96 04/21/05 Manual
SM-8 2 208+00 - 0 809.23 05/09/05 Manual
PM-5 2 208+00 - 0 810.56 05/19/05 Manual

I-19 2 208+00 R 37 - Manual
DM-1 2 208+00 R 37 778.41 08/01/03 Manual
DM-2 2 208+00 R 37 779.43 08/01/03 Manual
SM-1 2 208+00 R 37 783.92 08/01/03 Manual
SM-2 2 208+00 R 37 789.45 08/01/03 Manual
PM-1 2 208+00 R 37 791.07 08/01/03 Manual
PM-2 2 208+00 R 37 793.33 07/16/04 Manual
PM-3 2 208+00 R 37 798.43 08/04/04 Manual

I-20 2 208+00 R 63 - Manual
DM-1 2 208+00 R 63 778.27 08/01/03 Manual
DM-2 2 208+00 R 63 779.25 08/01/03 Manual
SM-1 2 208+00 R 63 783.73 08/01/03 Manual
SM-2 2 208+00 R 63 789.37 08/01/03 Manual
PM-1 2 208+00 R 63 791.16 08/01/03 Manual

Total Pressure Cells
P-1 (3135) 1 Abutment - 0 797.07 08/12/03 Automated
P-2 (3136) 1 Abutment - 0 795.59 08/12/03 Automated
P-3 (3137) 1 Abutment - 0 791.18 08/12/03 Automated
P-4 (3138) 1 Abutment - 0 787.87 08/12/03 Automated
P-5 (3139) 2 Abutment - 0 802.83 08/01/03 Automated
P-6 (3140) 2 Abutment - 0 799.37 08/01/03 Automated
P-7 (3141) 2 Abutment - 0 796.87 08/01/03 Automated
P-8 (3142) 2 Abutment - 0 794.37 08/01/03 Automated
P-9 (3143) 2 Abutment - 0 790.84 08/01/03 Automated
P-10 (3144) 2 Abutment - 0 788.16 08/01/03 Automated

Thermisters
T-1 (13303247) 1 204+50 L 23 798.73 08/13/03 Automated
T-2 (13303248) 1 204+50 - 0 798.73 08/13/03 Automated
T-3 (13303249) 1 204+50 R 23 798.73 08/13/03 Automated
T-4 (13303250) 1 204+50 L 23 795.95 08/13/03 Automated
T-5 (13303251) 1 204+50 - 0 795.95 08/13/03 Automated
T-6 (13303252) 1 204+50 R 23 795.95 08/13/03 Automated
T-7 (13303253) 1 204+00 L 22 797.62 08/13/03 Automated
T-8 (13303254) 1 204+00 - 0 797.62 08/13/03 Automated
T-9 (13303255) 1 204+00 R 21 797.62 08/13/03 Automated
T-10 (13303256) 1 204+00 L 22 795.20 08/13/03 Automated
T-11 (13303257) 1 204+00 - 0 795.20 08/13/03 Automated
T-12 (13303258) 1 204+00 R 21 795.20 08/13/03 Automated
T-13 (13303259) 2 207+00 - 0 807.19 08/13/03 Automated
T-14 (13303260) 2 207+00 - 0 807.19 08/13/03 Automated
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T-15 (13303261) 2 207+00 - 0 807.19 08/13/03 Automated
T-16 (13303262) 2 207+00 L 38 799.93 08/13/03 Automated
T-17 (13303263) 2 207+00 - 0 799.93 08/13/03 Automated
T-18 (13303264) 2 207+00 R 36 799.93 08/13/03 Automated
T-19 (13303265) 2 207+00 L 38 796.78 08/13/03 Automated
T-20 (13303266) 2 207+00 - 0 796.78 08/13/03 Automated
T-21 (13303267) 2 207+00 R 36 796.78 08/13/03 Automated
T-22 (13303268) 2 208+00 - 0 809.21 08/13/03 Automated
T-23 (13303269) 2 208+00 - 0 809.21 08/13/03 Automated
T-24 (13303270) 2 208+00 - 0 809.21 08/13/03 Automated
T-25 (13303271) 2 208+00 L 40 801.22 08/13/03 Automated
T-26 (13303272) 2 208+00 - 0 801.22 08/13/03 Automated
T-27 (13303273) 2 208+00 R 37 801.22 08/13/03 Automated
T-28 (13303274) 2 208+00 L 40 797.88 08/13/03 Automated
T-29 (13303275) 2 208+00 - 0 797.88 08/13/03 Automated
T-30 (13303276) 2 208+00 R 37 797.88 08/13/03 Automated
T-P1 1 Abutment - 0 797.07 08/12/03 Automated
T-P2 1 Abutment - 0 795.59 08/12/03 Automated
T-P3 1 Abutment - 0 791.18 08/12/03 Automated
T-P4 1 Abutment - 0 787.87 08/12/03 Automated
T-P5 2 Abutment - 0 802.83 08/01/03 Automated
T-P6 2 Abutment - 0 799.37 08/01/03 Automated
T-P7 2 Abutment - 0 796.87 08/01/03 Automated
T-P8 2 Abutment - 0 794.37 08/01/03 Automated
T-P9 2 Abutment - 0 790.84 08/01/03 Automated
T-P10 2 Abutment - 0 788.16 08/01/03 Automated
T-W1 1 204+50 L 50 784.25 08/12/03 Automated
T-W2 1 204+50 L 23 783.26 08/12/03 Automated
T-W3 1 204+50 - 0 781.37 08/12/03 Automated
T-W4 1 204+50 R 23 782.50 08/12/03 Automated
T-W5 1 204+50 R 53 786.00 08/12/03 Automated
T-W6 1 204+00 L 48 782.00 08/12/03 Automated
T-W7 1 204+00 L 22 783.03 08/12/03 Automated
T-W8 1 204+00 - 0 787.29 08/12/03 Automated
T-W9 2 207+00 L 60 783.95 08/01/03 Automated
T-W10 2 207+00 L 38 782.10 08/01/03 Automated
T-W11 2 207+00 - 0 786.92 08/01/03 Automated
T-W12 2 207+00 R 36 783.50 08/01/03 Automated
T-W13 2 207+00 R 65 781.89 08/01/03 Automated
T-W14 2 Abutment - 0 788.00 08/01/03 Automated
T-W15 1 Abutment - 0 788.00 08/01/03 Automated

Piezometers
W-1 (100D03678) 1 204+60 L 50 784.25 08/07/03 Automated
W-2 (100D03679) 1 204+60 L 23 783.26 08/05/03 Automated
W-3 (100D03680) 1 204+60 - 0 781.37 08/05/03 Automated
W-4 (100D03681) 1 204+60 R 23 782.50 08/05/03 Automated
W-5 (100D03682) 1 204+60 R 53 786.00 08/05/03 Automated
W-6 (100D03683) 1 204+10 L 48 782.00 08/05/03 Automated
W-7 (100D03684) 1 204+10 L 22 783.03 08/05/03 Automated
W-8 (100D03685) 1 204+10 - 0 787.29 08/05/03 Automated
W-9 (100D03647) 2 206+90 L 60 783.95 07/17/03 Automated
W-10 (100D03648) 2 206+90 L 38 782.10 07/17/03 Automated
W-11 (100D03649) 2 206+90 - 0 786.92 07/18/03 Automated
W-12 (100D03686) 2 206+90 R 36 783.50 07/17/03 Automated
W-13 (100D03687) 2 206+90 R 65 781.89 07/17/03 Automated
W-14 2 Abutment - 0 788.00 10/07/03 Automated
W-15 1 Abutment - 0 788.00 10/07/03 Automated
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NUMERICAL MODELING 

Introduction 

The tire derived aggregate (TDA) embankments at the Tarrtown Bridge Project are likely the 

country’s most thoroughly instrumented geotechnical structures comprised of recycled materials.  As 

such, they present an excellent opportunity to analyze the actual field behavior of these unique 

geotechnical structures.  Through the use of numerical modeling software, the field performance of 

these structures is compared against the model results to gain insight into the mechanisms of TDA 

embankment deformation and to define and understand the factors that influence these mechanisms.  In 

addition to monitoring the performance of the entire embankment, much of the field instrumentation is 

positioned to exclusively monitor the behavior of the encased layers of TDA.  Utilizing this data, 

numerical modeling software is used to back-analyze the in-place properties of the tire shreds.   

Background 

Tire derived aggregate has been the subject of extensive characterization of its engineering 

properties and behavior.  The shear strength, compressibility and permeability characteristics of TDA 

are important parameters for geotechnical design and have been the evaluated almost exclusively in 

laboratory studies (e.g. Humphrey and Manion 1992; Ahmed 1993; Humphrey et al. 1993; Edil and 

Bosscher 1994; Benda 1995; Masad et al. 1996; Yang et al. 2002; Wartman et al. 2007).   

However, the accuracy and reliability of the engineering properties derived from these studies is 

limited by several factors.  First, due to difficulties associated with testing large-particle TDA in 

standardized geotechnical testing equipment designed for soils, most laboratory studies were 

performed on small tire particles such as granulated rubber and tire chips [< 2 in. (< 51 mm)], whereas 

much larger tire shreds [2 to 12 in. (12 to 305 mm)] are used in most field applications.  This issue is 

related to scale-dependency and calls into question the validity of using engineering parameters 

derived from smaller tire particles to represent the behavior of larger tire shreds.  Secondly, laboratory 

studies have been performed on TDA specimens that have been prepared under carefully controlled 

laboratory conditions, which do not necessarily represent the actual field conditions.  Thus, these 

laboratory tests do not capture variability in source materials, shredding processes and/or construction 

procedures that can have marked impact on the properties and hence the field behavior of TDA. 

In addition to laboratory studies, the engineering behavior of TDA has also been investigated 

through several full-scale test embankments and project case histories (e.g. Bosscher et al. 1993; 

Humphrey et al. 2000; Dickson et al. 2001; Hoppe and Mullen 2004; Salgado et al. 2003; Zornberg et 
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al. 2004).  The performance of these TDA structures was monitored with instrumentation similar to 

that installed in the embankments of this project.  These investigations usually ended with a summary 

of the field performance results and lessons learned; none of the studies were performed in conjunction 

with numerical modeling.   

Numerical modeling of the TDA embankments at the Tarrtown Bridge Project represent a unique 

effort to explore and better understand the deformation mechanisms of TDA embankments.  Moreover, 

this work represents an early attempt to develop constitutive model parameters calibrated to the actual 

observed deformation response of TDA.   

Goals 

For the reasons discussed above, numerical modeling of the TDA embankments at the Tarrtown 

Bridge Project will serve as a tool to achieve the following goals:  

1. To develop and/or calibrate material constitutive parameters for TDA based on the back-analyses 

of field-instrumentation data and to compare the parameters with those of previous laboratory 

studies by others; 

2. To assess the sensitivity of the numerical modeling to the constitutive model parameters and to 

understand the practical implications of these sensitivities in the context of source and in-place 

material variability; 

3. To compare the actual field behavior and performance of the TDA embankments to that of the 

numerical model; 

4. To formulate recommendations for PennDOT designers regarding the type and level(s) of analyses 

required to properly analyze and accurately predict the performance of TDA embankments. 

Field-Instrumentation Data 

Post-processing and preparation of the field data was undertaken by collaborating researchers from 

the University of Maine led by Dr. Dana Humphrey, Ph.D., P.E.  However, before beginning the 

numerical modeling, the data was reviewed in order to decide which type of field data is most relevant 

to model calibration and to address and correct any irregularities in the data that may adversely impact 

the model calibration.  Considering the overall goals of the modeling and the instrument function, the 

inclinometer and settlement plate field data were selected as the most appropriate. 

Preliminary modeling plans considered use of both vertical and lateral deformation data (as 

measured by the settlement plates and inclinometers within the TDA layers) to calibrate the 
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constitutive models.  The use of both types of field data would allow for a more complete and accurate 

model calibration since this represents a more realistic deformation response of the TDA layers.  

However, upon further review, the inclinometer data was deemed to be unreliable due to issues of poor 

quality control during installation, erroneous readings, and irregular and missing data.  As such, it was 

decided to base the model calibration solely on the settlement plate data or more specifically TDA 

compression.  Despite issues of poor reliability, the inclinometer data was not excluded entirely.  

Instead the data was used in a secondary role to aid in a comparative discussion of embankment and 

numerical model performance. 

The following section describes some of the irregularities observed in the TDA compression data 

as well as the measures taken to correct and prepare this field data for use in the model calibration.   

Embankment 1   

The compression data at stations 204+00 and 204+50 display similar trends and magnitudes, hence 

the TDA compression data at all inclinometers (I2, I3, I4, I7, I8, and I9) was considered relevant to 

calibration.  Irregularities in the TDA compression data for Embankment 1 are listed below: 

– The first reading for the settlement plates at inclinometers I3, I8 (centerline) and I7 (north) was not 

started until the cover soil placement was nearly complete thereby indicating a possible under-

estimation of TDA compression. 

– TDA compression on the south side of the embankment (at inclinometers I4 and I9) is significantly 

higher (≈8% greater) than the north side (at inclinometers I2 and I7); assuming symmetrical 

behavior this trend is unexpected. 

– Unexpected expansion of TDA layer (≈3%) at the beginning of tire layer placement; compression 

starts at the completion of the TDA layer placement. 

For the following discussion, refer to Figure 1 for the step-by-step sequence of the corrective measures 

and averaging performed on the field data.   

In order to resolve the first issue, the TDA compression data was corrected by shifting the point 

that corresponds to the first reading back to the original date when tire shred fill placement was 

completed.  Figure 2 shows a graphic representation of this irregularity as well as the corrective 

measure (indicated by the red line).  This correction was performed on the data at I3, I7 and I8.  The 

corrected data at I3 and I8 were then averaged to obtain a single set of data representative of the 

centerline TDA compression.  For the second and third issues, these discrepancies were corrected by 
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simply averaging the TDA compression data at the northern and southern inclinometers for each 

station. The averages for each station were then averaged to obtain a single set of data that is 

representative of the TDA compression experienced at all locations north and south of the centerline.  

The final corrected TDA compression data for Embankment 1 is shown in Figure 3.  The abscissa in 

Figure 3 shows elapsed time (in days) starting from the date that tire shred fill placement was 

completed (3/29/2004).  The data ends 147 days later corresponding to the removal of the surcharge 

load (8/23/2004).   

Embankment 2 

The compression data at stations 207+00 and 208+00 display similar trends and magnitudes, hence the 

TDA compression data at all inclinometers were considered relevant to calibration.  However it should 

be noted that the settlement plate data for inclinometer I19 was not available due to erroneous readings 

of the top plate during initial installation, thus compression data from the remaining inclinometers (I12, 

I13, I14, I17 and I18) were used.  The settlement plates at inclinometers I13 and I18 measure the 

compression of both the upper and lower TDA layers; the settlement plates at I12, I14 and I17 measure 

the compression at the sides of the lower TDA layer only.  Irregularities in the TDA compression data 

for the upper and lower TDA layers of Embankment 2 are listed below: 

– The first reading for the settlement plates at inclinometers I13 and I18 (centerline) (for both the 

upper and lower TDA layers) was not started until the cover soil placement was nearly complete 

thereby indicating a possible under-estimation of TDA compression. 

– The first reading for the settlement plates at inclinometers I12, I17 (north) and I14 (south) was 

started before placement of the lower TDA layer was complete thereby indicating a possible over-

estimation of TDA compression. 

– TDA compression on the north side of the embankment at station 208+00 (inclinometer I17) is 

significantly higher (≈12% greater) than the north side at station 207+00 (inclinometer I12); 

assuming that the embankment cross-section at both stations are roughly the same this trend is 

unexpected. 

– The settlement plate data at inclinometer I19 (station 208+00, south) was disregarded due to 

erroneous readings made during the initial installation of the plate; TDA compression data is 

unavailable at this location 
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Figure 1 – Sequence of the corrective measures and averaging performed on the field data at Embankment 1 
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Figure 2 – Representation of the corrective measure for under-estimated TDA compression 

 

 
 

Figure 3 – Final corrected TDA compression data for constitutive model calibration (Embankment 1) 
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For the following discussion, refer to Figure 4 for the step-by-step sequence of the corrective measures 

and averaging performed on the field data.   

For the first issue, the TDA compression data at I13 and I18 was corrected by shifting the point 

that corresponds to the first reading back to the original date when upper and lower tire shred fill 

placement was completed (see Figure 2).  The corrected data at I13 and I18 were then averaged to 

obtain a single set of data representative of the centerline compression at the upper and lower TDA 

layers.  For the second issue, the TDA compression data at I12, I14 and I17 was corrected by shifting 

the point that corresponds to the first reading forward to the original date when lower tire shred fill 

placement was completed.  Figure 5 shows a graphic representation of this irregularity as well as the 

corrective measure (indicated by the red line).   

In reference to the remaining issues, field data indicates that the TDA compression at the north side 

of station 208+00 (I17) is significantly higher than the north side at station 207+00 (I12).  

Unfortunately with I19 not functioning properly it was impossible to determine if the TDA 

compression is greater further from the abutment (at station 208+00) or if it is localized and limited to 

the area within I17.  In either case, instead of excluding this data, it was decided to average the 

corrected data at I12, I14 and I17 to obtain a single set of data that is representative of the compression 

experienced at all locations north and south of the centerline for the lower TDA layer.  The final 

corrected TDA compression data for the upper and lower TDA layers in Embankment 2 is shown in 

Figure 6a and 6b.  The abscissa in Figure 6 shows elapsed time (in days) starting from the date that tire 

shred fill placement was completed (9/28/2004).  The data ends 324 days later corresponding to the 

removal of the surcharge load (8/18/2005).   

Software 

The program FLAC (Fast Lagrangian Analysis of Continua) (Itasca 2005) was used to numerically 

model the construction, behavior and performance of the TDA embankments.  FLAC is a 

commercially-available two-dimensional finite difference code that simulates the behavior of soil, rock 

or other materials.  Using FLAC, materials are represented by an arrangement of elements (or zones) 

which form a grid that is adjusted by the user to fit the shape of the structure being modeled.  Each 

element in the grid behaves according to user-prescribed constitutive relations in response to applied 

loads or boundary restraints.  A number of constitutive models common to geotechnical practice are 

built into FLAC.  These include isotropic and anisotropic linear elastic, hyperbolic, and Mohr- 
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Figure 4 – Sequence of the corrective measures and averaging performed on the field data at Embankment 2 
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Figure 5 – Representation of the corrective measure for over-estimated TDA compression 
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Figure 6 – Final corrected TDA compression data for constitutive model calibration (lower and upper TDA                        

layer of Embankment 2) 
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Coulomb and strain-softening plasticity models.  In addition, FLAC also includes a built-in 

programming language called FISH that allows users to implement or modify constitutive relations 

that allow the program to handle more diverse materials.  Once the model is constructed and solved, 

the user can plot, export and save a variety of information such as in-situ stresses, shear strain, and 

vertical and lateral displacements. The program is well validated by developers and has a long history 

of use for engineering research and practice. 

FLAC Models 

The FLAC grid used for Embankments 1 and 2 represents a cross-section at stations 204+50 and 

207+00, respectively.  Since there were no as-built construction drawings, the geometry of these 

numerical models based on a series of design drawings prepared by A & A Consultants, Inc. (dated 

5/24/2002)   Details of the model geometry for each embankment are shown in Figures 7 and 8.  Note 

that the model for Embankment 1 is symmetric about the centerline, whereas Embankment 2 is not 

(slightly higher on the north side).  To aid later discussion, please note the different groups labeled in 

Figures 7 and 8.   

Modeling Procedure and Issues 

Coded within FLAC is the capability to apply different loading conditions at different stages in the 

numerical analysis that simulate changes in physical loading to the real system, an approach referred to 

as sequential modeling.  Using this technique, a modeling procedure was developed for each 

embankment model to simulate the sequence of incremental lift placement that is associated with the 

construction of real embankments.   

It should be noted that the practical limits of numerical analyses prohibit the modeling of every 

detail involved with the construction sequence; a level of detail inferred by the frequency of readings 

shown in any of the field data.  The preferred approach is to approximate this sequence by defining 

significant milestones in the embankment construction and incorporating these as analysis stages in the 

numerical modeling procedure.  Exporting data after each analysis stage permits an even comparison 

with the field data recorded at the completion of each construction event.   

Both FLAC grids were developed with the intention of modeling incremental construction.  As 

shown in Figures 7 and 8, these models were constructed with zones that have dimensions simulating a 

lift thickness between 6 and 8 inches.  Since the cross-sections for Embankments 1 and 2 are different,  



 

12 

 

 

 
 

Figure 7 – Embankment 1 cross-section and FLAC grid (Station 204+50) 
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Figure 8 – Embankment 2 cross-section and FLAC grid (Station 207+00) 
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it is apparent that the construction sequences are also different. The selected construction events and 

associated modeling procedure for each embankment are detailed in the following sections.    

Embankment 1 

The modeling procedure for Embankment 1 was developed based on the following construction 

milestones.  

− Initial – TDA layer placement complete 

− Event 1 – Cover soil placement complete 

− Event 2 – Surcharge placement complete 

− Event 3 – Surcharge removal complete 

A graphical representation of the modeling sequence for this embankment is shown in Figure 9.  These 

analysis stages simulate about a 5 month period of embankment construction between late March and 

late August 2004.  Event 1 and Event 2 occurred 32 and 38 days after the tire layer was placed.  Event 

3 occurred 147 days after placement of the tire layer.  Removal of the surcharge material was assumed 

to take 5 days.   

Embankment 2 

The modeling procedure for Embankment 2 was developed based on the following construction 

milestones.   

− Initial – Lower TDA layer placement complete 

− Event 1 – Intermediate soil layer placement complete 

− Event 2 – Upper TDA layer placement complete 

− Event 3 – Cover soil placement complete 

− Event 4 – Surcharge placement complete 

− Event 5 – Surcharge removal complete 

A graphical representation of the modeling sequence for this embankment is shown in Figure 10.  

These analysis stages simulate about a 10.5 month period (including a 4.5 month winter shutdown 

period) of embankment construction between late September 2004 and mid-August 2005.   Event 1 

occurred 190 days after the lower tire layer was placed (this period of time includes the winter 

shutdown).  Event 2 and Event 3 occurred 233 and 253 days after the lower tire layer was placed.  

Events 4 and 5 occurred 258 and 324 days after placement of the lower tire layer.  Removal of the 

surcharge material was assumed to take 5 days.   
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Figure 9 – Modeling sequence for Embankment 1 
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Figure 10 – Modeling sequence for Embankment 2 
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The timeline for each embankment was developed based on a review of construction activity 

information developed by Dr. Dana Humphrey.  Please note that the first analysis stage for both 

embankments is denoted by the label “Initial” and represents a state of zero TDA compression.  The 

thickness of the lower TDA layer at this stage is due entirely to self-weight.  The subsequent stages 

(labeled “Event”) indicate different loading conditions that compress the upper and lower TDA 

layer(s) beyond its self-weight thickness.  For Embankment 2, note that Events 1 through 5 compress 

the lower TDA layer, whereas Events 3 through 5 compress the upper tire layer.  For each 

embankment, after completion of the cover soil placement, a 1-ft thick soil surcharge layer was placed 

on top to mitigate additional time-dependent compression prior to construction of the pavement.  This 

activity corresponds to Events 2 and 4 for Embankments 1 and 2, respectively.  The soil surcharge was 

modeled as an applied pressure of 125 psf. 

Exporting Data from the Model 

For TDA compression, a FISH routine was written to calculate the change in TDA layer thickness 

as the difference between the y-coordinates of a series of gridpoints located at the top and bottom of 

the TDA layer.  This change is divided by the initial thickness (measured at the “Initial” stage) at these 

same gridpoints. The locations of these gridpoints in the model correspond to the locations of the 

inclinometers installed in the actual embankments (north, south and centerline).  This routine was 

executed after each analysis stage for each embankment (Figures 6 and 7). 

Foundation Soils 

The foundation soils underlying the Tarrtown Bridge Project site consist of soft, compressible 

alluvial clays and silts.  Since the main focus of this work is on analyzing the embankment 

performance, it was unnecessary to represent this material in the numerical model.  As such, the 

foundation soil (as labeled in Figures 7 and 8) was modeled as a rigid base with a very high stiffness 

value.   

Geosynthetics 

The encased TDA layers in both embankments are completely wrapped in a geotextile serving as a 

separation layer between the TDA and cover soil.  The purpose of this geotextile is to prevent the 

surrounding soil from being washed into the void space of the tire shreds.  Since the geotextiles are not 

acting as reinforcement, frictional interactions between the soil, TDA and geosythnetic were assumed 

to be negligible and therefore ignored in the modeling process. 
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Compaction  

During the actual construction of the Tarrtown embankments, compaction equipment was used to 

compact the cover soil and TDA as these materials were placed. Although it would be more realistic to 

model the changes in material properties (i.e. stiffness, unit weight) as a result of this construction 

activity, it is believed that the complexity introduced by modeling this mechanism would outweigh any 

benefits in solution accuracy.  In addition, the use of certain constitutive models would negate the 

effect that compaction effort has on the material properties.  As such, compaction effort was neglected 

in the modeling process.   

Overview of Constitutive Models 

The following section presents an overview of the constitutive relations used to model the behavior 

of the various materials (TDA, soil cover, working pad, foundation soil) comprising the embankments.  

It should be noted that the constitutive models described below are not capable of modeling complex 

time-dependent deformation mechanisms.   

Isotropic, Linear Elastic 

This model provides the simplest representation of material behavior and is valid for homogeneous, 

isotropic, continuous materials that exhibit a linear, reversible stress-strain response.  Failure or yield is 

not possible with this model.  The linear elastic model is defined by a constant value of elastic modulus 

(E) and Poisson’s ratio (ν) and assumes that these properties are not a function of stress.  This model 

uses stress-strain relationships defined by Hooke’s law.  Its use is justified when the anticipated stress 

state is well below the yield stress of that material.  A representation of the stress-strain response of 

this model as well as the required constitutive model parameters (as implemented in FLAC) is shown 

in Table 1. 

Nonlinear, Elastic, Hyperbolic 

This model provides a more realistic representation of material behavior by capturing nonlinear 

stress-strain and volume change response.  It is based on linear elastic stress-strain relationships (i.e. 

Hooke’s law) but with elastic parameters that are varied according to stress state.  In this model a 

mathematical function is used to represent observed stress-strain and volume response curves of a 

material (as obtained from a conventional triaxial testing).  Duncan and Chang (1970) and Duncan et 

al. (1980) presented a model that approximated this nonlinear response mathematically using a 

hyperbola (Figure 11).  In this model, nonlinearity of the stress-strain response is modeled by a 
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variable elastic modulus (E) that increases with increasing confining pressure and decreases with 

increasing shear stress (or percentage of strength mobilized).  This relationship is given by the 

following equation: 
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where (Et) is the tangent elastic modulus at any stress state, (K) is the modulus number, (n) is the 

modulus exponent, (Rf) is the failure ratio, (pa) is the atmospheric pressure, (φ) and (c) are the strength 

parameters, and (σ1) and (σ3) are the principal stresses.   The relationship between confining stress and 

initial tangent elastic modulus (Ei) is given by the following equation: 
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This relationship is illustrated in Figure 12.  The modulus number (K) is equal to the value of (Ei/pa) at 

the point where (σ3/pa) equals unity (confining pressure equals atmospheric pressure).  The modulus 

exponent (n) is the slope of the line shown in Figure 12.  The relationship between elastic modulus and 

percentage of strength mobilized is defined by the failure ratio (Rf).  This relationship is illustrated in 

Figure 13.  The parameter Rf is ratio of the stress difference (or deviatoric stress) at failure over the 

asymptotic (or ultimate) stress difference and is defined by the following equation: 

ult31

failure31
f )(

)(
R

σσ
σσ
−

−
=                                                              (3) 

The deviatoric stress at failure is defined by the strength parameters, friction angle (φ) and cohesion (c) 

and is defined by the following equation: 

φ
φσφ

σσ
sin1

sin2cosc2
)( 3

failure31 −
+

=−                                               (4) 

Nonlinearity of the volumetric response is modeled by a variable bulk modulus (B) that also increases 

with confining pressure and is given by the equation: 
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where (Kb) is the bulk modulus number and (m) is the bulk modulus exponent.  The relationship 

between confining stress and bulk modulus is shown in Figure 14.  If changes in B with stress are not 
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modeled (that is, if Kb and m are assumed zero), then this implies a constant Poisson’s ratio and bulk 

modulus is calculated as: 

)21(3
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This model is appropriate for homogeneous, isotropic, continuous materials that exhibit a 

nonlinear, irreversible stress-strain response. These hyperbolic relationships are only useful for 

predicting behavior of materials up to the point of failure (point A in Figure 11) as defined by the 

parameter Rf and Eqn. 3.  Accurate modeling of global material failure is not possible with this model.  

A representation of the stress-strain response of this model as well as the required constitutive model 

parameters is shown in Table 1. 

Mohr-Coulomb 

This is the classic plasticity model used to model shear failure of soil and rock.  Material behavior 

is modeled as elastic-perfectly plastic.  Material yield is described by a failure envelope that defines 

stress states (combinations of normal stress and shear stress) for which permanent, irreversible strain 

accumulation takes place and is defined by the strength parameters, friction angle (φ) and cohesion (c).  

For stress states below yield, the material is modeled as linear elastic (following Hooke’s law) and is 

defined by elastic modulus (E) and Poisson’s ratio (ν).  Elastic and strength properties for this model 

do not vary as a function of stress.  A representation of the stress-strain response and failure envelope 

for this model as well as the required constitutive model parameters is shown in Table 1. 

Constitutive Models for TDA 

As stated earlier, one of the primary goals the numerical modeling is to develop and/or calibrate 

constitutive parameters for TDA based on back-analysis of field instrumentation data.  As such, proper 

selection of appropriate constitutive models is of utmost importance.  For this numerical modeling 

study, constitutive models were selected based on the following criteria:  (1) they must appropriately 

model the behavior of a highly compressible, large-particle discontinuous material such as TDA; (2) 

they must be familiar to practitioners and (3) they must be relatively easy to incorporate into 

conventional geotechnical design.  Calibrated parameters based on models that satisfy these criteria 

will be the most useful in the development of design procedures appropriate for TDA embankments.   

 
 
 
 
 



21 

Table 1 – Representative stress-strain response and required parameters for each constitutive model  
 
 

Constitutive Model(s) Stress-Strain Response Failure Criteria 

 
 
 
Linear, Elastic  
Parameters:  
E – Elastic modulus  
ν – Poisson’s ratio  
γ – Unit weight  

 

 
 
 
 
 
 
     Material failure not modeled 

 
Nonlinear, Elastic, Hyperbolic  
Parameters:  
K – Modulus number  
n – Modulus exponent  
Kb – Bulk modulus number  
m – Bulk modulus exponent  
Rf – Failure ratio  
φ – Friction angle  
c – Cohesion 
γ – Unit weight  
 

 
 
 
 
 
 
     Material failure not modeled 

 
 
Mohr-Coulomb  
Parameters:  
E – Elastic modulus  
ν – Poisson’s ratio  
γ – Unit weight  
φ – Friction angle  
c – Cohesion  
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Figure 11 – Hyperbolic fit to observed stress-strain response of a material 
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Figure 12 – Relationship between elastic modulus (E) and confining stress (σ3) 
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Figure 13 – Relationship between elastic modulus (E) and percentage of strength mobilized 
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Figure 14 – Relationship between bulk modulus (B) and confining stress (σ3) 

 



 

26 

Two constitutive models were selected to model the behavior of TDA: isotropic, linear elastic and 

the nonlinear, elastic, hyperbolic models.  Both models meet the criteria listed above.  The Mohr-

Coulomb model is not suitable for TDA because it is deformation rather than the strength of TDA that 

govern its design and performance in most field applications (Bosscher et al. 1997).  This model was 

instead used for the cover soil and working pad materials in each embankment.  Refer to Table 2 for a 

summary of the constitutive models selected for each material type (or group) in the embankments.   

Review of Previous Work 

Several researchers performing numerical analyses have used linear elastic model to simulate the 

behavior of TDA.  Most studies have used this model in finite-element analyses of pavements 

underlain by a layer of TDA (e.g. Humphrey and Manion 1992; Edil and Bosscher 1992; Gharegrat 

1993).  Their work has demonstrated that the use of a linear elastic model for TDA can provide a 

reasonably accurate response if suitable values of the elastic constants are chosen.  The use of this 

model is also justified by the results of several laboratory studies that show a linear stress-strain 

response at axial strain levels less than 15% (Ahmed 1993; Benda 1995; Masad et al. 1996; Lee et al 

1999; Yang et al. 2002). 

In general, TDA is a strain-hardening material that exhibits considerable nonlinearity during 

immediate compression (a response similar to that of soil).  In addition, several laboratory studies have 

shown that the elastic modulus of TDA is stress-dependent specifically indicating that elastic modulus 

increases with confining pressure  (Ahmed 1993; Benda 1995; Bernal et al. 1996; Masad et al. 1996; 

Lee et al 1999; Yang et al. 2002).  Based on these observations, some researchers have attempted to 

capture this behavior by modeling TDA as a nonlinear elastic material using the hyperbolic model.   

For a soil, the constitutive parameters of the hyperbolic model are derived from conventional 

triaxial test results using methods described by Duncan et al. (1980).  However for TDA, the larger 

particle sizes [between 0.5 and 12 in. (13 and 305 mm), ASTM (1998)] preclude testing in this device.  

To overcome this Gharegrat (1993) developed an approach to determine model parameters using the 

laboratory results of 1-D constrained compression and direct shear tests on TDA.  The data used in this 

approach was from a series of laboratory studies that evaluated the properties of TDA from four 

different suppliers [Manion and Humphrey (1992); Humphrey and Manion (1992); Humphrey et al. 

(1992); Humphrey et al. (1993)].   Similarly, Bernal et al. (1996) and Yang et al. (2002) derived a 

series of hyperbolic parameters from triaxial tests performed on small rubber pieces [maximum 

particle sizes of 2 and 0.4 in. (51 and 11 mm), respectively].  The hyperbolic parameters developed by 
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these three authors are listed in Table 3.  Note that the values listed for Gharegrat (1993) represent the 

average of the parameters derived for the four different suppliers. 

The hyperbolic parameters derived by Gharegrat (1993) were used by Lee et al. (1999) to model 

TDA backfill in finite-element analyses of a retaining wall.  These analyses produced reasonably good 

estimates of deformations and stresses for an at-rest condition but not for an active condition.  Lee et 

al. (1999) noted that the theoretical limits of the hyperbolic model make it inappropriate for modeling 

large deformation problems that involve mechanisms of failure.  Bernal et al. (1996) also performed a 

finite-element analysis of a retaining wall using the hyperbolic model.  Examples of the use of either 

model for numerical modeling of TDA embankments were not found in the literature. 

Time-Dependent Compression 

For the Tarrtown embankments, trends in the field data indicate that time-dependent deformation 

of the TDA layers occurred during the 2 to 3 month period of surcharging.  Both TDA layers in 

Embankment 2 experienced time-dependent compression, whereas the TDA layer in Embankment 1 

experienced expansion, the opposite of what was anticipated to occur.   

The last two analysis stages for both embankments model the placement and removal of this 

surcharge.  These are Events 2 and 3 for Embankment 1 and Events 4 and 5 in Embankment 2.  

However, neither constitutive model selected for model calibration is capable of modeling this 

deformation mechanism.  In order to compensate for this, the additional compression observed in the 

field data during this surcharge period was simply added to the TDA compression exported from the 

numerical models.   Due to the unusual trends in Embankment 1, this was only necessary for 

Embankment 2. 

CONSTITUTIVE MODEL CALIBRATION 

The process of constitutive model calibration was performed using a series of parametric and 

sensitivity analyses.  This approach provided a framework for the systematic variation of constitutive 

model parameters and moreover, allowed for characterization of the sensitivity that these parameters 

have on the performance of the numerical model.  For each trial, the TDA compression data from the 

numerical models was exported and compared to the field data.  As described earlier, model calibration 

was based solely on TDA compression.  Thus comparisons were made using final corrected/averaged 

TDA compression data shown in Figures 3 and 6 (for Embankments 1 and 2, respectively).  The  
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Table 2 – Summary of constitutive models and parameters selected for each material group 
 

Material Group Constitutive Model(s) 

TDA 1.)  Linear, Elastic 

 2.)  Nonlinear, Elastic, Hyperbolic 

Soil Cover       Mohr-Coulomb 

Working Pad       Mohr-Coulomb 

Foundation Soils       Linear, elastic (rigid base) 
 
 

 
 
 
 
 
 
 
 

Table 3 – Summary of hyperbolic parameters developed by others 
 

Reference Hyperbolic Parameters 

Gharegrat (1993) a 
K = 33.5;  n = 1.10 
Kb = 24.8;  m = 1.09 
Rf = 0.610, φ = 21o, c = 158.8 psf 

Bernal et al. (1996) 
K = 15.0;  n = 0.49 
Kb = 19.4;  m = -0.02 
Rf = 0.05, φ = 29o, c = 864.0 psf 

Yang et al. (2002) 
K = 10.6;  n = 0.28 
Kb = n/a;  m = n/a 
Rf = 0.453, φ = 37o, c = 0 psf 

 

Note:  a These values are averages from three different tire 
suppliers 
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following sections describe the analyses and discuss the results for the linear, elastic and nonlinear, 

hyperbolic models.   

Linear, Elastic Model 

Initial Analyses 

Since TDA is a highly compressible material (about 20 times more compressible than soil), it is 

clear that the deformation response of these embankments will be dominated in a large part by the 

compression of TDA.  As such, the first round of analyses for both embankments involved varying the 

elastic properties of the TDA and calculating the amount of compression that occurs in each model.  

This data was exported at the different analysis stages (for each embankment) and plotted with the 

corrected field data (Figures 3 and 6) to compare trends.   

Material Properties 

For each embankment, the elastic modulus values for the TDA layer(s) were set to range between 

3,000 and 7,500 psf.  Based on an extensive literature review of 1-D compression test data, Strenk et 

al. (2007) found that the constrained modulus (M) for tire shreds typically ranges between 2,200 and 

6,300 psf.  The equivalent constrained modulus values for the selected elastic modulus range is 3,670 

to 9,200 psf (assuming ν = 0.26) and is on the high end of the values reported by Strenk et al. (2007).  

As implemented in FLAC, the elastic properties are not a function of stress, thus as the model is built-

up incrementally and stresses increase within the TDA layer, elastic modulus values remain the same.  

As stated earlier, several laboratory studies indicate that TDA stiffness is stress-dependent.  As such, 

the elastic modulus values were set to have a higher range thereby capturing, in an average-sense, this 

stress-dependent behavior.    

For these analyses, all other properties for each material group were assigned constant values.  The 

TDA was assigned a unit weight of 50 pcf which is a reasonable value for in-place compressed unit 

weight (ASTM 1998; Humphrey 2004).  The cover soil and working pad were both modeled as Mohr-

Coulomb materials with a friction angle of 33o and 35o and unit weight values of 120 and 125 pcf, 

respectively.  The cohesion component was assumed to be zero since both materials represent a 

compact fill.  The elastic modulus of the cover soil was assigned a value of 576,000 psf and is 

representative of a granular soil with a medium density (Das 2006).  A Poisson’ ratio of 0.3 was used 

for cover soil.  The foundation soil group was modeled as a linear, elastic rigid base. 
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Results 

Based on these trials, elastic modulus values between 4,500 and 7,000 psf provide the best match 

to the field compression observed for Embankment 1.  Figures 15a and 15b compare the TDA 

compression from the model and the field data at the embankment centerline and sides.  Since 

Embankment 1 is a symmetric model, the TDA compression on the north and south sides were the 

same. 

For Embankment 2, elastic modulus values between 3,000 and 7,000 psf provide the best match to 

the observed compression of the lower TDA layer, whereas values between 4,000 and 5,000 psf match 

the field data for the upper TDA layer.  Figures 16a and 16b compare the TDA compression from the 

model and the field data at the embankment centerline and north side, respectively.  Since 

Embankment 2 is un-symmetric about the centerline, the TDA compression on the north side was 

selected for comparison since it is slightly larger and would yield more conservative modulus values.  

Figure 17 compares the field data and model output for the upper TDA layer. 

Sensitivity Analyses  

By performing a series of sensitivity analyses the variation in TDA compression can be 

apportioned to different sources or input parameters.   The results from these analyses help define 

which parameters or conditions have the most influence on TDA compression.   The results of these 

analyses are used to construct plots that illustrate the effect of changes in individual parameters on 

TDA compression.  If the TDA compression from the numerical model is shown to be very sensitive to 

changes in a particular parameter, then a more careful characterization of this parameter is warranted 

before the final model calibration and performance comparison is performed.  Likewise, this result 

would also indicate which engineering parameters are most important from the perspective of design.   

Influence of TDA Elastic Modulus (E) 

Based on the results of the initial analyses, the TDA compression data (at the centerline) for each 

event was plotted as a function of percent change of elastic modulus of TDA (Figure 18).  As expected, 

the trends in this plot show how sensitive TDA compression is to changes in elastic modulus.  Clearly, 

as the material gets stiffer, less compression of the TDA can be expected.  Also note that the data 

corresponding to Events 1 and 3 (for Embankment 1) and Events 3 and 5 (for Embankment 2) plot on 

top of one another in Figure 18.  By assuming linear, elastic behavior for TDA, this trend implies that 

all deformations are fully recovered upon removal of the surcharge load (Event 2 and 4).  Similar 

trends were observed for the TDA compression data at the sides of the embankment. 
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Figure 15 – Back-analyzed elastic modulus (E) values for Embankment 1 
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Figure 16 – Back-analyzed elastic modulus (E) values for the lower TDA layer of Embankment 2  
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Figure 17 – Back-analyzed elastic modulus (E) values for the upper TDA layer of Embankment 2  
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Figure 18 – Sensitivity of centerline TDA compression to changes in elastic modulus (E) of TDA for 
Embankments 1 and 2 
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Influence of Other Parameters 

For the next series of analyses, the elastic modulus of the TDA was held at a constant value while 

other parameters were systematically varied.  For Embankment 1 and the lower TDA layer of 

Embankment 2, an elastic modulus value of 7,000 psf was used.  These values provided a reasonable 

match to the field data at the centerline of the embankments.  For the upper TDA layer in Embankment 

2, a modulus value of 4,500 psf was used.  Even though lower modulus values provided a better match 

to the field data at the sides of the embankment, the use of the centerline match is justified since the 

main purpose of these analyses is to simply evaluate the sensitivity of other parameters, not final 

calibration.  The following sections discuss the results of a series of sensitivity analyses that evaluated 

several parameters believed to be influential to TDA compression.   

TDA Poisson Ratio (ν) 

Poisson’s ratio (ν) is a dimensionless measure of the lateral strain that occurs in a material owing to 

the strain in its loaded direction.  Based on an extensive literature review of 1-D compression test data, 

Strenk et al. (2004) found that the Poisson’s ratio for tire shreds varies between 0.20 and 0.30 with an 

average of about 0.26.  Higher values indicate that the material is more incompressible (less lateral 

strain per unit vertical strain).  Poisson’s ratio has a theoretical limit of 0.5.  In these analyses, 

Poisson’s ratio of the TDA layer was varied between 0.20 and 0.32 to evaluate its affect on TDA 

compression.  All other parameters were held constant. 

Results 

The TDA compression data for Embankments 1 and 2 at the centerline was plotted as a function of 

percent change of Poisson’s ratio of TDA (Figure 19).  These figures show that as Poisson’s ratio gets 

larger (and TDA becomes more incompressible), less compression of the TDA layer occurs.  The 

trends in these plots imply that TDA compression is also sensitive to changes in Poisson’s ratio. 

Similar trends are observed for the sides of the embankment (not shown).  However, it appears that 

TDA compression at the centerline is slightly more sensitive to Poisson’s ratio than the TDA 

compression at the sides.  This trend is reasonable, since TDA at the sides is in a state of less lateral 

confinement.  Thus, no matter what the value of Poisson’s ratio, the TDA at the sides of the 

embankment is always more free to strain more laterally than in the center.     
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Cover Soil Stiffness (E) and Strength (φ) 

Since these embankments are composite structures, it was necessary to determine if the properties 

of the cover soil influence TDA compression.  In these analyses, the elastic modulus (E) and the 

friction angle (φ) were varied to evaluate their affect on the TDA layer(s).   

For the first part, elastic modulus was varied between 144,000 psf and 1,008,000 psf.  These values 

are representative of a granular soil with a density that ranges from loose to dense.  All other 

parameters were held constant.  In the second part, the friction angle of the soil was varied between 30o 

and 36o.  These values represent a realistic lower and upper bound of strength parameters for a 

compacted fill material.  All other parameters were held constant.   

Results 

The centerline TDA compression data for Embankments 1 and 2 was plotted as a function of 

percent change of in elastic modulus of the cover soil (Figure 20).  The trends in this plot indicate that 

TDA compression is unaffected by changes in the stiffness of the overlying cover soil.  Since the soil 

cover is modeled as a Mohr-Coulomb material, as the embankment model is constructed and solved 

incrementally, localized yield of the cover soil occurs as the more compressible TDA layer deforms 

underneath it.  As such, the elastic properties of the soil become unimportant.  Similar trends were 

observed for the TDA compression data at the sides of the embankments. 

For the second part, the centerline compression data for Embankments 1 and 2 was plotted as a 

function of percent change of in friction angle of the cover soil (Figure 21).  The trends in this plot 

indicate that TDA compression is also unaffected by changes in the strength of the overlying cover 

soil.  Thus, even higher strength materials cannot resist localized yield when the material underlying it 

is so much more compressible.  Similar trends were observed for the TDA compression data at the 

sides of the embankments. 

Cover Soil Unit Weight (γ) 

For these analyses, the unit weight of the overlying cover soil was varied in order to determine it 

affect on TDA compression.  The unit weight of the soil was varied between 115 and 125 pcf which 

represent a realistic lower and upper bound of density for a compacted fill.  All other parameters were 

held constant.   
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Results 

The centerline compression data for Embankments 1 and 2 was plotted as a function of percent 

change of in unit weight of the cover soil (Figure 22).  As expected, the trends in this plot indicate that 

TDA compression is sensitive to changes in unit weight of the cover soil and show that more TDA 

compression occurs when heavier, more dense soils are placed on top.  Similar trends were observed 

for the TDA compression data at the sides of the embankment. 

Conclusions 

Model Calibration 

Model calibration of Embankment 1 showed that a reasonable match to the field data was found for 

an elastic modulus range between 4,500 psf and 7,000 psf.  Model calibration of lower TDA layer of 

Embankment 2 showed a reasonable match for an elastic modulus range between 3,000 psf and 7,000 

psf.   Modulus values between 4,000 and 5,000 psf provided the best match to the field data for the 

upper TDA layer of Embankment 2.   

As stated earlier, Strenk et al. (2007) found that the constrained modulus (M) for tire shreds 

typically ranges between 2,200 and 6,300 psf.  The equivalent constrained modulus values for the 

back-analyzed modulus values (from Embankments 1 and 2) is 3,670 to 8,565 psf (assuming ν = 0.26).  

Overall, the back-analyzed elastic modulus ranges compare favorably with the results of laboratory 

studies and are on the high end of the values reported by Strenk et al. (2007).  From this, the numerical 

modeling results suggest that the field stiffness of TDA is slightly higher than laboratory-measured 

stiffness of TDA (a conservative trend).  A similar response was observed for a 32 ft high roadway 

embankment constructed in Maine (Portland Jetport Interchange project; Humphrey et al. 2000).  

Moreover, this suggests that representative elastic modulus values may be obtained from laboratory 

compressibility tests.  Although it is best to estimate elastic modulus using project specific materials, 

this may be cost prohibitive for routine projects due to the special laboratory equipment needed to 

accommodate the large tire particles.  The values reported in Strenk et al. (2007) or back-analyzed in 

this study can be used as an alternative.   

In general, the field data for both embankments indicates that TDA compression at the centerline is 

higher than at the sides of the embankment (Figure 3 and 6).  This trend is expected by considering that 

at the centerline, stresses are distributed over a greater thickness of material leading to larger strain 

accumulation throughout the layer and thus greater compression.  At the sides of the embankment, 

stresses are distributed over a thinner TDA layer, leading to less straining and lower compression.   
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Figure 19 – Sensitivity of centerline TDA compression to changes in Poisson’s ratio (ν) of TDA for 
Embankments 1 and 2 
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Figure 20 – Sensitivity of centerline TDA compression to changes in elastic modulus (E) of the cover 
soil for Embankments 1 and 2 
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Figure 21 – Sensitivity of centerline TDA compression to changes in friction angle (φ) of the cover 
soil for Embankments 1 and 2 
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Figure 22 – Sensitivity of centerline TDA compression to changes in unit weight (γ) of the cover soil 
for Embankments 1 and 2 
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Intuitively, the TDA layer should have a lower elastic modulus in order to have more compression.  

However the back-analyzed values show that higher modulus values (6,500 to 7,000 psf) match the 

field TDA compression at the centerline of Embankments 1 and 2 (Figure 15a and 16a) whereas lower 

modulus values (3,000 to 4,500 psf) match the field data at the sides (Figure 15b and 16b).  Lower 

elastic modulus values also provide a better match to upper TDA layer of Embankment 2 (Figure 17).  

This counter-intuitive trend is evidence of the stress-dependent behavior of elastic modulus.   

Several laboratory studies have demonstrated that the elastic modulus of TDA is stress-dependent 

showing that TDA stiffness increases with increasing confining pressure (Ahmed 1993, Benda 1995, 

Masad et al. 1997, Lee et al 1999, Yang et al. 2002, Natale 2005).  Despite being small-scale 

laboratory tests, it is nevertheless useful to consider this behavior in the context of the field 

applications, recognizing that a similar stress-dependent behavior would also occur for the TDA in 

both embankments.  Near the centerline of the embankment(s), TDA would have a higher stiffness 

since it is subjected to higher vertical and horizontal stresses.  At the sides of the embankment(s), 

where the TDA is less confined, the stiffness would be less.  Similarly, due to the location of the upper 

TDA layer within the cross-section of Embankment 2, it is clear that the TDA in this would also have a 

lower stiffness.  As stated earlier, FLAC is capable of estimating the magnitude and variation of in-situ 

stresses in the embankment model via the solution process.  The difference in stress level between the 

centerline and sides of each embankment is illustrated by the vertical stress (σv) profiles and contour 

plots exported from the numerical models and shown in Figure 23 and 24.  Note that both contour plots 

have the same scale.  From this, it is clear that the elastic modulus of TDA would vary at different 

locations within the TDA layer(s) as well as differ between embankments.   

Overall, the process of model calibration is an approximate one due to the complex deformation 

response of this structure, differences in TDA layer thickness, variations in in-situ stress state and 

limitations of the constitutive model, namely the inability of the linear, elastic model to capture the 

stress-dependent nature of elastic modulus.  As such, comparisons between field data and numerical 

model data are inherently incompatible as indicated by the trends shown in Figures 15 through 17.  

Also for these reasons, a single modulus value representative of the entire TDA layer(s) cannot be 

obtained.   
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Figure 23 – Contour and profile plots of vertical stresses (σv) at the centerline and sides of the TDA 
layer in Embankment 1 [contour plot in units of psf, range from 250 to 1750 psf, negative is 

compression] 
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Figure 24 – Contour and profile plots of vertical stresses (σv) at the centerline and sides of the TDA 
layers in Embankment 2 [contour plot in units of psf, range from 250 to 1750 psf, negative is 

compression]
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Sensitivity Analyses 

A summary of all sensitivity analyses discussed in the previous section is shown Table 4.  Based on 

the sensitivity analyses, the elastic parameters (E, ν) of the TDA and unit weight (γ) of the overlying 

cover soil are factors that TDA compression is most sensitive to.  Stiffness and strength properties of 

the cover soil were found to have a negligible effect on TDA compression and are therefore 

unimportant from the perspective of predicting TDA compression and embankment deformation.  

Also, considering the values examined for Poisson’s ratio and cover soil unit weight represent fairly 

tight ranges (ν = 0.2 to 0.32; γ = 115 – 125 pcf), and noting that a 5% percent increase in either one of 

these properties reflect only minimal changes in TDA compression (–0.5% for ν and +0.5% for γ) it is 

clear that selecting an average values of these parameters would be sufficient for design purposes.  

These trends were observed for both embankments.   

A comparison of the sensitivity of TDA elastic modulus and Poisson’s ratio was made to determine 

which elastic parameter was more influential.  This comparison examined the centerline compression 

for Event 1 of Embankment 1 and Event 3 of Embankment 2.  Both of these events correspond to the 

completion of cover soil placement.  This comparison is shown in Figure 25.  The TDA compression 

was normalized with respect to the maximum value in order to facilitate comparison.  The slope of the 

lines is an indication of the relative sensitivity of TDA compression to changes in these two parameters 

(i.e. more steep means more sensitive).  Based on the trends this figure, elastic modulus is clearly the 

more dominant parameter.  Thus, if the linear, elastic constitutive model is selected to model TDA, 

proper characterization of elastic modulus is of utmost importance 

Nonlinear, Elastic, Hyperbolic Model 

The overall calibration process for the hyperbolic model consisted of performing a large number of 

analyses in which several of the hyperbolic model parameters were varied.  The results from each run 

were compared to the field compression data to determine which combination of model parameters 

provide the best match.  The model parameters set to vary in these analyses were selected based on an 

understanding of the different components of material behavior modeled by hyperbolic model and the 

experimental behavior of TDA.  Refer to Table 5 for detailed summary of the analyses performed for 

Embankments 1 and 2. 

Calibration of the hyperbolic model was performed for Embankment 1 and the lower TDA layer of 

Embankment 2 only.  The upper TDA layer of Embankment 2 was excluded from this calibration.  

This layer has a thickness that ranges from 2.4 to 2.8 ft and because of its location in the embankment,  
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Table 4 – Summary of sensitivity analyses for linear, elastic model for Embankments 1 and 2 
         

Sensitivity Analysis 

Properties of Each Group 

TDA 
Cover Soil Working Pad 

Embankment 1 Embankment 2 

TDA Elastic Modulus (E) 

E = 4,000 - 7,500 psf E = 3,000 - 7,500 psf E = 576,000 psf E = 576,000 psf 
ν  = 0.26 ν  = 0.26 ν  = 0.30 ν  = 0.30 
γ  = 50 pcf γ  = 50 pcf φ = 33o φ = 35o 
  γ  = 120 pcf γ  = 125 pcf 

TDA Poisson's Ratio (ν) 

E = 7,000 psf E = 7,000 psf (lower) E = 576,000 psf E = 576,000 psf 
ν  = 0.20 - 0.32 E = 4,500 psf (upper) ν  = 0.30 ν  = 0.30 
 γ  = 50 pcf ν  = 0.20 - 0.32 φ = 33o φ = 35o 
 γ  = 50 pcf γ  = 120 pcf γ  = 125 pcf 

Cover Soil Stiffness (E) 

E = 7,000 psf E = 7,000 psf (lower) E = 144,000 - 1,008,000 psf E = 144,000 - 1,008,000 psf 
ν  = 0.26 E = 4,500 psf (upper) ν  = 0.30 ν  = 0.30 
 γ  = 50 pcf ν  = 0.26 φ = 33o φ = 35o 
  γ  = 50 pcf γ  = 120 pcf γ  = 125 pcf 

Cover Soil Strength (φ) 

E = 7,000 psf E = 7,000 psf (lower) E = 576,000 psf E = 576,000 psf 
ν  = 0.26 E = 4,500 psf (upper) ν  = 0.30 ν  = 0.30 
 γ  = 50 pcf ν  = 0.26 φ = 31o - 36o φ = 31o - 36o 
  γ  = 50 pcf γ  = 120 pcf γ  = 125 pcf 

Cover Soil Unit Weight (γ) 

E = 7,000 psf E = 7,000 psf (lower) E = 576,000 psf E = 576,000 psf 
ν  = 0.26 E = 4,500 psf (upper) ν  = 0.30 ν  = 0.30 
 γ = 50 pcf ν  = 0.26 φ = 33o φ = 35o 
  γ = 50 pcf γ  = 115 - 125 pcf γ  = 115 - 125 pcf 

 

Note:  “Bold” highlight indicate the parameters that were varied   
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Figure 25 – Comparison of sensitivity of centerline TDA compression to changes in elastic modulus 
(E) and Poisson’s ratio (ν) of TDA for Embankments 1 and 2 
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subjected to comparatively lower stress levels than the lower TDA layer.  As such, the stress-

dependent behavior captured with the hyperbolic model will not be prevalent.  Its exclusion is further 

justified by the very close match made to the field data with the linear, elastic model (Figure 17).   

Comments on the Model 

Complete characterization of nonlinear material behavior for this constitutive model requires the 

definition of seven parameters shown in Table 1.  Recognizing the practical limitations of back-

analyzing all seven parameters, calibration of the hyperbolic model was based only on those 

parameters that model material behaviors that are considered most relevant to the engineering behavior 

of TDA.  Components of material behavior that can be modeled with the hyperbolic model include: (1) 

the relationship between E and σ3 (parameters K and n); (2) the relationship between B and σ3 

(parameters Kb and m); and (3) the relationship between E and the percentage of strength mobilized 

(parameters φ, c and Rf).  The relevance of each of these components of behavior to the engineering 

behavior of TDA was evaluated in the context of results of experimental studies performed on TDA.  

The following sections address the relevance of these relationships and present the model parameters 

selected for back-analysis.   

Relationship between E and σ3 

Considering the results of the linear, elastic model calibration and recognizing its inherent 

limitations, it is evident that the stress-dependent nature of elastic modulus is an important 

characteristic of the field behavior of TDA.  In addition, several laboratory studies have evaluated the 

stress-strain behavior of tire particles using conventional triaxial testing equipment (e.g. Ahmed 1993, 

Benda 1995; Bernal et al. 1996; Masad et al. 1996; Lee et al 1999; Yang et al. 2002).  The tire particles 

in these studies were tested at confining pressures ranging from 1150 to 7200 psf (8 to 50 psi).  Trends 

in the stress-strain response clearly indicate that stress increases with increasing confining pressure.  

As such, the parameters K and n that model this component of the behavior were considered to be 

important parameters with which calibrate against the field data.  Also, since the stiffness of TDA is 

much lower than that of soil, the K and n values selected to model TDA in the numerical simulations 

were generally much lower than the typical values for soil. 

Relationship between B and σ3 

Bulk modulus (B) represents the amount of pressure needed to affect a given decrease in volume.  

The value of bulk modulus may be calculated as the ratio of the stress corresponding to any point on 
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the stress-strain curve (point A in Figure 14) and the corresponding volumetric strain (εvol) on the 

volume change curve (point A’ in Figure 14).  Based on the definition of Poisson’s ratio, lower ν 

values indicate that a material will experience more lateral strain (and thus volumetric strain) in 

response to axial strain in the loaded direction. Thus, for a given elastic modulus (E), this implies that a 

material with a lower ν value is more compressible and will accordingly have a lower bulk modulus.  

The relationship between elastic modulus, bulk modulus and Poisson’s ratio is described by Eqn. 6.   

Recall that for the linear elastic model, TDA compression was found to be only marginally 

sensitive to changes in the Poisson’s ratio of TDA (Figures 19 and 25).  It was recommended based on 

these trends that an average value of ν could be used for the linear, elastic model.  Recognizing the 

relationship between ν and B and extending this conclusion to the hyperbolic model, it is likely that the 

stress dependent nature of bulk modulus will have a minimal effect on TDA compression.  As such, 

this relationship was not considered to be an important component of the behavior of TDA and the 

parameters Kb and m were both assumed to be zero.  As discussed in an earlier section, this implies a 

constant Poisson’s ratio for TDA; a value of 0.26 was used. 

The same laboratory studies mentioned in the previous section also evaluated the volumetric 

response of the tire particles and showed that the test specimens generally decreased in volume 

(compressed) as axial strains increased.  Wartman et al. (2007) indicated that this change in volume is 

almost exclusively due to pore volume reduction.  This contractive response of the tire particles is 

similar to that of loose sands.  However unlike loose sands that show an increase in volumetric strains 

with confining stress (similar to that in Figure 14), tire particles show the opposite relationship with 

stress.  This volumetric response for tire particles was demonstrated by the laboratory testing 

conducted by the authors listed above with the exception of Bernal et al. (1996) and Yang et al. (2002).  

Ahmed (1993) did not perform volumetric measurements.  

Bernal et al. (1996) used the results of a series of triaxial tests to derive hyperbolic model 

parameters for tires.  Although the test results indicated volumetric strains increased with increasing 

stress, the derived bulk modulus exponent (m) was almost zero indicating that bulk modulus is 

independent of stress (Table 3).  As mentioned earlier, Gharegrat (1993) developed hyperbolic 

parameters Kb and m from the results of a series of 1-D compressibility tests.  The volumetric response 

as displayed in triaxial testing of tire particles is not observed for 1-D compressibility tests results due 

to simplicity of the loading conditions.  As such, the reliability of the bulk modulus parameters Kb, m 

obtained by Gharegrat (1993) is questionable. 
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Relationship between E and Rf 

The hyperbolic assumption of material behavior is considered valid up to the actual soil failure 

(indicated by point A in Figure 11) and is defined by the failure ratio (Rf).  As illustrated in Figure 13, 

as a greater percentage of strength is mobilized (shear stress increases), the elastic modulus decreases.  

Figure 26 shows contour plots of shear stress (τ) within the TDA layers of Embankments 1 and 2.  

Clearly, the in-situ shear stresses at the sides of the embankment are higher than that at the centerline 

of the embankment.  Thus, it is likely that the elastic moduli at the sides will be lower than at the 

middle of the embankment.  In terms of the behavior of TDA, the question then becomes, how much of 

an effect does shear stress (τ) have on the elastic modulus (E).   

The level of influence that shear stresses have on decreasing elastic modulus is expressed by the 

failure ratio (Rf).  By assuming lower Rf values, shear stress has a smaller effect on elastic modulus and 

the hyperbolic approximation is confined to the initial portion of the stress-strain curve (low stresses, 

low strains).  On the other hand, at higher Rf values shear stress has a much greater effect on reducing 

elastic modulus.  The hyperbolic approximation for a high Rf would be capable of modeling behavior 

up to high strains.  This relationship is illustrated by comparing points A and B in Figure 27.  Thus, the 

selection of the failure ratio is related to the anticipated performance (in terms of deformations) of the 

TDA. 

Based on a series of direct shear tests, Humphrey and Sandford (1993) observed that shear stress-

deformation response of TDA was strain-hardening and that shear stress continued to increase past 

horizontal deformations equivalent to 10% of the length of the shear box.  As such, choosing a shear 

stress to represent failure is rather arbitrary.  To investigate the effect of the failure criteria, Humphrey 

and Sandford (1993) evaluated the shear strength parameters φ and c at shear stresses corresponding to 

different horizontal deformations.  They concluded that the frictional strength of TDA was present 

over a wide range of deformations, whereas cohesive strength was mobilized only at higher 

deformations.  Since the elastic modulus of TDA is much lower than that of soil, from a practical 

standpoint, the level of straining and deformation that TDA must undergo in order to fully mobilize the 

cohesive strength may be unacceptable in some applications (Edil 2002; Humphrey and Sandford 

1993; Humphrey 2004).  This is likely the case for TDA embankments with settlement sensitive 

components such as pavements.  Given the concern for serviceability, the cohesion of TDA can be 

assumed zero.  Thus, the friction component of TDA strength will be the most dominant form for most 

TDA embankment applications.  From this it may be concluded that since the anticipated deformations  
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Figure 26 – Contour plots of shear stresses (τ) within the TDA layers of Embankments 1 and 2                   
[contour plot in units of psf, range from 20 to 200 psf] 
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Figure 27 – Relationship between elastic modulus (E) and failure ratio (Rf) 
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in TDA embankments are generally lower (that is, not enough to mobilize the full strength of TDA), 

lower failure ratios (Rf) may be more appropriate for TDA.  The Rf values in Table 3 generally agree 

with this conclusion (0.05, 0.453, 0.61); failure ratios for most soils typically range from 0.5 to 0.9 

(Duncan et al. 1980). 

Material Properties 

For each embankment, the modulus number (K) for the TDA layer(s) was set to range between 5 

and 10.  For the modulus exponent (n) a range of 0.05 to 0.3 was assumed.  A range of 0.05 to 0.3 was 

assumed for the failure ratio (Rf).  The selection of these values was based on the hyperbolic 

parameters derived through experimental work (Table 3) and the discussion presented in the previous 

sections.  Similarly, the stress-dependent nature of bulk modulus was not modeled (Kb and m set to 

zero) and thus a constant Poisson’s ratio of 0.26 was used.   Also, as mentioned earlier, the upper TDA 

layer of Embankment 2 was excluded from calibration processes, instead it was modeled using the 

linear, elastic model with a modulus of 4,250 psf. 

Based on a literature review of direct shear and triaxial test data, Strenk et al. (2007) found that the 

friction angle of tire shreds ranges between 19o and 39o with an average value of 27o.  Cohesion was 

found to range between 90 psf and 275 psf.  Values of 25o for friction angle and 0 psf for cohesion 

were recommended for design based on a detailed interpretation of Mohr-Coulomb failure envelope 

data for TDA.  Calibration of the other hyperbolic parameters (K, n, Rf) was based on these values for 

the strength parameters.   

Similar to the elastic model calibration, all other properties for each material group were assigned 

constant values.  The TDA was assigned a unit weight of 50 pcf which is a reasonable value for 

compressed unit weight.  The cover soil and working pad were both modeled as Mohr-Coulomb 

materials with a friction angle of 33o and 35o (cohesion assumed to be zero) and unit weight values of 

120 and 125 pcf, respectively.  The elastic modulus of the cover soil was assigned a value of 576,000 

psf and is representative of a granular soil with a medium density (Das 2006).  A Poisson’ ratio of 0.3 

was used for cover soil.  The foundation soil group was modeled as a linear, elastic rigid base. 

Parametric Analyses  

The stress-dependent behavior of the elastic modulus and the percentage of material strength 

mobilized were considered to be material behaviors most relevant to TDA.  However, it was uncertain 

which parameter (modulus number, K or modulus exponent, n or failure ratio, Rf) is more dominant in 

terms of its effect on the TDA compression.  This is unlike the linear, elastic model where the 
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importance of TDA stiffness (E) on compression was apparent.  As such, a large scale parametric 

analysis was performed that simultaneously varied K, n and Rf in order to determine which set of 

parameters provided the best match to the compression observed in the field.  The approach used 

consists of selecting an Rf value and n value and then performing a series of simulations with varied K.  

Next, different values of Rf and n are selected and the same range of K values are analyzed again.  

These analyses were performed for the ranges defined earlier.   

Results 

Model calibration of Embankment 1 showed that a reasonable match to the field data was found for 

a modulus number of 7, a modulus exponent of 0.1 and a failure ratio of 0.2.    Figures 28a and 28b 

compare the TDA compression from the model and the field data at the embankment centerline and 

sides.  Since Embankment 1 is a symmetric model, the TDA compression on the north and south sides 

were the same. 

For Embankment 2, a modulus number of 9, a modulus exponent of 0.25 and a failure ratio equal 

to 0.15 provide the best match to the observed compression of the lower TDA layer. Figures 29a and 

29b compare the TDA compression from the model and the field data at the embankment centerline 

and north side, respectively.  Since Embankment 2 is un-symmetric about the centerline, the TDA 

compression on the north side was selected for comparison since it is slightly larger and would yield 

more conservative hyperbolic model parameter values.   

Conclusions 

Model Calibration 

A summary of all analyses discussed in the previous sections is shown Table 5.  Model calibration 

of Embankment 1 showed that a reasonable match to the field data was found for hyperbolic 

parameters (K, n, Rf) of 7, 0.1 and 0.2.  Model calibration of lower TDA layer of Embankment 2 

showed a reasonable match for hyperbolic parameters (K, n, Rf) of 9, 0.25 and 0.15.  The back-

analyzed hyperbolic parameters for both embankments compare favorably with each other.   

Overall, the field-calibrated hyperbolic model parameters are lower than those obtained by 

experimental means (Gharegrat 1993, Bernal et al. 1996 and Yang et al. 2002).   The modulus number 

and exponent obtained by these three studies ranged from 10.6 to 33.5 and 0.28 to 1.10, respectively.  

The back-analyzed K and n values are roughly 30% lower than the lower bound value of these ranges.  

This suggests that experimental derived hyperbolic parameters may be unconservative and over predict 

the stiffness of TDA if used in design.  The elastic moduli of the TDA corresponding to the hyperbolic  
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Figure 28 – Back-analyzed hyperbolic model parameters (K, n, Rf) for Embankment 1 
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Figure 29 – Back-analyzed hyperbolic model parameters (K, n, Rf) for the lower TDA layer of 
Embankment 2 
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Table 5 – Summary of parametric analyses for nonlinear, elastic, hyperbolic model for Embankments 
1 and 2 

         

Parametric Analysis 

Properties of Each Group 

TDA 
Cover Soil Working Pad 

Embankment 1 Embankment 2 a 
TDA Modulus Number (K) K = 5 - 10 K = 5 - 10 E = 576,000 psf E = 576,000 psf 
TDA Modulus Exponent (n) n = 0.05 - 0.3 n = 0.05 - 0.3 ν = 0.30 ν = 0.30 
TDA Failure Ratio (Rf) Rf =0.05 - 0.3  Rf =0.05 - 0.3 φ = 33o φ = 35o 
 φ = 25o φ = 25o γ = 120 pcf γ = 125 pcf 
 c = 0 psf c = 0 psf   
 ν  = 0.26 ν  = 0.26   
 γ  = 50 pcf γ  = 50 pcf   
 

Note:  a The upper TDA layer of Embankment 2 was modeled using the linear, elastic constitutive model. 
          “Bold” highlight indicate the parameters that were varied 
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parameters back-analyzed in this study are similar in magnitude to the ranges of E back-analyzed for 

the linear, elastic model, suggesting that these hyperbolic model parameters are representative of the 

field behavior of TDA.  Figure 30 shows a contour plot of elastic modulus values within the TDA 

layers of Embankments 1 and 2 for the back-analyzed hyperbolic model parameters.  The elastic 

moduli vary from about 4,500 to 9,000 psf and are in general agreement with the field-calibrated 

elastic modulus values obtained for the linear, elastic model.  

The failure ratios reported by these experimental studies ranged from 0.05 to 0.61, however, it 

should be noted that these Rf values were based on a different set of strength parameters than those 

used in this study.  As stated earlier, the selection of the failure ratio is related to the anticipated 

performance (in terms of deformations) of the TDA, because it is deformation rather than the strength 

of TDA that govern its design and performance in the field.  Therefore in most TDA embankments, it 

is unlikely that deformations within the structure would be large enough to bring the TDA to the verge 

of failure.  As such, it is unlikely that the in-place elastic moduli of TDA would also be heavily 

influenced by the percentage of strength mobilized.  Thus, based on this rationale, the back-analyzed Rf 

values seem more reasonable in comparison to the experimentally-derived values.  By comparing the 

distribution of shear stresses in Figure 26, with the contour plot of elastic moduli in Figure 30, it is 

clear that the areas of lowest E are at the sides of the TDA layer where the highest shear stresses occur.  

The hyperbolic model parameters obtained in this study were calibrated based on assumed strength 

parameters of TDA.  These strength parameters were based on an extensive literature review of direct 

shear and triaxial test results performed on TDA and involved the interpretation of Mohr-Coulomb 

failure envelope data.  The parameter Rf is related to the φ and c through the deviatoric stress at failure 

(σ1-σ3)failure and given by Eqn. 3 and 4.  Had a different set of strength parameters been used in model 

calibration, it is likely that a different set of hyperbolic parameters (K, n, Rf) values would have 

provided a match to the field data.  However, the use of these strength parameters is justified 

considering that the field calibrated properties obtained from this numerical study are intended to be 

used in the development of design procedures for TDA embankments.  Calibrating hyperbolic 

parameters based on strength values unrepresentative of TDA behavior would be inappropriate and 

unusable from the perspective of design.  

 Although a sensitivity analysis was not performed for the hyperbolic model, it is assumed that the 

results obtained for the linear, elastic model would also be relevant to this model.  Based on the 

sensitivity analyses for the linear, elastic model, Poisson’s ratio (ν) of the TDA and unit weight (γ) of  
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Figure 30 – Contour plots of elastic moduli (E) within the TDA layers of Embankments 1 and 2 for 
the back-analyzed hyperbolic parameters [contour plot in units of psf, range from 4500 to 9000 psf]
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the overlying cover soil are factors that TDA compression is most sensitive to.  Had higher ν values 

been used in the calibration process, it is likely that the TDA compression would have been lower 

since TDA would be more incompressible.  Likewise, higher γ values would likely lead to more TDA 

compression.  However, as concluded before, since changes in these parameters lead to only marginal 

changes in TDA compression, selecting average values of these parameters would be sufficient for 

design purposes.      

Field-Calibrated Constitutive Model Parameters 

Constitutive model parameters for TDA were developed based on an extensive calibration process.  

Using FLAC, model parameters were systematically varied to match TDA compression data measured 

in the field.  Calibration was performed for the linear, elastic and nonlinear, elastic, hyperbolic models 

(Duncan et al. 1980).  Table 6 lists the final back-analyzed parameters for TDA for each constitutive 

model. 

EMBANKMENT PERFORMANCE COMPARISON 

Comparison of the deformation response between the numerical model and the actual 

embankments was made using the field-calibrated constitutive parameters determined in the previous 

section.  Embankment performance was based on comparisons of TDA compression and lateral 

deformation.  TDA compression was exported from the model using the FISH routine implemented in 

the model calibration and was compared to the field data shown in Figures 3 and 6.  Lateral 

deformation of the numerical model was exported using a built-in plotting tool that automatically 

extracts data for a vertical profile.  The locations for these profiles correspond to the locations of the 

inclinometers installed in the embankments (north, south and centerline).   

Selected Properties for TDA 

Calibration of the linear, elastic model showed that TDA compression was very sensitive to elastic 

modulus and that a range of E values provided a reasonable match to the compression for both 

embankments.  Given the importance of this parameter and the comparative purpose of these analyses, 

careful characterization of this parameter was required.  As such, it was necessary to select a single, 

representative modulus value between these calibrated ranges.  Due to the limitations of the linear, 

elastic model, it should be recognized that this single value will only provide an approximate match to 

the field data at both the centerline and sides.  Based on a review of the trends shown in Figure 15, an 

elastic modulus value of 6,500 psf was selected for the TDA layer of Embankment 1. 



 

61 

Similarly, from the trends in Figure 16 and 17, an elastic modulus value of 6,250 psf and 4,250 psf was 

selected for the lower and upper TDA layers of Embankment 2, respectively.  An average value of 0.26 

for Poisson’s ratio of TDA was used and an average of 120 pcf was assigned to the cover soil.  

Through a series of parametric analyses, hyperbolic model parameters were calibrated against the 

field performance of the embankments.  This constitutive model offers a distinct advantage over the 

linear, elastic model in that the stress-dependent behavior of elastic modulus is modeled.  Thus, unlike 

the linear, elastic model that yielded a range of modulus values, a single set of hyperbolic model 

parameters (K, n, Rf) for the hyperbolic model was able to be determined.  The values of K, n and Rf 

that provided the best match to the field data are shown in Figures 28 and 29; these hyperbolic model 

parameters were used for the performance comparisons of  Embankments 1 and 2.  Note that the upper 

TDA layer of Embankment 2 was modeled using the linear, elastic model and assigned an elastic 

modulus value of 4,250 psf.  Properties of TDA and other embankment materials are summarized in 

Table 7.   

TDA Compression 

A comparison of TDA compression data from the field and numerical models of Embankments 1 

and 2 are shown in Figures 31 through 33.  Figure 31 compares the data at the centerline and sides of 

Embankment 1, respectively.  Figure 32 compares TDA compression at the centerline and sides of the 

lower TDA layer of Embankment 2.  Figure 33 compares the field compression data of the upper TDA 

layer of Embankment 2 (for linear, elastic model only).  For both embankments, the back-analyzed 

properties for the linear, elastic and hyperbolic models provide a very reasonable match (within 2 to 

4%) to the field data.  Overall, the hyperbolic model provides a slightly better match to the field data 

(centerline and sides) than the linear, elastic model.   

Lateral Deformation 

A comparison of the lateral displacement from the field and numerical models of Embankments 1 

and 2 are shown in Figures 34 and 35.  The numerical model results shown in these figures are for the 

linear, elastic model only.  Overall the magnitude of lateral displacements predicted by the hyperbolic 

model was similar, as such for simplicity, only the linear, elastic model results are shown.  Due to 

irregular measurement intervals, the field inclinometer data closest to those dates corresponding to the 

significant events modeled with FLAC were compared.  

Overall, the numerical model predicted inward lateral deformations at the sides of both 

embankments for the “Initial” event (corresponding to the completion of TDA layer placement).  This  
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Table 6 – Final field calibrated constitutive model parameters for TDA 
 

Constitutive 
Model 

Parameters 

Embankment 1 Embankment 2 

Linear, elastic E = 4,500 - 7,000 psf 
ν = 0.26 

E = 3,000 - 7,000 psf (lower) 
E = 4,000 - 5,000 psf (upper) 
ν = 0.26 

Nonlinear, elastic, 
hyperbolic 

K = 7 
n = 0.1 
Rf = 0.2 
φ = 25o 
c = 0 psf 

K = 9 
n = 0.25 
Rf = 0.15 
φ = 25o 
c = 0 psf 

 
 
 
 
 
 
 

Table 7 – Material properties used in performance comparisons of Embankment 1 and 2  
 

Material Group Constitutive 
Model 

Parameters 

Embankment 1 Embankment 2 

TDA 

Linear, elastic E = 6,500 psf 
γ = 50 pcf 

 

ν = 0.26 E = 4,250 psf (upper) 
E = 6,250 psf (lower) 

 

ν = 0.26                 
γ = 50 pcf 

Nonlinear, elastic, 
hyperbolic 

K = 7 
n = 0.1 
Rf = 0.2 

 
 

φ = 25o 

c = 0 psf 
K = 9 (lower)   
n = 0.25 (lower)  
E = 4,250 psf (upper) a 

 
 

Rf = 0.15 (lower) 
φ = 25o 

c = 0 psf 

Soil Cover Mohr-Coulomb 
E = 576,000 
psf φ = 33o 
γ = 120 pcf 

 

ν = 0.30 
c = 0 psf 

E = 576,000 psf                  
φ = 33o 
γ = 120 pcf 

 

ν = 0.30 
c = 0 psf 

Working Pad Mohr-Coulomb 
E = 576,000 
psf φ = 35o 

γ = 125 pcf 

 

ν = 0.30 
c = 0 psf 

E = 576,000 psf                      
φ = 35o 

γ = 125 pcf 

 

ν = 0.30 
c = 0 psf 

Foundation 
Soils Linear, elastic Rigid Base 

 Note:  a The upper TDA layer of Embankment 2 was modeled using the linear, elastic constitutive model. 
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Figure 31 – Comparison of TDA compression data from the field and numerical model of 
Embankment 1 
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Figure 32 – Comparison of TDA compression data from the field and numerical model of 
Embankment 2 (lower TDA layer) 
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Figure 33 – Comparison of TDA compression data from the field and numerical model of 
Embankment 2 (upper TDA layer) 
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Figure 34 – Comparison of lateral displacement data from the field and numerical model of 
Embankment 1  

 
 



 

67 

 
 

Figure 35 – Comparison of lateral displacement data from the field and numerical model of 
Embankment 2 
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trend is reasonable considering the construction sequence and the geometry of the encased TDA layer.   

As the embankment is constructed incrementally, the TDA along the side slopes of the layer will be 

compressed vertically as well as horizontally as it is loaded by placement of the exterior layer of cover 

soil. For subsequent events (such as cover soil cap placement and surcharge layer placement) where 

the loading on the tire layer is dominantly vertical, the sides of the TDA layer respond by deflecting 

outward.  The numerical model predicts outward lateral deformation at the sides of the Embankment 1 

(for Event 3) on the order of 1 inch.  For Event 5 of Embankment 2, deformations of roughly 4 inches 

are predicted by the model.  Given the geometry and dimensions of these embankments, these lateral 

deformation values are reasonable. The numerical model predicts negligible lateral movement at the 

centerline for both embankments. 

Overall, based on these comparisons it is clear that the lateral displacements predicted by the 

numerical model are significantly higher than what was measured in the field.  However, it should be 

noted that the field inclinometer data was not processed by University of Maine researchers as it was 

deemed to be unreliable due to issues of poor quality control during installation, erroneous readings, 

and irregular and missing data.  Thus, the discrepancies between the comparisons shown in these 

figures are attributed primarily to these issues.  Also, due to these errors, the datum elevation used for 

the depth measurements is unknown; thus the locations of the different embankment materials within 

the field data profiles are also unknown.  Note the different ordinate scales used in Figures 34 and 35.     

DESIGN RECOMMENDATIONS 

This section formulates recommendations regarding the type and level(s) of analyses required to 

properly analyze and accurately predict the performance of TDA embankments used in road and 

highway construction.  These design recommendations were developed based on a synthesis of the 

results of this study, current PennDOT design practices, and possible future applications of TDA 

embankments.  Listed below are four criteria that should be addressed in the development of design 

procedures for TDA embankments: 

– TDA embankment stability 

– TDA embankment settlement 

– Immediate deformation of the TDA layer 

– Time-dependent deformation of the TDA layer 
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The following sections discuss each of these criteria and recommends methods that can be used to 

properly address these in TDA embankment design.  These recommendations are based on the 

presumption that future TDA embankment projects in Pennsylvania will be used in light weight 

applications similar to the Tarrtown embankments.   

TDA Embankment Stability 

In comparison to conventional soil embankments, the use of light weight TDA in embankment 

construction reduces the risk of global embankment instability induced by failure of soft, weak 

foundation soils underlying the structure.  For these subsurface conditions, designers are typically 

interested in evaluating several critical loading conditions (e.g. short-term undrained, long-term 

drained) that may govern the performance of these structures.  In the context of these stability 

conditions, not only is proper characterization of properties of the subsoils important, but designers 

must also be cognizant how the compressible nature of TDA relates to the proper selection of TDA 

strength parameters φ and c (Humphrey and Sandford 1993, Humphrey 2004).  The strength 

parameters of TDA must be appropriate to the stability condition being analyzed and selected with 

care.  The following sections discuss two methods recommended for evaluating the stability of TDA 

embankments. 

Limit-Equilibrium Methods 

For the Tarrtown embankments, stability was evaluated utilizing the PennDOT program PASTABL 

in conjunction with the STEDwin editor.  This is a 2-D limit-equilibrium slope stability program that 

determines the factor of safety of the slope and locates the critical failure surface.   

PASTABL is appropriate for evaluating the stability of TDA embankments.  However, stability is 

just one of several issues that designers should be concerned with and as such, the design and 

performance of TDA embankments should not be assessed solely on the results of slope stability 

analyses.  The results from these analyses need to be viewed in the context of other important design 

issues (especially deformation) in order to establish what criteria or conditions will ultimately govern 

the design of the embankment.  Although, TDA embankments will generally find uses at sites that 

have poor subsurface conditions, depending on the quality of these subsurface soils, embankment 

stability may or may not be the critical design issue.   
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Numerical Modeling 

FLAC and several other numerical modeling programs offer an alternative to traditional limit-

equilibrium programs to determine the factor of safety.  Limit equilibrium codes, such those used in 

PASTABL, use approximate procedures based on the method of slices.  Searching routines evaluate 

numerous trial surfaces; the one with the lowest factor of safety is selected as the most critical and 

represents the assumed failure mode.  In contrast to limit-equilibrium methods, FLAC offers a more 

robust solution based on coupled stress/displacement, equilibrium and constitutive model equations 

(Itasca 2005).  The solution scheme implemented in FLAC is called the “shear strength reduction” 

technique and involves performing a series of simulations that progressively reduce the shear strength 

of the material to bring the slope to a state of incipient failure.  Just as in PASTABL, the shear strength 

reduction technique also calculates the factor of safety and locates the critical failure surface.  Similar 

software programs such as Phase2 (by Rocscience) and Sigma/W (by Geo-Slope) offer similar solution 

schemes for determining the factor of safety and geometry and location of the critical failure surface.  

This technique provides several advantages over conventional limit-equilibrium solutions; these 

advantages include (Itasca 2005): 

– Failure modes develop naturally; this eliminates the need to specify a range of trial slip surfaces in 

advance.  Also, slip surfaces are not restricted to a presumed geometry (circular or non-circular). 

– Artificial parameters (such as, interslice forces and angles) necessary for various limit-equilibrium 

slice methods are not required for numerical simulations. 

– Multiple failure surfaces (or complex internal yielding) evolve naturally, if the conditions give rise 

to them. 

– Constitutive models, beyond conventional Mohr-Coulomb, can be used to model the behavior of 

materials. 

– Structural interaction (e.g. geosynthetics) is modeled realistically as fully coupled deforming 

elements, not simply as equivalent forces. 

The accuracy of the shear strength reduction technique has been validated by the work of Cala and 

Flisiak (2001); Dawson et al. (1999); and Dawson and Roth (1999) and has been used with success in 

the back-analysis of numerous case histories of slope failure. 

TDA Embankment Settlement 

The methods used to determine total embankment settlement will depend on the type of foundation 

soils at the site and thus will vary from project to project.  A variety of conventional geotechnical 
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methods to determine elastic, consolidation or secondary compression of the foundation soils are 

available to designers.  It should be noted that the computed values of foundation soil settlement 

should be added to settlements resulting from immediate and time-dependent compression of the TDA 

to obtain the total embankment settlement.   

Immediate Deformation of TDA 

Since immediate compression of TDA typically occurs during embankment construction, these 

deformations will not govern the overall performance and serviceability of these structures.  However, 

designers should be cognizant of important design details related to this type of compression, these 

details include:  (1) calculation of TDA layer overbuild and (2) estimation of in-place compressed unit 

weight of TDA.   

In the context of embankment construction, TDA compresses as the overlying soil cover is placed.  

As such it is necessary to overbuild the top of the TDA layer so that the final compressed elevation of 

the tires will be at the required value.  In addition, the unit weight of TDA increases as the thickness of 

the soil cover and the thickness of the TDA layer increase.  The compressed unit weight of TDA can 

be as much as 10% higher than laboratory-derived compacted values (Humphrey 2004).  As such, 

estimation of the compressed unit weight is important and should be accounted for when evaluating the 

stability of the embankment and computing the settlement of foundation soils underlying the 

embankment.  The following sections describe recommended procedures for addressing these 

important design details. 

Empirical Methods 

TDA Layer Overbuild 

Humphrey (2004) describes straight forward empirical procedure to estimate the amount of 

overbuild required for the TDA layer.  In this procedure, the amount TDA compression due to 

placement of the cover soil cap is estimated using laboratory-measured 1-D constrained 

compressibility data (e.g., Manion and Humphrey 1992; Humphrey and Manion 1992; Humphrey et al. 

1993; Humphrey and Sandford 1993; Nickels 1995; Natale 2005).  The first step involves calculating 

the vertical overburden stress (σv) at the center of the TDA layer due to self-weight and prior to the 

placement of the soil cap.  The laboratory-derived compressibility data (that relates vertical stress to 

vertical strain) is used to estimate the vertical strain for this initial stress state.  Next, the stress state at 

the center of the TDA layer under the weight of the cover soil cap is calculated and same process for 
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calculating the vertical strains is repeated.  Refer to Humphrey (2004) for detailed description of this 

method and examples. 

Compressed Unit Weight 

Field experience has shown that an in-place unit weight of 50 pcf can be assumed for the 

preliminary design of TDA structures with maximum particle sizes between 6 and 12 in. (ASTM 1998; 

Dickson et al. 2001; Humphrey 2004).  However, for project specific estimates of compressed unit 

weight, Humphrey (2004) describes an iterative procedure that accounts for the compressibility of 

TDA when estimating the in-place unit weight.  Similar to estimating overbuild, in this procedure, 

compressibility of a tire shred layer under its own self-weight and under the weight of overlying 

material is incorporated by utilizing laboratory-measured 1-D constrained compressibility data (e.g., 

Manion and Humphrey 1992; Humphrey and Manion 1992; Humphrey et al. 1993; Humphrey and 

Sandford 1993; Nickels 1995; Natale 2005).  Laboratory-derived, compacted unit weight values are 

updated using the 1-D compressibility data to obtain in-place compressed unit weights.  Strenk et al. 

(2007) found that laboratory-derived compacted unit weights for tire shreds ranged from 30 to 40 pcf 

with an average of 37 pcf.  Refer to Humphrey (2004) for detailed description of this method and 

examples. 

Time-Dependent Deformation of TDA 

It is recommended that practitioners consider time-dependent settlement when designing TDA 

structures and determine the acceptability of these deformations on a project-specific basis.  The 

following sections discuss two methods to address time-dependent compression in the TDA 

embankment design. 

Empirical Methods 

Humphrey (2004) recommends a time period between two (2) and eight (8) weeks be set side in the 

construction schedule to allow for time-dependent settlements to occur.  The start of this time period 

should coincide with the completion of the TDA layer and placement of the overlying soil cover.  This 

recommendation is based solely on past experience and proven results from other projects.  It is 

assumed that at the end of this time period the majority of time-dependent settlement has occurred; the 

amount of settlement that has occurred (or that remains) cannot be calculated. 
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Semi-Analytical Methods 

Analytical methods would allow designers to estimate the magnitude of time-dependent 

deformation of TDA at different times during the expected service life of the embankment.  Instead of 

using empirical methods, these estimates of deformation can be used to more accurately assess 

construction delay times needed to mitigate time-dependent compression.  Information required for 

direct computation of time-dependent settlement includes the TDA layer thickness, the time interval of 

interest and the modified secondary compression index, (Cαε) that relates time dependent compression 

(or strain) to time.  The modified secondary compression index is closely related to the secondary 

compression index (Cα), a parameter commonly used to quantify secondary compression in fine-

grained soil (Mesri 1973).  This parameter was adopted by Strenk et al. (2007) and Wartman et al. 

(2007) based on the accuracy with which it describes the experimental long-term 1-D compressibility 

data and because of its routine use in engineering practice.    

The modified secondary compression index can be calculated from either long-term 1-D 

constrained compressibility test data (vertical stress, σv vs. vertical strain, εv) or from field settlement 

plate data.  If this parameter is being estimated from laboratory tests, it is best to use project specific 

materials and specimen preparation techniques however, this may be cost prohibitive for routine 

projects due to the special laboratory equipment needed to accommodate the large tire particles.  Based 

on a literature review of long-term settlement data from 1-D compression tests, Strenk et al. (2007) 

found that the Cαε for tire shreds typically ranges from 0.004 to 0.013.  A value of 0.008 was 

recommended for design.  Experimental data from Wartman et al. (2007) showed that time-dependent 

compression of TDA is independent of applied stress and tire particle size.    

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

The following points are a summary of conclusions and recommendations based on the results of 

this research. 

– Using the linear, elastic model, back-analyzed elastic modulus (E) values for the TDA layer in 

Embankment 1 range between 4,500 and 7,000 psf.  A similar range of modulus values (3,000 to 

7,000 psf) was obtained for the lower TDA layer of Embankment 2.  In general, the lower value of 

these ranges provided a better match to the field compression data at the embankment sides 

whereas the higher values provide a better match to the centerline compression.  A reasonable 



 

74 

match to the field data was found for modulus values between 4,000 and 5,000 psf for the upper 

TDA layer of Embankment 2.   

– Calibration using a linear, elastic constitutive model showed that a range of elastic modulus values 

of TDA provide a reasonable match to the field TDA compression for both embankments.  

However, it should be noted that the process of model calibration is an approximate due to 

limitations of the linear, elastic model, namely the inability of the model to capture the stress-

dependent nature of elastic modulus.   

– The back-analyzed elastic modulus ranges from Embankments 1 and 2 compare favorably with the 

results of laboratory studies and are on the high end of the values reported by Strenk et al. (2007).  

From this, the numerical modeling results suggest that the field stiffness of TDA is slightly higher 

than laboratory-measured stiffness of TDA (a conservative trend).  Moreover, this suggests that 

representative elastic modulus values may be obtained from laboratory compressibility tests.  

However, this may be cost prohibitive for routine projects.  The values reported in Strenk et al. 

(2007) or back-analyzed from this study can be used as an alternative.   

– Based on the sensitivity analyses, the elastic parameters (E, ν) of the TDA and unit weight (γ) of 

the overlying cover soil are factors that TDA compression is most sensitive to with the most 

important parameter being elastic modulus.  Stiffness and strength properties of the cover soil were 

found to have a negligible effect on TDA compression and are therefore unimportant from the 

perspective of predicting TDA embankment deformation.  These conclusions are also applicable to 

the nonlinear, elastic, hyperbolic model. 

– Using the nonlinear, elastic, hyperbolic model, calibration of Embankment 1 showed that a 

reasonable match to the field data was found for hyperbolic parameters (K, n, Rf) of 7, 0.1 and 0.2.  

Model calibration of lower TDA layer of Embankment 2 showed a good match for hyperbolic 

parameters (K, n, Rf) of 9, 0.25 and 0.15.  These parameters were based on recommended strength 

parameters (φ, c) of 25o and 0 psf that are appropriate for design (Strenk et al. 2007).    

– Compared to the linear, elastic model, the hyperbolic model provides a slightly better match to the 

field compression data at the embankment sides and centerline.  Also, the elastic moduli of the 

TDA corresponding to the back-analyzed hyperbolic parameters are similar in magnitude to the 

ranges of E back-analyzed for the linear, elastic model, suggesting that these hyperbolic model 

parameters are representative of the field behavior of TDA.   
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– Overall, the field-calibrated hyperbolic model parameters are lower than those obtained by 

experimental means (Gharegrat 1993, Bernal et al. 1996 and Yang et al. 2002); the back-analyzed 

K and n values are roughly 30% lower than the lower bound value of these ranges.  This suggests 

that experimental derived hyperbolic parameters may be unconservative and over predict the 

stiffness of TDA if used in design.   

– TDA embankment design procedures should consider the four design criteria: (1) TDA 

embankment stability; (2) TDA embankment settlement (i.e. settlement of the foundation soil): (3) 

immediate deformation of the TDA layer; and (4) time-dependent deformation of the TDA layer.   

– PASTABL is appropriate for evaluating TDA embankment stability.  However, stability is one of 

four issues that designers should be concerned with, as such, the design and performance of TDA 

embankments should not be assessed solely on the results of slope stability analyses.  The results 

from these analyses need to be viewed in the context of the results of these other important design 

issues (especially deformation) to establish what criteria or conditions will ultimately govern the 

design of the embankment.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

76 

REFERENCES 

Ahmed, I. (1993).  “Laboratory study on properties of rubber soils.” Rep. No. FHWA/IN/JHRP-93/4, 
Dept. of Civ. Engrg., Purdue University, West Lafayette, Ind.  

 
ASTM. (1998). “Standard practice for use of scrap tires in civil engineering applications.” D 6270-98, 

West Conshohocken, Pa. 
 
Benda, C. C. (1995). “Engineering properties of scrap tires used in geotechnical applications.”  Rep. 

95-1, Mat. and Res. Div., Vermont Agency of Transp., Montpelier, Vt. 
 
Bernal, A., Lovell, C. W., Salgado, R. (1996). “Laboratory study on the use of tire shreds and rubber-

sand in backfills and reinforced soil applications.”  Rep. No. FHWA/IN/JHRP-96/12, Dept. of Civ. 
Engrg., Purdue University, West Lafayette, Ind.  

 
Bosscher, P.J., Edil, T.B., and Eldin, N. (1993).  “Construction and performance of shredded waste tire 

embankment.” Transp. Res. Rec. 1345, National Research Council, Transp. Res. Board, 
Washington, D.C., 44-52. 

 
Bosscher, P.J., Edil, T.B., and Kuraoka, S. (1997). “Design of highway embankments using tire chips.” 

J. Geotech. and Geoenvir. Engrg., ASCE, 123(4), 295-304. 
 
Cala, M., and Flisiak, J. (2001). “Slope stability analysis with FLAC and limit equilibrium methods.” 

Proceedings of the 2nd International FLAC Symposium on Numerical Modeling in Geomechanics, 
D. Billaux, X. Rachez, C. Detournay and R. Hart, eds., Ecully-Lyon, France, 113-114. 

 
Das, B. M. (2006).  Principles of geotechnical engineering.  6th ed., Thomson, Toronto, Ontario. 
 
Dawson, E. M., and Roth, W. H. (1999). “Slope stability analysis with FLAC.” Proceedings of the 

International FLAC Symposium on Numerical Modeling in Geomechanics, C. Detournay 
and R. Hart, eds., Minneapolis, Minnesota, 3-9. 

 
Dawson, E. M., Roth, W. H. and Drescher, A. (1999). “Slope stability analysis by strength reduction.” 

Géotechnique, 49(6), 835-840. 
 
Dickson, T. H., Dwyer, D. F., and Humphrey, D. N.  (2001).  “Prototype tire-shred embankment 

construction.”  Transp. Res. Rec. 1755, National Research Council, Transp. Res. Board, 
Washington, D.C., 160-167. 

 
Duncan, J. M., Byrne, P., Wong, K. S., and Mabry, P. (1980).  “Strength, stress-strain and bulk 

modulus parameters for finite element analyses of stresses and movements in soil masses.”  Rep. 
No. UCB/GT/80-01, Dept. of Civ. Engrg., University of California, Berkeley Ca.  

 
Duncan, J. M. and Chang, C. Y. (1970).  “Nonlinear analysis of stress and strain in soils.”                       

J. Soil Mech. and Fndn. Div., ASCE, 96(SM5), 1629-1653. 
 
Edil, T.B. (2002). “Mechanical properties and mass behavior of shredded tire-soil mixtures.” Proc. of 

the International Workshop on Light-weight Geo-Materials, Tokyo, Japan, 17-32. 
 



 

77 

Edil, T., and Bosscher, P.  (1992). “Development of engineering criteria for shredded waste tires in 
highway applications.” Res. Rep. GT-92-9, Wis. Dept. of Transp., Madison, Wis. 

 
Edil T.B, and Bosscher, P.J. (1994). “Engineering properties of tire chips and soil mixtures”.  Geotech. 

Testing J., 17(4), 453-464. 
 
Gharegrat, H. (1993). “Finite element analyses of pavements underlain by a tire chip layer and of 

retaining walls with tire chip backfill.” M.S.C.E thesis, University of Maine, Orono, Me.  
 
Hoppe, E.J. and Mullen, W.G. (2004).  “Field Study of a Shredded-Tire Embankment in Virginia, 

“Rep. No. VTRC 04-R20, Virginia Transp. Research Council, Charlottesville, Va. 
 
Humphrey, D.N. (2004).  “Civil engineering applications of tire shreds.” California Integrated Waste 

Management Board, California Environmental Protection Agency. 
 
Humphrey, D.N, and Manion, W.P. (1992). “Properties of tire chips for lightweight fill.”  Grouting, 

Soil Improvement, and Geosynthetics, Vol. 2, ASCE, New York, NY, 1344-1355. 
 
Humphrey, D., and Sandford, T. (1993). “Tire chips as lightweight subgrade fill and retaining wall 

backfill.” Proc. Symp. on Recovery and Effective Reuse of Discarded Materials and By-Products 
for Construction of Highway, Facilities, Federal Highway Administration, Denver. 

 
Humphrey, D.N., Sandford, T.C., Cribbs, M.M., Gharegrat, H.G., and Manion, W.P. (1992).  “Tire 

chips as light-weight backfill for retaining walls – Phase I.”  A Study for the New England 
Transportation Consortium, Dept. of Civ. Engrg., University of Maine, Orono, Me. 

 
Humphrey, D.N., Sandford, T.C., Cribbs, M.M., and Manion, W.P. (1993). “Shear strength and 

compressibility of tire chips for use as retaining wall backfill.”  Transp. Res. Rec. 1422, National 
Research Council, Transp. Res. Board, Washington, D.C., 29-35. 

 
Humphrey, D. N, Whetten, N., Weaver, J., Recker, K. (2000). “Tire shreds as lightweight fill for 

construction on weak marine clay.”  Proc. Int. Symp. on Coastal Geotechnical Engineering in 
Practice, Balkema, Rotterdam, 611-616. 

 
Itasca Consulting Group. (2005).  FLAC – Fast Lagrangian Analysis of Continua.  Version 5.0.  Itasca 

Consulting Group, Inc., Minneapolis, Minn. 
 
Lee, J.H, Salgado, R., Bernal, A., and Lovell, C. W. (1999). “Shredded tires and rubber-sand as 

lightweight backfill.” J. Geotech. Geoenviron. Eng., 125(2), 132-141. 
 
Manion, W. P., and Humphrey, D. N. (1992). “Use of tire chips as lightweight and conventional 

embankment fill, Phase I – Laboratory”.  Tech. Paper 91-1, Tech. Serv. Div., Maine Dept. of 
Transp., Augusta, Me. 

 
Masad, E., Taha, R., Ho, C., and Papagiannakis, T.  (1996). “Engineering properties of tire/soil 

mixtures as lightweight fill material.”  Geotech. Testing J., 19(3), 297-304. 
 
Mesri, G. (1973). “Coefficient of secondary compression.” J. Soil Mech. and Found., ASCE, 99(SM1), 

123-137. 



 

78 

 
Natale, M.F. (2005). “Compressibility characteristics of shredded tire-sand mixtures.” M.S.C.E thesis, 

Drexel University, Philadelphia, Pa.  
 
Nickels, W.F., Jr. (1995). “The effect of tire shreds as subgrade fill on paved roads.” M.S.C.E thesis, 

University of Maine, Orono, Me.  
 
Salgado, R., Yoon, S., and Siddiki, N.Z. (2003).  “Construction of tire shred test embankment.” Rep. 

No. FHWA/IN/JTRP-2002/35, Indiana Dept. of Transp., Indianapolis, Ind. 
 
Strenk, P.M., Wartman, J., Grubb, D.G., and Humphrey, D.N. (2004). “Variability and scale-

dependency of recycled rubber tire materials.” Recycled Materials in Geotechnics, Aydilek, A.H, 
and Wartman, J., eds., ASCE, Geotech. Special Publication No. 127, Baltimore, Md., 105-122.  

 
Strenk, P.M., Wartman, J., Grubb, D.G., Humphrey, D.N. and Natale, M. F. (2006).  “Variability and 

scale-dependency of tire derived aggregate.”  J. Mat. Civil Engrg., 19(3), 233-241. 
 
Wartman, J., Natale, M. F., and Strenk, P. M. (2007). “Immediate and time-dependent compression of 

tire derived aggregate.” J. Geotech. Geoenviron. Eng., 133(3), 245-256. 
 
Yang, S., Lohnes, R. A., and Kjartanson, B. H. (2002). “Mechanical properties of shredded tires.”  

Geotech. Testing J., 25(1), 44-52. 
 
Zornberg, J.G., Costa, Y.D., and Vollenweider, B. (2004). “Performance of prototype embankment 

built with tire shreds and nongranular soil.” Transp. Res. Rec. 1874, National Research Council, 
Transp. Res. Board, Washington, D.C., 70-77. 

 
 



 

APPENDIX H 

Project Photograph Log 

 

 

 



Project Phase Image # Date
MVC-132F.JPG 7-Apr-03
MVC-133F.JPG 7-Apr-03
MVC-134F.JPG 7-Apr-03
MVC-136F.JPG 7-Apr-03

Abutment Construction MVC-185F.JPG 8-May-03
MVC-186F.JPG 8-May-03
MVC-187F.JPG 8-May-03
MVC-188F.JPG 8-May-03
MVC-189F.JPG 23-May-03
MVC-190F.JPG 28-May-03
MVC-191F.JPG 28-May-03
MVC-193F.JPG 28-May-03
MVC-195F.JPG 29-May-03
MVC-196F.JPG 29-May-03
MVC-197F.JPG 29-May-03
MVC-203F.JPG 4-Jun-03
MVC-204F.JPG 4-Jun-03
MVC-205F.JPG 4-Jun-03
MVC-206F.JPG 4-Jun-03
MVC-245F.JPG 14-Jul-03
MVC-246F.JPG 14-Jul-03
MVC-247F.JPG 14-Jul-03
MVC-248F.JPG 14-Jul-03

Geotechnical Instrumentation MVC-224F.JPG 19-Jun-03
MVC-225F.JPG 19-Jun-03
MVC-226F.JPG 19-Jun-03
MVC-227F.JPG 19-Jun-03
MVC-228F.JPG 19-Jun-03
MVC-229F.JPG 19-Jun-03
MVC-230F.JPG 19-Jun-03
MVC-231F.JPG 19-Jun-03
MVC-232F.JPG 19-Jun-03
MVC-233F.JPG 19-Jun-03
MVC-237F.JPG 23-Jun-03
MVC-238F.JPG 23-Jun-03
MVC-239F.JPG 23-Jun-03
MVC-240F.JPG 23-Jun-03
MVC-241F.JPG 23-Jun-03
MVC-242F.JPG 23-Jun-03
MVC-254F.JPG 15-Jul-03
MVC-255F.JPG 15-Jul-03
MVC-260F.JPG 15-Jul-03

View of project site, looking northward.  
View of project site, looking west.  

View of spider magnet (SM). 

View of installed TPC (P07), looking at embankment side of Abutment 2.
View of installed TPC (P06), looking at embankment side of Abutment 2.
View of installed TPC (P05), looking at embankment side of Abutment 2.

View of datum magnet (DM).

PennDOT Tarrtown Bridge Project Photograph Log

Description

View of Abutment 2 concrete formwork, looking west.

View of Abutment 2 footing construction, looking west - advancing steel piles.

View of Abutment 1 footing construction, looking west.

View of Abutment 2 concrete formwork, looking north.

Clearing and Grubbing

View of bridge site, looking north towards Limestone Run.

View of project site, looking west towards Limestone Run.

View of installed TPC (P10), looking at embankment side of Abutment 2.

View of Abutment 1 footing constrction.

View of installed TPC (P08), looking at embankment side of Abutment 2.

View of 24" X 24" plate magnet (PM).

View of Abutment 1, showing concrete being poured.  

View of PVC conduit for routing Total Pressure Cell (TPC) cables to Automated Data 
Loggers (ADL) installed within Abutment 2 concrete formwork.

View of completed Abutment 2, looking westward.  

View of Abutment 2 footing construction, looking west - preparing concrete forms.

View of TPCs mounted to preformed concrete blocks.

View of TPCs mounted to Abutment 2 concrete formwork.  

View of installed TPC (P09), looking at embankment side of Abutment 2.

View of TPCs delivered to project site in shipping grate.

View of completed Abutment 1, looking westward.
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Project Phase Image # Date

PennDOT Tarrtown Bridge Project Photograph Log

Description
Geotechnical Instrumentation MVC-261F.JPG 15-Jul-03

MVC-262F.JPG 17-Jul-03
MVC-263F.JPG 17-Jul-03
MVC-264F.JPG 17-Jul-03
MVC-267F.JPG 21-Jul-03
MVC-268F.JPG 21-Jul-03
MVC-269F.JPG 21-Jul-03
MVC-277F.JPG 31-Jul-03
DSC00044.JPG 11-Sep-03

MVC-278F.JPG 31-Jul-03
MVC-279F.JPG 31-Jul-03
DSC00231.JPG 12-Nov-03
DSC00071.JPG 23-Sep-03
DSC00072.JPG 23-Sep-03
DSC00656.JPG 25-Mar-04
DSC00657.JPG 25-Mar-04
DSC00659.JPG 25-Mar-04
DSC00658.JPG 25-Mar-04
DSC00660.JPG 25-Mar-04
MVC-251F.JPG 15-Jul-03
MVC-252F.JPG 15-Jul-03
MVC-257F.JPG 15-Jul-03
MVC-258F.JPG 15-Jul-03
MVC-265F.JPG 15-Jul-03
MVC-266F.JPG 15-Jul-03
DSC00066.JPG 22-Sep-03
DSC00067.JPG 22-Sep-03
DSC00068.JPG 22-Sep-03
DSC00069.JPG 22-Sep-03
DSC00070.JPG 22-Sep-03
DSC00074.JPG 23-Sep-03
DSC00075.JPG 23-Sep-03
DSC00076.JPG 24-Sep-03
DSC00077.JPG 24-Sep-03
DSC00078.JPG 24-Sep-03
DSC00079.JPG 24-Sep-03
DSC00080.JPG 24-Sep-03
DSC00081.JPG 24-Sep-03
DSC00082.JPG 24-Sep-03
DSC00083.JPG 24-Sep-03
DSC00084.JPG 24-Sep-03 View of TDA placement (Embankment 1), looking eastward.  
DSC00085.JPG 24-Sep-03 View of TDA placement (Embankment 1), looking westward. 

View of TDA placement (Embankment 1), looking northward. 

View of TDA placement (Embankment 1), looking south.

View of TDA placement (Embankment 1), looking northward. 
View of TDA placement (Embankment 1), looking south
View of TDA placement (Embankment 1), looking southward.

View of expanded SM.

SM installation in TDA fill

View of TDA placement (Embankment 1), looking eastward.

View of TDA placement (Embankment 1), looking east. 

View of working mat construction (high-strength geotextile & fill placement), looking south.

View of installed SM in TDA fill.

View of TDA placement (Embankment 1), looking south.

View of Automated Data Logger installation (ADL), looking westward.

View of installed TPC (P03), looking at embankment side of abutment 1.
View of SM installed on ABS (inclinometer) casing.
View of DM-1 & DM-2 installed on ABS casings.
View of ABS casing connected with a collapsable coupler.  

View of collapsable ABS (inclinometer) casing coupler.
View of installed TPC (P01), looking at embankment side of abutment 1.
View of installed TPC (P02), looking at embankment side of abutment 1.

View of installed plate magnet beneath TDA layer and above high strength geotextile.

View of installed plate magnet (PM-1) beneath working mat. 

View of high strength geotextile, fill placement, and working mat construction, looking north.

Plate magnet installation in TDA fill

Embankment Construction / 
TDA Fill Placement
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DSC00086.JPG 24-Sep-03
DSC00087.JPG 24-Sep-03
DSC00088.JPG 24-Sep-03
DSC00089.JPG 24-Sep-03
DSC00090.JPG 24-Sep-03
DSC00091.JPG 24-Sep-03
DSC00092.JPG 24-Sep-03
DSC00093.JPG 24-Sep-03
DSC00094.JPG 24-Sep-03
DSC00095.JPG 24-Sep-03
DSC00096.JPG 24-Sep-03
DSC00097.JPG 24-Sep-03
DSC00098.JPG 24-Sep-03
DSC00099.JPG 24-Sep-03
DSC00100.JPG 24-Sep-03
DSC00101.JPG 24-Sep-03
DSC00151.JPG 24-Sep-03
DSC00152.JPG 24-Sep-03
DSC00153.JPG 24-Sep-03
DSC00154.JPG 24-Sep-03
DSC00155.JPG 24-Sep-03
DSC00156.JPG 24-Sep-03
DSC00157.JPG 24-Sep-03
DSC00103.JPG 30-Sep-03
DSC00104.JPG 30-Sep-03
DSC00105.JPG 30-Sep-03
DSC00106.JPG 30-Sep-03
DSC00110.JPG 2-Oct-03
DSC00111.JPG 2-Oct-03
DSC00112.JPG 2-Oct-03
DSC00113.JPG 2-Oct-03
DSC00114.JPG 2-Oct-03
DSC00115.JPG 2-Oct-03
DSC00119.JPG 2-Oct-03
DSC00176.JPG 29-Oct-03
DSC00116.JPG 2-Oct-03
DSC00165.JPG 28-Oct-03
DSC00166.JPG 28-Oct-03
DSC00172.JPG 29-Oct-03
DSC00179.JPG 29-Oct-03
DSC00180.JPG 30-Oct-03
DSC00181.JPG 30-Oct-03
DSC00182.JPG 30-Oct-03
DSC00208.JPG 6-Nov-03

View of Embankment 1, looking northward towards the abutment.

View of TDA material stained with hydraulic oil from excavator.  Material was removed from 
the embankment as required by Contract specifications.

View of TDA and fill material, looking westward.

View of TDA material, showing size of individual tire shreds.

View of Embankment 1, looking north.

View of TDA placement (Embankment 1), looking southward.

View of TDA placement (Embankment 1), looking north.

Overview of Embankment 1, looking westward.

Overview of Embankment 1, looking northward.

View of TDA placement (Embankment 1), looking westward.

View of TDA placement (Embankment 1), looking south.

View of Embankment 1, showing TDA and fill material placement, looking north.
View of Embankment 1, showing a comparison between compacted and non-compacted 

View of 12-ton roller used for compacting TDA material.
View of TPC partially covered with tire shreds.

View of TDA placement (Embankment 1), looking westward.

View of TDA placement (Embankment 1), looking eastward.

Overview of Embankment 1, looking southward.

Embankment Construction / 
TDA Fill Placement
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DSC00233.JPG 18-Nov-03
DSC00235.JPG 18-Nov-03
DSC00117.JPG 2-Oct-03
DSC00173.JPG 29-Oct-03
DSC00174.JPG 29-Oct-03
DSC00175.JPG 29-Oct-03
DSC00205.JPG 6-Nov-03
DSC00206.JPG 6-Nov-03
DSC00207.JPG 6-Nov-03
DSC00226.JPG 12-Nov-03
DSC00227.JPG 12-Nov-03
DSC00177.JPG 29-Oct-03
DSC00178.JPG 29-Oct-03

DSC00194.JPG 31-Oct-03
DSC00195.JPG 31-Oct-03
DSC00199.JPG 3-Nov-03
DSC00209.JPG 12-Nov-03
DSC00229.JPG 12-Nov-03
DSC00234.JPG 18-Nov-03
DSC00236.JPG 18-Nov-03
DSC00637.JPG 24-Mar-04
DSC00201.JPG 3-Nov-03
DSC00203.JPG 4-Nov-03
DSC00204.JPG 4-Nov-03
DSC00228.JPG 12-Nov-03
DSC00634.JPG 23-Mar-04
DSC00635.JPG 23-Mar-04
DSC00638.JPG 24-Mar-04
DSC00639.JPG 24-Mar-04
DSC00640.JPG 24-Mar-04
DSC00654.JPG 25-Mar-04
DSC00655.JPG 25-Mar-04
DSC00645.JPG 25-Mar-04
DSC00648.JPG 25-Mar-04
DSC00652.JPG 25-Mar-04
DSC00698.JPG 19-Apr-04
DSC00699.JPG 19-Apr-04
DSC00700.JPG 19-Apr-04
DSC00701.JPG 20-Apr-04
DSC00705.JPG 20-Apr-04
DSC00706.JPG 20-Apr-04

View of Embankment 1-TDA fill at Abutment, looking westward.

View of inclinometer casing, showing spider magnet & thermistor, looking south along 
centerline of Embankment 2.
View of inclinometer casings, looking east at Road Station 204+00.

View of Embankment 1-TDA fill, looking eastward.

View of TDA delivered to Embankment 1 for grading and placement, looking south.

View of thermistors installed within TDA layer.

View of Embankment 1-TDA material placed against Abutment 1 wingwall, looking west.

View of overburden and surcharge placement, looking south.

Overview of Embankment 1, looking west.
Overview of Embankment 1, looking northward.

Viewof TDA Placement on Embankment 1, looking southward.

View of seperation geotextile encasing Embankment 1-TDA fill, looking northward.
View of Embankment 1 fill placement, looking southward.

View of TDA material placement on Embankment 1. looking west.

View of TDA delivered to Embankment 1 for grading and placement, looking north.

Overview of Embankment 1, looking westward.
Overview of Embankment 1, looking northward.

Embankment Construction / 
TDA Fill Placement

View of grading and compaction of cover soil and surcharge material, looking southward.

Overview of Embankment 1, looking westward.

Overview of Embankment 1, looking westward.

Overview of Embankment 1, looking north.  

Overview of Embankment 1, looking north.

Overview of Embankment 1, looking northward.
Overview of Embankment 1, looking north.  

Overview of Embankment 1, looking westward.
Overview of Embankment 1, looking south.

View of TDA material placement on Embankment 1, looking north.

View of inclinometer casing and Automated Data Logger (ADL), looking westward.
View of overburden and surcharge placement, looking south.
View of seperation geotextile at Abutment 1, looking east.

View of overburden and surcharge placement, looking east.

Overview of Embankment 1, looking southward.

View of Abutment 2, looking westward.
View of Abutment 2, looking northward.
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DSC00708.JPG 20-Apr-04 View of grading and compaction of cover soil and surcharge material, looking southward.
DSC00709.JPG 20-Apr-04 View of grading and compaction of cover soil and surcharge material, looking westward.
DSC00710.JPG 20-Apr-04 View of grading and compaction of cover soil and surcharge material, looking southward.
DSC00713.JPG 20-Apr-04
DSC00714.JPG 20-Apr-04
DSC00715.JPG 20-Apr-04
DSC00716.JPG 20-Apr-04
DSC00717.JPG 20-Apr-04
Picture 028.jpg 11-Oct-04
Picture 029.jpg 11-Oct-04
Picture 030.jpg 11-Oct-04
Picture 031.jpg 11-Oct-04
Picture 032.jpg 11-Oct-04
Picture 033.jpg 11-Oct-04
Picture 036.jpg 11-Oct-04
Picture 037.jpg 11-Oct-04
Picture 038.jpg 11-Oct-04
Picture 040.jpg 11-Oct-04
Picture 039.jpg 11-Oct-04
Picture 046.jpg 11-Oct-04
Picture 047.jpg 11-Oct-04
Picture 048.jpg 11-Oct-04
Flood 9-18-04 20-Sep-04
Flood 9.18.04 photo 4 20-Sep-04
Flood 9.18.04 photo 2 20-Sep-04
F10 11-Oct-04
F11 11-Oct-04
F13 11-Oct-04
F14 11-Oct-04
F15 11-Oct-04
Tarrtown 028 16-May-05
Tarrtown 031 16-May-05
Tarrtown 032 16-May-05
Tarrtown 033 16-May-05
Tarrtown 034 16-May-05
Tarrtown 035 16-May-05
Tarrtown 036 16-May-05

Tarrtown 037 16-May-05
Tarrtown 038 16-May-05
Tarrtown 039 16-May-05
Tarrtown 040 16-May-05

Embankment Construction / 
TDA Fill Placement

View of Embankment 2, showing completed lower TDA layer, looking south.
View of Embankment 2, showing placement and grading of upper TDA layer, looking 
southward. 

View of Embankment 2, showing upper TDA layer encapsulation with separation geotextile, 
looking westward. 
View of south side of Embankment 2, showing grading side slope, looking southward.

View of Abutment 1, south wingwall, looking southward. 

View of project site during Hurrican Ivan, showing high water level, looking northward.

View of ADL on support, showing high water level, looking westward.

View of completed Embankment with surcharge placement, looking south.

View of project site during Hurrican Ivan, showing high water level, looking northward.

View of grading and compaction of cover soil and surcharge material, looking north.

View of completed lower TDA layer, looking westward.
View of completed lower TDA layer, looking southward.

View of lower TDA layer, looking northward.

View of completed lower TDA layer, looking west.

View of Embankment 2 during Hurrican Ivan, showing high water level, looking eastward.

View of completed lower TDA layer, looking west.

View of fill material placement along side slope of Embankmet 2, looking southward.

View of completed lower TDA layer, looking southward.

View of completed lower TDA layer, looking north from the bridge deck.

View of Embankment 2 during Hurrican Ivan, showing high water level, looking north.

View of completed Embankment 1 with surcharge placement, looking north.

View of Embankment 2, showing compaction of upper TDA layer, looking southward.

View of Embankment 2, showing placement and grading of upper TDA layer, looking north. 

View of PM-5 above separation geotextile on Embankment 2, looking northward.
View of cover soil placement on Embankment 2, looking southward. 

View of Embankment 2 during Hurrican Ivan, showing high water level, looking northward.
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Project Phase Image # Date

PennDOT Tarrtown Bridge Project Photograph Log

Description
DSC00003.JPG 25-Aug-03 View of tire shredding site, looking northward.
DSC00004.JPG 25-Aug-03
DSC00005.JPG 25-Aug-03
DSC00006.JPG 25-Aug-03
DSC00007.JPG 25-Aug-03
DSC00008.JPG 25-Aug-03
Picture 001.jpg 4-Sep-03
Picture 003.jpg 4-Sep-03
DSC00024.JPG 9-Sep-03
DSC00025.JPG 9-Sep-03
DSC00026.JPG 9-Sep-03
DSC00027.JPG 9-Sep-03
DSC00028.JPG 9-Sep-03
DSC00029.JPG 9-Sep-03
DSC00030.JPG 9-Sep-03
DSC00031.JPG 9-Sep-03
DSC00032.JPG 9-Sep-03
DSC00033.JPG 9-Sep-03
DSC00034.JPG 9-Sep-03
DSC00035.JPG 9-Sep-03
DSC00036.JPG 9-Sep-03

DSC00037.JPG 9-Sep-03

DSC00038.JPG 9-Sep-03
DSC00039.JPG 9-Sep-03
DSC00045.JPG 16-Sep-03
DSC00046.JPG 16-Sep-03
DSC00047.JPG 16-Sep-03
DSC00048.JPG 16-Sep-03
DSC00050.JPG 16-Sep-03
DSC00051.JPG 16-Sep-03
DSC00052.JPG 16-Sep-03
DSC00054.JPG 16-Sep-03
DSC00055.JPG 16-Sep-03
DSC00058.JPG 16-Sep-03
DSC00059.JPG 16-Sep-03
DSC00062.JPG 17-Sep-03
DSC00063.JPG 17-Sep-03

TDA Production             
(Shredding Equipment, 

QA/QC Testing)

View of rubber tire loader with grapple attachment.

View of rubber tire loader with grapple attachment.
View of rubber tire loader with grapple attachment restocking surge tire pile prior to shredding

View of secondary shredder (Tr-C).
View of product conveyor loading storage trailer.

View of size classifier and oversize recycle conveyor.
View of product conveyor suppling rotating trommel screen.

View of recycle conveyor.  
View of product conveyor discharging to size classifier.  
View of rubber tire loader with grapple attachment.  

View of QA testing equipment, Gilson shaker (Model TS-1).  
TDA material discharged into storage trailer.

View of excavator with grapple attachment loading tire on the primary shredder conveyor.

View of trommel screen and product conveyor.

View of primary conveyor feeding secondary shredder.  

QA tested TDA material, material retained on 3” screen (right), and material passing 3” 
screen (left). 
QA tested TDA material, material retained on; 3” screen (top), 1.5” screen (bottom left), and 
No. 4 sieve (bottom right).  
QA tested TDA material (material on pan).
View of feed conveyor to primary shredder (Barclay).
View of primary shredder (Barclay) showing cooling water system.

View of product conveyor and TDA material storage trailer.  

View of replacement cutting wheels and spacers for secondary (Eidel) shredder.  

View of Barclary primary shredder.

View of TDA material on classifier wheels (flower wheels).
View of size classifier and oversize recycle conveyor.

View of rotating cutting wheels on secondary (Eidel) shredder.

QA sample collection in 30-gallon utility container. 

View of tire shredding site, looking northeast.  
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Project Phase Image # Date

PennDOT Tarrtown Bridge Project Photograph Log

Description
TDA Production             
(Shredding Equipment, 
QA/QC Testing) DSC00250.JPG 20-Nov-03

DSC00251.JPG 20-Nov-03 Overview of tire shredding site, looking northeast.  
DSC00252.JPG 20-Nov-03
DSC00253.JPG 20-Nov-03
DSC00254.JPG 20-Nov-03
DSC00641.JPG 24-Mar-04
DSC00642.JPG 24-Mar-04
DSC00643.JPG 24-Mar-04
DSC00644.JPG 24-Mar-04

Project Completion IMG_0046 7-Jun-06
IMG_0047 7-Jun-06
IMG_0048 7-Jun-06
IMG_0049 7-Jun-06

View of open (reconfigured) S.R. 4023, looking north.

View of bailed tires stockpiled at shredding site.

Overview of tire shredding site, looking southward.  

Overview of tire shredding site, looking north.  

Overview of tire shredding site, looking eastward.  
Overview of tire shredding site, looking east.
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IMAGE # MVC-132F View of bridge site, looking north towards Limestone Run. 

 

 
 

IMAGE # MVC-133F View of project site, looking northward. 
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IMAGE # MVC-134F View of project site, looking west. 

 

 
 

IMAGE # MVC-136F View of project site, looking west towards Limestone Run. 
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IMAGE # MVC-185F View of Abutment 2 footing construction, looking west - advancing steel piles. 

 

 
 

IMAGE # MVC-186F View of Abutment 2 footing construction, looking west - preparing concrete forms. 
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IMAGE # MVC-187F View of Abutment 2 footing construction, looking west - preparing concrete forms. 

 

 
 

IMAGE # MVC-188F View of Abutment 1 footing construction, looking west. 
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IMAGE # MVC-189F View of Abutment 1 footing constrction. 

 

 
 

IMAGE # MVC-190F View of Abutment 1 footing construction. 
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IMAGE # MVC-191F View of Abutment 2 concrete formwork, looking north. 

 

 
 

IMAGE # MVC-193F View of Abutment 2 concrete formwork, looking west. 
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IMAGE # MVC-195F View of Abutment 1, showing concrete being poured. 

 

 
 

IMAGE # MVC-196F View of Abutment 1, showing concrete being poured. 

  
Tarrtown Bridge Project Photographs 

Abutment Construction 
 

Strategic Recycling Contract No. 353R06 
Apex Job No. 9112.003 



 

 
 

IMAGE # MVC-197F View of Abutment 1, showing concrete being poured. 

 

 
 

IMAGE # MVC-203F View of PVC conduit for routing Total Pressure Cell (TPC) cables to Automated Data Loggers 
(ADL) installed within Abutment 2 concrete formwork. 

  
Tarrtown Bridge Project Photographs 

Abutment Construction 
 

Strategic Recycling Contract No. 353R06 
Apex Job No. 9112.003 



 

 
 

IMAGE # MVC-204F View of PVC conduit for routing Total Pressure Cell (TPC) cables to Automated Data Loggers 
(ADL) installed within Abutment 2 concrete formwork. 

 

 
 

IMAGE # MVC-205F View of PVC conduit for routing Total Pressure Cell (TPC) cables to Automated Data Loggers 
(ADL) installed within Abutment 2 concrete formwork. 

  
Tarrtown Bridge Project Photographs 

Abutment Construction 
 

Strategic Recycling Contract No. 353R06 
Apex Job No. 9112.003 



 

 
 

IMAGE # MVC-206F View of PVC conduit for routing Total Pressure Cell (TPC) cables to Automated Data Loggers 
(ADL) installed within Abutment 2 concrete formwork. 

 

 
 

IMAGE # MVC-245F View of completed Abutment 1, looking westward. 
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IMAGE # MVC-246F View of completed Abutment 1, looking westward. 

 

 
 

IMAGE # MVC-247F View of completed Abutment 2, looking westward. 
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IMAGE # MVC-248F View of completed Abutment 2, looking westward.   
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View of completed Abutment 2, looking northward. View of completed Abutment 2, looking northward. 



 

 
 

IMAGE # MVC-224F View of TPCs delivered to project site in shipping grate. 

 

 
 

IMAGE # MVC-225F View of TPCs delivered to project site in shipping grate. 
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IMAGE # MVC-226F View of TPCs mounted to preformed concrete blocks. 

 

 
 

IMAGE # MVC-227F View of TPCs mounted to preformed concrete blocks. 
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IMAGE # MVC-228F View of TPCs mounted to Abutment 2 concrete formwork.   

 

 
 

IMAGE # MVC-229F View of TPCs mounted to Abutment 2 concrete formwork.   
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IMAGE # MVC-230F View of TPCs mounted to Abutment 2 concrete formwork.   

 

 
 

IMAGE # MVC-231F View of TPCs mounted to Abutment 2 concrete formwork.   
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IMAGE # MVC-232F View of TPCs mounted to Abutment 2 concrete formwork.   

 

 
 

IMAGE # MVC-233F View of TPCs mounted to Abutment 2 concrete formwork.   
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IMAGE # MVC-237F View of installed TPC (P10), looking at embankment side of Abutment 2. 

 

 
 

IMAGE # MVC-238F View of installed TPC (P09), looking at embankment side of Abutment 2. 
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IMAGE # MVC-239F View of installed TPC (P08), looking at embankment side of Abutment 2. 

 

 
 

IMAGE # MVC-240F View of installed TPC (P07), looking at embankment side of Abutment 2. 
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IMAGE # MVC-241F View of installed TPC (P06), looking at embankment side of Abutment 2. 

 

 
 

IMAGE # MVC-242F View of installed TPC (P05), looking at embankment side of Abutment 2. 
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IMAGE # MVC-254F View of 24" X 24" plate magnet (PM). 

 

 
 

IMAGE # MVC-255F View of datum magnet (DM). 

  
Tarrtown Bridge Project Photographs 

Geotechnical Instrumentation 
 

Strategic Recycling Contract No. 353R06 
Apex Job No. 9112.003 



 

 
 

IMAGE # MVC-260F View of spider magnet (SM). 

 

 
 

IMAGE # MVC-261F View of collapsible ABS (inclinometer) casing coupler. 
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IMAGE # MVC-262F View of installed TPC (P01), looking at embankment side of abutment 1. 

 

 
 

IMAGE # MVC-263F View of installed TPC (P02), looking at embankment side of abutment 1. 
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IMAGE # MVC-264F View of installed TPC (P03), looking at embankment side of abutment 1. 

 

 
 

IMAGE # MVC-267F View of SM installed on ABS (inclinometer) casing. 
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IMAGE # MVC-268F View of DM-1 & DM-2 installed on ABS casings. 

 

 

IMAGE # MVC-269F View of ABS casing connected with a collapsible coupler.   
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IMAGE # MVC-277F View of Automated Data Logger installation (ADL), looking westward. 

 

 
 

IMAGE # DSC00044 View of expanded spider magnet (SM). 
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IMAGE # MVC-278F View of installed plate magnet (PM-1) beneath working mat. 

 

 
 

IMAGE # MVC-279F View of installed plate magnet (PM-1) beneath working mat. 
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IMAGE # DSC00231 View of installed spider magnet in TDA fill.   

 

 
 

IMAGE # DSC00071 View of installed plate magnet beneath TDA layer and above high strength geotextile.   
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IMAGE # DSC00072 View of installed plate magnet beneath TDA layer and above high strength geotextile.   

 

 
 

IMAGE # DSC00656 Plate magnet installation in TDA fill.   
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IMAGE # DSC00657 Plate magnet installation in TDA fill. 

 

 
 

IMAGE # DSC00659 Plate magnet installation in TDA fill. 
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IMAGE # DSC00658 Spider magnet installation.   

 

 
 

IMAGE # DSC00660 Spider magnet installation. 
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IMAGE # MVC-251F View of working mat construction (high-strength geotextile & fill placement), looking north. 

 

 
 

IMAGE # MVC-252F View of working mat construction (high-strength geotextile & fill placement), looking north. 
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IMAGE # MVC-257F View of working mat construction (high-strength geotextile & fill placement), looking north. 

 

 
 

IMAGE # MVC-258F View of working mat construction (high-strength geotextile & fill placement), looking north. 
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IMAGE # MVC-265F View of working mat construction (high-strength geotextile & fill placement), looking south. 

 

 
 

IMAGE # MVC-266F View of working mat construction (high-strength geotextile & fill placement), looking south. 
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IMAGE # DSC00066 View of TDA placement (Embankment 1), looking northward.  

 

 
 

IMAGE # DSC00067 View of TDA placement (Embankment 1), looking northward. 
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IMAGE # DSC00068 View of TDA placement (Embankment 1), looking south. 

 

 
 

IMAGE # DSC00069 View of TDA placement (Embankment 1), looking south. 
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IMAGE # DSC00070 View of TDA placement (Embankment 1), looking north. 

 

 
 

IMAGE # DSC00074 View of TDA placement (Embankment 1), looking south. 
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IMAGE # DSC00075 View of TDA placement (Embankment 1), looking southward. 

 

 
 

IMAGE # DSC00076 View of TDA placement (Embankment 1), looking eastward. 
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IMAGE # DSC00077 View of TDA placement (Embankment 1), looking eastward. 

 

 
 

IMAGE # DSC00078 View of TDA placement (Embankment 1), looking east.  
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IMAGE # DSC00079 View of TDA placement (Embankment 1), looking east.  

 

 
 

IMAGE # DSC00080 View of TDA placement (Embankment 1), looking south.   
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IMAGE # DSC00081 View of TDA placement (Embankment 1), looking south. 

 

 
 

IMAGE # DSC00082 View of TDA placement (Embankment 1), looking south.   
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IMAGE # DSC00083 View of TDA placement (Embankment 1), looking south.   

 

 
 

IMAGE # DSC00084 View of TDA placement (Embankment 1), looking eastward.   
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IMAGE # DSC00085 View of TDA placement (Embankment 1), looking westward.   

 

 
 

IMAGE # DSC00086 View of TDA placement (Embankment 1), looking southward.  
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IMAGE # DSC00088 View of TDA placement (Embankment 1), looking southward. 

 

 
 

IMAGE # DSC00089 View of TDA placement (Embankment 1), looking southward.  
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IMAGE # DSC00090 View of TDA placement (Embankment 1), looking southward. 

 

 
 

IMAGE # DSC00091 View of TDA placement (Embankment 1), looking southward.  
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IMAGE # DSC00092 View of TDA placement (Embankment 1), looking westward. 

 

 
 

IMAGE # DSC00093 View of TDA placement (Embankment 1), looking westward. 
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IMAGE # DSC00094 View of TDA placement (Embankment 1), looking westward. 

 

 
 

IMAGE # DSC00095 View of TDA placement (Embankment 1), looking south. 

  
Tarrtown Bridge Project Photographs 

Embankment Construction / TDA Fill Placement 
 

Strategic Recycling Contract No. 353R06 
Apex Job No. 9112.003 



 

 
 

IMAGE # DSC00096 View of TDA placement (Embankment 1), looking south. 

 

 
 

IMAGE # DSC00097 View of TDA placement (Embankment 1), looking south. 
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IMAGE # DSC00098 View of TDA placement (Embankment 1, looking westward. 

 

 
 

IMAGE # DSC00099 View of TDA placement (Embankment 1), looking westward. 
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IMAGE # DSC00100 View of TDA placement (Embankment 1), looking westward. 

 

 
 

IMAGE # DSC00101 View of TDA placement (Embankment 1), looking westward. 
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IMAGE # DSC00151 View of TDA placement (Embankment 1), looking north.   

 

 
 

IMAGE # DSC00154 View of TDA material, showing size of individual tire shreds.   
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IMAGE # DSC00155 View of TDA material, showing size of individual tire shreds. 

 

 
 

IMAGE # DSC00156 View of Embankment 1, looking north.   
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IMAGE # DSC00157 View of Embankment 1, looking north.     

 

 
 

IMAGE # DSC00103 View of Embankment 1, showing TDA and fill material placement, looking north.   
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IMAGE # DSC00104 View of Embankment 1, showing a comparison between compacted and non-compacted TDA.   

 

 
 

IMAGE # DSC00105 View of TDA placement (Embankment 1), looking eastward.  
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IMAGE # DSC00106 View of TDA placement (Embankment 1), looking eastward.   

 

 
 

IMAGE # DSC00110 View of Embankment 1, looking northward towards the abutment.   
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IMAGE # DSC00111 View of Embankment 1, looking northward towards the abutment. 

 

 
 

IMAGE # DSC00112 View of 12-ton roller used for compacting TDA material.   
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IMAGE # DSC00113 View of TPC partially covered with tire shreds.   

 

 
 

IMAGE # DSC00114 View of TDA and fill material, looking westward.   
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IMAGE # DSC00115 Overview of Embankment 1, looking southward.   

 

 
 

IMAGE # DSC00119 Overview of Embankment 1, looking southward.   
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IMAGE # DSC00176 Overview of Embankment 1, looking southward.   

 

 
 

IMAGE # DSC00116 Overview of Embankment 1, looking west.   
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IMAGE # DSC00165 Overview of Embankment 1, looking northward.   

 

 
 

IMAGE # DSC00166 Overview of Embankment 1, looking northward.   
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IMAGE # DSC00172 Overview of Embankment 1, looking northward.   

 

 

IMAGE # DSC00179 Overview of Embankment 1, looking northward.   
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IMAGE # DSC00180 Overview of Embankment 1, looking northward.   

 

 
 

IMAGE # DSC00181 Overview of Embankment 1, looking northward.   
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IMAGE # DSC00182 Overview of Embankment 1, looking northward.   

 

 
 

IMAGE # DSC00208 Overview of Embankment 1, looking northward.   
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IMAGE # DSC00233 Overview of Embankment 1, looking northward.   

 

 
 

IMAGE # DSC00235 Overview of Embankment 1, looking west.   
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IMAGE # DSC00117 Overview of Embankment 1, looking westward.   

 

 
 

IMAGE # DSC00173 Overview of Embankment 1, looking northward.   
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IMAGE # DSC00174 Overview of Embankment 1, looking westward.   

 

 
 

IMAGE # DSC00175 Overview of Embankment 1, looking westward.   
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IMAGE # DSC00205 Overview of Embankment 1, looking north.   

 

 
 

IMAGE # DSC00206 Overview of Embankment 1, looking north.   
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IMAGE # DSC00207 Overview of Embankment 1, looking northward.   

 

 
 

IMAGE # DSC00226 Overview of Embankment 1, looking north.   
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IMAGE # DSC00227 Overview of Embankment 1, looking westward.   

 

 
 

IMAGE # DSC00177 View of thermistors installed within TDA layer.   
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IMAGE # DSC00178 View of thermistors installed within TDA layer.   

 

 
 

IMAGE # DSC00194 View of inclinometer casing, showing spider magnet & thermistor, looking south along centerline of 
Embankment 2.   
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IMAGE # DSC00195 View of inclinometer casing, looking east at Road Station 204+00. 

 

 
 

IMAGE # DSC00199 Overview of Embankment 1, looking north.   
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IMAGE # DSC00209 Overview of Embankment 1, looking westward. 

 

 
 

IMAGE # DSC00229 Overview of Embankment 1, looking south. 
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IMAGE # DSC00234 Overview of Embankment 1, looking southward. 

 

 
 

IMAGE # DSC00236 Overview of Embankment 1, looking southward. 
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IMAGE # DSC00637 Overview of Embankment 1, looking southward. 

 

 
 

IMAGE # DSC00201 View of separation geotextile encasing Embankment 1-TDA fill, looking northward.   
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IMAGE # DSC00203 View of Embankment 1 fill placement, looking southward.   

 

 
 

IMAGE # DSC00204 View of Embankment 1-TDA fill at Abutment, looking westward.   
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IMAGE # DSC00228 View of Embankment 1-TDA material placed against Abutment 1 wingwall, looking west.   

 

 
 

IMAGE # DSC00634 View of TDA delivered to Embankment 1 – for grading and placement, looking north.   
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IMAGE # DSC00635 View of TDA delivered to Embankment 1 – for grading and placement, looking south.   

 

 
 

IMAGE # DSC00638 View of Abutment 2, looking westward.   
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IMAGE # DSC00639 View of Abutment 2, looking northward.   

 

 
 

IMAGE # DSC00640 View of TDA material placement on Embankment 1, looking west.   
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IMAGE # DSC00654 View of TDA placement on Embankment 1, looking southward.   

 

 
 

IMAGE # DSC00655 View of TDA placement on Embankment 1, looking southward.   
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IMAGE # DSC00645 View of TDA material placement on Embankment 1, looking north.   

 

 
 

IMAGE # DSC00648 View of Embankment 1-TDA fill, looking south.   
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IMAGE # DSC00652 View of inclinometer casing and Automated Data Logger (ADL), looking westward.   

 

 
 

IMAGE # DSC00698 View of overburden and surcharge placement, looking south.   
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IMAGE # DSC00699 View of separation geotextile at Abutment 1, looking east.   

 

 
 

IMAGE # DSC00700 View of separation geotextile at Abutment 1, looking south.   
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IMAGE # DSC00701 View of separation geotextile at Abutment 1, looking east.   

 

 
 

IMAGE # DSC00705 View of grading and compaction to cover soil and surcharge material, looking southward.   
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IMAGE # DSC00706 View of grading and compaction to cover soil and surcharge material, looking southward.   

 

 
 

IMAGE # DSC00708 View of grading and compaction to cover soil and surcharge material, looking southward.   
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IMAGE # DSC00709 View of grading and compaction to cover soil and surcharge material, looking westward.   

 

 
 

IMAGE # DSC00710 View of grading and compaction to cover soil and surcharge material, looking southward.   
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IMAGE # DSC00713 View of grading and compaction to cover soil and surcharge material, looking north.   

 

 
 

IMAGE # DSC00714 View of grading and compaction to cover soil and surcharge material, looking north.   
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IMAGE # DSC00715 View of completed Embankment 1 with surcharge placement, looking north.   

 

 
 

IMAGE # DSC00716 View of completed Embankment with surcharge placement, looking south.   
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IMAGE # DSC00717 View of completed Embankment with surcharge placement, looking south.   

 

 
 

IMAGE # Picture 
028 View of lower TDA layer, looking northward.   
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IMAGE # Picture 
029 View of lower TDA layer, looking northward.   

 

 
 

IMAGE # Picture 
030 View of completed lower TDA layer, looking westward.   
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IMAGE # Picture 
031 View of completed lower TDA layer, looking westward.   

 

 

IMAGE # Picture 
032 View of completed lower TDA layer, looking west.   

 
Tarrtown Bridge Project Photographs 
Embankment Construction / TDA Fill Placement  

 
Strategic Recycling Contract No. 353R06 

Apex Job No. 9112.003 



 

 
 
IMAGE # Picture 
033 View of completed lower TDA layer, looking west.   

 

 

IMAGE # Picture 
036 View of fill material placement along side-slope of Embankment 2, looking southward.   

 
Tarrtown Bridge Project Photographs 
Embankment Construction / TDA Fill Placement  

 
Strategic Recycling Contract No. 353R06 

Apex Job No. 9112.003 



 

 
 
IMAGE # Picture 
037 View of fill material placement along side slope of Embankment, looking southward.   

 

 

IMAGE # Picture 
038 View of completed lower TDA layer, looking south.   
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IMAGE # Picture 
039 View of completed lower TDA layer and ADL, looking west.   

 

 

IMAGE # Picture 
040 View of completed lower TDA layer, looking southward.   
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IMAGE # Picture 
046 View of completed lower TDA layer, looking north from bridge deck.   

 

 

IMAGE # Picture 
047 View of completed lower TDA layer, looking north from bridge deck.   
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IMAGE # Picture 
048 View of completed lower TDA layer, looking north from bridge deck.   

 

 

IMAGE # Flood 
9.18.04  View of project site during Hurricane Ivan, showing high water level, looking northward.    
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IMAGE # Flood 
9.18.04 photo 4  View of completed lower TDA layer, looking north from bridge deck.   

 

 

IMAGE # Flood 
9.18.04 photo 2 View of project site during Hurricane Ivan, showing high water level, looking northward.    
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IMAGE # F10 View of completed lower TDA layer, looking north from bridge deck.   

 

 

IMAGE # F11 View of project site during Hurricane Ivan, showing high water level, looking northward.    
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IMAGE # F13 View of completed lower TDA layer, looking eastward from bridge deck.   

 

 

IMAGE # F14 View of project site during Hurricane Ivan, showing high water level, looking northward.    
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IMAGE # F15  View of the south wingwall of abutment 1, looking south.    

 

 

IMAGE # Tarrtown 
028 View of Embankment 2, showing completed lower TDA layer, looking south.   
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IMAGE # Tarrtown 
031 View of Embankment 2, showing placement and grading of upper TDA layer, looking southward.   

 

 

IMAGE # Tarrtown 
032 View of Embankment 2, showing placement and grading of upper TDA layer, looking southward.    
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IMAGE # Tarrtown 
033 View of Embankment 2, showing placement and grading of upper TDA layer, looking north.    

 

 

IMAGE # Tarrtown 
034 

View of Embankment 2, showing placement and grading of upper TDA layer, looking north (from 
Bridge Deck).    
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IMAGE # Tarrtown 
035 View of Embankment 2, showing compaction of upper TDA layer, looking southward.   

 

 

IMAGE # Tarrtown 
036 View of Embankment 2, showing compaction of upper TDA layer, looking southward.   
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IMAGE # Tarrtown 
037  

View of Embankment 2, showing upper TDA layer encapsulation with separation geotextile, looking 
south.      

 

 

IMAGE # Tarrtown 
038 View of east side of Embankment 2, showing graded side slope, looking southward. 
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IMAGE # Tarrtown 
039 View of PM-5 above separation geotextile on Embankment 2, looking northward.   

 

 

IMAGE # Tarrtown 
040 View of cover soil placement on Embankment 2, looking southward.   
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IMAGE # DSC00003 View of shredding site (eastern half), looking northward.   

 

 
 

IMAGE # DSC00004 View of shredding site (western half), looking northeast.   
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IMAGE # DSC00005 View of Barclay primary shredder.  

 

 
 

IMAGE # DSC00006 View of size classifier and oversize recycle conveyor.   
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IMAGE # DSC00007 View of TDA material on size classifier (flower wheels).  

 

 
 

IMAGE # DSC00008 View of replacement cutting wheels and spacers for secondary (Eidel) shredder.   
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IMAGE # Picture 1 View of rotating cutting wheels on secondary (Eidel) shredder.   

 

 
 

IMAGE # Picture 3  View of rotating cutting wheels on secondary (Eidel) shredder.   
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IMAGE # DSC00024 View of product conveyor and TDA material storage trailer.   

 

 
 

IMAGE # DSC00025 View of trommel screen and product conveyor.   
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IMAGE # DSC00026 View of excavator with grapple attachment loading scrap tires on the feed conveyor.   

 

 
 

IMAGE # DSC00027 View of excavator with grapple attachment loading scrap tires on the feed conveyor.   
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IMAGE # DSC00028 View of excavator with grapple attachment loading scrap tires on the feed conveyor.   

 

 
 

IMAGE # DSC00029 View of excavator with grapple attachment loading scrap tires on the feed conveyor.   
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IMAGE # DSC00030 View of excavator with grapple attachment loading scrap tires on the feed conveyor.   

 

 
 

IMAGE # DSC00031 View of QA testing equipment, Gilson shaker (Model TS-1).   
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IMAGE # DSC00032 View of TDA material discharged into a storage trailer.   

 

 
 

IMAGE # DSC00033  QA sample collection in 30-gallon utility container.   
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IMAGE # DSC00034 QA sample collection in 30-gallon utility container.   

 

 
 

IMAGE # DSC00035  QA sample collection in 30-gallon utility container.   
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IMAGE # DSC00036 QA sample collection in 30-gallon utility container.   

 

 
 

IMAGE # DSC00037  QA tested TDA material, material retained on 3” screen (right), and material passing 3” screen (left).   
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IMAGE # DSC00038 QA tested TDA material, material retained on; 3” screen (top), 1.5” screen (bottom left), and No. 4 

sieve (bottom right).   
 

 
 

IMAGE # DSC00039  QA tested TDA material (material on pan). 
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IMAGE # DSC00045 View of feed conveyor to primary shredder (Barclay). 

 

 
 

IMAGE # DSC00046  View of primary shredder (Barclay) showing cooling water system.   
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IMAGE # DSC00047 View of primary conveyor feeding secondary shredder.   

 

 
 

IMAGE # DSC00048  View of recycle conveyor.   
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IMAGE # DSC00050 View of product conveyor discharging to size classifier.   

 

 
 

IMAGE # DSC00051  View of product conveyor discharging to a rotating trommel screem.   
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IMAGE # DSC00054 View of size classifier and oversize recycle conveyor. 

 

 
 

IMAGE # DSC00055  View of product conveyor suppling rotating trommel screen.  
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IMAGE # DSC00058 View of product conveyor loading storage trailer. 

 

 
 

IMAGE # DSC00059  View of secondary shredder (Tri-C).  
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IMAGE # DSC00062 View of rubber tire loader with grapple attachment.    

 

 
 

IMAGE # DSC00063  View of rubber tire loader with grapple attachment restocking surge tire pile prior to shredding.   
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IMAGE # DSC00250 Overview of tire shredding site, looking north.   

 

 
 

IMAGE # DSC00251  Overview of tire shredding site, looking northeast.   
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IMAGE # DSC00252 Overview of tire shredding site, looking east. 

 

 
 

IMAGE # DSC00253  Overview of tire shredding site, looking eastward.   
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IMAGE # DSC00254 Overview of tire shredding site, looking southward.   

 

 
 

IMAGE # DSC00641  View of bailed tires stockpiled at shredding site. 
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IMAGE # DSC00642 View of bailed tires stockpiled at shredding site. 

 

 
 

IMAGE # DSC00643  View of bailed tires stockpiled at shredding site. 
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IMAGE # DSC00644 View of bailed tires stockpiled at shredding site.  
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IMAGE # IMG_0046  View of open (reconfigured) S.R. 4023, looking north. 

 

 
 

IMAGE # IMG_0047 View of open (reconfigured) S.R. 4023, looking north. 
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IMAGE # IMG_0048  View of open (reconfigured) S.R. 4023, looking north. 

 

 
 

IMAGE # IMG_0049 View of open (reconfigured) S.R. 4023, looking north.   
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