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NETL AAD Document Control MS 921-143
National Energy Technology Laboratory
U.S. Department of Energy

PO Box 10940

Pittsburgh, PA 15236-0940

RE: Cooperative Agreement DE-FC26-98FT40028

To Whom it May Concern:

Enclosed please find 3 copies of the Quarterly Project Status Report for
January 2006 through March 2006. | hope this report meets with your
approval.

If you have any questions, please do not hesitate to contact me. | can be

reached at (304) 293-2867 x5448 or through email at
tamara.vandivort@mail.wvu.edu.

Sincerely,

Tamara Vandivort
Program Coordinator

Enclosures

Cc. Bill Aljoe, DOE-NETL Program Manager
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National Energy Technology Laboratory -
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CBRC National Center Quarterly Progress Report
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Consortium Manager, CBRC



CBRC National Center Report
for
January - March, 2006

Submitted by
Tamara Vandivort
CBRC Consortium Manager

Selection of Full Proposals

On February 2, 2006, the CBRC National Steering Committee (NSC) met in Austin,
Texas to discuss the proposals received in response to the invitation to submit full

proposals. The NSC recommended 10 projects be considered for funding by DOE-
NETL. (See Table 1.)

Budget Modification

A budget modification is currently being developed for submission to DOE-NETL for
funding consideration. This modification will include both administrative budgets for
national and regional centers and project awards. The work period covered by this
modification will be for September 1, 2005 through August 31, 2006. [t is anticipated

that the budget modification will be completed and submitted to DOE-NETL next
quarter.

Subcontract Initiation

The National Center has been working with the 10 new researchers to initiate
subcontracts for year 1 work. In some cases, statements of work have needed revised
slightly and original matching cost-share letters submitted. Subcontract amendments
for the regional centers are also being negotiated.

Outreach Activities

Low-Cost, Reliable Energy and Chemical Feedstocks for Energy-Intensive Industry

Clusters: Feasibility Study of a Coal-Fired Co-Generation Facility in Marshall County,
wv

A summary of this project is located in Appendix A of this report.

Web Site
The web site was updated on an on-going basis as new information, events, and final

1



reports were received.

Quarterly Newsletter, Ashlines

The Winter 2006 and Spring 2006 issues of Ashlines were completed. (See
Appendices B and C.)

Project Final Reports and Papers

A final report was received on the following project and can be found in Appendix D.

00-EC-MO7: Development of CCPs Based Transmission Poles; Y. P. Chugh, Southern
Hllinois University-Carbondale, Principal Investigator.

Preparation of Abstracts

2006 Pittsburgh Coal Conference

An abstract was prepared for the 2006 Pittsburgh Coal Conference. The abstract,
Environmental Concerns Related to the Use of CCBs in Mine Placement, addresses

specific results achieved as a result of research funded through the CBRC program.
(See Appendix E.) Acceptance is pending.

2007 Sustainable Construction Materials and Technologies

Two abstracts were prepared for the 2007 Sustainable Construction Materials and
Technologies Conference. The first, Potential Uses for CCBs for Sustainable
Construction Materials, and the second, Environmental Concerns and Public Perception
Related to the Use of CCBs for Sustainable Development address specific results and

findings from research funded through the CBRC program. (See Appendix F.)
Acceptance is pending.

Press Release

A press release was developed and submitted to WVU News Services for distribution.
(See Appendix G.) The following media responded:

. Channel 5 News
. WVU Newspaper, Daily Anthenaeum

Plans for Next Quarter

Budget Modification




A comprehensive budget modification package will be completed and submitted to
DOE-NETL for funding consideration.

Subcontract Initiation

All 13 subcontracts (10 new projects; 3 regional centers) will be amended/initiated for
year 1 work.

Active Project Completion

It is anticipated that most of the 6 remaining active projects will be completed next

quarter and all of these projects’ draft final reports will be submitted no later than
September, 2006.

Quarterly Newsletter, Ashlines

The Summer 2006 issue of Ashlines will be completed and placed on the web page
next quarter. E-mail notices will be sent to those on the CBRC Ashlines list serve.

Web Page

Modifications to the CBRC web page will be made to make it more consistent with the
DOE-NETL web site format.



Table 1. Selected Full Proposals

National Network of Research and

Demonstration Sites for Agricuitural

and Other Land Application Uses of Ohio State
05-CBRC-E08 |FGD Products Dick University

Field Testing of Arsenic and Mercury| Tennessee

Bioavailability Model from Land- Valley
05-CBRC-E18 |Applied CCBs Pier Authority

Community-based Social Marketing:

the tool to get target audiences to University of
05-CBRC-E19 juse CCBs Buggein Tennessee

Cold In-Place Recycling of Asphalt

Pavements Using Self-Cementing

Fly Ash: Analysis of Pavement University of
05-CBRC-M09 |Performance and Structure Number |Misra Missouri

University of

In Situ Stabilization of Gravel Roads Wisconsin-
05-CBRC-M16  |with CCPs Edil Madison

New Technology Based Approach to National

Advance Higher Volume Fly ash Ready Mixed

Concrete with Acceptable Concrete
05-CBRC-M20 |Performance Obla Association

Manufacturing building products with lllinois State

fly ash and advanced coal Geological
05-CBRC-M23 [combustion byproducts Chou Survey

CcC

Evaluation of CCBs for In Situ Environment
05-CBRC-W03 |Treatment of Acid Mine Drainage Canty al, LLC

Using Class C Fly Ash to Mitigate University of

ﬂOS-CBRC—W04 Alkali-Silica Reactions in Concrete  |Dockter North Dakota

Evaluation of the Durability and Montana

Commercial Potential of 100 State
05-CBRC-W08 |Percent Fly Ash Concrete Stephens University
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Director, CBRC Eastern Regional Center
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Tamara Vandivort - Re: CBRC Regional Reports and update on CBRC $

-

From: Jim Hower <hower@caer.uky.edu>

To: "Tamara Vandivort" <Tamara.Vandivort@mail.wvu.edu>
Date: 4/12/2006 2:44 PM

Subject: Re: CBRC Regional Reports and update on CBRC §

Quarterly:

Jim Hower participated in the proposal-selection meeting in Austin, Texas, on February 2nd. He continued to review

project reports. He also attended the American Coal Council's Mercury and Multi-pollutant Emissions Conference in
Columbus, Ohio, in March.

Do you have any idea when I might get re-paid for the Austin expenses? It has been 2 1/2 months.
Jim

At 12:06 PM 3/22/2006, you wrote:

Regional reports for CBRC activities are due April 15 for the period Jan. 1, 2006 thru March 31, 2006.

I've had several conversations with Bill Aljoe about DOE $ to fund the program. It appears we are "close"

~ to an agreement on year 1 of this round of projects. Since some of the monies to cover year 1 are from
reallocated § we have here at the national center in addition to the $725K DOE is releasing now, I have to
get ALL subcontract packets together with year 1 budget + planned years 2 and 3 budgets to DOE in one
bundle. Some of the researchers are straggling in with their revised statements of work and commitment
letters. I'll be in touch shortly about what your budgets should look like for year 1...

Tammy

Tamara Vandivort, Program Coordinator
West Virginia Water Research Institute
West Virginia University

PO Box 6064

Morgantown, WV 26506-6064

(304) 293-2867 x 5448

(304) 293-7822 Fax

tvandivo@wvu.edu

~.

file://C:\Documents and Settings\Tamara Vandivort\Local Settings\Temp\GW}00001.HTM 4/12/2006
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Combustion Byproducts Recycling Consortium (CBRC)
Midwestern Regional Center

Quarterly Progress Report January 1, 2006 — March 30, 2006

Submitted by
Yoginder P. Chugh

CBRC Midwestern Regional Center
On 4/19/06

Task Description

The Midwestern Regional Center (MRC) will perform two primary tasks:

1.

Technical administration of CBRC projects in the Midwestern region,
including

e Participation in National CBRC steering meetings, conference calls, and
other communications.

e Facilitating communication within the region with the Regional Chair and
Review Committees.
Facilitating the proposal submittal and review process.

Facilitating project activities and reporting and coordinating with the
national CBRC office

Financial Administration of the research contracts awarded in the midwestern
region during the first round regional and national competitions.

Accomplishments for the Period

1.

(S84

Evaluated designated full proposals and attended meetings at Austin to select
projects to be funded.

Worked with the national center to finalize scope of work for different
projects to be funded from the Midwestern Region.

Continued to assist with utilization strategies for IGCC byproducts.
Characterize low permeability material for engineered caps and liners for
mine reclamation.

Continued to develop collaboration with landfill owners in Chicago to
demonstrate engineered soils for daily cover material.

Worked with Dr. Ziemkiewicz to develop strategies to enhance CBRC
programs.

I



Status of Ongoing Projects

e ECM-07 “Industry — Government — University Cooperative Research |
Program for Development of CCBs-Based Light Poles For Electric Utility
Industry,” (Y.P. Chugh, Southern Illinois University)

The final report for the project was completed and submitted around February 15,
2006. All deliverables have been submitted and the project has ended.

e CBRC M-9 “Environmental Performance Evaluation of Filling and Reclaiming

A Surface Coal Mine with Coal Combustion Byproducts,” (Ish Murarka, ISH,
Inc.)

No progress or draft final report has been received from the PI on this project.

e CBRC M-23 “Quantifying CCBs for Agricultural Land Application” (David
Hassett, University of North Dakota)

The project continues to make good progress. I received a note from the PI that
the final report on the project will be submitted soon.

e  CBRC M-21 “The Impact of Adsorption on the Mobility of Arsenic and
Selenium Leached from Coal Combustion Products” (Dr. Bradley Paul,
Southern Illinois University)

Dr. Paul’s quarterly report or final report has not been received to date. He
promised he will submit the final report at the end of October 2005 but he has not
fulfilled his contractual obligations. I have sent him an e-mail to determine when
he might submit his final report.

e 02-CBRC-M12, “Manufacturing Fired Bricks with Class F Fly Ash from
Illinois Basin coals”, ( Dr. Mei-In Melissa Chou, Illinois State geological
Survey)

Dr Chou continues to make good progress on the project. I talked to Mr. Mark
Bryant on the project. He indicated that negotiations are underway for
commercialization of this project.

Plans for the Next Quarter

e Continue to provide technical and coordination support to different projects within
the region.

e Continue to provide support to industrial groups in the region.



Western Center Quarterly Progress Report

Submitted by: Debra F. Pflughoeft-Hassett
Director, CBRC Western Region Center
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Combustion Byproducts Recycling Consortium (CBRC)
Western Regional Center
Quarterly Progress Report January 1 — March 31, 2006

Submitted by
Debra F. Pflughoeft-Hassett, Director
CBRC Western Regional Center

Task Description

The Energy & Environmental Research Center (EERC) will perform two primary tasks as the
CBRC Western Regional Center:
1. Technical administration of CBRC projects in the Western Region, including:
 Participating in national CBRC meetings, conference calls, and other
communications.
» Facilitating communication within the region with the Regional Chair and
Review Committees.
» Facilitating the proposal submittal and review process.
+ TFacilitating project activities and reporting and coordinating with the national
CBRC office.
2. Financial administration of the research contracts awarded in the Western Region
during the first-round regional and national competition and review.

Accomplishments for the Quarter
A brief summary of the status of Western Region CBRC projects follows.

ECWO0S “Promote Increased Use of Coal Combustion Products to State Regulators
and Government Agencies,” Ish, Inc.

During the past quarter, the draft final report was submitted to the Western Region Director.
Under the Western Region Director’s instructions, EERC document processing staff formatted
and completed the draft. The draft final was returned to the Principal Investigator (PI) for his
approval and submittal to the Western Region and National CBRC offices. That report has not
yet been received by the Western Region CBRC office.

02-CBRC-W9 “Power Plant Combustion Byproducts for Improved Crop

Productivity of Agricultural Soils,” Agricultural Science Center at Farmington, New
Mexico State University (NMSU)

Activities this quarter focused on completion of laboratory tasks and statistical analysis in
preparation for the final project report.



Western Region Directorate Administrative Activities

The Western Region Director completed reviews of proposals and submitted review comments.
She also attended the CBRC National Steering Committee meeting in January and provided
technical comments during discussion of proposals. After selection of the final proposals was
made, the Western Region Director worked with the National CBRC office in refining
statements of work for selected projects and worked with CBRC Western Region PI Ishwar
Murarka in finalizing a report from an early Western Region project.

Technical Progress

ECWO05 “Promote Increased Use of Coal Combustion Products to State Regulators
and Government Agencies,” Ish, Inc.

The draft final report continues to be in preparation. No quarterly is expected.

02-CBRC-W9 “Power Plant Combustion Byproducts for Improved Crop

Productivity of Agricultural Soils,” Agricultural Science Center at Farmington,
NMSU

Laboratory work completed during the quarter resulted in the development of moisture
release curves for soils treated with the various coal combustion by-products (CCBs) studied.
Air-filled porosity, effective porosity, and plant available water capacity were also
determined and saturated hydraulic conductivity was also determined. Analysis of soils from
greenhouse and leachate column studies for heavy metals was completed. Sodium adsorption
ratio (SAR) was initiated on soils from the greenhouse study, and data were compiled for
statistical analysis.

Plans for the Next Quarter

The Western Region Director will facilitate contracting activities for Western Region proposals
selected for award and participate in project kickoff telephone conferences. She will also review
past Western Region projects in an effort to solicit papers for an upcoming joint EERC-Western
Region Ash Group (WRAG) session at the Western Fuels Symposium in Denver, Colorado, in
October 2006. Additionally, the Western Region Director will continue to participate in
discussions and prepare appropriate documentation to describe the success of the CBRC
program, provide documentation on regional budgeting, and other activities to support activities
of the CBRC directorate. It is anticipated that the final report for Western Region Project
ECWO0S5 entitled “Promote Increased Use of Coal Combustion Products to State Regulators and
Government Agencies” will be completed and submitted during the next quarter.

Financial Information
A financial report is being submitted under separate cover.



Eastern Regional Projects
Active Projects:

01-CBRC-E10-Butalia
02-CBRC-E6-Herd




Full Scale Testing of Coal Combustion Product Pavement Sections
Subjected to Repeated Wheel Loads

01-CBRC-E10

Dr. Tarunjit S. Butalia



01-CBRC-E10 Quarterly Report

Project Title: Full-Scale Testing of Coal Combustion Product Pavement Sections
Subjected to Repeated Wheel Loads

Reporting Period: January 1, 2006 — March 31, 2006

Prepared by: Dr. Tarunjit S. Butalia (614-688-3408), The Ohio State University
Professor William E. Wolfe (614-292-0790), The Ohio State University

1. Introduction
The objective of this research project is to conduct accelerated load testing of full-scale
pavements constructed of coal combustion products (CCPs) and compare their
performance with sections constructed with conventional materials. As a part of the
overall project, an innovative mechanics based approach will be developed for designing
of pavements constructed of coal combustion products (CCPs). The pavement will be
modeled as an elastic (or visco-elastic) mutli-layered system placed on an elastic (or
visco-elastic) foundation. Resilient modulus testing will be carried out for cohesive and
non-cohesive CCPs and soils, and granular materials to be used in the pavement system.
The material property database information will be used as input to the finite element
mutli-layered models to predict the stress, strain, and displacements at various points
within or below the pavement structure. This will allow the research team to accurately
model the response of the pavement when subjected to loading. The stress, strain, and
displacement predictions from the mechanics model will be compared with the actual
measurements made from the pavement sections subjected to accelerated loading at the
OSU/OU Accelerated Pavement Load Facility in Lancaster, Ohio.

2. Task Description
Task 1: Develop innovative mechanics based approach
Task 2: Pavement modeling
Task 3: Resilient modulus laboratory testing
Task 4: Additional laboratory testing
Task 5: Develop material property database for CCP and natural materials
Task 6: Conduct existing empirical design
Task 7: Determine thickness of pavement layers and their constituents
Task 8: Comparison of mechanics based predictions with field observations

3. Summary of Period’s Accomplishments & Significant Events
Analysis of data collected during loading of concrete and asphalt sections up to more than
20 years of State Highway traffic was carried out. Pit excavation of the pavement
sections was done and samples were collected for laboratory testing.




4. To Date Accomplishment

Completed
. Task 1: Develop innovative mechanics based approach 75%
Task 2: Pavement modeling 80%
Task 3: Resilient modulus laboratory testing 90%
Task 4: Additional laboratory testing 80% b
Task 5: Develop material property database for CCP and natural materials 80%
Task 6: Conduct existing empirical design 100% ‘
Task 7: Determine thickness of pavement layers and their constituents 100%
Task 8: Comparison of mechanics based predictions with field observations 60%

5. Technical Progress
The technical data will be included in the final report

6. Plans for Next Quarter
The laboratory samples collected from the pit excavation analysis will be tested in the
laboratory. Analysis of data collected during full-scale accelerated loading will continue.
The development of the mechanics based theoretical model will be further refined with
the additional monitoring data already collected on the pavement with freeze-thaw
cycling and saturation of pavement layers.

7. Financial Report to date

Fund Source Project budget Expenditures to date Expenditures as % of budget
CBRC $70,000 $ 41,608 58.5%

OSuU $233,685 $ 557,881 239.0%

OCDO $230,258 $ 781,827 339.5%

Total $533,943 $1,381,316 259.1%
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Prediction of the Effects of Placing CCBs in Contact with Mine Spoil
CBRC Project 02-CBRC-E6

Combustion Byproducts Recycling Consortium
National Mine Reclamation Center
West Virginia University

Introduction

Uncertainty regarding the leachability and mobility of toxic ions from CCBs
1s the most significant deterrent to wide spread use of coal ash in large scale
mine reclamation and other beneficial use projects.

The objective of this project is to determine if the mine water leaching
procedure (MWLP) can predict the affect of mine spoil on toxic ion mobility
at proposed CCB mine beneficial use sites. The secondary objective is to
quantify the magnitude of the effect for various ions and to translate the
results into protective recommendations for field deployment.

Five different treatment ratios of both CCB (class F) and FBC ash and
neutral, non-pyritic mine spoil (sandstone and shale) were subjected to
MWLP in accordance with the protocol shown below and analyzed for trace

elements, pH, alkalinity and acidity to determine leachable element
adsorption to mine spoil.

Task Descriptions

Task 2. Conduct sequential leachings on CCB/spoil mixtures

The initial MWLP sequestial leachings of the fly ash/sandstone and fly
ash/shale spoil mixtures in the variable combination ratios contained in the
proposal were completed. Initial results were inconclusive therefore a new
experimental design was devised (see below). The MWLP sequential
leachings of the class F and FBC ash with both sandstone and shale at the
new experimental ratios have been completed.

Task 3. Leachate collection and analysis

All leachate samples have been analyzed for pH, alkalinity, acidity, Ca, Mg,
Fe, Al, Mn, Sb, As, B, Ba, Be, Cd, Cr, Pb, Hg, Se, Cu, Tl, Ag, N1, V, Mo,
and Zn.

Task 4. Data entry and analysis



All CCB/sandstone and CCB/shale spoil leachate results have been entered
into an Excel spreadsheet. Data analysis is underway.

Summary of Accomplishments and significant events
The initial MWLP treatments of both sandstone and shale/CCB mixtures

produced inconclusive results. The experimental design was modified in
accordance with the spoil and CCB treatment mixture combinations as

shown below:
MWLP .All data are in grams
Treatment
PCF/SS1 PCF/SS2 PCF/SS3 PCF/SS4 PCF/SS5
class F 100 100 100 100 0
sandstone 0 25 50 75 100
total solids 100 125 150 175 100
AMD T&T 1000 1250 1500 1750 1000
solid/liquid 10% 10% 10% 10% 10%
Treatment
PCF/SH1 PCF/SH2 PCF/SH3 PCF/SH4 PCF/SH5
class F 100 100 100 100 0
shale 0 25 50 75 100
total solids 100 125 150 175 100
AMD T&T 1000 1250 1500 1750 1000
solidlliquid 10% 10% 10% 10% 10%
Treatment
FBC/ISS1 FBC/SS2 FBC/SS3 FBC/SS4 FBC/SS5
FBC ash 100 100 100 100 0
sandstone 0 25 50 75 100
total solids 100 125 150 175 100
AMD T&T 1000 1250 1500 1750 1000
solid/liquid 10% 10% 10% 10% 10%
Treatment
FBC/SH1 FBC/SH2 FBC/SH3 FBC/SH4 FBC/SH5
FBC ash 100 100 100 100 0
shale 0 25 50 75 100
total solids 100 125 150 175 100
AMD T&T 1000 1250 1500 1750 1000
solidfliquid 10% 10% 10% 10% 10%

To-Date Accomplishments



o
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Based on the expanded experimental design, tasks 2, 3 and 4 are
approximately 85% complete.

Technical Progress

The results were initially tabulated in solution concentrations for the various
experiments. The data evaluation is underway. Some preliminary
observations can be made.

Table 1. Results for extraction of 100 grams of Class F ash with 1000 mL of T&T
mine water.

TNT
units Water Cycle 1 Cycle 2 Cycle 3
std

pH units 273 6.70 510 4.30
Mg mg/L 36.6 64.7 51.5 53.1
Ca mg/L 488 537.0 416.0 280.0
Fe mg/L 168.6 0.1 0.1 0.2
Al mg/L 39.0 0.1 2.2 34.9
Mn mg/L 1.95 0.74 2.94 2.29
S04 mg/L 1529 1620 1240 1070
Sb mg/L 0.048 0.014 <.005 <.005
As mg/L 0.025 0.011 0.003 0.002
B mg/L 0.247 3.900 1.300 0.520
Ba mg/L 0.010 <10 <10 <.10
Be mg/L 0.009 <.005 <,005 0.020
Cd mg/L 0.004 <.005 0.017 0.006
Cr mg/L 0.006 0.070 <.05 <.05
Pb mg/L 0.004 <.001 <.001 <.001
Hg mg/L 0.001 <.0002 <.0002 <.0002
Se mg/L 0.016 0.004 <.002 <.002
Ag mg/L 0.002 <.01 <.01 <.01
Cu mg/L 0.184 0.020 <.02 0.030
Ni mg/L 0.188 0.080 0.520 0.380

Table 1 shows the results for the three extractions of 100g of Class F ash.
Class F ash has limited alkalinity and it is relatively inaccessible. In the first
extraction, the pH is 6.7 (nearly neutral). Assuming that most of the
alkalinity is calcium based, the reaction of alkalinity with acid should be
eventually controlled by, most probably, the gypsum solubility. Calculation
of the gypsum activity product for the three extractions (Table 2) shows each
solution to be greatly oversaturated with respect to gypsum precipitation.




Table 2. Calculation of the activity product for the Class F extractions and
calculation of the degree of supersaturation (ratio).

S04
Run Ca (mg/L) (mg/L) Ca(M) S04 (M) Product Ratio
1 537.00 1620.00 0.013425 0.016875 0.0002265 9.06E+00
2 416.00 1240.00 0.0104 0.01291667 0.0001343 5.37E+00
3 280.00 1070.00 0.007 0.01114583 7.802E-05 3.12E+00

The degree of supersaturation decreases with each cycle. The calcium
concentration in the extraction water is higher than in the original drainage,
indicating a net movement of calcium from the ash to the water for all three
extractions. The sulfate concentration in the extraction water is roughly the
same as in the original mine drainage for the first extraction, but falls for the
second and third extractions, indicating gypsum precipitation.

Certain trace metals (such as copper and arsenic) are less highly
concentrated in the extract, indicating removal as, probably, hydroxides, and
certain elements are elevated in the extraction solutions, notably boron and
nickel. Most elements are present at levels lower than found in the original
extracting water, indicating a net removal. The two elements that are
elevated in the extracting water are boron and nickel, which are leached
from the ash. The boron concentration starts high, and then decreases in the
second and third extraction, indicating depletion. The nickel values are

rather consistently high, roughly increasing with decreasing pH, which is
more an indicator of solubility control.

The addition of sandstone to the ash using the new protocol (where the
ration of extraction volume to solid mass is constant) reveals the effect of the
sandstone on the concentration of elements (Table 3). The pH decreases
with increasing added sandstone, but the ionic concentrations generally
show little change. Calcium for example, fluctuates between 537 and 490
mg/L, which is essentially no real change in concentration. The calcium is
supplied by the ash or sandstone, the Ca™ concentration in the extracting
solution is low. More aluminum is found with 75g of added sandstone, but
that can be attributed to the lower pH, aluminum hydroxyl compounds are
more soluble at low pH. Aluminum, however, is present in all cases at levels
much lower than found in the extracting water. Manganese increases with
increasing sandstone addition, as do aluminum, nickel and zinc which are all
dependent on hydoxo compound solubilities and thus concentration



increases with decreasing pH. Boron maintains a fairly constant
concentration regardless of the amount of added sandstone. The boron

Table 3. Elemental concentrations and pH for extractions using acidic mine water of
Class F ash mixed with various amounts sandstone. Results of the first extraction

cycle. The column headings are grams of ash, grams of sandstone and volume of
extracting liquid.

100-0- 100-25- 100-50- 100-75- 0-100-
T&T 1000 1250 1500 1750 1000
Cycle 1 Cycle 1 Cycle 1 Cycle1 Cycle1
std

pH units 2.73 6.70 6.4 6.00 5.30 31
Mg mg/L 36.58 64.70 59.40 59.70 62.80 516
Ca mg/L 48.80 537.00 498.00 519.00 490.00 411
Fe mg/L 168.60 0.05 0.07 0.05 0.07 5.78
Al mg/L 39.00 0.06 0.09 0.05 1.18 36.5
Mn mg/L 1.95 0.74 1.30 1.77 2.13 2.22
S04 mglL  1529.00 1620.00 1640.00 1620.00 1440.00 1060
Sb mg/L 0.048 0.014 0.012 0.010 0.007 <.005
As mg/L 0.025 0.011 0.002 <.001 <.001 <.001
B mg/L 0.247 3.900 3.420 3.030 2.990 0.87
Ba mg/L 0.010 <10 <10 <10 <10 <10
Be mg/L 0.009 <.005 <.005 <.005 <.005 0.011
Cd mg/L 0.004 <.005 <.005 0.008 0.013 <.005
Cr mg/L 0.006 0.070 <.05 <.05 <.05 <.05
Pb mg/L 0.004 <.001 <.001 <.001 <.001 <.001
Hg mg/L 0.001 <.0002 <.0002 <.0002 <.002 <.0002
Se mg/L 0.016 0.004 <.002 <.002 <.002 <.002
Ag mg/L 0.002 <.01 <.01 <.10 <.01 <.01
Cu mg/L 0.184 0.020 0.020 <.02 <.02 0.1
Ni mg/L 0.188 0.080 0.140 0.270 0.360 0.36
Ti mg/L 0.021 <.001 0.003 0.004 0.004 <.001
Y mg/L 0.003 <10 <10 <10 <.10 <10
Zn mg/L 1.240 0.054 0.046 0.141 0.419 0.849

concentration in the sandstone is low; boron is contributed by the ash.

An entire area of evaluation converts the concentrations to masses to provide
evaluations of the total mass of an element removed. The mass is then
compared to the mass of material in the original ash. The values for boron
for pure Class F ash (Table 4) shows that the mass extracted decreases with

Table 4. Mass of boron and iron extracted from pure fly ash.

Water Cycle
mg/L 1 2 3 mg "-H20" PCF/100g
B | 0.247 455 125 050 6.29 5.17 144

Fe 168.60 0.05 0.05 0.18 0.28 -505.52 4603



cycle. The mg of boron is calculated for each cycle, and then summed. The
total amount of boron contributed by the water is subtracted, leaving the
total amount of boron extracted from the ash. The last value is the amount
of boron (in mg) found in the ash analysis. As this case shows, a little more
than one-third of the original boron is extracted in three cycles.

The iron values in Table 4 clearly reflect the removal of iron from the
extracting solution. A negative number in a mass table indicates net removal

from the extracting solution, a positive number indicates a net addition from
the ash.

Further analysis of the concentration and mass data are underway.
Additionally, a few new experiments will be conducted to fill in some of the
data gaps. As an example, each of the experiments used only three
extraction cycles. A few more exhaustive ones may be of interest to see if,
for example, the leach has some unleachable boron. A series of extractions
with different volumes will allow some specific mass-concentration
relationships to be developed.

Plans for Next Period
Data analysis will be completed and the final report compiled.

Financial Report
Expenditures = $ 56,204.30
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Environmental Performance Evaluation of Filling and Reclaiming a
Surface Coal Mine with Combustion Products

00-CBRC-M09

Ishwar P. Murarka



Draft final report in preparation. Expect draft report to be submitted
next quarter. Draft report will be reviewed by pertinent regional
directors and comments given back to researcher within 30 days of
receipt. Researcher will then have 30 days to make changes and
submit final report. Expect final report to be submitted to DOE
within the next two quarters.
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The Impact of Absorption on the Mobility of Arsenic and Selenium
Leached from Coal Combustion Products

01-CBRC-M21

Dr. B.C. Paul
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Draft final report in preparation. Expect draft report to be submitted
next quarter. Draft report will be reviewed by pertinent regional
directors and comments given back to researcher within 30 days of
receipt. Researcher will then have 30 days to make changes and
submit final report. Expect final report to be submitted to DOE
within the next two quarters.




The final report is in preparation.
Expected completion date: May 19, 2006

01-CBRC-M23

David J. Hassett



Draft final report in preparation. Expect draft report to be submitted
next quarter. Draft report will be reviewed by pertinent regional
directors and comments given back to researcher within 30 days of
receipt. Researcher will then have 30 days to make changes and
submit final report. Expect final report to be submitted to DOE
within the next two quarters.



Manufacturing Fired Bricks with Class F Fly Ash from Illinois Basin
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CBRC Technical Progress Report
(January 1, 2006 — March 31, 2006)

Project Title: Manufacturing Fired Bricks with Class F Fly Ash from lllinois Basin
Coals

Project Number: 02-CBRC-M12 (DOE SIUC 05-13)

Introduction

More than six million tons of Class F fly ash are generated from burning about
one hundred million tons of lllinois Basin coal each year. Most of this fly ash has
been ponded or landfilled, and is readily available for making fired brick testing.
Nevertheless, until the brick industry gains more confidence in using fly ash as a
raw material for their brick production, evaluation and testing will be needed on a
case-by-case basis. The purpose of this project is to determine if the Class F fly
ash produced by Cinergy PSI’'s Cayuga power generation station (CPSIC) is a
viable raw material for brick production at Colonial Brick Company (CBC), a brick
plant in Indiana near the lllinois border. CBC is located less than five miles from
CPSIC, which burns lllinois Basin coals from both Illinois and Indiana.

Task Description

This project has eight tasks.

Task 1: Sample acquisition.

Task 2: Characterization of raw materials, intermediates, and final products.

Task 3: Producing bench-scale commercial-size green bricks and conducting
preliminary in-plant firing evaluations.

Task 4: Commercial-scale production. Up to four commercial test runs will be
conducted for process optimization.

Task 5: Economic assessment. The critical economic factors in using fly ash as
a raw material for brick making will be evaluated.

Task 6: Environmental feasibility study.

Task 7: Public outreach.

Task 8: Quarterly and final reports.

Summary of this Quarter’'s Accomplishments and Significant Events

The engineering tests on samples from the building brick scale-up runs were
finalized. The finalized results confirmed previous laboratory test results that the
compressive strength of the fired bricks increases as the amount of fly ash input
increases. The environmental feasibility study for the final brick products was
undertaken to determine whether various metal ions leached under extreme acid-
rain conditions meet EPA guidelines for solid waste materials. The physical
properties of the raw materials were also analyzed using SEM and XRD. The
data helped provide structural and mineralogical information on the raw
materials. The brick market in the Midwest and nationwide was updated to
determine the current potential market for fly ash bricks. An exhibit and
demonstration on the advantages of using fly ash bricks were presented at the
Illinois State Geological Survey’s 2-day Open House as a part of the Survey’s



Centennial Celebration. The Pl was consulted by a company from North
Carolina who represents an international firm that is interested in building a brick
plant in the USA to produce fly ash bricks.

To-Date Accomplishments

The completion of each task in percentage is indicated as follows.

Task 1 - 100% Task 2 - 80% Task 3 -100 % Task 4 - 100%
Task 5-80 % Task 6 - 70% Task 7 - 100% Task 8 - 80%

Technical Progress

Engineering feasibility evaluation - In the last quarter, four 2000-building-brick
scale-up runs were completed at the CBC (Figure 1), and the engineering tests
were initiated on the final products in order to determine whether they met both
the brick plant’'s standards and the ASTM standard for the commercial market.
During this quarter, the compressive strength tests were performed on additional
brick samples from the scale-up runs with 30 and 40 vol% of fly ash.

s
N
N

ding bricks produced from scale-up production
test runs with fly ash inputs of 0, 20, 30, and 40 % by volume

The average values from these compressive strength measurements are shown
in Table 1. A trend indicated that the compressive strength of the fired bricks
increases as the amount of fly ash input increases. A similar, but more
proportional trend was observed from our previous laboratory study of bar-size
extruded test bricks. The bar-size bricks contained 0, 20, 30 40, 50, 60, and 70
wi% of fly ash and their compressive strength increased from 6610, 7160, 9210,
11,270, 11650, 11,430, to 11,720 psi respectively. Fly ash is a better filler
material because it has unique physical characteristics such as small, spherical
particles. The results suggest that fly ash particles were able to fill the gaps
between the shale particles and create a stronger, more densely packed brick.



Table 1. Engineering properties of extruded bricks from scale-up run at CBC

Brick composition, CiPFA O CiPFA 20 | CiPFA 30 { CiPFA 40
Vol% CBCS 85.71 CBCS 70 {CBCS 60 | CBCS 50

CBCC 14.29 CBCC 10 |CBCC 10 | CBCC 10
Fired compressive 16905 16410 16476 25290
strength, psi

CiPFA: Cinergy Ponded Fly Ash; CBCS: Colonial Brick Company Shale; CBCC:
Colonial Brick Company Clay; (ASTM severe weather grade > 3000 psi)

Physical Characterization — Figure 2 shows SEM images of the Cinergy fly ash
and Colonial shale samples. The image analysis indicated that the fly ash sample
consisted of a significant amount of spherical particles, whereas, the shale
consisted of flat stacked particles. The spherical particles make fly ash a good
filler material because they can fit into the gaps between particles of shale and
clay. Fly ash material can contribute to other unique characteristics for fired
bricks. For example, in a separate study, bricks made with greater amounts of fly
ash had a lower thermal conductivity, which is indicative of better heat insulation.
in this quarter, the fly ash, shale and clay samples were sent for X-ray diffraction
analysis to determine the mineralogical properties of the raw materials.

Preliminary analysis has begun to measure the amount of common minerals,
such as illite and mullite.

Figure 2: SEM images of CBC shale and CiPFA at 6000x

Current market for fired brick - According to the Brick Industry Association, the
number of bricks produced in the U.S., measured as standard brick equivalents
(SBE), has been steadily} increasing each year. In 2001, the nationwide




production was estimated at 8.3 billion SBE. By the year 2003, it had increased
fo 8.6 billion. In 2004, it reached 9.3 billion, which translates into 23.25 million
tons (a standard brick weighs about five pounds). The production in the East
North Central America region (lllinois, Indiana, Michigan, and Wisconsin) was
estimated at 290.6 million SBE in 2003, and reached 342.6 million SBE in 2004

(U.S. Census Bureau, Economic and Statistics Administration, U.S. Department
of Commerce).

The amount of ash that can be consumed at a specific brick plant will depend on
the plant’s brick production rate and the amount of ash that can be successfully
incorporated into the brick body. The current production rate at CBC is 16 million

bricks. If bricks with 40 wt% of fly were produced, about 16,000 tons of ash
would be consumed per year.

Plans for Next Period

Task 2 (analysis) will complete the analysis of the composition and concentration
of the leachates generated from simulated acid-rain extractions of the final
products and raw materials and the interpretation of the final SEM and X-ray
diffraction data. Task 6 (the environmental feasibility study) will examine and
evaluate the concentration of different metal ions that are leached out under
extreme acid-rain conditions. Task 5 (the economic feasibility evaluation) will be

finalized with the up-to-date quotes for shipping fly ash from the utility company
to the brick plant.
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TECHNICAL PROGRESS REPORT

Power Plant Combustion Byproducts for Improved Crop Productivity of Agricultural
Soils

New Mexico State University, Agricultural Science Center at Farmington
Mick O'Neill (PI)

Reporting period ending April 15, 2006

ACRONYM LIST

CCBs Coal Combustion Byproducts — specifically referring to fly ash,
bottom ash, and scrubber slurry obtained from Four Corners
Power Plant, Farmington, New Mexico.

NAPI Navajo Agricultural Products Industry

NMSU ASC New Mexico State University Agricultural Science Center at

Farmington
NMSU Agro/Hort New Mexico State University Department of Agronomy and
Horticulture, Las Cruces, New Mexico _

SAR Sodium Adsorption Ratio
SWAT Lab Soil, Water, and Air Testing Lab, NMSU, Las Cruces, NM
INTRODUCTION

Two coal combustion power plants in the Four Corners region consume
approximately 14.5 million metric tons of sub-bituminous coal on an annual basis for the
generation of electricity. In addition to electricity, these power plants also generate
substantial coal combustion byproducts (CCBs) in the form of 3.4 million metric tons of
ash and 0.39 million metric tons of flue gas desulfurization (FGD) materials.

Near the two power plants is the Navajo Agricultural Products Industry (NAPI), a
large commercial farm currently operating nearly 600 automatic center pivot irrigation
systems on 25,000 ha of farmland. Soil texture on the NAPI farm is generally sandy to
sandy loam with limited water-holding capacity, low inherent nutrient status, and
elevated pH. The addition of bottom ash, fly ash, and/or FGD materials to agricultural
soils may increase water-holding capacity and contribute to the soil pool of
micronutrients available for plant uptake.

Agricultural land application of CCBs is not a novel idea. Yet, reports of CCB
land application to agricultural soils are limited largely to humid climates with low pH
soils that do not reflect semi-arid, southwestern agroclimatic or edaphic conditions. This
project is designed to 1) identify potentially beneficial and harmful constituents of CCBs;
2) characterize the water-holding capacity of CCB-amended soils; and 3) to demonstrate




potential increased productivity of these soils with the addition of CCBs from local coal
combustion power plants. This study is a collaborative project with New Mexico State
University, the Navajo Agricultural Products Industry, and the Arizona Public Service
(APS) Four Comners Power Plant. The demonstration of environmentally sound
management strategies for applying CCBs to agricultural lands would address regional
and national priorities established by the U.S. Department of Energy National Energy

Technology Laboratory and the Combustion Byproducts Recycling Consortium for the
increased utilization of these products.

TASK DESCRIPTION JANUARY 15 - APRIL 14, 2006 REPORTING PERIOD *

The following is a list of tasks and accomplishments outlined below initiated or
completed during this reporting period.

1. Recruit a graduate student into the Completed NMSU Agro/Hort
NMSU Department of Agronomy
and Horticulture soil science
program '

2. Obtain start-up funds/lab inspection = Completed NMSU Agro/Hort
and quality assurance compliance

3. Characterize CCBs obtained from Completed NAPI Lab
Four Cormers Power plant,
Farmington for agriculturally
significant macro and micro-nutrient
content.

4. Establish Hybrid Poplar pilot Completed NMSU ASC
container of study utilizing CCBs as
soil amendment at application rates

of 10 and 20 tons/acre.

5. Establish Hybrid Poplar container Completed NMSU Agro/Hort
greenhouse trial utilizing CCBs as and NAPI Lab
soil amendment at application rates
of 10 and 20 tons/acre.

6. Establish second Hybrid Poplar Completed NMSU Agro/Hort
greenhouse trial utilizing fly ash. and NAPI Lab

8. Establish Column leachate study Completed NMSU Agro/Hort
utilizing CCBs. Methodology and SWAT Lab

established to simulate field
conditions at the NMSU ASC with
soil amended with CCBs at 10 and



20 ton/acre application rates.

9. Establish moisture release curves Completed NMSU Agro/Hort

with soil amended with CCBs at 10
and 20 ton/acre application rates.

SUMMARY OF THIS QUARTER’S ACCOMPLISHMENTS & SIGNIFICANT
EVENTS

Activities reported this quarter saw the completion of moisture release curves, lab
work on soil and tissue samples and statistical analysis. Stem material from two hybrid
poplar container studies were analyzed at both the SWAT lab in Las Cruces, and NAPI
lab in Farmington. Moisture release curves were completed in March in the Soil Physics

lab, Las Cruces. Concurrent to this has been the compilation and analysis of data from
the above studies.

TECHNICAL PROGRESS

Moisture release curves were completed. Sieved soil (2mm mesh) treated with
the various CCBs were packed into aluminum cylinders to a uniform bulk density. Soil
water characteristic curves were determined on packed columns for 3 kPa, and 6 kPa
suctions using the tension table (Leamer and Shaw, 1941), and for 30 kPa, 100 kPa, 350
kPa, and 500 kPa suctions using the pressure plate apparatus (Klute, 1986). Samples
were kept at 24 hours for each suction level. The soil water content at 1000 and 1500
kPa was determined using the pressure plate apparatus the following way: sieved soil
(2mm mesh) was weighed and loosely packed into plastic discs arranged on a pre-
moistened 15 bar plate (dimensions). Data was then used to determine air-filled porosity,
effective porosity, and plant available water capacity. The air entry value was
determined by inverse modeling technique (Genuchten, 1991). Saturated hydraulic
conductivity was also determined.

Other activities included the analysis of greenhouse and leachate column study
soil and plant material for heavy metal content (Cd, Cr, Pb, and Ba). Sodium adsorption

ratio was also undertaken on 2005 Greenhouse Study soil. Data is being compiled for
statistical analysis in SAS.

ADDITIONAL WORK PLANS FOR April 15-June 30, 2006 REPORTING
PERIOD

Statistical analysis is being conducted in SAS using Proc Mixed and GLM.
Results will be submitted at the end of the month as a first draft Final report. A brief
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description of the project will also be published in the Ash Lines publication. Finally,

upon assemblage of the report, the manuscript will be submitted for publication in a
scientific journal.
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Figure 1. Example moisture release curve for Fly Ash amended
Farmington soil.
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Marshall County Energy Project

1 Background

The purpose of this study is to assess the economic feasibility of constructing and
running an advanced combined cycle coal gasification power plant to provide power and
chemical feed stocks to a group of industries in the New Martinsville, WV area. The so called
“Energy Cluster” of industries consists of Ormet, Bayer, and PPG, all of which are significant
consumers of power, steam, and natural gas used as a chemical feedstock. In carrying out this
study, a number of power plant configurations have been considered that range from a
conventional sub-critical pulverized coal combustion unit to an advanced gasifier/combustion
hybrid. The analysis presented here considers the generation of electrical energy as the primary
purpose of the power plant. Steam requirements for the energy cluster industries are provided by
diverting steam streams from the power plant at appropriate pressure levels. When gasification
of the coal occurs, the potential for replacing natural gas by diverting a slip stream of the
synthesis gas from the gas turbines for use in the chemical process is also considered.

Preliminary economics for the different case studies are presented using available
information in the literature. The purpose of the economic evaluation is to compare the different
cases using a rational economic basis. Absolute values for the profitability of the different cases
are not expected to be very accurate but the relative ranking of the cases should be helpful in
determining the optimum design. Finally, the environmental impact of the different designs in

terms of their carbon generation and overall efficiencies is not considered.
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2 Introduction

A preliminary survey of the energy requirements for the different industries comprising the

Energy Cluster was made and the results are shown in Table 1.

Table 1: Total Power, Steam, and Natural Gas demands for the Energy Cluster

Utility Consumption/Generation Rate
Electricity 710 MW
Steam
900 psig 10,000 1b/h
650 psig 140,000 Ib/h
250 psig 40,000 Ib/h
175 psig 175,000 Ib/h
115 psig 13,000 1b/h
30 psig 500,000 1b/h
Total steam 878,000 Ib/h
Natural Gas
Process heating 12,440 Ib/h (279,000 scfh )
Chemical 2,160 Ib/h (52,000 scth )
feedstock
Steam Generation 8,530 1b/h (191,200 scth)
Coal 55.8 ton/h
Hydrogen* (1,080) 1b/h (458,200 scfth )

*generated from process
The figures shown above are used as the basis for all the case studies presented in this report.
Important information regarding these data and the assumptions used in interpreting the data are
given below.

o The energy cluster uses a significant arr;ount of natural gas (279,000 scth) for process
heating. This amount of energy will be provided by the combustion of hydrogen and/or
synthesis gas derived via the gasification of coal.

¢ 52,000 scth of natural gas is used as chemical feedstock to produce CO. For cases in

which an advanced coal gasification technology is used to generate a synthesis gas, a



slipstream of synthesis gas from the feed to the gas turbine will be diverted and used as a
source of carbon monoxide. In addition, natural gas is used as a chemical feedstock to
produce other compounds. However, this relatively small natural gas requirement has not
been considered in this analysis.

e The amount of natural gas required for steam generation shown in Table 1 will not be
required in the new cases because all the steam will be taken from the power plant. The
value of this natural gas will be taken as an avoided cost.

e The coal requirement shown in Table 1 will not be required in the new cases because all
the steam and power will be taken from the power plant. The value of this coal will be

taken as an avoided cost.

e Hydrogen generated from energy cluster processes is available as supplemental fuel and a
suitable fuel credit is taken for it.

o For the economic analysis, the cost of power, natural gas, and coal are taken to be
$0.03/kWh, $8/1000scth, and $30/ton, respectively. The sensitivity of the results to

changes in these prices is also considered in the analysis.

2.0 Basis for Case studies

A series of case studies was completed in order to assess the effects of different
power plant technologies and configurations on the economic feasibility of providing electrical
power, steam, and in some cases chemical feed stocks to the industries comprising the energy
cluster. The methodology of how the basic case studies were modified from their original form

to accommodate integration into the energy cluster is explained below.




2.1 Approach to meeting Steam Demand for Energy Cluster Industries

In order to estimate the effect on electricity generating capacity of diverting the
878,000 Ib/h of steam needed to meet the existing demands of the energy cluster’s process units,
the turbine system was simulated using the Chemcad™ simulation package. Initially, a base case
was established for each case study by adjusting the turbine efficiencies to give close matches to
the information given in each case’s respective report. The base case was then modified by
diverting steam flows, given in Table 1, from the steam system at the pressures required for each

steam stream. In this way, the effect of decreased steam flows through the turbines was estimated

for each case and the electrical output was estimated.

2.2 Approach to meeting Natural Gas Process Heating and Chemical Feedstock Demand

for Energy Cluster Industries

Process heating consumes 279,100 scth of natural gas. It was assumed for energy
balance purposes that the byproduct hydrogen production may be used to offset this requirement.
Assuming heating values for hydrogen of 270 Btu/scf and for natural gas of 1,000 Btu/scf, this
leaves a net requirement of 279,100 — 458,200 (270/1000) = 155,400 scth of natural gas. If we
assume that the synthesis gas has a heating value of approximately 270 Btu/ scth [1], this is
equivalent to (1000/270)(155,400) = 575,500 scth of synthesis gas. The energy cluster processes
consume 52,000 scth of natural gas in raw material for the generation of carbon monoxide. We
assume that this is equivalent to 151,000 scfh of synthesis gas (with a composition of 34.5 mol%
hydrogen [1]).

By reducing the synthesis gas by the above amounts (726,500 scth), the impact of
diverting synthesis gas from the gas turbines to supply raw materials and fuel for process heating

for the energy cluster may be estimated. An assumption was made that the synthesis gas and




hydrogen can be used as a substitute for the natural gas used for process heating. In addition, no
separation costs are estimated for the purification of the synthesis gas. Although this assumption .

may not be correct, the estimated reduction in power production due to the reduced synthesis gas

flows to the combustion turbines should be reasonable.

3 Case Studies I

3.1 Case1-LOS Unit2 at nominal reference conditions

The first two case studies are based on the Leland Olds Station (LOS) Unit 2 project
conducted by Parsons engineering [2]. These cases were chosen to evaluate the impact of
diverting steam and synthesis gas to the cluster industries on an advanced integrated gasification
combined cycle power plant. The LOS process uses an oxygen-blown partial gasifier/
combustion hybrid design. Coal is fed to an entrained bed oxygen-blown gasifier where partial
gasification produces a hot synthesis gaé, char, and ash products. The synthesis gas is sent to a
combustion turbine after filtration while the char is fed to an atmospheric pressure fluidized bed
combustor where it is burnt in air and steam is raised to power the steam turbines. At the
reference conditions, the LOS-2 unit [2] produces 174.3 MWe from the gas turbines and 450.9
MWe from the steam turbines. Plant operations consume 45.7 MWe of this power to yield a net
production capacity of 579.5 MWe.

The steam simulation was carried out in three distinct sections, namely high, medium,
and low-pressures, respectively. The high-pressure steam (1000°F, 2414 psia) is sent through a
series of turbines and slip streams of 900-psia and 650-psia steam are taken off and sent to the
energy cluster. These three high-pressure turbines in series produce 130.6 MWe of power. The
medium-pressure steam (1000°F, 397 psia) is sent through another series of turbines where the

remaining steam flows for the cluster industries, at the appropriate pressure levels, are taken off.



The three medium-pressure turbines in series produce 164.5 MWe of power. The remaining
steam 1is then sent through four low-pressure turbines, at levels matching exiting conditions from
the original case, and produces 104.1 MWe of power. The combined power outputs from the
three sections of steam turbines in the LOS Unit 2 produce 399.2 MWe of electrical power. This
is 11.5% less power than the original case but with all the steam needs of the energy cluster
being met. The syn-gas simulation was performed with approximately 91.1% of the base case
synthesis gas flowing to the combustion turbine, which reduces the power produced to 158.8
MWe. Combining the information from the syn-gas and steam simulations and adjusting the
additional power needed by the plant to 41.7 MWe, the LOS Unit 2 coal power plant will yield

89.1% of its original power, which is a net production capacity of 516.3 MWe.

Economics of LOS Unit 2 at nominal conditions

The avoided costs of the three companies in the energy cluster are estimated based on
the information supplied in the energy questionnaires. The avoided costs for coal, natural gas,
and fuel oil are displayed in Table 2. With the power plant supplying steam, synthesis gas, and
electricity to the cluster industries, the avoided costs are the savings in natural gas for chemical
feedstock, for process heating, and for steam generation, and the savings in coal and fuel oil.
The previous on-site generation of electricity amounts to approximately 110MWe, and because
the avoided cost of the purchase of the coal (by the Energy Cluster Industries) has been taken the

net amount of electricity produced by the power plant (for which revenue will be generated) is

reduced by 110 MW.
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Table 2: Total avoided costs for Fuel for the Energy Cluster Industries and the net Power

Production from the LOS Unit 2 (nominal)

Coal Natural Gas Electricity Fuel Oil

(ton/h) (scth) MW) (gal/h)

Cost $30/ton $8/10° scth $0.03/kWh $1.5/gal
55.8 396,300 416.3* 5.83
Value per hour $ 1,674 $3,170 $12,189 $ 8.75

* Credit for only (516.3 — 110) MWe is taken

Total avoided cost + value of additional electrical generation = $17,342/hr = $148.1 million/yr

(based on a stream factor of 0.975)

3.2 Case2 - LOS Unit 2 - Combustion Hybrid using W501F Siemens-Westinghouse
combustion turbines

At the reference conditions, the LOS-2 hybrid unit utilizing W501F technology [2]
produces 205.6 MWe from the gas turbines and 446.0 MWe from the steam turbines. Additional
power of 53.9 MWe is required by the plant to yield a net production capacity of 597.5 MWe.

The steam simulations were carried out the same way as the previous two cases and will
produce approximately the same amount of power. Combining the syn-gas and steam
simulations and taking account the additional power needed (49.9 MWe), the LOS Unit 2 coal
power plant will yield 89.4% of its original power, a net production capacity of 534.5 MWe.
This breaks (iown to be 394.3 MWe from the steam turbines and 190.1 MWe from the

combustion turbines.

Economics of LOS Unit 2 (W501F)

The potential cost savings for the plant are shown in Table 3 and the total avoided costs are

calculated based on these figures.



Table 3: Total avoided costs for Fuel for the Energy Cluster Industries and the net Power

Production from the LOS 2 (W501F)

Coal Natural Gas (scth) Electricity Fuel Oil

(ton/h) (MW) (gal/h)

Cost $30/ton $8/10° scth $0.03/kWh $1.5/gal
55.8 396,300 424.5 5.83
Value per hour $1,674 $3,170 $12,735% $8.75

* Credit for only (534.5 — 110) MWe is taken, *

Total avoided cost + value of additional electrical generation = $17,588/hr = $150.2 million/yr

(based on a stream factor of 0.975)

3.3 Case 3 - Destec based IGCC Plant

This case study is based on an integrated gasification combined cycle, oxygen-blown
entrained bed gasifier utilizing the Destec process [3]. At the reference conditions, the IGCC
unit [3] produces 394.0 MWe from the gas turbines and 254.5 MWe from the steam turbines.
Additional power of 105.3 MWe is required by the plant to yield a net production capacity of
543.2 MWe.

The steam simulations were carried out the same way as the previous cases and but
since this process configuration is different and total gasification is used, the results are
different. Combining the syn-gas and steam simulations and taking into account the
additional power needed, the IGCC/Destec power plant will yield 81.7% of its original
power, a net production capacity of 443.8 MWe. This breaks down to be 171.9 from the
steam turbines and 371.2 from the gas combustion turbines with an additional 99.2 MWe

consumed by auxiliary equipment.

Economics of IGCC/Destec Plant



The potential cost savings for the IGCC/Destec plant are shown in Table 4 and the total

avoided costs are calculated based on these figures.

Table 4: Total avoided costs for Fuel for the Energy Cluster Industries and the net Power

Production from the IGCC/Destec

Coal Natural Gas (scth ) Electricity Fuel Oil

(ton/h) MW) (gal/h)

Cost $30/ton $8/10° scth $0.03/kWh $1.5/gal
55.8 396,300 333.8 5.83
Value per hour $1,674 $3,170 $10,014* $ 8.75

* Credit for only (443.8 — 110) MWe is taken, *

Total avoided cost + value of additional electrical generation = $14,867/hr = $127.0 million/yr

(based on a stream factor of 0.975)

3.4 Case4-400 MWe Sub-critical Conventional Plant

In order to' establish a baseline to compare the other cases with, a conventional pulverized
coal-fired subcritical plant with a nominal capacity of 400 MWe was examined. At the reference
conditions, the sub-critical unit [3] produces 422.2 MWe from the steam turbines. Additional
power of 24.7 MWe is required by the plant to yield a net production capacity of 397.4 MWe.
There are no gas turbines in the sub-critical plant.

The steam simulations were carried out the same way as the previous cases and will
produce approximately the same amount of power. Simulating the steam turbines and taking
into account the additional power needed (24.7 MWe), the sub-critical coal power plant will

yield 89.4% of its original power, a net production capacity of 355.3 MWe.




-

Economics of 400 MWe sub-critical plant
The potential cost savings for the plant are shown in Table 5. For this case, there are no savings
from replacing synthesis gas with natural gas and the total avoided costs are calculated based on

these figures.

Table 5: Total avoided costs for Fuel for the Energy Cluster Industries and the net Power

Production from the 400 MWe sub-critical plant

Coal Natural Gas (scfh) Electricity Fuel Oil

(ton/h) MW) (gal/h)

Cost $30/ton $8/10° scfh $0.03/kWh $1.5/gal
55.8 65,200 245.3 5.83
Value per hour $1,674 $ 522 $7,359* $ 8.75

* Credit for only (355.3 — 110) MWe is taken, *

Total avoided cost+ value of additional electrical generation = $9,563/hr = $81.7 million/yr

(based on a stream factor of 0.975)

3.5  Summary of all tested cases
A summary of all the cases simulated is shown in Table 6. The revenues reported in the

table are obtained by combining the avoided costs for the energy cluster industries and the net

" revenue from the remaining electric output from the power plants. In addition, the cost of coal

and the cost of plant operations and maintenance are included as operating expenses. Also
included in the table are capital investment costs for each of the plants. The investment, coal,
and maintenance costs for all the case studies were taken from the respective reports {2, 3]. In
order to normalize the effects of different coal types for the different cases, the cost of coal is
based on $30/ton of a sub-bituminous coal with a higher heating value of 11,666 BTU/Ib. The
last three columns of Table 6 show the before-tax discounted cash flow rate of returns
(DCFROR) for the cases for plant lives of 10, 15, and 20 years, respectively. From Table 6 it

can be seen that DCFROR values for the LOS cases are significantly higher than for the IGCC

10
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and sub-critical conventional plants. Most of this difference can be attributed to the lower
electrical output of the last two cases shown in Table 6. By adjusting the net electrical outputs for
the IGCC and sub-critical cases up to 510 MWe and adjusting their associated capital
investments using a 0.7 cost exponent based on the throughput of coal, these two cases can be
normalized with the LOS cases. When this is done, the DCFROR values shown in boldface in
Table 6 are found. Based on these results, it can be seen that there is little difference between the
IGCC and LOS cases but that the conventional sub-critical unit appears to be more profitable.
The reason for this is that the conventional unit has a lower investment and lower maintenance
costs that outweigh its lower overall efficiency. However, within the accuracy of the current

analysis it is not clear if any of the cases shown in Figure 6 are significantly different from each

other.
3.6 Sensitivity Studies

In order to evaluate the effect of changes in prices of coal, natural gas, and electricity on
the results given in Table 6, a sensitivity analysis was performed for the LOS nominal case.
Since the other cases have similar DCFRORsS, the trends shown for the LOS nominal case should
be similar for the other cases. The results of the sensitivity study are given in Table 7. Cases are
shown for project lives of 10, 15, and 20 years using 50% increases for the cost of coal, natural
gas, and electricity, respectively. The DCFROR is most sensitive to a change in price of
electricity, followed by a change in price of natural gas and finally by a change in price of coal.

Clearly, relatively small changes in these costs would have a significant effect on the overall

profitability of power plant.

11




4, Conclusions

The economic feasibility of locating a new power plant to supply electricity, steam, and

chemical feedstocks for the cluster of energy intensive industries in the Marshall County of West

Virginia was assessed. Modest discounted rates of return for the IGCC, combustion/gasification
hybrid, and conventional power plant configurations were found fér plant lives of 20 years. The
sensitivity of the results was seen to be relatively high for changes in the cost/price of electricity
and natural gas and moderate for changes in the price/cost of coal. The results of the current
study indicate that additional, more accurate, investigation into the feasibility of a new power

plant in the Marshall County area of West Virginia is warranted.
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New Construction Applications for Fly Ash: Crushed

Aggregates from Class C Fly Ash

Three different samples of aggregates from Class C fly ash, made by different methods, after 20 blows from a 2.5kg rammer.
The aggregates made using procedure one have an applicable grain-size distribution. Moreover, procedure one is expected to
be more economical because it is a less energy-intensive process than the other two, which require sintering at 850°C.

lass £ fly ash is produced in abun-

ance by utilities that burn subbi-
tuminous coal from Wyoming.
While this type of ash is widely
used in a variety of construction
and building materials, very few ef-
forts have been made to take ad-
vantage of the self-cementing
nature of class C fly ash for syn-
thetic aggregate production. In-
stead, most existing synthetic
aggregate applications require ex-
pensive high-temperature treat-
ments.

1-3 4-9
Cover Story

Meet the CBRC Directors

The use of this high-calcium
coal combustion byproduct (CCB)
as a substitute for cement could
provide an innovative and readily
available raw material for highway
and other construction activities.

Anil Misra and his research
team at the University of Missouri
have completed a project in which
the self-cementing property of
class C fly ash was exploited to de-
velop lightweight aggregates that
could be used for a wide variety of
construction activities.

10-11

CBRC Program Successes

After determining that ex-
truded aggregates made with hy-
drated class C fly ash do not meet
highway specifications, Misra went
on to explore the feasibility of us-
ing the ash for crushed aggregates.
He found that both dry scrubber
class C ash and hydrated class C
ponded ash have potential for use
in crushed aggregates.

The properties of the aggre-
gates produced from class C ash
suggest their suitability for use as

(continued on page 2)
12 13
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New Construction Applications for Fly Ash: Crushed Aggregates from Class C Fly Ash

(continued from page 1)

backfill behind retaining struc-
tures, as decorative rocks, and as a
granular base course—or a base
layer below the pavement—for
highways. Aggregates made with
fly ash could also be used in spe-
cialty concrete and in other appli-
cations where low-strength rocks
are commonly used.

Why study the self-cementing

property of class C fly ash?
Class C fly ash has properties that
are very similar to those of natural
hydraulic cement. It contains suffi-
cient calcium and other com-
pounds to induce a cementitious
reaction in the presence of water,
meaning that class C fly ash can
serve as a cementing agent.

Prior to this study, very few ef-
forts had been made to take advan-
tage of the self-cementing property
of ash for the purpose of producing
aggregates. Most of the existing
methods for producing aggregates
from fly ash employ a high-tem-
perature sintering process. A few
studies on the production of
unsintered aggregates have yielded
encouraging results. Based on these
findings and knowledge about the
properties of class C fly ash, the
project team speculated that aggre-
gates with adequate mechanical
properties for various construction
activities could be created without
the expense of high-temperature
treatments.

For this study fly ash from the
plants of Kansas City Power and
Light Company (KCPL) was used
to produce aggregates. The KCPL

class C fly ash has low loss-on-igni-
tion (LOI) and fineness values,
which make it an excellent cement
surrogate.

The uniformity of the KCPL
ash serves as another advantage in
that it helps ensure consistent out-
puts. Class C fly ashes, particularly
the Western coal ashes, show small
variability in almost all measures of
physical and chemical characteris-
tics. The low variability can be at-
tributed to the effort of power
plants to control the quality of
their combustion byproduct, as
well as the low natural variability
of western coal.

Misra and his team used class C
scrubber ash from the KCPL plants
to produce extruded aggregates,
and they used both KCPL scrubber
ash and class C ponded ash to pro-
duce crushed aggregates.

Extruded aggregates

The project team first explored the
possibility of producing extruded
aggregates from a fly ash mixture.
A mortar mix was selected by test-
ing the strength of cubes made of
mixes with varying ratios of
water:fly ash and sand:fly ash. The
optimal mortar mix was found to
have a water-fly ash-sand propor-
tion of 0.3:1.0:2.0, yielding an av-
erage strength of 14.6 MPa after
seven days of curing in a controlled
environment. The trials revealed
that compression strength and
modulus of elasticity are tied to
variables such as curing time and
the humidity and temperature in
the curing environment.

A next step was to evaluate the
potential of three fibers—glass,
polymer, and cellulose—to en-
hance the mortar by replacing a
portion of the sand in the mixture
described above. The plastic and
cellulose fibers tend to decrease the
strength while increasing the
modulus of elasticity, but the glass
fibers increase both the strength
and modulus of elasticity of the
mixture. Mixtures in which 15% of
the sand was replaced with glass fi-
bers yielded the best strength.

Batches were extruded from a
variety of fly ash mixtures, and the
physical properties of the resulting
aggregates were evaluated. The op-
timal mixture yielded aggregates
that generally have the properties
necessary for base course and sub-
grade construction materials; how-
ever, their soundness and durability
performance does not meet stan-
dard specifications. The high ab-
sorption capacity of the extruded
aggregates, which could be linked
to sand content, was determined to
be a possible cause of low sulfate
resistance.

Reducing the sand content did
not adequately diminish the sus-
ceptibility to sulfate attack, so the
sand was completely eliminated
from the mix to produce crushed
aggregates from compacted
samples.

Crushed aggregates

Three methods for producing
crushed aggregates from compacted
samples were evaluated. In the pre-
ferred procedure—procedure 1—fly

(continued on page3)
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New Construction Applications for Fly Ash: Crushed Aggregates from Class C Fly Ash

(continued from page 2)

ash is mixed with water to 20%
moisture content, placed in a mold
and compacted at 1000 psi for one
minute, with 600 psi seating pres-
sure applied for 10 minutes to
achieve proper compaction and to
ensure that there is minimal re-
bound upon removal of seating
pressure. The fly ash mix is then
cured for seven days at 38°C and
75% humidity, dried at room tem-
perature for 24 hours, and then
crushed with 20 blows by a 2.5 kg
rammer.

This procedure produces aggre-
gates of an appropriate grain size
and is expected to be more eco-
nomical to produce than the other
two processes, which are identical
processes except that after drying
at room temperature the aggregate
is then fired in a furnace at a tem-
perature of 850°C. In the second
process, the fly ash was baked for 2
hours, and in the third process, it
was baked for 4 hours.

Compact briquettes were pro-
duced and crushed using the de-
scribed method. The resulting
aggregates fall within the category
of lightweight aggregates with a

specific gravity of 1.73-1.75 and a
maximum compacted dry density of
approximately 1.6 Mg/m®. The
California Bearing Ratio was used
as a measure of the mechanical
strength of the samples, yielding
values between 28 and 52, depend-
ing upon the compaction moisture
content. Even atr a CBR value of
28, the compacted aggregate mate-
rial would provide a suitable road
base or sub-base.

Ponded fly ash crushed -
aggregates
The success in creating crushed ag-
gregates from dry scrubber class C
fly ash indicated that hydrated
ponded class C fly ash could also
yield serviceable crushed aggre-
gates. Tests on crushed aggregates
derived from ponded ash revealed a
low density, but this would not rule
out the aggregates as a lightweight
road base or sub-base material.
CBR values were in the range of 40
to 90, sufficient for road base or
sub-base.

Samples cured for fourteen days
provided higher strength and CBR

“Both dry scrubber class C fly ash and hydrated
class C ponded ash can be converted into light-
weight crushed aggregates using a method that
does not involve high-temperature sintering. The

resulting aggregates have properties that indicate
their suitability for use as road bases, embank-
ment fills, and backfills behind retaining walls?’

values than those cured for seven
days, indicating that the ponded
ash has some residual cementation
capacity. It is expected that
strength values for ponded ash
would increase beyond fourteen
days, thereby improving the aggre-
gates performance over time.

Summary and conclusions

While the study’s findings sug-
gest limitations for use of
unsintered class C fly ash in ex-
truded aggregates, they offer en-
couragement for the use of this
type of ash in the production of
lightweight crushed aggregates.
Both dry scrubber class C fly ash
and hydrated class C ponded ash
can be converted into lightweight
crushed aggregates using a method
that does not involve high-tem-
perature sintering. The resulting
aggregates have properties that in-
dicate their suitability for use as
road bases, embankment fills, and
backfills behind retaining walls.
These outcomes indicate the po-
tential value of exploiting the self-
cementing capacity of class C fly
ash for crushed aggregate produc-
tion.

For more information about
this project (#00-CBRC-M04), or
to view the final report, please visit
the CBRC web site at http://
wvwri.nrcce.wvu.edu/programs/
cbre/ or contact the CBRC at
cbrc@wvu.edu.
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Meet the CBRC Directors

William Aljoe

CBRC Program Manager

Contracting Officer’s Representative
U.S. Department of Energy

National Energy Technology Laboratory

William Aljoe is the program
manager for the U.S. Depart-
ment of Energy National En-
ergy Technology Laboratory, which funds CBRC
projects and oversees its activities.

As program manager, Aljoe works directly with
the consortium manager to ensure that the program is
developing satisfactorily and in adherence to the co-
operative agreement between the National Mine
Land Reclamation Center and the DOE-NETL. He
advises the CBRC of the annual funding available for
its activities and helps update national research pri-
orities.

The program manager is also responsible for a va-
riety of specific tasks. He assists with the develop-
ment of requests for proposals and with the selection
of research projects. While he does not vote in Na-
tional Steering Committee elections or in NSC pro-
posal selections, he can provide input to the NSC
that can affect their pre-proposal or full proposal se-
lections.

Aljoe’s role includes publicizing and promoting
the CBRC's work within the DOE and maintaining
the CBRC web page on the NETLs Website. He also
performs other duties essential to fulfilling DOE-
NETL requirements and improving CBRC opera-
tions.

Q: What is your role with the CBRC?

A: As the contracting officer’s representative to the
CBRC, my role is to oversee all of the organization’s
activities under its cooperative agreement with the
U.S. Department of Energy Technology Laboratory. |
attend the CBRC National Steering Committee
meetings and am responsible for defining the national
priorities that go into the CBRC’s requests for project
proposals. I function as a de facto member of the

steering committee. The CBRC requests for proposals
have both regional and national priorities that need
not coincide, so independent of what the regions is-
sue as their priorities, my job is to set the national
priorities that go into the solicitation of project pro-
posals. The CBRC National Steering Committee

then decides, by joint consensus, which projects to
fund.

Q: What do you believe is the future of CCBs and
the role of CBRC?

A: What | see in the future is expansion of CCB uti-
lization in markets (reuse or recycling markets) in
which these byproducts already have a toehold. That's
where I believe the greatest progress can be made.
There are markets out there that are already exposed
to these materials—that aren’t seeing them for the
first time. There is potential for expansion in these
markets where you don’t have to educate people from
scratch. You merely need to reinforce and find new
matches for uses that are already in play. In my view,
the three biggest markets for CCBs are
e Cement and concrete. There is nothing holding
back the use of byproducts in cement and con-
crete other than transportation costs—finding the
right CCB material to be used in cement and con-
crete at a location where the price is competitive
with other materials, and that’s an evolutionary
process.

e Structural fill. All the different CCBs can and have
been used at one time or another in structural
fills. Not everybody in the construction industry is
familiar with these applications, but there are
enough demonstrated successes out there that it’s
easy to find an example of where the materials
were used successfully. That should provide com-
fort to folks who haven’t directly used them be-
fore.

® Mine reclamation. The third largest application
would have to be an expansion of the use of CCBs
in mine reclamation, whether that be remediation
of mine sites that have been abandoned or place-
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Meet the CBRC Directors (continued)

ment of materials directly from a power station to
a mine that is still active. Abandoned mines have
already been left and don’t have anybody respon-
sible for their care except the states where the
property resides. CCBs will continue to provide a
cost-effective way to reclaim these abandoned
mine lands. The responsibility to reclaim these
sites falls to the states at some point or another,
and byproducts make this reclamation possible at
a cost that is much less than what the states would
have to pay using other materials.

For active mines, where a mining company is re-
sponsible for the environmental performance or the
eventual environmental impacts of the mining opera-
tion, byproducts can be placed on that mine site.
Again, byproducts allow the mining companies to re-
claim the land in a more cost-effective manner than
the use of non-byproducts.

1 would say those are the three biggest markets,
but they’re all existing markets. Within all these mar-
kets, there are specific instances and specific nuances
where the materials haven’t been used before in ex-
actly the same way. How the CBRC can help out is by
completing the picture to expand existing uses.

The three markets I mentioned represent the big-
gest opportunity for the U.S. Department of Energy
to reach its stated goal, which is to increase the over-
all utilization rate of CCBs to 50 percent nationwide
by 2010. The most likely way we will reach that goal
is by expanding utilization in these three existing
large-volume markets.

By the same token, we don’t want to ignore other
opportunities. We can do more than just explore the
existing markets—there’s always room for new ideas
and uses that could expand into large markets that
the CBRC can't afford to ignore. We need to reflect a
balance between innovative, novel uses, and tried-
and-true uses in each request for proposals.

Aljoe has been a DOE employee since 1997. He worked
with CCBs as a project manager unul 2001 and was in-

strumental in the initial development of the CBRC, origi-
nally called the Emission Control Byproducts

Ashlines/Spring 2006 5

Consortium. From 2001 to 2004, he took time away ;
from CCBs to develop the DOE-NETL’s Air Quality Re-
search Program, which included a broad array of research
projects on the impact of power plant emissions on air
quality. Late in 2004, he returned to manage the CBRC
effort and provide overall coordination for DOE-NETLs
CCB research and development program.

Paul Ziemkiewicz, CBRC Director
National Mine Land Reclamation
Center, West Virginia Water Research

Institute, West Virginia University

As the director of the CBRC,
Paul Ziemkiewicz coordinates
with the DOE program man-
ager and the CBRC’s National
Advisory Committee to direct
and manage the program. Ziemkiewicz assists in de-
veloping research projects and reviews RFPs and pro-
posals. He votes in National Steering Committee
decisions and in the NSC pre-proposal and full pro-
posal selections. His role as director also requires
Ziemkiewicz to communicate with the press, discuss
steering committee recommendations with the NSC
chair, and solicit members to serve on the NSC.

Q: What is your role with the CBRC?
A: As director of CBRC, I have both a technical and

a managerial role. Technically, my role is to remain
current with the technical status of the technology,
our projects’ technological advances, and emerging
priorities. These then translate into priority and pro-
posal recommendations to the Steering Committee
and DOE-NETL. Managerially, my role is to make
sure that the National Mine Land Reclamation Cen-
ter is staffed and organized to provide outstanding ser-
vice to DOE-NETL and the CCB community and
stakeholders across the country.



6 Ashlines/Spring 2006

M€€t the CBRC DiTeCtOTS (continued)

{: What do you believe is the future of CCBs and
the role of the CBRC?

A: | think we need to develop new markets for CCBs.
That means finding new uses and applications. We
have a number of what | would call mature research
areas. For example, construction applications, such as
concrete, are big CCB users right now. Wallboard
manufacturing using flue gas desulfurization (FGD)
solids is probably close to being a mature application.
Certainly, these applications will continue to grow as
important uses of CCBs.

But, if we're really going to add significantly to the
utilization rate, we also need to find new applications
and markets. And that means finding applications
that make the most of the unique properties of
CCBs—applications for which there are few compet-
ing materials in the market place.

Payl Ziemkiewicy began his work with CCBs as an em-
ployee of the Alberta Department of Energy in Canada in
the early 1980s, a time when the provincial government
was shifting from natural gas to coal as the primary means
of electricity generation. Ziemkiewicz participated in re-
search on the environmental implications of disposing of
ash in mines. Specifically, he studied the leaching of ash,
its effect on groundwater, and the potential environmental
hazards.

In 1988 Ziemkiewicz came to West Virginia Univer-
sity, where he encountered similar issues with ash disposal.
He was interested in the ash’s alkalinity as a possible an-
swer to the region’s problem with acid mine drainage. His
current work focuses on ways to pair these two problems
to create a solution that addresses both CCB disposal and
acid mine drainage.

Tamara Vandivort, Consortium
Manager, CBRC National Center, West
Virginia University

Tamara Vandivort is the CBRC’s
consortium manager. She facili-
tates communication among the
various players of the CBRC,
submits reports to funding agen- L
cies, and prepares press releases. Vandivort has a vari-
ety of other responsibilities essential to CBRC
operations and the dissemination of program informa-
tion and research findings.

Q: What is your role with the CBRC?

A: As consortium manager of the CBRC, 1 serve as
the hub of the wheel in terms of tying all the program
components together. 1 facilitate communications be-
tween DOE-NETL, the National Steering Commit-
tee, research contractors, and external agencies. 1
coordinate the activities of the National Steering
Committee and work with it to develop the requests
for proposals, evaluation criteria, proposal reviews,
and selections. 1 prepare the overall program proposal
for submission to DOE-NETL; develop dissemination
strategies; oversee the CBRC Web site and newsletter,
Ashlines; negotiate subcontracts with researchers; col-

lect all project deliverables; and develop reports for
DOE-NETL.

Q: What do you believe is the future of CCBs and
the role of the CBRC?

A: I’ve managed the Consortium since December,
1999, and over the years the program has matured to a
fine-tuned machine. The National Steering Commit-
tee has been very stable and is comprised of experts in
the field from utilities, federal, and state agencies, and
not-for-profit organizations. The Steering Committee
is very active and involved in the program and has
played a vital role in making the program as successful
as it has become. While there is still some reluctance
in the public mind to accept ash as an everyday com-
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ponent in their lives, the reality is that it is becoming
just that—an everyday component.

For instance, research supported by the CBRC
alone has resulted in ash utilization in road base con-
struction, paving materials, surface mine reclamation,
soil remediation, wallboard, countertops, bricks, la-
goon liners, marine structures, transmission poles, and
building products.

While the regulatory arena wrestles with the pub-
lic perceptions to safely use ash in environmental
ways, the coal-burning utility industry is still produc-
ing in excess of 100 million tons per year of fly ash
that has to go somewhere. Landfills are no longer the
answer. It is critical that this valuable byproduct be
utilized for valuable purposes. The CBRC program
promotes just that. However, funding for the CBRC
program has declined over time; whereas, the needs to
find uses for this byproduct are growing as the amount
of byproduct keeps increasing.

Tamara Vandivort is an environmental geologist and pro-
gram coordinator for the West Virginia Water Research
Institute. In addition to managing the CBRC, Vandivort
manages the Water Resources Research program and coor-
dinates the activities of the West Virginia Advisory Com-
mittee for Water Research. She also serves as secretary/
treasurer for the West Virginia Water Gaging Council,
secretary/treasurer for the Ohio River Basin Consortium
for Research and Education, and principal investigator for
watershed-based research projects on water and wastewa-
ter in the state of West Virginia.

CBRC Regional Directors

The regional directors facilitate the accomplishment
of CBRC goals and objectives as developed by DOE-
NETL, the national CBRC office, and the National
Steering Committee. They communicate directly with
regional contractors and the CBRC to develop and re-
alize high-quality research and development projects
that address priorities and goals at both the national
and regional levels.

The directors provide technical expertise to the
CBRC, offer technical oversight of regional projects,
and facilitate information sharing between their re-
gions and the national office. They do not vote in
NSC elections or NSC proposal selections.

Y. Paul Chugh, Midwestern Regional
Director, Southern Illinois University-

. Carbondale

Y. Paul Chugh is the Midwestern
: Regional Director of the CBRC.

Q: What is your role with the
CBRC?

A: As director of the CBRC’s Midwestern Region, my
role is to promote utilization of CCBs in an economic
and environmentally friendly manner in the region,
through research needs identification; by nurturing
professionals to seek funds for identified research and
field demonstrations; and through technical informa-
tion transfer to individuals, industry, and state agen-
cies.

Q: What do you believe is the future of CCBs and
the role of the CBRC?

A: It is my opinion that CCB issues are not going to
go away soon. With additional air quality controls
planned for coal-burning power plants, the quality of
CCBs is likely to deteriorate, and we will need to do
additional research and field demonstrations and re-
move regulatory barriers to maintain utilization at the
current levels.

1 believe the CBRC’s thrust over the next five
years should be to focus energies in large-volume man-
agement of CCBs. The impacts of impending mercury
regulations on wallboard manufacturing and other
beneficial uses of CCBs must be characterized and
dealt with. New large-volume uses, such as develop-
ment of soils for use in landfills, should be developed
and field demonstrated.
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QOver the last five years, the CBRC has focused on
exploratory research. It should now review some of
the ideas that have been developed and move promis-
ing technologies to field implementation and com-
mercialization.

Y. Paul Chugh has a broad background in engineering with
emphasis on rock mechanics, geotechnical engineering, and
mining engineering. In the early 1990s, he became inter-
ested in developing CCB-based artificial supports in mines.
During the same time period, he developed the Coal Com-
bustion Residues Program for the state of Illinois. For the
last 12 years, Chugh has studied large-volume manage-
ment strategies for CCBs and worked on product develop-
ment. Three of his products have reached the
commercialization stage, and he holds two patents for
CCB management practices.

Debra Pflughoeft-Hassett, Western Region
Director, Energy and Environmental

Research Center, University of North Dakota

Debra Pflughoeft-Hassett is the
Western Region Director of the
CBRC.

Q: What is your role with the
CBRC?

A: ] see my role with CBRC as twofold: I'm an advi-
sor to the National Steering Committee, helping it to
understand what the Western Region’s issues are and
how the region’s ash industry works relative to the
viewpoint of the national industry and the issues and
concerns of other regions. My second role is to act as a
sort of technical advisor to the principal investigators
for CBRC projects in the Western Region. When they
have technical questions, I help them find answers,
and I act as a liaison between them and the national
office on technical issues.

Q: What do you believe is the future of CCBs and
the role of the CBRC?

A: The area of CCB recycling or reuse is basically be-
ing opened up. I think that we have great potential for
meeting the goal of utilizing 50 percent of the pro-
duced byproducts, but that also means there is a lot of
work to do. I think the CBRC can play a significant
role, because we can only achieve a certain increase
with the given information we have and because
byproducts are changing primarily due to emission
regulations. CCBs are changing on a regular basis, so
there needs to be continued work not only on the
properties of those materials but also on how those
materials can be utilized in the existing products and
how new products can be developed around those
properties.

The combustion byproducts industry is tapping
into a resource that has much left to offer and that has
significant increases to make in its utilization poten-
tial. I think partnering a government agency or pro-
gram with industry, as the CBRC does, is the best way
to accomplish the type of research that is going to
help us make great strides toward increased utilization.

Debra Pflughoeft-Hassett is a chemist with extensive expe-
rience researching reuse options and environmental im-
pacts of CCBs. While studying at the University of North
Dakota, she worked for Oscar Manz, a well-knoun re-
searcher in the field of coal ash utilization. In 1977, she
began work with Manz studying groundwater quality for a
project on the placement of fly ash in mines. The project
piqued her interest and exposed her to the different proper-
ties and potential uses of ash.

After she graduated, Pflughoeft-Hassett continued
working on a wide variety of projects dealing with the dis-
posal and reuse of ash and the potential impact on ground-
water and surface water. After Manz retired, Pflughoeft-
Hassett succeeded him as program manager for CCB re-
search at the University of North Dakota. She now heads
the Coal Ash Resources and Research Consortium at

North Dakota’s Energy and Environmental Research Cen-
ter (EERC).

o P g
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James Hower, Director, CBRC Eastern
Region, Center for Applied Energy Research,
University of Kentucky

B James Hower is the Eastern Re-
W gional Director of the CBRC

B (O: What is your role with the
&8 CBRC?

A: [ oversee the CBRC projects in the Eastern Region
and provide feedback to the CBRC National Steering
Committee regarding content of the requests for pro-
posals. 1 help review the pre-proposals and proposals
and give my opinion about what should be funded.

Q: What do you believe is the future of CCBs and
the role of the CBRC?

A: I believe that CCBs will certainly remain a viable
resource. The challenge may be the perception that
there’s going to be more mercury in CCBs, even
though there is mercury in them now. The increase in
mercury probably won’t be substantial, if there’s an in-
crease at all, but there’s going to be a public percep-
tion of a problem, which may then become a problem
for the industry.

Another challenge will be meeting the U.S. De-
partment of Energy’s goal of 50 percent utilization
what with the modifications/additions to the clean air
rules that just came out in March 2005. The rule
changes point to more back-end pollution control, es-

pecially more scrubbing. So there’s going to be more
FGD products produced. That could end up really
saturating the market in places it’s already relatively
saturated. Achieving 50 percent CCB utilization is al-
ready a challenge with the current 100 million tons
being produced. But the tonnage you need to get to 50
percent utilization is itself a moving target.

[ hope that the CBRC continues to encourage the
large-scale use of environmentally sound disposal
practices and large-scale reuse projects. 1 would like to
see the CBRC continue that role and to continue
funding innovative ideas. I would like to see it remain
one of the leading groups at the cutting edge funding
new ideas.

James Hower runs the Applied Petrology Laboratory at the
University of Kentucky Center for Applied Energy Re-
search, in Lexington. He conducts microscopic analysis of
coals, fly ash, and other substances. Much of his work for
the last twelve years has focused on CCBs.

Ewvery five years Hower's research group conducts a
survey of all the power plants in Kentucky to learn the
quantity of coal used, the quantity of ash produced, and
the type of challenges the plants expect to face in the next
years. The group also collects coal, fly ash, bottom ash,
and other materials at each of the plants and examines
them to create five-year snapshots of power plants in Ken-
tucky. Hower says the survey often provides his
group with insight into upcoming problems, !
which they then study more closely. O

Combustion Byproducts Recycling Consortium (CBRC) at a Glance—1998-2006

Category Nimmber
Projects Funded ; : 42
Research dollars awarded by DOE NETL $4.1 million
Matching funds contributed (over 100% of DOE $$)  $4.4 million
States with CBRC projects 18
Researchers involved with CBRC projects 50

Students trained 30

Papers generated 30
Presentations given ; 40

Final reports completed and on CBRC web site 30
Quarterly newsletters, Ashlines, published and released 23

REP’s developed and released 5
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CBRC Success Stories At-a-Glance, 1998-2006

The CBRC National Steering
Committee and regional directors
have done an exceptional job of
bringing critical issues facing CCBs
management into focus, identifying
pertinent research priorities, and
allowing only those projects to be
funded that are in line with those
critical issues. These members and
directors have been steady and
consistent over time and have been
an excellent filter media in terms

of selecting proposals for funding

consideration to the U.S. Depart-
ment of Energy, National Energy

Technology Laboratory.

Strong Matching Support

Even though the matching require-
ment is 25%, to date, matching
support has exceeded 100% ($4.4
million in matching funds to the

$4.1 million provided by the U.S.

Department of Energy, National
Energy Technology Laboratory).

Ash Utilization

The Midwest regional director
evaluated ash utilization within the
region and compared it to national
averages for different byproducts.
Ash utilization within the region
has kept pace with national aver-
ages.

Distribution of CBRC Research Projects by American Coal Ash Association (ACAA)
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Field Demonstration and
FPerformance Evaluation of large
Volume Noncompliant F Fly Ash
Road Sub-base

In Illinois, a CBRC project utilized
70,000 cubic yards of high-LOI
(loss on ignition), ponded F-fly ash
for road sub-base construction. The
state and industrial funding for the
project exceeded $400,000. The
savings to the road construction
project amounted to $100,000 and
to the utility company over $1 mil-
lion dollars in not having to con-
struct another ash pond.

Development of Novel Construction

Materials

Novel construction materials de-

veloped with CBRC support and

over $400,000 in state and indus-

trial matching support include

* tiles and siding materials using
sulfate or sulfite scrubber
sludge,

® paperless wallboard using sul-
fate-rich scrubber sludge, and

e utility poles using fly ash as fill-
ers in polymers.

Impact on Regulatory Environment
Jor CCB Utilization

Four Western Region projects have
had direct contact with regulatory
offices. Those responding say that
the projects of note smoothed the
way for future projects. One note of
interest is the final report of a
multiyear project at the University
of North Dakota that has investi-
gated the performance of several
Class C fly ashes as a means to
mitigate alkali-silica reactions in
concrete. The report has been re-

quested by several Department of
Transportation representatives.

Adsorption of Trace Flements from
Leachate During Transport in Host
Soils and Rocks

A project partly funded by the
CBRC provided the Office of Sur-
face Mines (OSM) and state regu-
latory authorities appropriate data
for dealing with permitting issues.
The data developed was presented
at several public hearings at the
state and national levels and was
positively received. The state and
industry provided over $150,000 in
matching support.

Mercury in CCBs and its Impacts
on CCBs Management

The knowledge base developed in
CBRC projects with respect to
mercury and its impacts on CCB
management has assisted Midwest-
ern researchers in dealing with
mercury speciation in solid and lig-
uid wastes. Federal, state, and in-
dustrial matching support for
studies of mercury have been over

$200,000.

Impact on Use of High-Carbon
Ashes; Ammoniated Ashes; High-
Mercury Content Ash

A CBRC-supported research
project conducted by a private
firm, ADA Technologies, evalu-
ated high-carbon ash as a mercury
sorbent for mercury emission con-
trol. That project did not result in
a commercial endeavor, but the in-
formation gained was indispensable
to other groups working on mer-
cury emission controls. Another
industry project, supported by the
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CBRC and conducted by AeRock,
addressed the use of fly ash that
was not suitable for standard con-
crete applications and FGD mate-
rial.

Environmental Performance of
Surface Mine Backfilling with CCBs
A multiyear study that is investi-
gating the leaching and transport
of trace elements such as boron, ar-
senic, and selenium has drawn na-
tional attention and is providing
data that is invaluable for future
similar projects in surface and un-
derground mine backfilling. State
and industrial matching support for
this project has been over
$300,000.

CCBs Management for Agricultural
Land Applications

Numerous CBRC projects have
demonstrated potential for enhanc-
ing agricultural land applications
by boosting soil nutrients.

Demonstration of Cattle Feedlots
Using Sulfite-rich Scrubber Sludge
and FBC Byproducts

A CBRC project has successfully
demonstrated the performance of
commercially viable, high-strength
feedlot pads. The power plant is
modifying the plant to commer-
cialize the technology. Over
$400,000 was provided by the
states and industry as matching
support.

For more information on any of these

projects, contact the CBRC at

cbrc@wuu .edu. 0
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Calendar

Sept. 25-28, 2006

October 24-25, 2006

June 11-13, 2007

23rd Annual International Pittsburgh Coal Conference
Pittsburgh, PA

www.engr.pitt.edu/pcc

The Twenty-Third Annual International Pittsburgh Coal Conference will focus on en-
vironmental emissions issues and technologies surrounding the continued use of coal
and the development of future coal-based energy plants to achieve near-zero emissions
of pollutants, reduced costs, and high thermal efficiency while producing a suite of
products to meet future energy market requirements. Technical, business, and policy-
related papers will be presented at the conference.

20th Western Fuels Symposium

International Conference on Lignite, Brown, and Subbituminous Coals
Denver, Colorado

http://www.undeerc.org/wfs/

The goal of the Twentieth Symposium on Westem Fuels is to provide a forum in which
industry, government, and research organizations can share up-to-date information on
the role of lignite, brown, and subbituminous coals in meeting future energy demands.
Low-rank fuels have unique properties that present challenges and opportunities re-
lated to meeting future environmental regulations and in the development and appli-
cation of advanced technologies.

Sustainable Construction Materials and Technologies
Coventry University, Coventry, UK
www.uwm.edu/dept/cbu/coventry.html

This conference will highlight case studies and applied research that show new and
innovative ways of achieving sustainability of construction materials and technologies.
Papers have been invited on all the different materials used in construction, including
cementitious materials {fly ash, wood ash, silica fume, slag, natural pozzolans, and
others); aggregates; admixtures, concrete; timber; masonry; metals; plastics; glass;
bitumen; lime; and gypsum, and on paints, adhesives, preservatives, and preservation
processes.

Sponsored by Coventry University and University of Wisconsin-Madison Center
for By-Products Ugtilization
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CBRC contacts

Program Manager

William Aljoe, U.S. Department of
Energy-National Energy Technology
Laboratory, 412/386-6569,
aljoe@netl.doe.gov

National Center

Paul Ziemkiewicz, Ph.D., Director
Tamara Vandivort, Consortium Manager
CBRC National Center located at the
National Mine Land Reclamation Center
at West Virginia University, 304/293-
2867, pziemkie@wvu.edu or
tvandivo@wvu.edu

National Steering Committee Chair
Paul Ehret, Kentucky Department of
Natural Resources, 317/232-4020,
pehret@ky.gov

Eastern Regional Chair
Cheri Miller, Tennesse Valley Authority,
423/751-4419, ecmiller@tva.gov

Midwestern Regional Chair
Kimery Vories, U.S. Office of Surface

Mining, 618/463-6463, kvories@osmre.gov

Western Regional Chair

Richard Halverson, Headwaters Resources,
206/575-1981, rhalverson@isgresources.com

Eastern Regional Technical Director
James C. Hower, Ph.D., University of
Kentucky, 859/257-0261,
hower@caer.uky.edu

Midwestern Regional Technical Director

Y. Paul Chugh, Southern Illinois
University at Carbondale, 618/536 6637,
chugh@engr.siu.edu

Western Regional Technical Director

Deborah Pflughoeft-Hassett, University of

North Dakota, 701/777-5181,
dphassett@undeerc.org

National Steering Committee Members
Jackie Bird, Member-at-Large

Ohio Coal Development Office, 614/466-
3465, jbird@aqda.state.oh.us

John Glassock, Synthetic Materials
Synmat, 727/367-0402, jrg@synmat.com

David Goss, American Coal Ash
Association, 720/870-7897,
DCGoss@ ACAA-USA.org

Howard Humphrey, Ex-Officio,

American Coal Ash Association, 614/846-

1726, hhumphrey@columbusrr.com

Jimmy Knowles, South Eastern Fly Ash
Group, 803/794-3230,
jknowles@SEFAgroup.com

Byoro
09\\0“ YProcucy

David Meadows, USACE-Huntington
District, 304/529-5243,
david.f.meadows@usace.army.mil

Bonnie Robinson, EPA-Office of Solid
Waste, 423/751-4419,
robinson.bonnie@epa.gov

James Roewer, Utility Solid Waste
Activities Group, 202/508-5645,

jim.roewer@uswag.org

Dan Wheeler, Illinois DCCA Office of
Coal Development and Marketing, 217/
558-2645, dwheeler@lidceo.net

Ashlines is published quarterly by
the Combustion Byproducts
Recycling Consortium, headguarted
at West Virginia University in
Morgantown, WV. Would you like to
be on the CBRC electronic mailing
list? If so, please send an email to
cbre@nrcce.wvi.edu.
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To promote and support the commercially viable and environmentally sound
recycling of coal combustion byproducts for productive uses, through scientific
research, development, and field testing

CBRC History & Status: Eight Years of Identifying
Markets for Millions of Tons of Waste

( /Cﬁce viewed as a useless, dirty,

unsightly, and copious liability, coal
combustion byproducts (CCBs) are
now regarded as a largely untapped,
recyclable resource with tremendous
industrial market potential. In re-
cent years, CCBs have been used
successfully as a structural fill for an
airport runway extension, as a safe
backfill for an abandoned mine pit,
and as a treatment for acid mine
drainage. Other promising CCB
demonstration projects are using fly
ash to replace foundry sand and flue
gas desulfurization (FGD) scrubber
sludge to manufacture countertops,
tiles, and other materials for the
construction industry. High-carbon

CCBs and FGD byproducts have CBRC-supported investigators at Energy Industries of Ohio Casting

been used to fabricate a permeable Development Center are investigating the feasibility of using CCBs as a
roadway base material, FGD soil substitute for foundry sands, thus replacing a portion or all of the virgin silica
supplements are boosting soybean sand used for foundry mounds and cores. The materials will be tested in a
and alfalfa crop yields, and FGD “live fire” production environment at General Motors Corporation’s

Powertrain Casting Plant in Defiance, Ohio. Actual molds and/or cores will be
made from both currently available ashes and ashes that contain higher
carbon content, expected to result from new environmental requirements.

sludge briquettes are helping to con-
trol beach erosion. And that’s just a

sample. (continued on page 2)  The photo above is of a compression test at the point of failure. (02-CBRC-
E10)
1-8 9 _ 10
Cover Story Calendar Contacts

VISIT THE CBRC WEBSITE AT HTTP://WVWRILNRCCE.WVU.EDU/PROGRAMS/CBRC
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CBRC History & Status: Eight Years of Identifying Markets for Millions of Tons of Waste

(continued from page 1)

Fact 1: Each year, the U.S. electric
utility industry generates about
100 million tons of coal com-
bustion byproducts. Just over
half of this amount is fly ash,
approximately one-fourth is
sludge from wet flue gas scrub-
bers, another 16 percent is
boiler ash (a heavier, coarser
solid removed from the bottom
of a boiler), and about 7 per-
cent is boiler slag (a hard, glassy
material made from boiler ash
that has been melted by the
heat of the combustor). Cur-
rently, only about a third of this
coal ash and just over one
fourth of the scrubber waste is
recycled in commercially ben-
eficial uses. The largest amount
is fly ash that is typically used
as a Portland cement replace-
ment in concrete and concrete
products. The remainder, more
than 70 million tons a year, is
disposed of in impoundments

and landfills.’

Fact 2: The U.S. relies on oil and
natural gas from the Middle
East, a market that has become
increasingly unstable, expen-
sive, and volatile. If we had to
rely exclusively on domestic
supplies of fossil fuels to meet
our energy demands, according
to calculations based on Energy
Information Administration
(EIA) data, at current reserve
and production rates, the U.S.
has approximately 9.5 years
proven reserves of natural gas,
12.2 years proven reserves of

oil, and 247 years proven re-
serves of coal.?

Observation: That figure of 100
million tons of CCBs being pro-
duced annually in the U.S. may,
in the near future, get much big-
ger. And, strict limits on NOx
emissions, mandated by the
1990 Clean Air Act have re-
sulted in utility burner/boiler
modifications that frequently
yield higher carbon concentra-
tions in fly ash, which restricts
its use as a concrete ingredi-
ent—historically ash’s biggest
commercial market. If newer,
“clean coal” combustion and
gasification technologies are
adopted, their byproducts may
add to the CCB management
challenge. The time is ripe for
innovation, research, and in-
vestment in the recycling and
industrial application of CCBs.

Brief History of CCB
Utilization and the CBRC
Dam construction was the first
large market for using fly ash as a
substitute for Portland cement.
One of the first large-volume uses
of fly ash was in the construction of
the Hungry Horse Dam in Mon-
tana in 1949. Not until 1958,
though, did a group of researchers
start working on problems related
to the under-utilization of coal ash.
The National Ash Association
(NAA) was formed 9 years later,
shortly after the first Ash Utiliza-
tion Symposium in 1967. In 1985,
the American Coal Ash Associa-

tion (ACAA) succeeded the
NAA, choosing a perfect symbol—
the phoenix—for its logo.®

In 1992, Use of Coal Combus-
tion By-Products: Status and Oppor-
tunities in Region 8, a report by
Bryggman and Nillick prepared for
the U.S. Department of Energy,
identified typical markets for CCBs
in DOE’s Region 8 (Colorado,
Montana, North and South Da-
kota, Utah, and Wyoming). Posi-
tive response to that report led to
the formation of the Western Re-
gion Ash Group (WRAG) in
1994.4

In the eastern U.S., West Vir-
ginia is a major coal producer and
has played a prominent role in
coal-related research. It was a natu-
ral choice, then, that in 1998, with
support from the U.S. Department
of Energy’s National Energy Tech-
nology Laboratory (DOE-NETL) in
Morgantown, West Virginia, the
Combustion Byproducts Recycling
Consortium (CBRC) was estab-
lished in Morgantown also, at West
Virginia University (WVU). The
CBRC is headquartered at the
West Virginia Water Research In-
stitute (WVWRI), located at
WVU’s National Research Center
for Coal & Energy (NRCCE). The
Consortium’s director, Dr. Paul
Ziemkiewicz has worked with
CCB:s since the early 1980s and
been a member of the WVU re-
search community and director of

the WVWRI for 18 years.

(continued on page3)
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(continued from page 2)

The CBRC Today

The mission of the CBRC is to
identify beneficial uses for those
approximately 100 million tons of
coal combustion byproducts that
are generated every year. The Con-
sortium supports innovative ideas,
and its projects—performed by uni-
versities and businesses research
teams—are demonstrating that
CCBs have many high-volume ap-
plications.

The CBRC continues to be
funded and overseen by DOE
NETL and is supported by the
ACAA, the Interstate Mining
Compact Commission, and numer-
ous state and corporate sponsors.
To meet its goals, the CBRC pro-
vides seed money to researchers to
develop innovative applications for
CCBs, while testing the economic
and environmental viability of
these applications.

No byproduct recycling tech-
nology, however, is likely to be
adopted by industry unless it is
more cost-effective than disposal.
Therefore, the utility industry—as
producer and owner of CCBs—pro-

vides guidance to the CBRC R&D
program, as well as government
agencies and private-sector organi-
zations that may have use for
CCBs. The CBRC synthesizes in-
formation from these organizations
and uses it to develop a balanced
R&D program that addresses the
needs of both producers and end-
users of CCBs.

CBRC's Structure: National
Steering Committee and
Regional Centers

The CBRC’s National Steering
Committee (NSC) is its key deci-
sion-maker. Among its many func-
tions, the NSC sets priorities based
on regional recommendations,
evaluates proposals, and recom-
mends proposals to DOE-NETL for
funding consideration. The types of
coals burned by electric utilities
and the technologies employed for
emission control greatly affect the
characteristics of the byproducts
that are produced. Recognizing
that these characteristics often
vary from region to region and that

‘if we're going to add to the utilization rate,
we also need to identify new markets, and
that means finding applications that make
the most of the unique properties of CCBs,

applications for which there are few compet-

ing materials in the marketplace right now.

o4

regional prioritization of research
needs is determined by transporta-
tion costs and state regulations
governing CCB disposal and utili-
zation, the NSC works with re-
gional advisors and reviewers from
the Eastern, Midwestern, and
Western regions of the U.S., with
each region developing its own re-
search priorities.

Each region develops its own
specific research priorities based on
its own particular needs, with all
three regions supporting projects
with a market potential for high-
volume beneficial utilization of
CCBs and investigations into the
impacts of changing air quality
standards on the composition and
quality of fly ash and FGD
byproducts. Environmental im-
pacts, technology development,
and long-term economic benefits
for producers and end-users are in-
tegral to every undertaking.

Progress to Date

Between 1998 and 2005, the
CBRC funded 42 projects, totally
over $8 million (nearly $4.1 mil-
lion in federal funds, and more
than $4.4 million in cost share.)
Many of the technologies devel-
oped through CBRC research have
been selected for large-scale dem-
onstrations, and several technolo-
gies have been adopted by the
government as agency policy or by
industry as commercial processes.
The following list provides a sam-
pling of CBRC-supported research,
by region.

(continued on page 4)
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CBRC Regional Research
Northeast Region

¢ In Preston County, West Vir-

ginia, a demonstration project
has reclaimed 35 acres of land
degraded by strip mining by
amending the site’s soil using
fly ash and planting five spe-
cies of hardwood trees. Ulti-
mately, the project is testing
whether it is economically ad-
vantageous for industry and
landowners to recycle CCBs
and restore abandoned mine
lands, thus converting a de-
graded habitat into an envi-
ronmental commodity.

(99-EC-E17)

At Rostaver Airport near
Pittsburgh, Pennsylvania,
CBC:s from a nearby power
plant were used as structural
fill to expand the airport’s run-
way. The favorable engineer-
ing properties of the low-
permeability cementitious
(LPC) CCB material produced
at the Elrama power station
made it uniquely qualified to
meet the Westmoreland
County Airport Authority’s
objective. This project is one
of the largest projects of its
type using coal combustion
byproducts and serves as an ex-
cellent example of an environ-
mentally friendly solution to
CCB management. (00-
CBRC-E41)

In another project funded by
the CBRC, Energy Industries
of Ohio recently demonstrated
the suitability of fly ash as a re-

At Rostaver Airport near Pittsburgh, Pennsylvania, CBCs from a nearby power
plant were used as structural fill to expand the airport’s runway. The favorable
engineering properties of the low-permeability cementitious (LPC) CCB
material produced at the Elrama power station made it uniquely qualified to
meet the Westmoreland County Airport Authority’s objective. This project is
one of the largest projects of its type using coal combustion byproducts and
serves as an excellent example of an environmentally friendly solution to CCB
management. (00-CBRC-E41)

placement for traditional
foundry sands, which have cer-
tain negative qualities includ-
ing cost; varying dust contents;
health risks; and excavation,
cleaning, and segregating re-
quirements. (02-CBRC-E10
and 00-CBRC-E42)

Also in Ohio, one of the first
CBRC-funded research teams
demonstrated that FGD
byproducts provide sulfur and
trace mineral nutrition for al-
falfa and soybean crops. (99-
EC-E08)

Because excessive ammonia, or
even the presence of an am-
monia odor, can severely affect
the ability to utilize and sell fly
ash for any purpose, CBRC re-
searchers in Pennsylvania and
Kentucky characterized and
compared the ammonia con-
tent of fly ash from different
power plants that operate SCR
(selective catalytic reduction)
and SNCR (selective
noncatalytic reduction) sys-
tems for controlling NOx
emissions. Their project in-

(continued on page 5)
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cluded investigations of am-
monia release, including
leaching and thermal studies;
an evaluation of the potential
impacts on plant equipment,
air quality, and water quality
(surface and ground); ash dis-
posal operations; and ash mar-
keting. (99-EC-E06)

In Homestead, Florida, CBRC
researchers mixed Class F fly
ash with yard waste and
biosolids to grow tomatoes,
thus determining the benefi-
cial effects of CCBs on the
physical and chemical proper-
ties of typical nutrient-poor
Florida soils and the growth of
Florida-grown vegetables. {99-
EC-E11).

CBRC researchers at Louisi-

lize from 77,500 to 100,000
tons of CCBs at a rate of 400-
600 pounds of CCBs per pole.
(99-EC-M07)

Also at SIUC, CBRC re-
searchers have studied fly ash
boron concentrations (99-
ECM-04) and fabricated
countertops, tiles, and other

structural materials from FGD
scrubber sludge. (99-EC-MO1)

In Wisconsin, CBRC research-
ers have fabricated four con-
crete mixtures using high-
carbon CCBs and FGD
byproducts, which can be used

in permeable roadway base
construction. {99-EC-M06)

Western Region

The Varra Coal Ash Project is
an ongoing study to determine
the feasibility of using coal ash
to reclaim flooded gravel mine
quarries in Weld County,
Colorado. The use of coal ash
as fill in saturated environ-
ments has been discouraged by
most regulatory agencies; it
took 4 years to obtain required
permits to conduct this study
to assess potential impacts of
large-scale coal ash reclama-
tion on groundwater resources.
Analytical data generated from
the Varra project indicate that
the leaching characteristics of
the coal ash used in the study

(continued on page 6)

The introduction of fly ash and bottom ash into the foundry industry could create
a new use for CCBs and perhaps solve some the the problems associated with
the use of natural sand, the traditional base material of foundry molding and
core mixtures. This photo is of a pour test using iron at General Motors
Corporation’s Powertrain Casting Plant in Defiance, Ohio, where fly ash from

ana State University have
proven the feasibility of using
light-weight stabilized FGD
sludge briquettes as a fill mate-

rial to control beach erosion
(00-CBRC-M11)

Midwest Region

¢ In Illinois, researchers at
Southern lllinois University at
Carbondale (SIUC) have de-
signed utility poles made from
CCBs. They estimate that cur-
rently 250,000 wooden poles
with an average height of from
30-40 feet and another 1 mil-
lion poles averaging 15-30
feet high are used annually in
the Midwest alone. To replace
250,000 wooden poles with
CCB-fabricated poles would

save that many trees and uti-
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(continued from page 5)

are relatively benign and that
large-scale ash reclamation may
be feasible at this location and

meet drinking water standards.
(00-CBRC-W02)

¢ Specific fly ashes from Colorado
bituminous and Wyoming sub-
bituminous coals have been
proven to capture from 75% to
98% of mercury. A study con-
ducted in Pueblo, Colorado in-
vestigated the feasibility of
employing these fly ash materi-
als as mercury sorbents on a
slipstream from a full-scale gen-
erating unit. An economic
analysis showed that for the flue
gas conditions and plant con-
figuration of the host site, this
use of fly ash-derived sorbents
would be cost-competitive with
the injection of activated car-
bon. This application of fly ash-
derived sorbents for mercury

control is anticipated to allow
the continued sale of this CCB.
(00-CBRC-W4)

The CBRC Vision for the

Future

By 2010, the CBRC hopes to

® increase the overall ash utiliza-
tion rate from 34% to 50%,

® increase the current rate of flue
gas desulfurization byproduct
use,

® continue to examine the envi-
ronmental impact of CCB use
and disposal, and

® increase the number of uses for
CCBs considered allowable un-
der state regulations.
According to William Aljoe,
the US DOE NETL’s contracting
officer representative to the
CBRC, “The three biggest markets
for CCBs are (1) cement and con-

Researchers athe Southern lllinois
University of lllinois at Carbondale
have developed technology for
converting sulfate-rich FGC scrubber
slude into decorative building
materials like the sample countertop
tiles shown at left. (00-CBRC-M11)

crete, (2) structural fill, and (3)
mine reclamation, and these repre-
sent the biggest opportunity for the
CBRC to reach its goal of increas-
ing overall utilization of CCBs to
50% by 2010.”

“And,” adds Paul Ziemkiewicz,
CBRC Director, “if we're going to
add to the utilization rate, we also
need to identify new markets, and
that means finding applications
that make the most of the unique
properties of CCBs, applications for
which there are few competing ma-
terials in the marketplace right
now.”

Bearing these goals for 2010 in
mind, the National Steering Com-
mittee met in February 2006 to se-
lect projects for its current funding
cycle. Of the 19 full proposals sub-
mitted, 10 were selected for fund-
ing, with projects ranging from 1-3
years in duration, and project total
values ranging from approximately
$24,987 to $222,682. The CBRC
awarded approximately $1.5 mil-
lion, with a commitment of over
$% million in total cost share.

(continued on page 7)
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CBRC 2006 Project Award's

The NSC chose five concrete-related projects, two agricultural projects, one in situ treatment of acid mine
drainage, one project on brick manufacturing, and one project on CCB marketing strategies. The following are
the 10 projects the NSC chose to recommend to DOE-NETL for funding. Awards will be made in yearly incre-
ments based upon performance and DOE funding availability:

e 05-CBRC-M09, “Cold In-Place Recycling of Asphalt Pavements Using Self Cementing Fly Ash”; principal
investigator: Anil Misra, University of Missouri. A demonstration of this fly ash pavement use was con-
ducted in August 2004 on approximately 2.5 miles of low-traffic roadway. This project will build upon those

results and establish the parameters for engineering design of rehabilitated road pavements with a fly ash-
stabilized recycled asphalt base layer. CBRC award: $24,987.

e 05-CBRC-WS8, “Evaluation of the Durability and Commercial Potential of 100 Percent Fly Ash Concrete”;
principal investigator: Jerry Stephens, Montana State University. Portland cement is the binder material in
traditional concretes for construction applications, but although it is an excellent performer, Portland ce-
ment production is an energy-intensive process. The objective of this project is to determine the long-term
durability and possible economic benefits of using 100 percent fly ash concrete in construction applications.
Due to recent domestic shortages of Portland cement, as well as cost increases, concrete producers are moti-

vated to explore fly ash binders. CBRC award: $95,900.

e 05-CBRC-M16, “In Situ Stabilization of Gravel Roads with CCBs”; principal investigator: Tuncer B. Edil,
University of Wisconsin-Madison. This project will test the feasibility of using low-cost, rapid-application,

self-cementing CCPs to stabilize deteriorating gravel roads, of which, the investigators estimate there to be
1.6 million miles or 53% of all roads in the U.S. CBRC award: $130,362. '

e 05-CBRC-W04, “Using Class C Fly Ash to Mitigate Alkali-Silica Reactions in Concrete”; principal inves-
tigator: Bruce Dockter, University of North Dakota Energy & Environmental Research Center. This
multiyear investigation will evaluate the performance of several Class C fly ashes (>10% CaQ) as a means
to mitigate alkali-silica reactions (ASR) in concrete. CBRC award: $150,000.

¢ 05-CBRC-M20, “New Technology-Based Approach to Advance Higher Volume Fly Ash Concrete with
Acceptable Performance”; principal investigator: Karthik Obla, National Ready Mixed Concrete Associa-
tion. Surveys indicate that the average fly ash content in all ready-mixed concrete is only about 10%. This
project suggest novel science-based approaches to address this low percentage by upping high fly ash con-
centrations during warm weather applications when optimal strength gain and setting time can be

achieved. CBRC award: $199,680.

¢ 05-CBRC-M23, “Manufacturing Building Products with Fly Ash and Advanced Coal Combustion”; princi-
pal investigator: Mei-In Melissa Chou, [llinois State Geological Survey (ISGS). For the past several years,
researchers at the ISGS have been working with the brick industry to develop high-quality, marketable,
fired bricks that use high volumes of Class F fly ash as a raw material. The purpose of this project is to dem-

onstrate the use of CCBs in the production of high-quality fired bricks and innovative autoclaved aerated
concrete (AAC) blocks. CBRC award: $51,000.

(continued on page 8)
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* 05-CBRC-E08, “Field Testing of Arsenic and Mercury Bioavailability Model from Land-Applied CCBs”;
principal investigator: Paul A. Pier, Tennessee Valley Authority. This project will investigate the environ-
mental effects of CCB use, including the potential bioavailability of contaminants to soil organisms, plants,
and possibly animals and humans. CBRC award: $46,000.

* 05-CBRC-M22, “Community-based Social Marketing: The Tool to Get Target Audiences to Use CCBs”;
principal investigator: Richard Buggeln, University of Tennessee Center for Industrial Services. The i
overarching goal of this project is to demonstrate the utility of community-based social marketing (CBSM) i
as a method for implementing sustainable agricultural uses of FGD-gypsum by farmers, and in so doing, de- :
velop a model that can be expanded and applied to other CCB markets. CBSM is based on motivations for
human behavior and is an alternative to traditional information-based campaigns. CBRC award: $200,193.

* 05-CBRTC-WO03, “Evaluation of CCBs for In Situ Treatment of Acid Mine Drainage”; principal investiga-
tor: Geoffrey A. Canty, CC Environmental, LLC. This project will follow-up the investigation of a 1994 al-
kaline injection technology (AIT) project in an abandoned coal mine in eastern Oklahoma, which has been

under study for 11 years. This monitoring is necessary to fully evaluate the treatment effectiveness. CBRC
award: $26,940.

e (05-CBRC-M22, “National Network of Research and Demonstration Sites for Agricultural and Other Land
Application Uses of FGC Products”; principal investigator: Warren Dick, The Ohio State University. With

many electric utilities in the process of bringing new scrubbers on line, the amount of FGD products to be
generated in the future in the U.S. will be greatly increased. This project proposes to establish a national
network of sites for research/demonstration of beneficial agricultural and other land application uses of FGD

products. CBRC Award: $222,682.

More Information

The CBRC'’s website at http://
wywri.nrcce.wvu.eduf/programs/
cbrc features program news,
factsheets, project reports, contact
information, a calendar of events,
and publications, including the
Ashlines, which is available in elec-
tronic format only (Adobe Acro-
bat). To be placed on the CBRC
electronic mailing list, send an
email to cbrc@nrcce.wvu.edu. For
more information about the Com-
bustion Byproducts Recycling Con-
sortium and to view RFPs and
project reports for any of the
projects mentioned in this article,
visit the Consortium’s website, or
contact the CBRC Consortium

Manager, Tamara Vandivort, at
Tamara.Vandivort@mail.wvu.edu or

at 304.293.2867.

Notes

1. U.S. Department of Energy, Fossil En-
ergy, Coal Byproducts Research, Janu-
ary 18, 2006. hetp://www.fossil.energy.
gov/programs/powersystems/pollution
controlsoverview_coalbyproducts.html.

2. Bayless, Charles, “Energy for West Vir-
ginia,” presented at the Ninth Annual
Industries of the Future-West Virginia
(IOF) Symposium, November 8, 2005,
Charleston, WV. Proceedings to be
published in Spring 2006. Mr. Bayless
calculated the estimated remaining
years of proven reserves by dividing
current proven reserves by current pro-
duction rates, based on data from the
U.S. Department of Energy, Energy In-
formation Administration (EIA). A

Power Point presentation of “Energy
for West Virginia” is available online
at hetp:/fiofwv.nrcce.wvu.edu/.

Manz, Oscar and Debra Pflughoeft-
Hassett, “Historical Perspective of
Coal Ash Marketing and Promotion
in the USA,” paper presented at the
World of Coal Ash Conference, April
11-15, 2005, Lexington, Kentucky.

“WRAG Partnership Benefits the
CCB Industry,” Ashlines, Vol. 1, No. 4
{(Winter 2000). More information
about the Western Region Ash Group
(WRAG]) can be found on the
WRAG Web site at www. WRASHG.
org.

<
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23rd Annual International Pittsburgh Coal Conference
Pittsburgh, PA
www.engr.pitt.edu/pcc

The Twenty-Third Annual International Pittsburgh Coal Conference will focus on en-
vironmental emissions issues and technologies surrounding the continued use of coal
and the development of future coal-based energy plants to achieve near-zero emissions
of pollutants, reduced costs, and high thermal efficiency while producing a suite of
products to meet future energy market requirements. Technical, business, and policy-
related papers will be presented at the conference.

20th Western Fuels Symposium

International Conference on Lignite, Brown, and Subbituminous Coals
Denver, Colorado

http://www.undeerc.org/wfs/

The goal of the Twentieth Symposium on Western Fuels is to provide a forum in which
industry, government, and research organizations can share up-to-date information on
the role of lignite, brown, and subbituminous coals in meeting future energy demands.
Low-rank fuels have unique properties that present challenges and opportunities re-
lated to meeting future environmental regulations and in the development and appli-
cation of advanced technologies.

Sustainable Construction Materials and Technologies
Coventry University, Coventry, UK
www.uwm.edu/dept/cbu/coventry.html

This conference will highlight case studies and applied research that show new and
innovative ways of achieving sustainability of construction materials and technologies.
Papers have been invited on all the different materials used in construction, including
cementitious materials (fly ash, wood ash, silica fume, slag, natural pozzolans, and
others); aggregates; admixtures, concrete; timber; masonry; metals; plastics; glass;
bitumen; lime; and gypsum, and on paints, adhesives, preservatives, and preservation
processes.

Sponsored by Coventry University and University of Wisconsin-Madison Center
for By-Products Utilization
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CBRC contacts

Program Manager

William Aljoe, U.S. Department of
Energy-National Energy Technology
Laboratory, 412/386-6569,
aljoe@netl.doe.gov

National Center

Paul Ziemkiewicz, Ph.D., Director
Tamara Vandivort, Consortium Manager
CBRC National Center located at the
National Mine Land Reclamation Center
at West Virginia University, 304/293-
2867, pziemkie@wwvu.edu or
tvandivo@wvu.edu

National Steering Committee Chair
Paul Ehret, Kentucky Department of
Natural Resources, 317/232-4020,
paul.ehret@ky.gov

Eastern Regional Chair
Cheri Miller, Tennesse Valley Authority,
423/751-4419, ecmiller@tva.gov

Midwestern Regional Chair
Kimery Vories, U.S. Office of Surface
Mining, 618/463:6463, kvories@osmre.gov

Western Regional Chair
Richard Halverson, Headwaters Resources,
206/575-1981, rhalverson@isgresources.com

Eastern Regional Technical Director
James C. Hower, Ph.D., University of
Kentucky, 859/257-0261,
hower@caer.uky.edu

Midwestern Regional Technical Director

Y. Paul Chugh, Southern Illinois
University at Carbondale, 618/536 6637,
chugh@engr.siu.edu

Western Regional Technical Director
Deborah Pflughoeft-Hassett, University of
North Dakota, 701/777-5181,
dphassett@undeerc.org

National Steering Committee Members
Jackie Bird, Member-at-Large

Ohio Coal Development Office, 614/466-
3465, jbird@aqda.state.oh.us

John Glassock, Synthetic Materials
Synmat, 727/367-0402, jrg@synmat.com

David Goss, American Coal Ash
Association, 720/870-7897,
DCGoss@ACAA-USA .org

Howard Humphrey, Ex-Officio,

American Coal Ash Association, 614/846-

1726, hhumphrey@columbusrr.com

Jimmy Knowles, South Eastern Fly Ash
Group, 803/794-3230,
jknowles@SEFA group.com

David Meadows, USACE-Huntington
District, 304/529-5243,
david.f.meadows@usace.army.mil

Bonnie Robinson, EPA-Office of Solid
Waste, 423/751-4419,
robinson.bonnie@epa.gov

James Roewer, Utility Solid Waste
Activities Group, 202/508-5645,
jim.roewer@uswag.org

Dan Wheeler, lilinois DCCA Office of
Coal Development and Marketing, 217/
558-2645, dwheeler@lidceo.net

Ashlines is published quarterly by
the Combustion Byproducts
Recycling Consortium, headquarted
at West Virginia University in
Morgantown, WV. Would you like to
be on the CBRC electronic mailing
list? [f so, please send an email to
cbre@nrcce.wvu.edu.
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00-EC-M07
Development of CCPs Based Transmission Poles

Y.P. Chugh, Principal Investigator

Final Report-April 2006



Development and Demonstration of Coal combustion Byproducts-
Filled Composite Materials for Utility Pole Fabrication

Final Report
By
Yoginder P. Chugh, Jinrong Ma
Mining and Mineral Resources Engineering
Southern Illinois University
Carbondale, Hlinois 62901

For
Combustion Byproducts Recycling Consortium
West Virginia University
Morgantown, WV

March 2006
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CHAPTER 1: BACKGROUND AND PROBLEM STATEMENT

1.1 Background

The utility industries currently utilize wooden poles (Figure 1.1) for installation of
cables, lights, telephone, and transmission lines. It is estimated that over one million
poles are utilized annually in the Midwestern region in the US varying in height from 15
feet to 40 feet. A wooden pole is relatively lightweight, easily trimmed to desired length,
and easy to work with. However, as a naturally occurring material, its engineering
characteristics are anisotropic and subject to wide variation. Wood is much stronger
when loaded axially (along the grain) than when loaded transversely (perpendicular to the
grain). Soft spots, knots, and voids within the wood cause the wooden structure to be
weaker than anticipated. Yu (1987) indicated that the strength of a wood typically drops
about 50% due to a two-inch knot. A section of wood may appear to be free of defects to
the naked eye, but may include one, or all, of the aforementioned defects.

Wood generally absorbs moisture, which decreases its engineering properties and
causes decay over time. As the moisture content of the wood increases, the strength of
the wood generally decreases. Biron and Arioglu (1983) identified that the moisture
content of wood is a major limiting factor in the strength of wood products. For pine,
crushing strength decreases by 82% as the moisture content increases to 50%.

Figure 1.1 - A typical wooden class-4 (35 ft) utility pole

To alleviate the wood decay problems, chemical pre-treatment of a wooden pole
is a common practice. In addition to expense (usually $35 per pole every 5-years),
effects of the chemical and preservatives on environment is also of concern. The
chemicals usually do not remain within poles and ooze to the surface, evaporate and may
move into the soil and/or water under and around poles, which may create localized
environmental issues. Therefore, the disposal of wooden poles is also a major
environmental concern.

The above disadvantages of wooden poles concerns have prompted the
investigation for alternative engineered poles, which should be of higher strength,
lightweight, chemically inert, safe to environment, and should require less costly post-
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installation maintenance. Metal (such as steel, aluminum, or alloy) utility poles first
came into the picture due to their known engineering properties. However, they are
expensive and also suffer from corrosion problems, again reducing service life and
increasing life cycle cost with required maintenance. Concrete utility poles have also
been used. But neither metal nor concrete utility poles have gained popularity because
they are usually heavy and their installation in remote areas requires large capacity
equipment and special access roads to be constructed, that are expensive. In the last
decade, polymer-based reinforced poles have been developed that are entering the
market. This project was undertaken to design and develop coal combustion byproducts
CCBs-filled fiberglass reinforced polymeric composite materials (green material) for
utility poles including transmission poles as the replacement for current wooden poles.

1.2 Motivation for the study

During recent decades, FRC utility poles have received interest and have been
made possible by development of composites technology. Advances in polymer
chemistry have led to development of specific resins that are not susceptible to ultraviolet
radiation degradation. More importantly, production cost has been reduced with the
development of high-speed manufacturing processes and the stabilization of raw material
prices. These developments have opened the possibilities of developing engineered FRC
utility poles that are competitive with other poles in the market place. Compared with a
conventional wooden, concrete, or metal poles, a FRC utility pole should possesses the
following major advantages.

1. Meet specific engineering applications, including color.
2. Should have no negative environmental impacts.

3. Should be light-weight. Typically, a 40 ft class-4 wooden pole weighs about
1,100 Ib, whereas a similar FRC utility pole would weigh only about 200 — 400
lbs.

4. Lower installation cost. This is especially advantageous for pole installation in
remote locations, where transporting the poles with helicopter may be the only
practical choice.

5. Should not decay over time due to very low moisture absorption.

Should resist pests, woodpeckers, and chemical corrosion and therefore its service
life should be longer than a wooden pole.

Adding mineral fillers into a polymer based composite is a common practice in
the composite materials industries due to the benefits that filler brings such as reduced
cost and improved properties of the manufactured parts. CCBs are the inorganic residues
that remain after pulverized coal is bumned at a power plant. CCBs can be classified as a
mineral based on their chemistry and physical properties (Wypych, 1999). The
characteristics of CCBs are very close to a number of commercial fillers, such as small
particle size, vast and widely distributed supplies, low cost, etc. Previous studies
(Plowman, 1984; Jablonshi, 1987; Huang, 1995) have indicted that the use of fly ash as a
polymer filler has promise with the following three major benefits.

1. Lower material cost. The matrix material, resin or polymer, is generally
expensive ($1- $3/Ib) and constitutes the major part of the cost of final composite
products. In comparison with common mineral fillers such as calcium carbonate, CCBs is

2



a very cheap filler mineral source because it is a low value byproduct with small particle
size and uniform particle size distribution ranging from 10 to 40 microns.

2. Improved processing behavior and physical and engineering properties of the
products. Addition of fly ash into a polymer composite typically increases the strength
and stiffness, and impact resistance of the finished products (Plowman, 1984; Jablonshi,
1987; Huang, 1995). Their studies show that it also increases surface hardness and
reduces shrinkage of the products.

3. Utilization of CCBs as a mineral filler can be an ideal way to use the low value
byproduct material in an economically beneficial and environmentally sound manner.

This research was focused on the development and demonstration of the CCBs-
filled FRC material for utility poles. Successful development and commercialization of
the CCBs-filled FRC utility poles should increase current utilization of CCBs in the US
by about 10% with additional benefits described above.

1.3  Overall apporoach

The class-4 wooden utility pole specified by ANSI O5.1 — 1992 (Specifications
and Dimensions for Wood Poles) was utilized as the design baseline for the composite
utility pole. The standard specified (Figure 1.2) the length, minimum circumferences at
the top of the pole, 6 ft above the butt, and the distance from the butt to the ground line,

as shown in Figure 1.2. The pole must sustain 2,400 1b lateral load applied 2 ft from the
top without failure.

di= 6.68 ineg
[
siny —] —28
20ft 35f
11 Ground line
e~ e~ oy < c s~
6ft y
d= 1224 t

Figure 1.2- A schematic diagram of a utility pole

The proposed composite pole (Figure 1.3) may be either of conical or cylindrical
shape, and consist of a very stiff outer-shell with or without ultra-lightweight inner-core
material. Initially, filling the pole with an ultra-lightweight CCBs- based material was
considered but the cost and weight considerations eliminated that gproach. Material
characterization was developed for the outer-shell material (using 5% ~ 25% CCBs and
polymer material (using 40% to 60% CCBs and polymer) for the inner-core materials.
Studies revealed that adding 5% to 20% fly ash into the un-reinforced outer-shell
composite had positive effects on the material stiffness. This research had two main
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tasks: 1) Development and characterization of the CCBs-filled FRC material, and 2)

Structural design and analysis of the class-4 utility pole with the developed CCBs-filled
composite material.

2400 T he >

Conical shape Cylindrical shape

Figure 1.3 - Schematic diagrams of engineered composite utility pole designs

Material development and characterization:

Development and structural design of a utility pole with the CCBs-filled FRC
materials are more complex than with conventional materials such as wood and steel.
This is mainly because the FRC materials are complex, non-homogeneous, and
anisotropic. They do not exhibit the same material structure throughout the bulk and are
anisotropic. Their variability results from a wide variation of constituent materials added
and from the uncontrollable factors involved in the fabrication process such as fiber
misalignment, poor mixture of filler and resin, temperature change, etc. All these
problems require that careful material characterization, in-depth calculations, and
analysis be conducted to account for the varying material properties and the direction of

loading. Scientific understanding of FRC materials is still sketchy axd lack general
applicability.

In this study, efforts were made to characterize the engineering properties of the
developed composite material using experimental as well as micro/macro-mechanics
approaches. Based on the laboratory test results and theoretical analyses, the failure
modes of the composite were analyzed and an applicable failure criterion was identified.



Structural design of the CCBs-filled FRC utility pole:

There are four major problems that need to be considered when designing a composite
utility pole.

Top deflection: A utility pole is basically a cantilever beam and its primary function is to
maintain structural stability by resisting bending and torsional moments caused by
unbalanced horizontal load, wind load, etc. Other scenarios, such as wind load and build
up of snow on electricity lines, can also significantly amplify forces acting on the
structure and must be accounted for at the design stage.

Compression and tension: In addition to its weight, a FRC utility pole is also subjected
to compressive loads caused by structural attachments such as cross-arm, ladders,
transformers and support guys. Due to the bending effect caused by the pulling force of
transmission lines, wind load, etc, one side of the outer-shell at the pole bottom is
subjected to high compressive stress whereas the opposite side is subjected to high tensile

stress. The localized buckling failure near the pole bottom due to the compression effect
needs to be evaluated in the pole design.

Torsion: Horizontal pulling force exerted at both ends of a cross-arm by transmission
lines may be unbalanced, and consequently a torque may be generated at the top and the
bottom of the utility pole. Investigating the effect of the twisting moment on pole failure
and stability also needs to be considered in pole design.

Fatigue and UV damage: Wind poses a significant fatigue load with varying frequency to
poles and masts which should be considered. Fortunately, fatigue performance is an area
where composites have been shown to far outperform steel components. Manufacturers
like Shakespeare (Shakespeare, 2003) claim that they have not been able to induce any

type of fatigue failure in a fiberglass laminate. Due to this fact, material fatigue was not
considered in this study.

UV damage, whereby a structure surface is eroded, exposing the reinforcement
fibers (“bloom™), is a common concern for FRC products. This phenomenon is
dependent on the ultraviolet energy levels in the atmosphere and can be apparent after as
little as three year service in the field.

14  Research objectives

Based on the problems discussed above, the specific objectives of this research
were established as below:

= Develop the concepts of a CCBs-filled FRC utility pole.
=  Characterize component materials (CCBs, resin, fiberglass).
= Develop and characterize un-reinforced CCBs-filled polymeric materials.

= Evaluate the effect of loading level and particle size of CCBs on engineering
properties of un-reinforced composite material.

= Fabricate the CCBs-filled FRC utility pole.

* Characterize engineering properties (tension, compression, and shear) of the
pultruded FRC materials.

= Perform micro/macro-mechanical analysis on the developed composite material.
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* Design, analyze, and optimize a composite pole design following ANSI O.1
specifications.

* Identify and develop suitable failure criteria for CCBs- filled FRC material.

* Analyze and evaluate the deformation and stress distribution within the composite
pole under appropriate loading conditions using finite element method.

*= Test and demonstrate performance of developed composite model poles in the
laboratory and in the field.

The overall research flow chart for the development and demonstration of CCBs-
filled FRC utility pole is shown in Figure 1.4.

|_Characterization of component material |

o| Development and laboratory characterization of un-

Fabrication concepts and manufacturing of
model utilitv pole

Y

Micro/macro-mechanic analysis of the

pultruded outer shell composite material

Engineering properties (tension, compression, and shear)

5 Design, analysis, and optimization of CCBs -

v

Identify and develop appropriate failure
Finite element analysis of pultruded
Laboratory test and field demonstration of pilot-
. jel utili ]

Figure 1.4 - Overall flowchart for the development of CCBs-filled utility poles

1.5  Report organization

The main purpose of this chapter is to provide information for proposed research
objectives of this study. Chapter II reviews pertinent literature and the design concepts
for a CCBs-filled fiberglass reinforced composite utility pole are described in Chapter III.
Various approaches, including dimensional analysis, sensitivity analysis, and finite
element analysis were utilized to develop the design concepts of proposed CCBs-filled
FRC poles.



Chapter IV discusses the properties of the component materials for CCBs-filled
fiber-reinforced composite material, the laboratory test results of the fly ash particle size
distribution, and general background information of matrix material and fiber glass.
Chapter V conducts theoretical structural analyses and develops the design formulas for a
cylindrical composite pole that relates the various dimension parameters of the composite
pole with structural bending stiffness of the wooden pole. This chapter also utilizes
multi-objective optimization techniques to identify the optimal composite pole design
with consideration of material architecture, outer diameter, thickness, strength, and
stiffness of the FRC pole.

Chapter VI discusses the prediction of the effective stiffness and strength of the
roving layer and continuous strand mat (CSM) layer via a micromechanical analysis
approach. Chapter VII discusses macro-mechanical behavior of individual lamina (roving
layer and CSM), conducts a macro-mechanics analysis of CCBs-filled FR laminate based
on classical plate theory. Various test methods used to evaluate the engineering
properties of the CCBs — filled FR composite materials and the manufactured composite
pole are given in Chapter VIII. To gain a better understanding of the failure mechanism
for the manufactured composite pole, Chapter IX discussed the failure criterion and
localized buckling failure that is most likely to occur at the bottom of the composite pole.
Chapter X presents results of testing a full-size model composite pole to evaluate its
engineering performance when subjected to flexural bending moment. Chapter XI
presents economic evaluation of fabricating CCBs-filled composite utility poles. Chapter
XII provides summary and conclusions based on the completed research and
recommendations for future research and development.




CHAPTER 2: REVIEW OF PERTINENT LTERATURE

2.1 Fly Ash Characteristics |
Table 2.1 shows the chemical composition of different oxides such as silicon,
aluminum, iron and calcium oxides, etc for typical fly ashes (Chugh, 2000). Due to

variation in silica content (36.1 to 48.48%), CaO content from (13.3% to 18%), and loss
on ignition (6- 18%), bonding behavior of CCBs with polymer, may vary.

Table 2.1 - Oxides composition of fly ash

Composition F ash Cash | FBC | Cement
LOI 7.11 1.65 9.73 -
Si0- _40.99 45.45 36101 21.79

AbO, 15.73 16.98 13.89 4.46

Fe; Oy 22.15 23.72 11.08 2.96

Ca0 431 7.38 18001 6220

NaO, Q.7 0.29 Q.55 0.09

MgO 0.57 0.55 0.43 4.06

SO; _2.57 1.62 823 2.69

K,O 343 1.92 1.44 0.48
Mn,O; 0.15 0.16 0.08 -
PO 1.21 0.16 0.40 -
TiO- 1.08 0.81 040 -

Figure 2.1 - F ash and FBC ash sample magnified by factor of 500
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Figure 2.1 shows particle morphobgy of F-ash and FBC fly ash samples. Figure
2.2 shows the typical particle size distribution of SIU FBC fly ash (Chugh, 2002). The
curve shows that about 96.4% of the FBC fly ash particles are smaller than 63 um (-250

mesh) in size. The average particle size (Dso) is about 15 um. Additional appropriate
characteristics are given in Chapter 4.
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Figure 2.2 - Typical particle size distribution curve, for some CCBs (Chugh, 2002)

2.2  CCB:s as filler in composite materials

CCBs have been attempted as filler in thermoplastic and thermo-set resins to
make structural materials. Berry et al (1986) used F fly ash as filler material in plastics.
In Poland (Crystyna et al, 1986), F fly ash micro-spheres were incorporated in
polyurethane to develop composites. Kruger (1987) incorporated fly ash as aggregate in
polymer concrete. In India, Srivastava and Shembekar (1990) evaluated the ultimate
tensile strength, elastic modulus and fracture properties of epoxy resin filled with fly ash.
They incorporated 105 ITm mean particle size F fly ash, 20% by weight and found that the
tensile strength decreased and elastic modulus increased with the increase in fly ash
percentage. Chand (1994) developed F fly ash polyester composites with and without
glass fibers and found that higher amount fly ash composites had higher wear loss.
Rebeiz (1995) produced unsaturated polyester resin from plastic beverage bottles and
mixed it resin with inorganic aggregates (sand and gravel and fly ash) to produce
polyester concrete. He suggested that the material could be used in transportation and
building components. Rebeiz et al (1995), in another study, found the time and
temperature dependent properties of polymer-concrete composed of unsaturated polyester
resin and inorganic aggregates (sand and gravel and fly ash). They reported the effect of
age and temperature on strength and modulus. They incorporated 30% by weight of fly
ash in the mix. The effect of the amount of fly ash on glass transition temperature,
degradation temperature and tensile strength of polymer-concrete was also studied. They
developed models to predict the strength and elastic modulus using the multiple
regression models for polymer mortars using various percentages of fly ash (Rebeiz et al.,
1995). Rebeiz et al. (1996a, 1996b) replaced sand with fly ash in polyester mortar and
found that replacement of sand with fly ash was beneficial for the production of good
quality polyester mortar. Saroja et al (1998) filled F fly ash in an unsaturated polyester
resin and cast a sheet. They determined tensile and flexural strength and compared these
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properties of fly ash filled unsaturated polyester composites with calcium carbonate filled
polyester resin and found that the fly ash filled composite had poorer tensile and flexural
strength properties. Fly ash filled unsaturated polyester composites were found to have a
higher flexural modulus than those containing calcium carbonate. Fly ash filled
unsaturated polyester composites with 10% fly ash were found to have poor acid and

solvent (benzene) resistances, but good saltwater, alkali, weathering, and freeze—thaw
resistances.

Mechanical properties of metal powder-filled modified methylene diisocyanate
based polyurethane foam were studied and it was found that the measured ehstic
modulus and strength values were in agreement with the theoretically predicted values
(Goods et al, 1998). The results showed that the use of fly ash is beneficial for the
production of good quality polymer mortar. They suggested that this polymer mortar
could be used in a variety of construction applications such as overlay of pavements,
dams and industrial floors. Recently, fly ash filled polyurethane foam composites were
developed in India using 60% F-{ly ash for replacing wooden doors and windows (Chand
and Hashmi, 1999).

2.3  Micro-mechanical analysis of FRC

The aim of this analysis for composite materials is to characterize and predict the
behavior of the material in an actual structural application. Although the material
properties can be determined by actually testing specimens, there is considerable
advantage in analytically predicting the material properties as a function of the properties
of the constituent materials.

Many micro-mechanics stress analyses based on both analytical and numerical
solutions have been presented in literature in the past. The Concentric Cylinder Model
(CCM) is the simplest and the most commonly used. It is a closed-form analysis, but it
neglects the effect of neighboring fibers on the local stress state. Therefore, it works well
for composites with small fiber volume fraction (FVFs). However, this model has also
been successfully used to determine effective properties of composites with large FVFs,
Fiber interactions are accounted for in these models using a regular, periodic arrangement
of the fibers. Common arrangements such as square and hexagonal arrays are typically
considered. Aboudi (1988) presented theories based on the analysis of a rectilinear
repeating cell representing a unidirectional composite. These theories are referred to as
the “Method of Cells” and the “Generalized Method of Cells”. Finite element analyses
and boundary element techniques were proposed by Adams and Crane (1984), and
Achenbach and Zhu (1990). Whitney (1967) predicted the elastic modulus of a
unidirectional composite with anisotropic filaments from available elasticity solutions
and compared them with experimental data for Graphite-Epoxy specimens. His
theoretical predictions seem to agree well with the experimental data.

2.4 Failure criteria for FRC materials

There are two different approaches to predict the laminate strength, namely, the
ply-by-ply approach and the total laminate approach. In the first approach, the laminate
is considered to consist of bonded layers. Each layer is considered to be homogeneous
and orthotropic. Lamination theory is used to obtain the stresses and strains developed in
each layer. These stresses and strains are transformed to the layer principal axes before
the failure criterion is applied to each lamina. The failure envelope for the laminate is
obtained by superimposing the failure envelopes of all the layers and determining the
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innermost envelope. In the second approach, however, the lamination theory is not
needed because the failure criterion is applied directly to the entire laminate, which is
considered homogeneous but anisotropic. This approach requires the strength
characterization of each laminate under consideration, whereas in the first approach the
strength characterization is carried out on a layer and then the strength of any laminate
under any stress state is predicted.

Hashin and Rotem (1973) proposed two failure mechanisms: one based on the
failure of the fiber and the other based on the failure of the matrix. The first is governed
by the longitudinal stress, with reference to the fiber orientation, and the second is
governed by the transverse and tangential stresses in the fiber. It is assumed that there are
two modes of failure: fiber breakage and matrix crack. The one not associated with the
fiber breakage (called matrix failure mode) can be approximated by a quadratic function
of transverse and tangential stresses. The assumption that the material is insensitive to the
direction of shear stress cancels out the coupling term between the two stresses, leading
to

(6, /Y7 (€/S)* 1 Equation (2.1)

In the expression, o,is the stress transverse to the fiber, and Y is its allowable
value, while 7 is the tangential stress and S is its allowable value.

Hashin (1980) proposed two failure mechanisms: one associated with the fiber
and the other associated with the matrix, distinguishing in both cases between tension and
compression. The author recognized limitations and non-coherent consequences derived
from the choice of a polynomial expression to represent the failure of the matrix.

Yamada and Sun (1978) proposed a failure criterion of a lamina in a laminate by
means of the expression:
) () 1
s Equation (2.2)
where, sjjand s); are the longitudinal and tangential stresses, X is the strength of the
lamina in the fiber direction, and Sjs the in situ shear strength of the lamina.

Christensen (1988) developed a 3D stress-strain relation for a transversely
isotropic material that can be expressed in a regular part, plus with a term, which only
includes the effect of the deformation in the direction of the fiber, a term that the author
relates to the effect of the reinforcement. The relation was written in terms of four
material parameters (E;, E;, and, ?;> plus a term that represents the effect of the
reinforcement). To reach such a conclusion, the author assumed different relations
between properties of the material at the macro-mechanical level. The form obtained by
this apparent constitutive equation led the author to propose a failure prediction based on
two different criteria, one associated with the failure of the reinforcement and the other
associated with the failure of the system matrix-interface. Although the two expressions
of the criteria can be expressed in terms of stresses, the criteria are strain based.

‘Tsai-Hill failure criterion (1965) is a development of theory derived for metals
considering distortional energy. A single equation is used to define the failure envelope,
namely,
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where, X and Y are taken as tensile or compressive strengths depending on the signs of s,
and s, e.g. if $;>0 then X=X;. Note that within each quadrant (as defined by the s; - s,
axes) this failure criterion represents a smooth and continuous curve. This failure
criterion yields a good comparison between the predicted failure stresses and
experimental data. However, this criterion does not identify the modes of failure.
Furthermore, it does not take into account different behavior in tension and compression,
which is very important for FRC.

The TsarWu failure criterion (1971) overcomes some of the above limitations.

The TsatWu failure criterion is a phenomenological model with its derivation based on

linking experimental constants rather than on a physical interpretation of material

behavior. This criterion states that failure occurs when
Al lo-l2 2f‘1120-10-2 A220-22

Equation (2.4
4sT, BO, B0, 1l : @4

The coefficients are determined based on the material strengths as follows
1 1 1

1 1 1
“a vy, By
1
o=y

The term Ay; is obtained from biaxial tests made on the lamina material. In the
TsairWu polynomial failure criterion, the determination of the interaction term A;; is
crucial. Ay, is not unique and can vary from negative to positive value.

2.5 Summary

This chapter covers typical characteristics of various fly ashes and surveys the
relevant studies and research related to fly ash use as filler in polymers. Some of the
existing micro-/macro-mechanical stress analysis and strength failure criteria are briefly
reviewed. This chapter also reviews existing failure theories and design optimization
techniques utilized for FRC structure design.
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CHAPTER 3: DESIGN CONCEPTS FOR CCBS-FILLED FRC POLE

3.1 Introduction

This chapter briefly describes the design concepts for a CCBs-filled FRC utility
pole. The design requirements for such a pole are presented based on the specifications
of the ANSI class-4 wooden utility pole. Then various approaches, including
dimensional analysis, sensitivity analysis and finite element analysis are utilized to
develop the design concepts for proposed CCBs-filled FRC poles.

3.2  Design requirments for CCBs-filled composite utility pole

ANSI OS.1 - 1992 standards are currently utilized for wooden pole design. A
typical Class-4, 35 ft long wooden pole has the following dimensions (Figure 1.2):

Circumference at the top of the pole =21 1in.
Circumference at 6 ft above the butt =3551n.
Circumference at the pole bottom: =38.48 in.

Taper =0.0065 ft/ft length
Weight of the pole without treatment =1,100 Ib

In the ANSI standard, the average outer-fiber strength of wood (6,000-8,000 psi)
is used to calculate minimum circumference values for wooden poles, at the top of the
pole and 6 ft above the butt. Another approach, suggested in Reliability Based Design,
utilizes strength and stiffness values of pole material tested as a cantilever to develop pole
dimensions. A class-4 wood pole, should sustain 2400 1b lateral load applied 2 ft from
the top without failure. For such a pole, with elastic modulus of 1,200,000 psi for wood,
the maximum top deflection of pole is estimated as 41.5 in. based on classical strength of
materials analysis. The CCBs field utility pole must meet or exceed these specifications.

3.3  Laborotary testing of class-4 wooden poles

To determine flexural elastic modulus of commercial class-4 wooden poles, a
three-point bending test system was designed at SIUC (Southern Illinois University
Carbondale). The testing apparatus included a relatively stiff mechanical testing facility
(Figure 3.1). This was used as support and reaction base (30 in. x 30 in.) for three-point
test system. A 20-ton jack was used to apply force to the pole, and a force-measuring
device was installed to monitor the applied load. To prevent localized damage to the
wooden pole, steel plates (4 in. x 4 in. x 0.15 in.) were placed at the contact point
between the pole and the reaction support roller and the jack, as shown in Figure 3.2.
The bearing plates were supported by rollers so that rotation of the pole around the
reaction due to deflection was unrestricted. To measure middle deflection more
precisely, a UFshape beam was attached to both supports. Deflection measuring device

was mounted on this beam so that test errors due to the deformation of two supports were
eliminated.

13

TS T I T



U-shape

Figure 3.2 - Schematic plot of the three-point bending test apparatus

To calibrate the test system, a 6061-T6-type aluminum bar (4 ft in length and 3
inches in diameter) was tested. Using the above system, elastic modulus of the bar was
found to be 9.55 million psi, which is close to the published value of 10 million psi.
Several class-4 wood poles 4ft in length and 8.25 inch in diameter purchased from a local
utility company were tested. Table 3.1 shows results for elastic modulus for these
wooden pole tests and it was found as 401,650 psi.

Since 401,650 psi elastic modulus value is lower than the published value of
1,500,000 psi used by ANSI, a 1-ft tall column cut from the purchased wooden pole was
also tested in compression mode for verification. Compression test of this column in a
calibrated MTS machine revealed that the elastic modulus of wood is about 600,000 psi,
around 50% of the failure stress.

To avoid localized failure at the supporting rollers contact points, some of the
wooden pole samples were prepared of prismatic shape (6 in. x 6 in. x 42 in. long) instead
of cylindrical shape (8 inch in diameter and 42 in. long) for testing. These tests found
elastic modulus (Eso) for the wooden pole to be between 440,000 to 600,000 psi.
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Table 3.1 - Three-point bending test data for a cylindrical wood pole

failure stress:

Table 3.2 lists the specimen dimensions and the test results. We believe that the
measured flexural stiffness of typical wooden utility poles of 1,500,000 psi, as indicated
by ANSI may be too high. However, for a conservative design, a 1,200,000 psi elastic
modulus was used for wooden pole to develop a comparable CCBs-filled FRC utility

pole in this study.

diameter (in) 8.25

center-to-center length (in) |42

gage precision (in) 0.001

pressure (psi) Raw data Incre. Raw data|Incre. deflection (in)
0 0

500 53 53 0.053

1000 92 39 0.039 |Average value
1500 133 41 0.041 |0-0338
2000 163 30 0.03

2500 195 32 0.032

3000 222 27 0.027

Estimated tangent elastic modulus (50%|401,648.73 psi

Table 3.2 - Summary of three-point bending test results

Cross-section IDiameter / side (in.) [Equivalent E (psi)
Round 8.2 101,648
Round 8.18 585,277
Round 8.4 671,422
Square 6 X 6 438,958
Square 6 X 6 761,536
Round 8.14 573,491
Square 6 x 6 673,426
Square 6 X 6 625.437
[Average 586,537
Standard deviation 130,073

3.4  Design considerations and proposed basic design

Development of composite poles requires consideration of the following

variables.
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1). Shape of the engineered composite pole: A wooden utility pole naturally tapers
towards the top. An engineered composite pole can also be designed to taper toward the
top (conical shape) to minimize weight and cost. However, decreased diameter and
cross-section at the upper part of the pole will reduce torsional and flexural stiffness.
Therefore, the pole with a smaller taper or even cylindrical shape should be considered.
Fabrication of a cylindrical pole may be also cheaper.

2). Outer diameter and shell thickness: From a technical point of view, flexural
stiffness, torsional stiffness, critical buckling load, and total weight are directly related to
the outer diameter and outer-shell thickness of a composite pole.

3). Engineering properties of the outer-shell material: A utility pole is subjected to
maximum stress at the bottom and maximum torsional stress near the top. Compressive
strength, tensile strength, elastic modulus, post-failure behavior, flexural strength, and
other durability characteristics are important in design.

4). Density of the outer-shell: Since total weight, cost, and engineering properties of
the outer-shell and the inner-core material depend upon material unit weight, it is also
important to consider these in designing the pole.

A conical-shape or cylindrical shape composite pole is illustrated in Figure 1.3.

Fi- ;=200 Lbs

jtt

35 1

Figure 3.4 - Loading conditions for a class-4 composite pole
3.5  Theoretical analysis

A composite utility pole provides necessary flexural stiffness and torsional
stiffness to resist bending moment and the torque caused by unbalanced horizontal
pulling forces on both sides of the wire cross-arm. In addition, the pole may also be
subjected to wind load, and the gravitational load due to the attachments (cross-arm,
ladders, transformers and support guys). In this analysis, only the static load including
the horizontal load of 2,400 1b as required by ANSI standard, twisting moment of 800
Ib*ft (200 Ib differential pulling force by 4 ft of cross arm length in one side), and the
gravitational load were considered in the structural analysis. Other dynamic loads like
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wind and snow were assumed to be negligible, and were considered through safety factor
of two (2) in the analysis. A generalized conical pole structure (shown in Figure 3.4) was

considered for analysis. The composite pole was subjected to horizontal load of 2400 Lbs
and twisting moment of 800 Lbs *ft 2 ft below the top of the structure.

To determine the top deflection due to the horizontal pulling force and the
twisting deformation due to the moment were analyzed separately and combined based
on the principle of superposition.

Determination of top deflection:

A dummy horizontal load Q was added at the top of the pole. The free body diagram,

shear force distribution, and bending moment distribution for the pole are shown in
Figure 3.5.
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Figure 3.5 - Bending moment and shear force diagram for a utility pole

The strain energy of the whole structure is given as:

U=Um+ Us Equation (3.1)

where, Um is the strain energy due to bending moment

S 20 (L z DFF

Um — 0—- 2[Ecorelcore Eshell‘[shell]

S ()10}
L-; 2[Ecor core E shelll shell ]

Us is the strain energy due to shear force
Lb

Equation (3.2)

dz

> KF Q)
52G,, A G, A4

US= 2 [ core‘*core ) shell shell] Equation (33)
> +Q

dz
L b2[GcoreAcore GsheIIGshell]
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Tcore 1s the moment of inertia for inner-core, Iore = O.ZSZ(RZ-t)4,

Lshen is the moment of inertia for outer-shell, Igpenn = 0.252[R24-(Rz-t)4],

R, is the outer radius at the height of z from ground line, R;= Rx-(R;-R;)z/L
Acore 1S the moment of inertia for inner-core, Acore = E(Rz-t)z,

Aghent is the moment of inertia for inner-core, Agpent = Z[RZZ-(RZ-t)Z], and

k is correction coefficient obtained as the ratio of the shear stress at the neutral
surface of the beam to the shear stress, k = 2.0 for thin wall circular cross
section.

By Castigliano’s theorem, the deflection of the pole at the top is,

U

o0

oUm - aUs

Q@ o0
S 20 &z HFIL 2,

0_ [E core” core EshelII shell ]

(7 %) O ) NG ).

Pl -~

L-;[Ecor core EshelIIshell] O_[GcoreAcore GshellAShell]

L
> kQ dz
Py LE: G et pen]

core” “core S,

Equation (3.4)

Since the dummy load Q does not exist, the deflection of the pole at the top is

Lb
qlgo o’ L z HF(L =2) ds

OQ _/_[Ecor core Es ell" she.
0 0 0 eI h III h ll] Equation (35)
Lb
kF
> dz
6- [ GcoreAcore Gshell Axhell ]

A work sheet using MathCAD Plus 6.0 was developed for the above calculations.
For verification purposes, top deflection of various composite poles, including class-4
wooden pole, were compared with finite element method (FEM) results, as given in
Table 3.3. It is clear that the utility pole top deflection estimated using Castigliano’s
theorem has a very good agreement with that based on finite element analysis. Therefore,
equation (3.5) was used to calculate top deflection for any proposed conical or cylindrical
pole designs. '
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Table 3.3 - Comparison of deflection results from FEM and analytical approaches

AT T

model #|pole Outer-shell . . |Diameter (in) |Top deflection (in) i

. . . |Material b

Shape  |Thickness (in) top [butt |FEM [Analytical I

1 Conical Wood [668 113 4222|415 !

2 Conical [0.375 CCBs [6.68 [11.3 |62.5 62.4 i
3 Conical |0.55 CCBs |6.68 [11.3 [49.1 48.3
4 Cylinder |0.375 ccBs  [113  [113 [4218 |a1s
5 Cylinder |0.55 CCBs |11.3 [11.3 [37.48 [32.2
6 Conical }0.375 CCBs |7.68 |113 |57 56.1
7 Conical ]0.375 CCBs |7.68 |13 39.23  [39.1

Determination of torsional deformation

The pole was assumed to be twisted by the torque generated by differential horizontal
loads F; and F,. The resulting twisting moment

T =|F1-F2|*Lam
=200*4 = 800 Ib*ft

Figure 3.6 shows the twisting moment exerted by cross-arm and the reaction
moment of the pole at ground line. The strain energy of the whole structure is

U=Ur Equation (3.6)
where Ur is the strain energy due to torsional load
Lbd 2
Ur= > T dz Equation (3.7)

0£2[Gcore'] core Giper shen]
Jeore 18 the polar moment of inertia for inner-core, Jeore = O.SE(RZ-t)4,
Jshen is the polar moment of inertia for outer-shell, Jgen= %R, £,
R, is the outer radius at the height of z from ground line, R,= Ry-(R>-Ry)z/L
E

Geore 1S the shear modulus for inner-core, Geore = ——2¢—,
20 Heore)

. ) E
Gipen is the shear modulus for inner-core, Gepeyy = ——24—
2(1 ;ushell)

E and u are elastic modulus and Poisson’s ratio.
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Figure 3.6 - Free body diagram for a pole subjected to twisting moment only

By Castigliano’s theorem, the twisting angle 8 of the pole due to the differential

horizontal pulling force is,
o X

ol .

Ls T Equation (3.8)

dz
GcareJcare Gshell‘]shell]

>
ol

Assuming elastic modulus of 250,000 psi for inner-core material and 3,000,000
psi for the outer-shell material, a composite utility pole with 0.375 inch shell thickness
and 10.75 inch outer diameter will be comparable to class-4 wooden pole in terms
flexural bending stiffness. If such a pole is subjected to 800 Ib*ft torque on the top due to
unbalanced horizontal pulling force, its twisting angle will be 0.835 degrees using the
MathCAD worksheet developed based on equation (3.8). As acomparison, a class-4
wooden pole has 1.198 degrees of twisting deformation when assuming elastic modulus
of 1.2 million psi and Poisson’s ratio of 0.2. Therefore, the engineered composite utility
pole is 43% stiffer than wooden pole.

3.6 Dimensional analysis

Design, analysis, and testing of a CCBs-filled composite utility pole depend on
many variables like shell thickness, outer diameter, engineering properties of inner-core
and outer-shell, pole length, bending moment, external loads, etc. Analyzing or testing
all potential combinations of these parameters, just to determine trends, would be
enormously expensive. To simulate engineering behavior of a full size (35 ft long)
composite pole, a model pole made of the same material should be developed for
laboratory testing. Dimensional analysis techniques were used to design such a pole.
Dimensional analysis makes understanding the effects of multiple variable changes
possible with just a minimal amount of analysis/testing. This analysis searches for or
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creates a small number of dimensionless variables that form the foundation for pole
design.

The dimensional analysis was carried out for a number of independent variables.
Dimensionless parameters or the X-terms were developed using Buckingham’s X-
theorem, 1914. A functional relationship was expressed between the Z-terms such that

3= ﬂZz, ), En) Equation (3.9)

The function of the equation (3.9) can be written for both model and prototype.
The subscript n stands for the model and , stands for the prototype. The relationship
between X1, and Zyp is obtained from the ratio.

(YR B DYNS PR T,

b A 25 2N T o

Equation (3.10)

» Tam Equation (3.11)
v.r, €1C.
If the above conditions are satisfied then
S ooy f Ty Wasees Equation (3.12)

and hence =m,, =,

m

In the dimensional analysis for the CCBs-filled composite pole, variables
considered in the analysis were outer-shell thickness t, diameter at the bottom dj,

diameter at the top d;, length L, taper angle 4 2Ld2 , moment of inertia I, elastic modulus

E, and bending moment M. Since the rank of the matrix is 2, the number of
dimensionless products in a complete set is 7 — 2 = 5, which may be chosen as:

4, ML t E, t
n —,, —]/—,n;, — N, —, Ty —
d2 ElIl dl E2 d2
d dy t Angle I E E, M L
M 0 0 0 0 0 1 1 1 0
L 1 1 0 4 A -1 2 1
T 0 0 0 0 0 2 2 2 0

A functional relationship can be written for any one of the X-terms, for example,

fortheﬁlL
d2
flﬁ’_ loz-Mpr E, t, t,

S A R St gt Sy Equation (3.13)
d2P ‘Eplp E2p dlp d2p

ol @

where, fI is the undetermined function.
21

R B e s



The equivalent expression for the model yields

d1 N L E t t L4
n flemm m o m o m s Equation (3.14
d2m f gEmIm E2m dlm d2m ; q ( )

The condition of the modelprototype similitude is that the following design
equations are satisfied:

MPLP M mL m

EI, E,,
E
2w By Equation (3.15)
E 2p E 2Zm
ﬁ_ _tm_

dl p dlm
_tP_ _tL.

2p d2m

d
and for this condition —Z& G
2p 2m

From the first part of equation (3.15), it canbe rewritten as:

2
Al =

Lo By 4% = Equation (3.16)
F, EI, L~

Equation 3.16 was used to calculate the load required for testing the model pole shown in
Table 3.4.

Theoretical analyses reveakd that, when the elastic modulus of the composite
outer-shell material is 3 million psi, a hollow cylindrical composite pole with 11.5 in.
outer diameter and 0.38 in. shell thickness will be comparable to a class-4 wooden pole.
It was also found that, the composite pole would be 3% stronger (EI) and 63% lighter
(weight) than a class-4 wooden pole. Thus, this design is considered as the most
probable design. To test its engineering behavior in the laboratory, a 20 ft long model
pole was tested in the lab in cantilever bending mode. Table 2.4 lists the dimensional
parameters and engineering properties of both prototype (35 ft long full size pole) and the
model pole. If the same outer-shell material was used for both poles, the 20 ft long
model pole with 5-inch outer diameter, 0.25-inch shell thickness, and 382.02 1b
horizontal load will satisfy the condition of the model-prototype similitude. In other
words, such a model pole will simulate the full size hollow composite pole.
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Table 3.4 - Results of dimensional analysis for a hollow cylindrical composite pole

Description Prototype Model
Length, L (ft) 35.00 20.00
Outer diameter, d1 (in) 11.50 5.00
Outer radius, r1 (in) 5.75 2.50
Thickness, t (in) 0.38 0.25
Inner radius 12, (in) 5.38 2.25

Eout (psi) 3,000,000 3,000,000
Ein (psi) 0 0

MOI * for shell (in*4) 202.99 10.55
MOI for Inner-core (in"4) 655.55 20.13
Combined EI 608,983,661 | 31,652,159
Horizontal Force , F (Ib) 2400.00 382.00

* moment of inertia

3.7  Utility pole design using finite element method

Finite element method was also used to analyze and compare the response
behavior of the wooden pole and the composite utility pole. The FEM modeling
considered following three variables:

1) shape of the pole (conical or cylindrical);
2) outer diameter of the pole;
3) thickness of the outer-shell.

Finite element analysis software (Algor) was utilized that can carry out static and
dynamic displacement and stress analysis of solids, structures, fluid flow, and heat
transfer, among others. This software can be used to perform linear and nonlinear
analysis with various failure criteria. For the 3-D flexible brick elements, sandwich
elements, gap element, contact elements, truss elements, and beam elements are available
for analyzing this problem. Full-scale composite utility pole models were developed
using a three-dimensional 6-node or §-node flexible brick element. Table 3.5 shows the
dimensions of the Class-4, 35-ft high utility pole that was used in the finite element

modeling. A horizontal force of 2400 I was applied to the pole 2 ft below the top, as
shown in Figure 3.6.

Since 6 ft of the pole is usually buried in the ground, only the portion above-
ground (29 ft long) was simulated. The bottom of the model is constrained in both
horizontal and vertical directions. Material properties used in the above models are listed
in Table 3.6. Figure 3.6 shows a conical and a cylindrical utility pole model used for
FEM analysis. The pole models are either conical or cylindrical in shape, as shown in
Figure 3.7 and Table 3.7. For the purpose of comparison, a wooden utility pole model
(model #1 in Table 3.7) was developed first as the base model. Then, seven models
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(model #2 to #8 in Table 3.8) were developed with different outer-shell thickness and
shape of the pole. The outer-shell thickness was either uniform (0.25 inch, 0.375 inch,
and 0.55 inch, respectively) or varied from 0.125 inch at the top to 0.375 inch at the
bottom. Table 3.8 shows the value of top deflection and maximum principal stress for

each model.
Table 3.5 - Dimensions of the composite utility pole model
Top: diameter = 6.68 in; circumference = 21 in
6 ft from bottom: diameter = 11.3 in; circumference = 35.5 in
Bottom: diameter = 12.24 in; circumference = 38.48in
Taper: 0.0065 ft/ft length
Table 3.6 - Material properties for utility pole design
. Elastic modulus|Poisson’s |Compressive strength| . . . Shear  modulus
Material h
ateria (psi) ratio (psi) Unit weight (pcf) (osi)

Inner-core  |250,000 0.25 6,000 30 100,000
Outer-shell 3,000,000 0.1 30,000 80 1,363,636
Wood 1,500,000 0.2 9,000 50 625,000

Figure 3.7 - FEM models of conical and cylindrical pole models

Figure 3.8 shows a deflected cylindrical pole model and Figures 3.9 to 3.11

illustrate

the minimum principal stress distribution at the bottom of the pole.

A conical composite pole with similar dimensions as a wooden pole and with outer-
shell thickness of 0.375 in. and 0.55 in. yielded top deflections of 62.5 in. and 49.1 in.,
respectively, which are 153% and 48.1% higher than a wooden pole.
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& Changing the taper of the pole (model 3 > model 9> model 7) proved that
horizontal deflection at the top decreased as the taper decreased. A cylindrical

pole with 0.375 in. outer-shell thickness is comparable to an ANSI wooden
conical pole.

& Analysis of the results also revealed that a larger diameter conical pole (model 10,
0.375 in. outer-shell thickness, top and bottom diameter of 7.685 in. and 14 in.,
respectively) is comparable to a class-4 wooden conical pole based on bending

stiffness.

Table 3.7 - FEM models and results for composite utility pole

Range of major ;
:IOdel Pole Shape %111;:]1::2::1 Material Diameter (in) Priniipal str:ss (psi) ]3:?:;“0“
(in) Top |Butt [Max. Min. (in)
1 |Conical Wood 668 113 [1347  |5773 422
2 |conical  [025 Composite [6.68 [113 [3,351  |-32,170 |107.1
3 |conical (0375 Composite |6.68 113 [1.868  [18611 |62
4 |conical  |0ss Composite [6.68 113 [1,467  |-14437 |a9.1
5 |Conical g:gz o P|Composite (668 113+ |1913 [19,506 747
6 |Cylindrical [0.25 Composite [11.3 113 [2296  [22,352 |a0s.
7 |Cylindrical [0.375 Composite |113 [113 |1,898  |-18433 [42.2
8  |Cylindrical [0.55 Composite [113 113 [1677  |-16,518 [37.5
9  |conical  [0.375 Composite |7.68 113 [1,004  |-18470 [57.0
10 |Conical  [0.375 Composite |7.69 |13.0 |[1,349  |13452 [392

Figure 3.8 - Deflection of an engineered composite utility pole
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Figure 3.10 - Stress distribution at the bottom portion of the pole (axial cut view)
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Figure 3.11 - Detailed view of area A in Figure 3.10

To analyze the effects of engineering properties of the inner-core material, outer
diameter of the pole, and the inner-core filling height on the maximum principal stress as
well as top deflection, five (5) additional models were analyzed (Table 3.8).

¢ Diameter of the outer-shell is the most important factor affecting the stability of
the pole.

¢ Stiffness of the inner-core material must be high if the outer diameter of the
composite pole is to be similar to the bottom diameter of a conical wooden pole.
A composite utility pole with 0.375 in. of outer-shell thickness, 12 in. of outer-
shell diameter, and 50,000 psi elastic modulus of inner-core would be comparable
to the wooden pole. Figure 3.12 shows the top deflection of such a pole with that
of a class-4 wooden pole. The engineered composite utility pole is slightly stiffer
than a wooden pole.

Finite element analysis was also conducted to investigate the trsional deformation
for both composite pole (hollow) and wooden pole due to the differential horizontal
pulling force on the cross-arm of the pole (Figure 3.13 and Figure 3.14)
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Table 3.8 - Additional FEM results for a composite utility pole

Outer diameter = 11.3 in, outer-shell thickness = 0.375 in.

Property of inner-core Top deflection|Range  of maximum|Height of inner-
E (psi) Density (psi) (inch) principle stress (psi) core fill
50,000 25 51 2,299 -22,340 Full length
100,000 |30 48.4 2,183 -21,213 Full length
150,000 |35 46.1 2,299 -22,340 Full length
250,000 |40 422 1,897 -18,433 Full length
250,000 |40 435 1,899 -18,415 Half length
300,000 |35 40.5 1,819 -17,657 Full length
300,000 |35 41.9 1,820 -17,645 Half length
400,000 |35 374 1,679 -16,296 Full length
400,000 |35 39.2 1,681 -16,285 Half length
500,000 [35 34.8 1,560 -15,132 Full length
500,000 |35 36.9 1,561 -15,122 Half length
0 0 54.1 2,58 -32,812 Hollow
Quter diameter = 10 inch, outer-shell thickness = 0.375 in.

500,000 |35 52.3 2,034 -20,398 Full length
800,000 |35 43.7 1,678 -16,899 Full length
1000000 [35 39.6 1,503 -15,167 Full length
Quter diameter = 12 inch, outer-shell thickness = 0.375 in.

50,000 35 42 2,024 -20,111 Full length
100,000 {35 39.7 1,907 -18,976 Full length
200,000 |35 35.8 1,709 -17,041 Full length
Quter diameter = 13 inch, outer-shell thickness = 0.375 in.

50,000 35 I33.8 J1,780 |-17,717 IFull length
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Figure 3.12 - Comparison of top deflection for composite pole and wooden pole

Figure 3.13 - Torsional deformation of the hollow and filled composite pole (x 10)
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Figure 3.14 - Torsional deformation of a wooden pole (x10)

The figures clearly illustrates that the class-4 wooden pole has less torsional
stiffness than the composite pole even though they have similar flexural bending
stiffness. Figure 3.15 compares the torsional deformation for both poles under different

twisting moments. Figure 3.16 shows the top view of the stress distribution on the
wooden pole and cross arm and torsional deformation.
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Figure 3.15 - Comparison of the torsional deformation for filled and unfilled composite
pole and wood pole
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Figure 3.16 - Stress distribution and torsional deformation of wood pole (top view)

The analyses described above form the foundation for development of CCBs-
filled composite utility poles.
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CHAPTER 4: DEVELOPMENT OF CCBS-FILLED POLYMERIC COMPOSITE
MATERIAL

4.1 Introduction

The general background information on matrix material and fiber glass is
introduced. Mix compositions are developed for the outer-shell material (using 5 to 30%
CCBs and polymer). Compressive strength and elastic modulus are used for screening
tests to develop proper mixes. Effects of fly ash loading percentage, particle size, curing
time temperature, and post-curing time on engineering properties of the developed
composite materials are analyzed based on statistical design.

4.2  Component material characterization

FBC fly ash from was used as the solid filler in polyester polymers to develop
CCBs-filled composite. Fiberglass was added as reinforcement to increase the material
stiffness and strength.

Selection of fly ash:

Prior to deciding on the FBC fly ash in this study, several fly ashes (F-ash, C-ash, FBC
ash) were evaluated experimentally. SIU power plant FBC fly ash gave the best results in
terms of enhanced material stiffness and strength. Oxides composition for this FBC fly
ash is given in Table 4.1.

Table 14.1 - Oxides composition of the SIU FBC fly ash

Chemical composition Percentage
Si0, 31.3
ALO; 10.6
Fe, 05 8.3
SO, 12.8
CaO 209
MgO 04
LOI 14.7
Free Moisture 0.11
Water of hydrogen 0.71
Total Na,O 0.4
Total K,0 1.1
.Others (Ti0,+P,05+SrO+Ba0) 0.83

Particle size distribution of fly ash :

It is an important property when utilized as a filler. Thus, wet size distribution analysis
was conducted on oven-dried FBC fly ash. After measuring the total initial weight of the
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oven-dried fly ash sample, it was mixed with water, and the slurry was shaken through a
stack of sieves with openings of decreasing size from top to bottom. The sieves used in
this analysis were No 70, No 100, No 120, No 140, No 200, No 250, No 270, No 325, No
400, and No 500. For —500-mesh (25.4 um) material, size distribution analysis was
conducted using Microtrac particle size analyzer

Results for both tests were combined and the complete particle size distribution
curve was developed, as shown in Figure 4.3. About 96.4% of the FBC fly ash particles
are smaller than 63 um (-250 mesh) in size. The mean particle size (Dsq) was found to be
about 15 pm. Some related parameters are listed in Table 4.2. Since the uniformity
coefficient is greater than 4, the fly ash is considered as poorly graded. More than 80%
of particles are within the range of 5- 44 microns size.

o
100 6.4
0 ¥
& \76.7
x 70
& ) 63.5
£
2 5 Y
§ N
3
a 30 3
2 Sieve 217 Microtrac
10 134
0 O.Z
1000 100 10 1 01

particle size, micron (log scale)

Figure 4.3 - Particle size distribution curve for FBC fly ash

Table 4.2 - Size analysis related parameters for FBC fly ash

Effective size D10: 3.3 micron

D25: 6 micron

D30: 8 micron

D50: 15 micron

D60: 20 micron

D75: 30 micron
Uniformity coefficient Cu: 6.06
Coefficient of gradation Cc: 0.97
Sorting coefficient So: 224
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Solid specific gravity of fly ash:

It was determined using AASHTO T100-95 — Standard Specification for Specific
Gravity of Soils. The average specific gravity of the solid ash particles was 2.66.

Characteristics of matrix material:

The matrix material holds the fibers together, and transfers the load between
fibers and between the matrix and the fibers. It also protects the fibers from the
environment and mechanical abrasion and carries some of the loads, particularly
transverse stress and interlaminar shear stress.

Polymer matrices are the most commonly used type of composite material matrix.
The polymer matrix can be either a thermo-set or a thermoplastic. The most common
thermo-set resins are polyesters, vinyl-ester, epoxy, and phenolics. Polyester was
selected to develop the outer-shell material for proposed CCBs-filled composite utility
pole. A thermo-set matrix is formed by the irreversible chemical transformation of a resin
system into an amorphous cross-linked polymer matrix. Thermo-set resins have low
viscosity that allows for excellent impregnation of the fiber reinforcement and high
processing speeds. Thermo-set polymers are the most common resin systems used
because of their ease in processing and low cost resin. Gel time (ASTM D2471) is the
time the mixed resin can be handled before the viscosity increases to a point where
processing is no longer possible. Depending on the choice of catalyst and the reactivity
of the resin, cure cycles can vary from minutes to hours, and they occur at room
temperature or at high temperature. The reactions are exothermic and gelation is usually
rapid. Gelation occurs when the resin has reached a point at which the viscosity has
increased so much that the resin barely moves when probed with a sharp instrument.
Curing systems do not greatly affect the end properties of a resin but affect the storage
life and processing conditions. Once cured, the mixture thickens, releases heat, solidifies,
and shrinks. The volumetric shrinkage upon curing varies from 4% for epoxy to 8% for
polyester. All resins provide higher thermal insulation than most commonly used
construction materials. Vinyl-Esters have high strength while polyesters have moderate
strength. Epoxy resins are considered high performance resins since strength is superior
to other thermo-sets.

Characteristics of glass fiber:

Fibers are used in composites because they are lightweight, stiff, and strong.
Fibers are stronger than the bulk material that constitutes the matrix. This is because of
the preferential orientation of molecules along the fiber direction and because of the
reduced number of defects present in a fiber as compared to the bulk material matrix.
Fibers are used as continuous reinforcements in unidirectional composites by aligning a
large number of them in a thin plate or shell, called lamina, layer, or ply. A
unidirectional lamina has maximum stiffness and strength along the fiber direction and
minimum properties in a direction perpendicular to the fibers. When the same properties
are desired in every direction on the plane of the lamina, randomly oriented fibers are
used. The resulting composite has the same properties in every direction on the plane of
the lamina, and it is weaker in the thickness direction.

Glass fibers exhibit the typical glass properties of hardness, corrosion resistance,
and inertness. Furthermore, they are flexible, lightweight, and inexpensive. These
properties make glass fibers the most common type of fiber used in low-cost industrial
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applications. The high strength of glass fibers is attributed to the low number and size of
defects on the surface of the fiber. All glass fibers have similar stiffness but different
strength values and different resistance to environmental degradation.

4.3.  Preliminary outer-shell material development

The goal of the studies was to find the optimum ratio of the fly ash to polymer
suitable for the outer-shell material. Mixes were prepared with six different percentages
of fly ash loading levek: 0%, 5%, 10%, 15%, 20% and 25%. Initial analysis of the outer-
shell material was based on the determination of three strength characteristics:
compressive strength, Cy; elastic tangent modulus, E(t); and the elastic secant modulus,
E(s). All tests followed ASTM standards. At this stage the analysis did not consider the
fiberglass mesh that was eventually incorporated into the outer shell. No attempt was
made to entrain air in these samples (full density).

Initially, F fly ash from the Lake of Egypt Power Plant of Southern Illinois Power
Coop in Marion, Illinois, was used. The cubical samples (2 inch x 2 inch x 2 inch)
prepared were tested in a MTS loading machine. The upper surfaces of the samples were
ground flat and smooth using a grinding wheel (Figures 4.7 and 4.8). After measuring
the dimensions of the prepared cubical sample, the samples were loaded at the rate of
1.25 MN/min until the sample failed.

Figures 4.9 and 4.10 show the results obtained. Each set of samples were divided
into two separate groups; Samples A and B were cured for 12 hours at ambient
temperature. Samples C and D were cured at ambient temperature first and then post-
cured at 160 degrees F for 24 hours. The samples were then tested for their compressive
strength and elastic modulus. Table 4.3 lists the results. Samples with 15% fly ash
mixture were found to have the highest average compressive strength of 15,170 psi with

the average tangent elastic modulus (Et) of 367,450 psi and the average secant elastic
modulus (Es) of 219,600 psi.
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Table 4.3 - Compressive test results for inner-core material (full density)

Compressive Strength Tang. Elastic. Sec. Elastic Mod., Es, , .
Sample Qu, psi Modulus, Et, psi psi % Fly | Curing
# ash | Temp.
Value Average | Value Average Value | Average
1A 13,896 316,600 218,000 0 |ambient
14,033 313,100 207,500
1B 14,170 309,600 197,000 0 |ambient
1C 13,642 316,500 201,600 0 160 F
12,812 312,250 190,300
1D 11,982 308,000 179,000 0 160 F
2A 13,507 307,000 188,000 5 |ambient
13,521 308,625 185,500
2B 13,535 310,250 183,000 5 |ambient
2C 13,730 302,500 210,000 5 160 F
14,043.5 301,750 204,400
2D 14,357 301,000 198,800 5 160 F
3A N/A N/A N/A 10 |ambient
13,306 281,300 204,200
3B 13,306 281,300 204,200 10 |ambient
3C 13,953 326,400 195,400 10 160 F
14,055.5 330,600 223,950
3D 14,158 334,800 252,500 10 160 F
4A 14,241 336,300 214,300 15 |ambient
: 14,287 326,600 200,900
4B 14,333 316,900 187,500 15 |ambient
4C 14,871 367,600 226,400 15 160 F
15,170 367,450 219,600
4D 15,469 367,300 212,800 15 160 F
SA 13,157 301,200 199,700 20 |ambient
12,912 298,200 205,250
5B 12,666 295,200 210,800 20 |ambient
5C 13,821 307,250 206,500 20 160 F
14,000 316,075 192,650
5D 14,179 324,900 178,800 20 160 F
6A 11,294 223,400 154,000 25 |ambient
10,272 199,050 136,100
6B 9,250 174,700 118,200 25 |ambient
6C 10,478 241,200 141,700 25 160 F
11,267 258,800 145,500
6D 12,056 276,400 149,300 25 160 F
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Figure 4.9 - Compressive strength vs. fly ash % at different curing temperatures
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Figure 4.10 - Tangent elastic modulus vs. fly ash % at different curing temperatures

44  Outer-shell material development using statistical experimental design

Based on the above preliminary compressive test results, a statistical mix design
program was developed to evaluate the effect of FBC fly ash percentage, curing
temperature, and post-curing time on the outer-shell engineering properties such as elastic
modulus and ultimate strength. Goals of the statistical experimental design were to:

¢ Quantify the relationships between the five measured response variables
and the three independent variables (Table 4.4).

¢ Find a desirable point in the design space where optimal response is
achieved. In other words, mix designs for making optimal outer-shell
composite material were to be identified.

¢ Evaluate interaction effect of three variables on five response variables.

£ Meet a set of specifications for several responses simultaneously.
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Statistical experiment design:

- Three proportions of FBC fly ash (10%, 14% and 18%) were mixed and cured at three
curing temperatures (140 F°, 160 F°, and 180 F°). In addition, three levels of post-curing
time (8 hr, 16 hr, and 24 hr) were also adopted (Table 4.4). The significance of each
variable factor was estimated based on the observed values of dependent variables.

Table 4.4 - Factors and responses considered in the design

Independent and response variables | unit Range note
Fly ash % % 10, 14, 18 3 level
Mixing time min 1.5 fixed
Curing temperature F 140, 160, 180 | 3 level
Independent T
variables Post-curing time hour 8, 16, 24 3 level
Resin temperature F 78 Fixed
1. Tangent elastic modulus
2. Failure strength
RCSP onse 3. Gel time.
variables

4. Perk exothermic temperature.

5. UV degradation potential

Response surface design approach (Design Expert 6.0, 2000) resulted in
seventeen (17) tests with different test parameters. Each test was replicated five (5) times
to give an adequate estimate of the variation of the response and provide the needed
number of degrees of freedom. Thus, eighty-five (85) samples were needed. Ashland
Chemicals approved this experimental design, as shown in Table 4.5. In addition, to
compare the engineering properties of the CCBs-filled samples with pure resin samples,
three more runs (9 samples total, three for each run) were appended to the design by
changing post-curing temperature (140 F°, 160 F°, and 180 F°) and by maintaining 0% fly
ash loading level and 8 hr post curing time.
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Table 4.5 - Design matrix

Factors considered
Run ID Curing Post-curing
Fly Ash % | Temperature, F° time, hr
1 18 180 16
2 14 180 8
3 14 160 16
4 14 160 16
5 14 140 24
6 10 160 8
7 18 140 16
8 14 140 8
9 14 160 16
10 14 160 16
11 10 180 16
12 10 140 16
13 18 160 8
14 10 160 24
15 14 160 16
16 18 160 24
17 14 180 24

Theoretical analysis background:
Let us assume three independent fa ctors as follows:
X1, fly ash percentage, %, (factor A)
X curing temperature, F°, (factor B)
X3 post-curing time, hr, (factor C)

The treatment of dependent variable y, can be any of the engineering properties
mentioned earlier, such as elastic modulus, ultimate strength, etc. The analysis of
variance (ANOVA) was used to evaluate the effect of each factor and combination of
factors based on laboratory test data. The statistical model of expected values of
dependent variable can be written as:
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E(y) B, E_ljill | &ﬁ Bix,

——
Effects of Fly ash Effects of Effects of post
percentage curing temperat ure curing time
2 2 2 .
B.x Bsx, Bsx, Equation (4.1)
Quadratic effects of Fly ash Quadratic effects of Quadraticeffects of post
percentage curing temperat ure curing time
B xx Bexi %y Box,xs
S — ——
Interactin effects of Interaction effects of Interaction effects of
of Flyash%andcuring  Flyash%and postcuringtime  of curingtemperature and
temperature postcuring temperature

The significance of each coefficient f§ (i = 0,...,9) was obtained using the F-test in
ANOVA. For each effect and their combinations, as shown in the above equation, mean
square error (MSE) and sum square error (SSE) was calculated from the engineering
parameters estimated from laboratory tests. The F values were compared with 95%
confidence level to evaluate the significance of each factor. The R square value (R?) for
each model was also estimated along with the importance coefficient for each factor.

Eighty (80) out of ninety four (94) samples were found valid for statistical analysis
after laboratory testing. The averaged test results are shown in Table 4.6.

Table 4.6 - Engineering properties of various mixes

Avg Avg tangent | Standard deviation of Standard deviation of
compressive elastic compressive strength, | tangent elastic modulus,

run # strength, psi | modulus, psi psi psi

1 14,259 482,068 20,679 516

2 14,839 468,705 11,906 241

4 15,566 499,521 17,485 328

5 14,513 444,706 29,970 1419

6 13,796 405,043 6,977 393

7 15,365 467,210 12,635 307
8 13,463 383,001 25,813 706

9 14,211 414,403 9,171 90

10 15,487 458,219 15,037 322

11 16,032 472,486 7,516 378

12 17,009 513,314 9,388 311

13 15,866 476,393 15,512 341

14 14,943 447,568 - 5,071 179

15 16,774 502;786 407 >362

16 16,645 480,687 8,608 167

17 15,460 494,434 1,200 157
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Results and discussions:

Analysis of variance showed that fly ash percentage (A), post-curing temperature (B),
post-curing time (C), and interaction of post-curing time and temperature (B*C) are the
most significant factors in determining the failure strength, as shown in Table 4.7. A
linear regression model was developed below:

Compressive Strength = 23555.3 - 215.3* A

-387*B-716.7*C+49*B*C
Equation (4.2)

A similar analysis for elastic modulus revealed that fly ash percentage (A), post-curing .

temperature (B), post-curing time (C), and square of post-curing temperature (B2),
interaction of fly ash percentage and post-curing temperature (A*B), are the significant
factors, respectively, as shown in Table 4.8. A quadratic model was developed to relate
the value of elastic modulus with three input factors, as shown below:
Elastic Modulus = -4.3E5 - 36272.2 * A
+ 128952 *B
+1415.7*C-43.2 *B:
+194.20531 * A*B
Equation 1(4.3)

Table 4.7 - ANOVA table of compressive strength of outer-shell material

Source Ss:lzrzz D;f;gi;f SI\:::e V;:ue Prob>F | Remarks
Model 1 .56E+07 4 3.90E+06 7.73 0.0025 | Significant
A 5.93E+06 1 5.93E+06 11.75 0.0050 | Significant
B 5.00E+06 1 5.00E+06 9.90 0.0084 | Significant
C 2.23E+06 1 2.23E+06 442 0.0573
BC 2.45E+06 1 2.45E+06 4.85 0.0479 | Significant
Residual 6.06E+06 12 5.05E+05
Lack of Fit 3.60E+06 8 4.50E+05 0.73 0.6738 | Insignificant
Pure Error 2.46E+06 4 6.16E+05
Correlation Total | 2.17E+07 16
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Table 24.8 - ANOVA table for elastic modulus of the outer-shell material

Source Som of DF Mean F Prob>F| Remarks
Squares Square Value
Model 1.69E+10 5 3.38E+09 9.49 0.0010 | significant
A 3.46E+09 1 3.46E+09 9.72 0.0098
B 1.02E+10 1 1.02E+10 28.58 0.0002
C 1.03E+09 1 1.03E+09 2.88 0.1176
B2 1.27E+09 1 1.27E+09 3.56 0.0859
AB 9.66E+08 1 9.66E+08 271 0.1278
Residual | 3.91E+09 11 3.56E+08
Lack of Fit| 2.15E+09 | 7 3.07E+08 0.70 0.6834 |not significant
Pure Error| 1.76E+09 4 4.41E+08
Cor Total | 2.08E+10 16

The effect of two most significant factors, fly ash percentage and post-curing
temperature, on the outer-shell elastic modulus is illustrated through a three-dimensional
surface in Figure 4.11, which was derived from combined test results of the seventeen
runs and the three additional runs. Depending on the curing temperature, the value of
elastic modulus peaks when fly ash percentage is about 12% to 14%. The higher the
curing temperature, the more fly ash can be added to achieve higher stiffness value.

Although post-curing time is not statistically significant in the analysis, it does
have positive effect on the outer-shell elastic modulus. The elastic modulus of the outer-
shell material increases with increase in post-curing time, as shown in Figure 4.12, and
Figure 4.13. The elastic modulus increased by 4.7% and 4.1% when post-curing time is
increased from 8 to 16 hr and from 16 to 24 hr, respectively.
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For gel time and peak exothermic temperature, the peak exothermic temperature
(with 75 F° ambient temperature) was approximately 200 F° with a high of 211 F° and a
low of 181F°. The average gel time was approximately 6.5 minutes, with a high of 7 min.
7 sec., and a low of 5 min. 46 sec. The three factors, fly ash percentage, curing
temperature, and post-curing time did not have statlstlcally significant effect on gel time
or exothermic temperature.

Optimal material fabrication scheme:

The selection of the best material for fabrication of outer-shell is considered based on
superior engineering properties and maximum utilization of fly ash. Figure 4.12 shows
that the highest value of elastic modulus is achieved with 12% to 16% of fly ash and it
varies depending on the curing temperature. With higher curing temperature, more fly
ash can be added to the outer-shell material. In addition, it was found that longer post-
curing time slightly increased elastic modulus of the outer-shell material. Based on these
results, the best fabrication scheme for the outer-shell material identified was selected as
14% by weight fly ash, - 180 F° curing temperature, and 24 hrs. post-curing time.

Effect of fly ash particle size and loading level:

It was hypothesized that cross-linking among polymer molecules around larger fly
ash particles might be weaker than that around smaller particles. Micro-cracks may
develop around larger size particles at lower stress levels. Therefore, it was thought that
using finer fly ash should enhance engineering properties of a CCBs-based composite.
This may also allow higher fly ash loading levels while maintaining the same
engineering properties. An understanding of this hypothesis can be very advantageous
for the CCBs-based composite utility pole design because larger addition of fly ash will
decrease resin requirements and also cost of the engineered pole.

In this hypothesis testing, curing temperature and post-curing time were therefore
fixed as 180 F° and 24 hr, respectively. Primary emphasis of the study was to evaluate
the effects of the particle size and percentage loading level of the fly ash. Three levels of
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particle size and seven levels of fly ash percentage levels were selected. Three sets of fly
ash were prepared by sieving the fly ash through US standard sieves (200 mesh, 325
mesh, and 400 mesh), and then the fly ash was mixed with polymer at different loading
levels (0%, 5%, 10%, 15%, 20%, 25%, and 30%). Cylindrical samples (1.5 inch
diameter and 3.0 inch height were used for testing. Utilization of the factorial design
resulted in twenty-one (21) samples. Similar to the previous experimental design, each
sample was replicated five (5) times. Thus, one hundred and five (105) cylindrical
samples were prepared. Compressive tests on these samples were carried out as described
previously.

The elastic modulus was calculated using linear regression experimental stress-
strain data between 2000 and 3000 TH Estimated elastic modulus value was not accepted
until its linear regression function had R? value larger than 0.98. The dimensions, elastic
modulus and failure strength for each sample are listed in Tables 4.9 through 4.12.

Figure 4.14 - Prepared ASTM samples for compression test

Table 4.13 lists the average values of the elastic modulus, failure strength, gel
time, and viscosity. It was found that sieved fly ash did improve engineering properties of
the CCBs-based composite. Elastic modulus and failure strength of sieved-fly-ash
sample at each loading level are generally 10,000 — 50,000 psi and 3,000 — 5,000 psi
higher than those containing as-received fly ash samples, respectively. Thus, removal of
big particles from as-received fly ash was useful to develop a stronger and stiffer
composite.
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Table 4.9 - Compression test results for -75 microns CCBs-based composite material

Fly ash % :ample Height, in |Diameter, in |E, psi Is)gie“gth’
2 2758 |1.565 447948 (15,805

, b 2752|1527 168672 17,614
o 3.087  |1.524 479,152 (17,351
¢ 2934 |1.525 475,410 [17,345
2 3.084 1525 516,829  [17,556
b 3077|1529 516282 17,432

° d 3082|1550 502,710 |17,224
o 3.086  [1.525 499,849 17,522
a 3.021 1534 505,272
b 2980 1533 ;

10 c 3100|1532 530,131 [17,166
d 3.081 1.526 518,804 17,230
e 3169|1535 537,100 (17,077
a 3188 |1.542 562,245 (17,326
b 3.6 1527 565,121

15 c 3.077 1531 :
d 3178 |1.544 554,265 17,152
e 3211 [1.538 538,748 17,010
2 3216 1534 592011  [17,724
b 3068 1531 :

20 c 3.032 |1.537
d 3148|1542 606,761
e 3206 [1.529 598,518
2 3.074  |1.536 )

. b 3.088  |1.574 638,075 17,835
c 3101|1541 640,717 (18,025
e 3.028 1536 639,074  [18,161
a 3377 {1.549 711,250 |18,119

" c 3224|1538 655,422 |18,739
d 3244 1540 699,704 19,114
e 3027 1532 hio24s 19135
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Table 4.10 - Compression test results for -53 microns CCBs-based composite material

Fly ash % |Sample# [Height, in D25 g nsi  |Qu, psi
a 2901|1532 [509974 |17374
b 3113|1542 17,160
s ¢ 3.068  |1.539
d 3.042 1556
e 3.037  |1.545 .
a 3128 1520 |460,668 [16,413
b 3166|1531 (500,603 16,616
10 c 3.137 1528 |456.448  |16,123
d 3145 1522
e 3152 |1.539
a 3153|1532 [s36326 16,706
b 3120 1520 [515,060 16,543
15 ¢ 3073|1532 [s20441 16273
d 3138|1533 [500307  [16,068
e 3150|1531 [s14920 f16,489
a 3140|1531 |s70647 17,087
b 3064|1534 [562491 [17,034
20 ¢ 3013|1528 [585303  [16,461
d 3165 |1.534
o 3233 (1527 |577.446  [16,583
a 3002|1526 |se4346 [17,737
b 3205|1547 [ss1330  [17,095
25 ¢ 3185|1527 [584567 [17,527
d 3208|1538 (520,799 16,506
e 3232|1534 601,784 16,989
a 3042|1540 620,166 [18211
b 3128|1533 |576299  |17,967
30 ¢ 3.130  [1525  |619496 18,116
d 3132 (1530 |644769 [18,572
e 3.022 1527 120731 [18,750
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Table 4.11 - Compression test results for -38 microns CCBs-based composite material

Fly ash % |[Sample# |Height, in Piameter, E, psi Qu, psi
a 3.002 1.525 503,437 ]16,859
b 3.085 1.542 498,870 16,704
5 c 3.025 1.535 497,240 116,708
d 3.063 1.547 513,551 16,837
e 3.074 1.524 469,915 116,884
a 3.076 1.527 540,702 (17,117
b 3.072 1.530 518,183  [16,645
10 c 3.021 1.531 570,399 (16,852
d 2.986 1.533 466,754 {15,943
e 2.987 1.523 481,204  |16,791
a 3.091 1.545 537,259 [16,671
b 3.073 1.525 507,116 (15,681
15 c 2.982 1.534 528,255 [17,084
d 3.044 1.540 553,559 16,335
e 3.072 1.525 497,244  |15,802
a 3.014 1.531 579,468 (17,166
b 3.079 1.527 575,600 [17,124
20 c 2.861 1.528 502,855 [17,243
d 2.930 1.529 496,931 17,351
e 3.026 1.527 546,243  |16,782
a 3.125 1.522 628,119 18,633
b 3.143 1.546 650,998  |18,465
25 c 3.106 1.536 611,331 |17,484
d 3.240 1.543 642,609 {18,290
e 3.039 1.535 682,335 |18,244
a 3.180 1.536 616,214 |18,113
b 3.205 1.536 690,690 [18,531
30 c 3.043 1.535 650,360 [17,023
d 3.097 1.527 692,607 [18,521
© 3.066 1.527 694,250 {18,327
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Table 4.12 - Compression test results for as-received CCBs-based composite material

Fly ash % |Sample# |Height, in giame‘e" E,psi  |Qu,psi
a 3.118 1.530 487,084 116,411
b 3.142 1.530 495,627 16,186
5 ¢ 3.082 1.533 483,899 (16,322
d 3.122 1.537 437,200 (16,417
e 3.125 1.531 454,866  |16,606
a 3.103 1.536 534,441 16,928
b 3.238 1.532 501,067 16,972
10 c 3.191 1.530 492,682 {16,731
d 3.008 1.531 517,579 16,833
e 3.050 1.535 533,880 [16,954
a 2.980 1.540 561,461 17,366
b N/A N/A N/A N/A
15 c 2.990 1.548 544,744 16,945
d 2.940 1.542 556,003 116,981
e 3.001 1.541 552,739 17,193
a 3.051 1.545 569,676 16,869
b 3.009 1.549 563,072 16,695
20 c 3.093 1.540 618,104 (17,271
d 3.007 1.543 601,868 17,012
e 3.203 1.539 581,169 16,866
a 3.367 1.538 618,372 17,036
b 3.315 1.540 606,993 |17,621
25 ¢ 3.198 1.536 646,903 117,146
d 3.348 1.544 625,311 17,152
e 3.230 1.543 476,925 (16,349
a 3.304 1.536 678,594 (17,700
b 3.298 1.536 677,464 17,700
30 c 3.258 1.536 683,021  [17,596
d 3.238 1.531 674,347 17,526
e 3.271 1.532 697,362 [17,201
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Table 4.13 - Effect of fly ash particle size and loading level on outer-shell properties

(1). Average Elastic Modulus,

psi
Fly ash % 75 micron 53 micron 38 micron s-received
0 467,795 467,795 467,795 467,795
5. 508,918 514,065 496,603 487,084
10 522,850 472,582 527,622 515,930
15 555,095 517,413 524,687 553,737
20 599,397 573,972 540,220 586,778
25 639,589 564,565 643,078 624,395
30 707,066 617,433 668,824 82,157
(2). Average failure Strength, psi
Fly ash % 75 micron 53 micron 38 micron |As-received
0 17,029 17,029 17,029 17,029
5 17,434 17,224 16,798 16,381
10 17,180 16,320 16,851 16,905
15 17,283 16,416 16,315 17,121
20 17,385 16,791 17,133 16,943
25 17,958 17,171 18,223 17,239
30 18,777 18,217 18,103 17,563
(3). Gel time, seconds
Fly ash % 75 micron 53 micron 38 micron |As-received
0 298 298 298 298.0
S 311 318 321 327.0
10 327 324 340 345.0
15 339 347 377 23.0
20 358 389 407 358.0
25 596 583 520 585.0
30 679 617 551 683.0
(4). Viscosity of mixture, cPs
Fly ash % 75 micron 53 micron 38 micron
0 1,630 1,630 1,630
S 2,004 1,887 1,784
10 2,680 2,479 2,374
15 3,550 3,325 3,157
20 4,650 4,415 4,283
25 5,830 5,683 5,476
30 7,180 7,013 6,873
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Another important result observed was the effect of the fly ash loading level on
the elastic modulus of the composite. In previous studies, it was found that elastic
modulus peaks around 10% - 15% ash loading level. Test results with more uniform size
fly ash show that the elastic modulus of the composite increased with fly ash loading
levels up to 30%, as shown in Figure 4.15. This is a positive finding because adding fly
ash up to 30% (by weight) will decrease material cost by saving resin.

8000000+
700000.04
600000.0
50000004

]

B2400000.0 4

pr.

w
300000.04
200000.%

100000.0 4

|—0—75minmn =53 micron =38 micron l

0. ——

) 5 10

r— p—————

k3
ﬂ;'sash % 2 25 30

Figure 4.15 - Tangent elastic modulus vs. fly ash loading level

The gel time of the fly ash-polymer mixture increased with the increase in the fly
ash loading level. The gel time increased significantly beyond 20% fly ash loading for all
three types of samples, as shown in Figure 4.20. However, increase in gel time is much
larger for large size particles in fly ash.

The viscosity of the fly ash-polymer mixture for all three types of sample also
increases rapidly with the increase in fly ash loading level, as shown in Figure 4.17.
Reducing particle size of the fly ash decreases viscosity of the mixture slightly.
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Figure 4.16 - Gel time of the fly ash-resin mixture vs. fly ash loading level
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Figure 4.17 - Viscosity of the fly ash-resin mixture vs. fly ash loading level

4.5  Effect of type of the fly ash

Compared with STUC-FBC fly ash, C-fly ash has uniform size distribution and
spherical particle shape. Therefore, it was hypothesized that adding Gfly-ash from a
local power plant might have a positive effect on enhancing engineering properties of the
outer-shell material. To verify this hypothesis, studies were conducted to compare the
engineering properties of the FBC-fly-ash-based composite and C-fly-ash-based
composite for the outer-shell material. Samples of both kinds of fly ash were scanned
first under an electron microscope for comparison. Figures 4.18 and 4.19 show the size
distribution and particle shape of the both types of fly ash under different magnifications.

Figure 4.18 - C fly ash sample (X 1,000)
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Figure 4.19 - FBC fly ash sample (X 1,000)

The particles of C fly ash are mostly spherical with more uniform size whereas -

the FBC fly ash has more irregular shape particles distributed over a wide size range.
These physical properties may have a large effect on the engineering properties and
viscosity of ash-resin mixtures. It was thought that with uniform size distribution and
spherical particle shape, C fly ash would not decrease viscosity of polymer-ash mixture
as much as FBC fly ash does. This will provide advantages in the design and
implementation of the manufacturing facility for composite utility poles. However, this
characteristic may have a negative effect on the stiffness and strength of final composite
material. On the other hand, with irregular shape particles, FBC fly ash appears to have
positive effect on enhancing material properties.

To verify the above hypothesis, unconfined compression tests were conducted on
2-inch cubes for FBC fly ash based and C-fly-ash-based composites to evaluate and to
analyze the effect of fly ash type and fly ash loading percentage on composite material
engineering properties.

Initial experiments were conducted to analyze the effect of fly ash type and fly
ash loading on compressive strength, elastic modulus, gel time, pH value, and viscosity
of the mixture with fly ash loading level varying 0%, 5%, 10%, 15%, and 20%.

Three samples were prepared for each fly ash percentage (0%, 5%, 10%, 15%,
and 20%) for SIUC FBC fly ash and C fly ash. Thus, eighty-one specimens were
prepared and tested. The test results of elastic modulus and failure strength for each fly
ash percentage are listed in Table 4.14 and Table 4.15. Test results of the three
specimens for each fly ash percentage and each group are very consistent. Figures 4.20
through 4.23 show the average value of elastic modulus and failure strength vs. fly ash
loading percentage for both types of fly ash.
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Table 4.14 - Unconfined compression test results FBC-based composite material

Group 1 Group 2 Group 3
FBC ash % Et, psi Qu, psi Et, psi Qu, psi Et, psi Qu, psi
348,881 12,192 262,411 11,123 348,881 12,192
0 b 350,163 12,266 348,156 11,660 350,163 12,266
c 344,662 12,033 315,923 11,427 . 344,662 12,033
a 391,537 12,850 371,695 11,882 391,537 12,850
5 b 391,965 12,848 315,784 11,363 391,965 12,848
c 396,064 12,836 354,238 11,859 396,064 12,836
358,866 11,344 376,496 12,363 358,866 11,344
10 b 363,205 11,530 366,466 12,169 363,205 11,530
c 369,628 11,519 405,637 13,095 369,628 11,519
464,810 14,414 502,246 14,974 464,810 14,414
15 b 413,496 14,225 508,781 15,008 413,496 14,225
c 421,640 14,273 433,767 14,535 421,640 14,273
539,262 15,476 552,170 15,856 539,262 15,476
20 b 523,660 15,083 626,487 17,589 523,660 15,083
c 542,000 15,407 534,704 14,782 542,000 15,407
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Table 4.15 - Unconfined compression test results of C fly ash composite material

Group 1 Group 2 Group 3
C ash % Et, psi Qu, psi Et, psi Qu, psi Et, psi Qu, psi
348,881 12,192 262,411 11,123 454,695 15,038
0 b 350,163 12,266 348,156 11,660 445,351 14,803
c 344,662 12,033 315,923 11,427 429,849 15,070
237,488 8,480 252,811 8,835 266,439 8,949
5 b 249,882 8,674 255,380 8,512 262,034 8,715
c 258,261 8,802 235,886 8,761 187,035 8,820
a 182,421 9,336 318,573 9,933 221,961 9,655
10 b 305,981 9,891 239,407 9,898 329,877 10,602
¢ 297,938 9,958 259,384 10,247 324,660 10,562
a 302,923 10,067 307,869 10,362 319,075 10,258
15 b 256,258 9,737 272,878 10,085 286,709 | 10,128
¢ 341,796 10,246 264,772 9,696 264,928 10,099
360,884 11,017 237,483 10,331 189,696 7,166
20 b 192,530 10,119 356,427 10,580 239,101 7,574
c 291,732 10,309 371,283 10,632 244,249 7,696
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Figure 4.20 - Elastic modulus vs. fly ash % for FBC-fly-ash-based composite material
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Figure 4.21 - Failure strength vs. fly ash % for FBC-fly-ash-based composite material
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Figure 4.22 - Elastic modulus vs. fly ash % for C-fly-ash-based composite material
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Figure 4.23 - Failure strength vs. fly ash % for C-fly-ash-based composite material

The results are summarized below.

(1). Addition of C fly ash into the outer-shell material did not improve material
stiffness and strength. The elastic modulus and strength decreased by about 30% even
with only 5% C fly ash addition. In addition, there is no trend that Et and Qu may
increase as fly ash percentage increases.

(2). For FBC fly ash, the results agreed very well with the results obtained in the
earlier studies. Adding FBC fly ash into outer-shell material increased material elastic
modulus and strength by 5% to 65% depending on the fly ash percentage. The results
revealed that adding fly ash up to 20% increased the strength and stiffness of he
composite material. Since the viscosity of the resin-ash mixture is quite high at 20% fly
ash loading, it was decided that the addition of fly ash will be limited to 15%. This
should result in 30% increase in strength and stiffness of the final composite material as
compared to resin-only composite material.
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CHAPTER 5: DESIGN, MANUFACTURE, AND OPTIMIZATION OF THE
COMPOSITE POLE

5.1 . Introduction

Structural analyses were conducted to develop the design formulas for a
cylindrical composite pole, which relates the various dimension parameters of the
composite pole with structural bending stiffness of the wooden pole (section 5.1).
Assuming structural bending stiffness same for the wooden and composite poles, various
pole designs were developed with different combinations of outer diameter and shell
thickness. To optimize the composite utility pole design, multi-objective optimization
techniques were utilized with a consideration of material architecture, outer diameter,
thickness, strength, and stiffness of the FRC pole.

5.2  Structural analysis

The basic concept of this analysis is to keep the product of the elastic modulus (E)
and the moment of inertia (I) of the cross section the same for both wooden and
composite poles and then compare their cost and weight. This would imply that the top
deflection of the composite pole will be equivalent to that of the wooden pole for the
same applied load. To achieve this goal, an equation was developed to determine the
outer-shell thickness of composite pole based on the outer-shell radius and flexural
stiffness of wooden pole (Elyq04).

The EI of the composite pole is given by the following equation,

EI Comp %[Ea (7'4 (r t)4) Ei(r t)4] Equation (5‘1)
For EI of the composite pole equal to that of the wooden pole,
El i (EDcop, Equation (5.2)

Therefore, the equation (5.1) can be rewritten as,

1 MED,p0s 4= .
t ror Ert, Equation (5.3
’ \/<E Eyg n T E auation (53
where, E: modulus of elasticity of wooden pole

I Moment of inertia of the wooden pole
E,:  Modulus of elasticity of the outer-shell material

E;:  Modulus of elasticity of the inner-core material

r: Outer radius of the composite pole
t: Outer-shell thickness of the composite pole

Using different values of outer radius (1), series of values of shell thickness (t) and
2r/t were calculated. Only cylindrical poles without inner-core material were considered.

53 Candidate designs when the pole is unfilled

The structural strength and stiffness are basically governed by outer-shell material
and inner-core material does not impact the pole design if hollow pole design is
considered. Tables B.10, B.11, and B.12 in Appendix B list the EI ratio, weight ratio,
and cost ratio of the hollow composite pole to wooden pole when elastic modulus is 3.5
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million psi. Figure 5.1 summarize the data listed in these tables. Figure 5.2 shows the
hollow pole design when the elastic modulus of the outer-shell is 3 million psi. and

Figure 5.3 show the design parameters when the elastic modulus of the outer-shell is 2.5
million psi.
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Figure 5.1 - Comparison of wooden pole and hollow pole when Eout=3.5 million psi
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Table 5.1 - Candidate design of the hollow class-4 composite utility pole

Outer-shell E (million psi) 3.5 3 2.5
Outer Dia. 8.75 9.25 9.75
7/8 El ratio 1.021 1.051 1.041
Wt Ratio 0.38 0.41 0.43
Outer Dia. 9 9.5 10
13/16 | Elratio 1.063 1.087 1.07
Wt Ratio 0.37 0.39 041
Outer Dia 9 9.5 10
3/4 El ratio 1.002 1.024 1.007
Wt Ratio 0.33 0.36 0.39
Outer Dia 9.25 9.75 10.25
11/16 | Elratio 1.025 1.041 1.018
Wt Ratio 0.33 0.35 0.37
Outer Dia 9.5 10 10.5
5/8 El ratio 1.036 1.046 1.018
Wt Ratio 0.31 0.33 0.34
Outer- Outer Dia 9.75 10.25 10.75
thizllzslelss , 9/16 EI ratio 1.033 1.038 1.005
in Wt Ratio 0.29 0.3 0.32
Outer Dia 10 10.5 11.25
172 El ratio 1.014 1.014 1.049
Wt Ratio 0.26 0.28 0.3
Outer Dia 10.5 11 11.5
7/16 El ratio 1.054 1
Wt Ratio 0.24
Outer Dia 11
3/8 El ratio
Wt Ratio
Outer Dia 11.5
5/16 El ratio 1.033 1.01
Wt Ratio 0.19 0.2
Outer Dia 12.25 13
1/4 El ratio 1.02 1.048
Wt Ratio 0.17 0.18
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Table 5.2 summarizes the candidate design for the hollow composite utility poles.
Removal of the inner-core material dramatically decreases the overall weight of the
composite pole by 50%. Analysis shows that, when outer-shell has 3.5 million psi elastic
modulus, the hollow pole design with 11 in. of outer diameter and 3/8 inch of wall
thickness is comparable to class-4 wooden pole. In similar way, if E of the outer-shell is
3 million psi, then the hollow pole design with 11.5 in. outer diameter will be
comparable. If E of the outer-shell is only 2.5 million psi, increasing the outer diameter
of the pole to 12.25 in. will also make the composite pole comparable to wooden pole.
The above results indicate that if elastic modulus is higher, the diameter of the pole can
be decreased and the composite pole may be lighter. This decreases the volume of resin
needed and total cost of the composite pole. The optimum pole design should be selected

from these candidate designs based on obtainable outer-shell stiffness and comprehensive
cost analysis of the pole.

54  Manufacturing of the CCBs-filled FRC model utility pole

Since proposed utility pole has a uniform cross-section. Pultrusion process was
adopted in this study to manufacture the FRC pole. Pultrusion is a manufacturing process
in which unidirectional filaments (fiber bundles or roving) with other fabric mats are
impregnated with resin and pulled through a heated die to produce long prismatic
structural components with a desired cross-section, as shown in Figure 5.4. The process
has higher production efficiency.

As the glass passes through the wet-out bath and through the injection manifolds,
it is completely saturated with a thermo-set resin that includes the CCBs fillers, catalyst,
etc. As the glass enters the back of the die it is under high pressure, which forces out any
air and excess resin from the reinforcement. Once inside the controlled heated die, the
part passes through various stages of heat, which initiates catalyst systems to react within
the laminate allowing the layers of reinforcements to be mechanically fixed to each other
resulting in a solidified laminate exiting the die. Upon exiting the puller, the laminate
passes through the final stage of a cut off saw where it is cut to its final length.

Figure 5.5 shows CCBs-filled FRC utility model pole that just comes out of
pultrusion process, and Figure 5.6 shows 200 ft of final model pole produced. The wall
thickness of the pultruded CCBs-filled composite outer-shell is about 0.24 inch with a
relatively small number of reinforcement layers. Combinations of reinforcements,

rovings and continuous strand mats (CSM), were used through the thickness of the final
product, as shown in Figure 5.7. ‘
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Figure 5.5 - Pultrusion of the model composite utility pole

Figure 5.6 - Pultruded CCBs-filled FRC utility model poles

Figure 5.7 - Close view of the model pole and magnified cross-section
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Roving is made up of fiberglass unidirectional filaments, which are manufactured
in continuous rolls. Roving is present in pultruded composites and comprises about 60%
of the total glass content. In addition to supplying the necessary strength to pull the
profile, roving supplies the product with high tensile, and flexural strength properties and
is a big contributor to the overall section stiffness.

The continuous strand mat (CSM) is the remainder of glass reinforcement used in
the pultrusion process and represents about 40% of the total glass content. It consists of
relatively long swirl fibers that are randomly oriented (in-plane). The CSM is designed
specifically for the pultrusion process and offers good wet-out characteristics,
conformability to a variety of shapes, and good physical properties including the required
pull strength. It is used to obtain the desired engineering properties of the product in the
transverse direction. Whereas the roving ties the composite together in the longitudinal
direction, the mat is responsible for tying the composite together in all directions, but
mainly in the transverse direction.

To improve the product’s resistance to ultraviolet (UV) degradation and make the
profile more user-friendly, synthetic veils were used to enhance the surface of pultruded
profiles. The veil was added to the outside of a profile just prior to entry into the die.
Since the veil brings more resin to the surface and the resin is the ingredient that provides
corrosion resistance, adding the veil increases the corrosion resistance. The CCBs-filled
FRC model poles were pultruded with a surface veil as well as UV inhibitors to protect
the pole against UV degradation.

5.5  Optimization of the composite pole design

An attempt is made here to optimize the design of the CCBs-filled FRC utility
pole. The primary objective of the study is to concurrently optimize the material
architecture and cross-sectional area of the pultruded CCBs- filled FRC utility pole.

Material characterization of ply material:

Analysis and design optimization of the cylindrical shape FRC utility pole requires
several material properties; primarily longitudinal and transverse elastic modulus and
strengths and in-plane shear stiffness and strength for each layer. To find proper design
variables, material architecture and laminate properties of the pultruded composite need
to be developed. Although the pultruded FRC material is not a laminated structure in a
rigorous sense, its material architecture can be simulated as such. As stated in the

previous section, the pultruded CCBs-filled composite include the following three types
of layers:

(1) Thin layers of randomly-oriented chopped fibers (Veil) placed on the surface of
the composite. This is a resin-rich layer primarily used as a protective coating, and its
contribution to the laminate response can be neglected;

(2) Continuous Strand Mats (CSM) layers which consist of relatively long, swirl fiber
bundles that are randomly oriented in the plane of the mat. This system is used as a
multi-directional secondary reinforcement system, which provides material continuity
and strength in the transverse direction.

(3) Roving layers containing continuous unidirectional fiber bundles, which contribute
the most to the stiffness and strength of a section.
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The different forms of reinforcement are usually repeated several times
throughout the thickness of the pultruded member. The CSM and roving systems can be
idealized as layers with different thickness through the cross-section, depending on the

level of reinforcement used. Figure 5.8 shows the veil, roving, and CSM layers in a
failed tensile test sample.

Figure 5.8 - Roving and CSM layers in a failed tension specimen

Figure 5.9 shows the polished cross-section throughout the thickness of the
CCBs-filled pultruded composite material. It is clear that the CSM layer and roving
layer are stacked alternatively. There are numbers of void systems inside the pultruded
section as seen in Figure 5.12. The level of voids in pultruded composites has been
previously studied and the void content in the pultruded profiles is about 3-5%. Denoting
V as veil, C as continuous strand mat, and R as roving layer, the manufactured composite
outer-shell consists of V/C/R/C/R/C/R/C/V.

Figure 5.9 - Polished cross-section throughout the thickness of the composite material

The main concern is the design optimization of material architecture and
dimensions of CCBs-filled FRC utility pole, which consists of E-glass fibers and
polyester matrix. The material properties of the constituents (E-glass fiber and polyester
matrix) are considered to be isotropic. The material architecture of CCBs-filled FR
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outer-shell material includes sets of continuous strand mats (CSM), and roving
(unidirectional fibers) arranged through the thickness of each panel. In the analysis, a
symmetric lay-up is considered consisting of an idealized (2m-1) number of layers with m
CSM layers and m-I roving layers, as shown in Figure 5.10.

Figure 5.10 - Idealized lay-up system for pultruded composite outer-shell

The idealized layer thicknesses of CSM and roving layers are ¢csy and ¢, and their
corresponding FVFs [(Vf)csu and (Vf)r] were evaluated using a series of burnout tests
following the ASTM D2584 that describe the methods for ignition loss of cured
reinforced resins. '

Each layer is modeled as a homogeneous, linearly elastic, and generally
orthotropic material. The ply materials used are specified as 0.229 kg/nf [3/4 oz/ft’]
CSM, and 227.6 m/kg [113 yield(yard/lb)] roving, which are commercially available and
commonly used in pultruded FRC. The units used in this study are oz for CSM and yield
for rovings, because these units are widely accepted in manufacturing and design. The
ply thicknesses ¢csa) and FVFs (Vf)csy can be obtained based on the previous ASTM
burnout test result. Their average values are found zcsy = 0.025 inch and (Vf)sr = 36%.
The total thickness of a CCBs-filled FRC panel, t, is defined as

t nt,, (n 1y Equation (5.4)

where for a given panel thickness ¢ and CSM thickness ¢, roving layer thickness
can be computed from equation (5.4).

The design variables for material architecture are the lay-up number » and roving
layer thickness #,. By knowing » and ¢, for a panel of a the panel thickness ¢ and the fiber
percentages of CSM and roving layers can be obtained.

Optimization objectives:

A particularly attractive advantage of FRP composites is the ability to tailor the material
system along with the geometric shape for a given application. This advantageous
characteristic of pultruded FRP composites can be achieved while overcoming the
controlling constraints, such as deflection limit, material failure, and critical buckling
load. An optimal combination of the factors like outer-shell thickness, outer diameter,
number of ply, thickness of roving layer, and fiber volume fraction need to be analyzed
and identified so that the developed composite pole will be comparable to class-4 wooden
pole in terms of maximum stiffness and minimum weight. The task was to find the outer

66

i o ST



diameter, outer-shell thickness, and material architecture (lay-up) of a composite circular
thin- walled cylinder with specified applied bending moment, M, such that:

- the cross-sectional area, A, is minimized;

- total weight of the designed composite pole is less than that of a class-4 wooden

pole;

- the maximum compressive stress in the cylindrical pole, Npax is smaller than the

compressive strength, N, of a uniaxially compressed cylinder, times a safety
factor SF (knock-down factor);

- The maximum tensile stress in the pole outmost fiber is lower than its maximum
tensile strength.

- The global bending stiffness, S, exceeds a minimum required stiffness, Sreq. This
guarantees the top deflection of the developed composite pole will not exceed the
limit required by ANSI standard.

Problem formulation :

The optimal design of the CCBs-filled pultruded FRC cylindrical utility pole can
be considered as a standard problem of finding a design variable vector b that will
minimize an objective function F(b) subjected to equality constraints, Gyb) = 0 (i =i to
p), and inequality constraints, Gyb) & 0 (i = (p+1) to m), and with explicit lower and
upper bounds on the design variables given as bii 6 bi & biu, for i = 1 to n.

The global bending stiffness of a cylindrical composite utility pole can be calculated
using Euler-Bernoulli beam theory (James, 1990), which is related to moment of inertia
and cross sectional area. The cross-sectional area of a thin-walled cylinder is:

A=n(D 1) Equation (5.5)

where D is outer diameter of the cylindrical shell, and t is the average shell
thickness.

Second area moment of inertia () is:

G

t Equation (5.6)

Average flexural modulus in axial direction is:
_12(0,D,, Dy))

E Equation (5.7
XX t3 D22 q ( )
Average flexural modulus in the circumferential direction is:
2
Eyy= 12(D“13)22 Dy) Equation (5.8)
t’Dy,
Average shear modulus is:
_ 12D, .
Gyy= po Equation (5.9)
Poisson’s ratio is:
M, Dy Equation (5.10)
D22
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For a cylindrical utility pole that is subject to bending loads, it’s bending stiffness, S,
is:
120Dy, DY) (D 1)
£*D,, 8

S=Exl= Equation (5.11)

where D is component of the [D] matrix computed based on the classical plate
theory, as given in (7.30) in Chapter 7.

The cross-sectional area of the cylindrical composite pole is closely related to
engineering properties of the reinforcements which are to be maximized. It also
represents the structural weight which is to be minimized under buckling and stiffness
constraints. In mathematical terms the optimization problem can be expressed as:

Minimize 4 =n[D (nt,, (n Dt )(nt,, (n D)

Maximize S = [Dy1-(Dp?/ Dzz)]ﬂ?%—g
4MD
D 1t
Minimize Tpax = —4—MD—3 Equation (5.12)
(D )t
Given the following constraints:
28nd7
0.02 inch 3 £3 0.2 inch
8inch 6 t8 16 inch
S = Sreq
Nmax = Nct/SF
Tmax = Nu/SF
Wi=AL ?%,,,=11001b Equation (5.13)
where, t is the outer-shell thickness, ¢ nt,,, (n 1), , based on actual
manufacturing process, assume t = 2 tCsm;

Minimize Nyax =

n is the number of CSM layers;

D is the outer diameter of the cylindrical composite utility pole, 8 inch & #0 16
inch based on preliminary design;

L is the length of the pole, 35 ft;
M is the bending moment applied to the pole. M = 2400 *35 =84,000 Ib*ft
2avg 1s average density of CCBs-filled FRC, ?.y¢=80 pcf;

Sreq is the required bending stiffness of the utility pole. The equivalent bending
stiffness value (5.825E+08 Ib*in?) of class-4 wooden pole was applied here;
SF: design safety factor, SF = 1.5.
N and Ny: Compressive and tensile strength of the outer-shell, N, = 55,000 psi
and N, = 45,000 psi
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D;; is the component determined from equation (7.30).
Optimal composite pole designs:

In this study, the multiple objective functions in equation (5.13) represent the outer-shell
cross sectional area (A), flexural bending stiffness of the pole (S), maximum compression
stress (Nmax) and maximum tensile stress (Tmax) that occurs on the outer-shell material
when the full length composite pole is subjected to 2,400 b horizontal load in cantilever
bending mode. The constraint functions in equation (5.13) are the upper and/or lower
bounds of the design variables, and involve inequalities.

The minimization or maximization of the objective functions can be
accomplished with available constraint functions. However, the evaluation of the
objective functions for the deflections, micro-mechanics analysis, macro-mechanics
analysis, and failure analysis can be a difficult problem. It would be a time-consuming
effort if a traditional mathematical optimization technique was adopted because the
objective functions and their constraint functions involve compounded, nonlinear, and
inexplicit calculation. Thus, to solve the optimization problem without going through
complicated mathematical manipulations, the objective functions were explicitly
expressed in terms of design variables and were evaluated for a number of design points.
It is important to mention that the flexural bending stiffness (S) in this step is very hard to
express explicitly as a function of design variables because its computation involves
complicated micro-mechanics analysis, micro-mechanics analysis, and classical plate
theory. To overcome this difficulty computer programs were developed using MathCAD
to calculate the [D] matrix for given material architecture variables (number of lamina,
layer thickness, overlay pattern, roving fiber orientation, fiber volume fraction; etc). The
[D] matrix was then used to calculate laminate bending stiffness.

The design variables are number of laminas (21+1, n is number of CSM), roving
layer thickness (t), CSM layer thickness (tsm), and diameter of outer-shell (D). In the
calculations, the number of CSM lamina were considered as 2, 3, 4, 5, 6, and 7 as limited
by constraints. To provide multi-directional secondary reinforcement system for the
composite and maximize material continuity and strength in transverse direction, the
outer most laminas are all CSM. Since the CSM and roving lamina are laid alternately,
the number of roving lamina is 1, 2, 3, 4, 5, and 6 corresponding to the number of the
CSM lamina. Thus, the total number of laminas in the composite is 3, 5, 7, 9, 11, and 13,
respectively. For each lamina lay-up pattern, the thickness of the roving lamina was
increased from 0.02 inch to 0.2 inch by increments of 0.01 inch. AS a common practice
of actual pultrusion process, the thickness of CSM layer in this analysis is assumed as
one-half of that of the roving lamina. From the preliminary pole design stated in section
5.2, the design space of the outer-shell diameter (D) for the composite pole was
considered in the range of 8 inch to 16 inch. In the optimization calculations, the value of
D was increased from 8 inch to 16 inch in increment of 0.25 inch.

Optimization results when the pole is hollow:

For given number of laminas, roving lamina thickness, CSM lamina thickness,
and outer-shell thickness, increasing the outer diameter will increase total weight,

structural bending stiffness, and outer-shell cross-sectional area of the pole, and it will:

also decrease the maximum stress in the outer-shell composite. Table 5.3 lists the value

variation of the objective functions with increase in the outer diameter when the number

of laminas is 5, roving lamina thickness is 0.05 inch, CSM lamina thickness is 0.025, and
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shell thickness is 0.175 in. By applying other constraints (maximum stress, flexural
bending stiffness), it is clear the last design in Table 5.3 that can satisfy the design
requirements. In other words, a composite pole with 5 laminas (3 CSM of 0.025 inch,
and 2 roving layer of 0.05 inch), a total 0.175 in shell thickness, and 16 in outer diameter
will be comparable to a class-4 wooden pole. In this case, the engineered pole will not
fail for 2,400 Ib horizontal load applied at the pole top, and will be 85% lighter and 55%
stronger that the wooden pole.
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Table 5.2 - Variation of objective function values with the outer diameter

D, in Total Sigma . flexural sti.ff;ness, Cross sectioznal
weight, Ib | max, psi S, Ib*in area A, f
8 83.7 122,453 1.09E+08 0.0299
8.5 89.0 108,043 1.32E+08 0.0318
8.75 91.7 101,774 1.44E+08 0.0327
9 94.3 96,035 1.57E+08 0.0337
9.25 97.0 90,768 1.70E+08 0.0346
9.5 99.7 85,923 1.85E+08 0.0356
9.75 102.4 81,456 2.00E+08 0.0366
10 105.0 77,328 2.16E+08 0.0375
10.25 107.7 73,506 2.33E+08 0.0385
10.5 110.4 69,960 2.51E+08 0.0394
10.75 113.1 66,665 2.70E+08 0.0404
11 115.7 63,598 | 2.89E+08 0.0413
11.25 118.4 60,737 3.10E+08 0.0423
11.5 121.1 58,065 3.31E+08 0.0432
11.75 123.7 55,566 3.54E+08 0.0442
12 126.4 53,224 3,77E+08 0.0451
12.25 129.1 51,028 4.01E+08 0.0461
12.5 131.8 48,965 4.27E+08 10.0471
12.75 134.4 47,024 4.53E+08 0.048
13 137.1 45,196 4.81E+08 0.049
13.25 139.8 43,473 5.10E+08 0.0499
13.5 142.5 41,847 5.39E+08 0.0509
13.75 145.1 40,310 5.70E+08 0.0518
14 147.8 38,857 6.03E+08 0.0528
14.25 150.5 37,480 6.36E+08 0.0537
14.5 153.1 36,176 6.70E+08 0.0547
14.75 155.8 34,938 7.06E+08 0.0556
15 158.5 33,763 7.43E+08 0.0566
15.25 161.2 32,646 7.81E+08 0.0576
15.5 163.8 31,584 8.21E+08 0.0585
15.75 166.5 30,572 8.62E+08
| 1 1692 29,609 9.4ER08
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Following a similar approach, feasible designs of the hollow engineered
composite poles for all possible combinations of the design variables were identified. An
examination of these feasible designs revealed that the increase in the number of laminas,
lamina thickness, and outer-shell thickness increased structural bending stiffness, overall
weight, and shell cross sectional area, and decreased maximum stress. With minimum
overall pole weight and shell cross sectional area as the optimization criteria, the

promising designs of the hollow composite pole were narrowed down to the following
designs (Table 5.4).

Table 5.3 - Promising designs for the hollow composite utility pole

NOZ of tTr, t_c.:sm, tin | D,in Weight,
laminas in in 1b

3 0.09 | 0.045 | 0.18 | 15.75| 171.20 | 29751.77 | 6.93E+08

5 |00S | 005 | DI EE | K SI04ER08
[

7 0.05 | 0.025 ] 025 | 135 8.23E+08

9 004 | 0.02 0.26 | 13.25 | 206.31 { 29839.10 | 8.41E+08

11 0.04 [ 0.02 032 | 12.25 | 233.20 | 28935.80 | 8.22E+08

13 0.03 | 0.015 | 0.285] 12.75 | 217.01 | 29645.52 | 8.48E+08

Smae PSi | S, Ib¥in? | A-Shell,

Apparently, the second design in Table 5.4 is the best one. While guaranteeing
enough material strength, it provides the highest flexural bending stiffness with minimal
overall weight and shell cross-sectional area. This means that a hollow composite utility
pole with 0.175 in shell thickness and 16 inch outer diameter composite pole can be 55%
stronger and 85% lighter than a wooden pole if its outer-shell is made of 5 layers of -
lamina (3 CSM layer of 0.025 in and 2 roving lamina of 0.05 in).

. Considering material architecture (number of laminas, layer layup pattern,
lamina thickness), outer diameter, shell thickness, material strength, structural bending
stiffness, multi-objective optimization techniques were utilized to optimize the composite
utility pole design. It was found that, when the composite pole is hollow, the optimal
design is a eylindrical hollow composite pole with 0.175 in shell thickness and 16 inch
outer diameter composite pole, which will be 55% stronger and 85% lighter than a
wooden pole if its outer-shell is made of 5 layers of lamina (3 CSM layer of 0.025 in and
2 roving lamina of 0.05 in). When the pole is filled up with inner-core material, the
optimal design is a cylindrical composite pole with 0.3 in shell thickness and 12.5 inch
outer diameter, which will be 37% stronger and 2% lighter than a wooden pole if its
outer-shell is made of 7 layers of lamina (4 CSM layer of 0.06 in and 2 roving lamina of
0.03 in).
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CHAPTER 6: MICRO-MECHANICS ANALYSES

6.1. Introduction

Micro-mechanics is the study of composite materials taking into account the |
interaction of the constituents. It is used to predict stiffness and strength of a FRC P
material. Micro-mechanics allows the designer to represent a heterogeneous material as
an equivalent homogeneous anisotropic material A CCBs-filled FRC material is
basically a composite laminate, which consists of multiple roving layers and continuous
strand mat (CSM) layers. This chapter discusses the prediction of the effective stiffness
and strength of the both layers through micromechanical analysis approach. The in-situ
material properties for the fiber and the matrix are assumed to have the same values in
both CSM and roving layers. Fiber volume fraction (FVF) of individual layers is
determined by the burnout test (ASTM2584). The micromechanical and mechanics of
materials approaches were then utilized to evaluate and determine the stiffness and
material properties of the roving layers and CSM layers.

6.2  Determination of fiber volume fraction throughthe ASTM burnout test

Micro-mechanics and macro-mechanics analyses on a composite material require
material specifications, such as fiberglass and resin type, reinforcement pattern, fiberglass
mass and volume ratio. However, much of this information was not provided by the
manufacturer, since it is considered confidential. ‘Therefore, efforts were made to
conduct material mass and volume fraction tests in the laboratory following the Standard
Method for Ignition Loss of Cured Reinforced Resins and a procedure for determining
the volume fraction of glass in FRP composites (ASTM D2584). The experiment was
conducted under the assumption that the resin of the composite is organic and will be
decomposed to volatile matter. Ignoring small amounts of other volatiles (water, resin
solvent), the ignition loss was considered as the resin content of the sample.

The test specimens were cut from the developed test panel and processed as close
in size to the ASTM standards as possible (1 inch by 1 inch by 0.24 inch). The
specimens were put into an oven to be dried at 140 F° for 24 hours and cooled to ambient
temperature in desiccators. After measuring the initial dried mass, the specimens were
put into crucibles and were burned until fiber, CCBs, and carbon formed the residue. The
residue was then placed in a furnace and degraded, leaving only reinforcement and
CCBs. Figure 6.1 shows the burnout test samples taken out of furnace.
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Figure 6.1 - Burnout test samples

After the resin was burnt, analysis of the laminate was performed on the burnout
remains. The post-burnout mass of specimens was measured after the samples were
cooled to ambient temperature. Then the specimens were carefully disassembled and
roving lamina residue and CSM residue were separated from each other.

With the measured mass of each residue, calculations were conducted to
determine the FVF within roving lamina and CSM lamina. In this calculation, the resin
and CCB:s filler were assumed to be distributed uniformly throughout the material
thickness. In order to determine the thickness fraction of the layers, the relative thickness
of the roving (0.1411/0.2378) and CSM layers (0.0967/0.2378) were first determined
using an optical microscope, shown in Figure 6.2. Unit weight of fiberglass, resin, and
CCB:s filler were measured as 158.6 pcf, 78 pcf, and 104.8 pcf, respectively.

s = 009670 00368

Figure 6.2 - Polished cross-section of the CCBs-filled composite

Table 6.1 shows the FVF results of the burnout tests for ten specimens. The FVF
of the roving layer is found to be about 45.35% for both fly ash percentages. The FVF of
CSM layers is 38% in the 5% fly ash sample and 35.7% in the 10% fly ash sample.
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Table 6.1 - FVF of CCBs-based composite via burnout test results

Fly {Sample/Ms | Ma | Mar| Mac| Mr | Mf |Mrr| Mrc | Mfr | Mfc MgriMgg Vsr | Vsc [FVF FVFc
ah% * lelelele|Gle|les|le|G|e|e|e|mslems %| %
1 6.60{4.001[2.71§1.283) 2.6 [0.13]1.54]1.058]0.077]0.053P.64]1.23] 2.32 1 1.36 | 44.8 | 35.5
2 6.52|3.97712.6551.322|2.54]0.13]1.51]1.032]0.075]0.0522.58|1.27| 2.27 } 1.36 | 44.8 | 36.9
5 3 [7.73] 491 [3.1051.805}2.8210.14(1.67(1.146]0.084]0.05713.02(1.75| 2.58 | 1.64 [46.2| 42
4 16.84[4.267[2.8731.394]2.57/0.13[1.53}1.046]0.076[0.052{2.8 {1.34{ 2.37 | 1.4 |46.5| 37.8
5 16.70/4.073]2.681}1.392]2.6310.13]1.56|1.069{0.078]0.053| 2.6 {1.34| 2.32 | 1.41 | 44.2| 37.3
Average 453 379
Std Dev. 0.98] 2.43
1 6.77] 4.25 {2.8841.342]2.520.25] 1.51.026] 0.15]0.103R.73|1.24| 2.36 | 1.37] 45.6 | 35.6
2 6.59(4.096(2.8321.277(2.49/0.25|1.48(1.013]0.148{0.101P2.68]1.18| 2.33 | 1.33 [45.4 | 34.7
10 3 6.58(4.144|2.805 1.32{2.4310.241.44] 0.99 {0.144]0.099P2.66]1.22( 2.29 [ 1.33 | 45.8 | 36.1
4 16.41/4.0132.70111.275]2.3910.24[1.42{0.974]0.142]0.09712.56{1.18{ 2.23 | 1.3 | 45.2| 35.7
5 16.24{3.928]2.611[1.259{2.31{0.23{1.37 0.938!0.137 0.094\2.47 1.17}2.1511.27]45.3{ 36.3
Average 4541 35.7
Std Dev. 022] 0.6
Ms: mass of dried sample before test; Ma: mass of residue after test ;
Mar: mass of roving residue after test; Mac: mass of CSM residue after test;
Mr: Mass of resin; Mf: Mass of CCBs filler;
Mrr: Mass of resin in roving lamina; Mrc: Mass of resin in CSM lamina
Mi{r: Mass of filler in roving lamina; Mfc: Mass of filler in CSM lamina;
Mgr: mass of glass in roving lamina; Mgc: Mass of glass in CSM lamina
Vsr: Sample volume related to roving lamina; Vsc: Sample volume related to CSM lamina;
FVFEr: FVF of roving lamina; FVFc: FVF of CSM lamina
Unit conversion factor: 1 gram = 0.0022046 pound; 1 cubic centimeter = 0.0610237 cubic inch

6.3  Micro-mechanics analysis of the lamina

The CCBs-based FRP composite consists of CCBs-mixed polymer reinforced
with alternating layers of unidirectional E-glass roving and CSMs. Three layers of fiber
roving and four layers of CSM stack one on another in an alternating pattern as shown in
Figure 6.2 and Figure 6.3. Denoting R as roving and C as CSM, the material architecture
of the laminated composition can be coded as [C/R/C/R/C/R/C]. The in-situ fiber and
matrix properties were estimated through published approaches and are reported in Table
6.2.
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Figure 6.3 - Material architecture of CCBs-based FRP composite

Table 6.2 - Properties of fiber and matrix

E (ksi) ? 9
E-glass fiber | 10500 0.2 2.54
Matrix 493 0.3 1.25
CCBs N.A. N.A. | 1.68

E: Young’s modulus;

p: Poisson’s ratio;

8 Specific gravity

The interaction of the constituent materials (micro-mechanics) is essential to the
understanding of the macro-mechanics of the laminated composite. Micro-mechanics
helps to predict the lamina properties, which can be used for laminate analysis. Micro-
mechanics is a natural adjunct to macro-mechanics when viewed from design rather than
analysis point of view. Two related approaches, rule of mixture and the mechanics of
material, are used in this study for the determination of the stiffness and other
engineering properties for the roving layer and CSM layer.
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Roving layer: Figure 6.4 illustrates schematic material architecture of a roving layer.

S

Figure 6.4 - Schematic illustration of material architecture of roving layer

Stiffness: Both fibers and matrix are assumed to be isotropic. Their stiffness can be
completely represented by two engineering properties: the modulus of elasticity E and
Poisson’s ratio p, as listed in Table 6.2. From a micro-mechanics point of view, the
CCBs-filled fiber reinforced roving layer is basically a combination of the three isotropic
materials (fiber, CCBs, and matrix). It can be represented as an equivalent,
homogeneous, transversely isotropic material, the stiffness of which can be described by
five elastic properties:

E; : modulus of elasticity in fiber direction, psi;
E;: modulus of elasticity in the direction perpendicular to fibers, psi;
G12: in-plane shear modulus, psi;

G23: out-of-plane shear modulus, psi;

178 LINRY & L SR & L ST & LI A o)

U, in-plane Poisson’s ratio.

The above properties are functions of fiber volume fraction, fiber engineering
properties, and matrix engineering properties. Prediction of these parameters based on
constituent material properties and FVF are discussed below:

The longitudinal modulus, or modulus in the direction of the fiber direction (E;),
can be predicted very well by the rule of mixture (ROM) formula. The main assumption
of the formulation is that the strains in the fiber direction of the roving layer are the same
in the fiber as in the matrix. This assumption leads to the formula below,

E E/JV, EQ1 V) Equation (6.1)
where, Er is the modulus of elasticity for fiber,

E,, is the modulus of elasticity for matrix, and
Vr is the fiber volume fraction;
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Determination of the modulus in the direction transverse to the fiber (E;) can be
predicted using inverse ROM, which can be derived based on the assumption that the
stress is the same in the fiber and the matrix. This leads to the inverse ROM, as given by,

1 1V, v .
—_— —= = Equation (6.2)
E, E, E;

The above prediction provides lower bound, and is not accurate in the majority of
cases. A better prediction is obtained using the semi empirical Halpin-Tsai formula
(Halpin, Tsai, 1969), '

1 nv

E, E|l
f
(E,/E,) 1
(Ef/Em) 5

where & is an empirical parameter. The value of & =2 usually gives a good fit for
the cases of circular or square fibers.

1‘!,‘an]

Equation (6.3)

The in-plane Poisson’s ratio g, by definition is the ratio of the resulting strain in
transverse direction to the applied strain in longitudinal direction. The mechanics of
material approach leads to a ROM equation,

K BV w1 V) Equation (6.4)
where, u p is the Poisson’s ratio for fibers, and

u,, is the Poisson’s ratio for the matrix.

The in-plane shear modulus (Gj2) can also be predicted via inverse ROM formula,
1 17V v |

G, G, G,

m

Equation (6.5)

Again, equation (6.5) is simple but not an accurate equation for the prediction of
the in-plane shear modulus Gj;. The cylindrical assemblage model (Hashin, 1964) gives
a better approximation:

av,) a v)G,/ G
G, G,l / L !

a$v) ( ¥,)G,/G,

Equation (6.6)

The interlaminar shear modulus (G;,3) can be computed with the semi empirical
stress-partitioning parameter technique (Tsai, 1980),

v, 4 V)n
6. Gt 4 Vo

Qa Vf)T]23 Vme/Gf
3 4u, G,/G,
N3
41 u,)

Strength: The prediction of strength for the CCBs-filled fiber reinforced roving layer is
much more difficult as compared to the elastic constants. For prediction the assumption
of perfect interfacial bond is appropriate because the stresses involved are very small.
Failure occurs at the weakest point in a material and a weak interface will lead to
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premature failure when a substantial load is expected at the interface. Strengths of the
unidirectional reinforced roving layer under five different loading conditions are of
interest in this study: 1) F|, : longitudinal tensile strength, psi; 2) F, : longitudinal
compressive strength, psi; 3) F,, : transverse tensile strength, psi; 4) F,, : transverse
compressive strength, psi; an 5) F,,: in-plane shear strength, psi;

Unidirectional composites exhibit greater strength in the longitudinal direction
since the load is mostly carried by the fibers. In other loading conditions, load sharing is
about equal between the fibers and the matrix. The prediction of in-plane uniaxial
strengths for roving layers is discussed below.

If the composite is loaded in the longitudinal (fiber) direction, it will usually break
when the stress in the fiber reaches their strengtho ;. Under this condition, it can be

assumed that the longitudinal composite tensile strength is governed by the fiber tensile
strength. Based on the ROM concept (Barbero, 1999), the longitudinal tensile strength of
a roving layer can be predicted as,

F, oV, (U V,)E,/E,] Equation (6.8)

where, o, is the average ultimate tensile strength of fibers. Usually 5 =
356,000 psi for E-glass fiber.

The longitudinal compressive strength of roving lamina is about 50% lower than
the longitudinal tensile strength. The mode of failure is generally triggered by fiber
micro-buckling, when individual fiber buckles inside the matrix. The buckling process is
complicated and is basically controlled by fiber misalignment, shear modulus, and shear
strength of the composite. The theory, developed by Barbero (1999) based on micro-
buckling of fiber, was adopted in this study to predict longitudinal compressive strength
of the roving lamina:

Fle & 16,
“ Equation (6.9)
G,
Fyy

Y4

where, x is a dimensionless parameter;

a and b empirical parameter derived from curve fitting, a=0.21, and b=-0.69
is standard deviation of fiber misalignment, radians.

Fy, inrplane shear strength, psi. Computation formula is shown in equation

(6.12).

The transverse tensile strength of the roving lamina F, is controlled by the matrix
tensile strength, the fiber-matrix interface strength, and the defects in the matrix. The
transverse tensile strength is usually lower than bulk matrix. This is because the fibers
are generally much stiffer than the matrix, and they may be very close and even touching
each other. This induces stress concentration in the matrix that may cause premature
failure when the material is loaded. None of the analytical models in the published
literature predict F,. accurately. In this study, the empirical formula proposed by Nielson
(1967) was utilized to predict F,. of roving lamina.
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FZ! o-mtilcv[l (Vf 1' Vf )(1 Em /Ef )]
4 Equation (6.10) |
Cv — [
(1 Vf) }
|

where, G, is the tensile strength of the bulk matrix, 12,000 psi for polyester resin
used in this study;

Vy is the void volume fraction, 0.02 is assumed in this study.

The same approach as for F,; was followed for transverse compressive strength
F,., as shown in the formula below,

F, ¢,Cll (7, V) E,/E)) Equation (6.11)
where, 0,,, is the compressive strength of the bulk matrix, 17,000 psi for polyester used
in this study.

In a similar manner, in-plane shear strength F;, can be estimated using the
formula below,

F, 7,CGlIL (7, ,Vf a G,/Gpl Equation 2(6.12)
where, 7, is the shear strength of the bulk matrix, 12,000 psi for polyester used in
this study.

Estimated engineering parameters: Utilizing the formulas discussed in earlier sections,
the engineering parameters for a CCBs-filled roving layer were computed, as listed in
Table 6.3.
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Table 6.3 - Predicted engineering properties of roving lamina

Engineering Properties Value
Modulus of elasticity in fiber direction, E; }535012 million

e . 1.46 million
Modulus of elasticity in transverse direction, E, psi
In-plane shear modulus, G;; 236 million
Out-ofplane shear modulus, G23 g':il million
In-plane Poisson’s ratio, puy; 0.266
In-plane Poisson’s ratio, pq) 0.077

0.171

Longitudinal tensile strength, F}, million psi

Longitudinal compressive strength, |, 13,290 psi
Transverse tensile strength, F, 7,438 psi
Transverse compressive strength, F, 10,540 psi
In-plane shear strength, F;, 7,434 psi

Continuous strand mat layer: The CSM layer is a medium where resin is reinforced with
several mats of relatively long swirl filaments. The fibers are randomly distributed in the
plane of the mat. CSM is used to obtain multi-directional properties on pultrusion and
other processes where unidirectional roving constitutes the main reinforcement.

Figure 6.5 - Schematic illustration of material architecture of CSM layer

Stiffness. The elastic properties of CSM can be predicted assuming that they are random
composites. A layer of composite with randomly oriented fibers can be idealized as a
laminate with a large number of thin unidirectional layers, each with a different
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orientation from (Pto 180°. The properties of the random composite are the average
properties of this fictitious laminate. The isotropic properties E, G, and © of the
randomly oriented continuous filament mat can be obtained from the known properties of
a unidirectional material with the same fiber volume fraction.

T

i
{

The modulus of elasticity can be predicted using:

E %El %Ez Equation (6.13)

where E1 and E2 are the longitudinal and transverse modulus of a fictitious
unidirectional layer having the same fiber volume fraction as the CSM layer.

The shear modulus can be determined using:

G -;—El %Ez Equation (6.14)
The Poisson’s ratio can be estimated by
E .
— 1 Equation (6.15
Sy q (6.15)

Strength: Continuous strand mat is considered a randomly oriented composite, even if in
practice there is some preferential orientation of the fibers. The resulting composite is
considered to be quastisotropic, which means that the properties are the same along any
orientation on the surface of the layers. Its tensile strength may be estimated by empirical
formulas developed by Haln (1975), as below:

v F
Fr 3% o5y foras /—‘
T F?.t

a’F,

4 ! ,
Ft 2 A for a! £ Equation (6.16)
r \Fy F,

There is no formula available to predict the compressive strength, in-plane shear
strength, and interlaminar shear strength for continuous strand mat. Following Barbero
(1999) approaches, this study assumes that the compressive strength is equal to one-half
of tensile strength, the in-plane shear strength is one-half of the tensile strength, and the
two interlaminar shear strengths are approximated by the shear strength of the matrix.

Estimated engineering parameters: With the formulas discussed above, the engineering
parameters for CCBs-filled continuous strand mat were computed, as listed in Table 6.4.
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Table 6.4 - Predicted engineering properties of CSM lamina

Engineering Properties Value fi
i
- - 1.628 i
Modulus of elasticity in fiber direction, i . t
million psi
L o 1.628
Modulus of elasticity in transverse direction, Ep i .
million psi
In-plane shear modulus, Gi, 0'.58. .
million psi
0.58

Out-of-plane shear modulus, G23 s .
million psi

In-plane Poisson’s ratio, ;2 0.405

In-plane Poisson’s ratio, ] 0.405 -
Tensile strength, F, 21,750 psi

Compressive strength, F, 10,875 psi

In-plane shear strength, £, 10,875 psi

6.4. Summary

The results show that the micromechanical models can be used for pultruded
composites. Also, existing models for the prediction of strength properties are presented and
used for the prediction of strength for roving and continuous strand mat layers.
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CHAPTER 7: MACRO-MECHANICS ANALYSIS

7.1 Introduction

Macro-mechanical behavior of a lamina, and macro-mechanics analysis of a
CCBs-filled FR laminate based through classical plate theory are discussed. Macro-
mechanics analyzes the behavior of the lamina with the consideration of average
mechanical properties of the material. Stress-strain relations in an orthotropic material in
a state of plane stress with stiffness coefficients are considered. The estimated laminate
engineering properties are later compared with the experimental results obtained.

7.2 Lamina mechanics

The constitutive equations of a lamina (roving or CSM layer) oriented arbitrarily with
respect to a coordinate axis are discussed. This is a necessary step before conducting
macro-mechanics analysis in Section 7.3. The assumption of plane stress is used to
obtain a reduced version of the constitutive equations for the lamina.

In the analysis, two sets of coordinate systems are used. The material coordinate
system (denoted by axes 1, 2, 3) is a Cartesian system (Figure 7.1) with the 1-axis aligned
with the fiber direction. The 2-axis is on the surface of the composite, and is
perpendicular to the 1-axis. The 3-axis is perpendicular to the composite surface and to
the other two axes. Each layer has its own material coordinate system aligned with the

fiber direction. The global coordinate system (denoted by x, y, z) is common to all the
laminas in the laminate.

Figure 7.1 - Global and material coordinate system
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The independent components of the stress or strain matrix hereafter will be written in
contracted notation, as listed in the table below,

Table 7.1 - Definition of contracted notation

o, O, €, &
0y, O, €y &
Gy Oy € &

Oy Opn Oy |26 285 Vi Vi &
O3 O3 O; 26, 26, Y Yu &s
g, 0, 0 26, 26, Y, Yu &

Roving layer: A pultruded CCBs-filled FRC material is manufactured with a collection
of thin lamina, roving and CSM. 1t is used in the form of a shell, which has two
dimensions (length and width), which are much larger than the third dimension
(thickness). Thus, it is reasonable to assume that the transverse stress is zero (s3 =0).
The stress-strain equations for a roving lamina in a state of plane stress (s 3 = 0) can be
easily derived as below through Hooke’s law.

Io.l(! O, G 0 EIelJ
—F,— :@21 0, O :——82— Equation (7.1)
?1,0'63 & 0 st'.”jr%:

complemented with

TO',, | ©u 0 =y, |

_— . > — Equation (7.2
J—r)as.J 20 QSS,N,:L_?)’s.J auation (7:2)
in compact form, (7.1) and (7.2) can be written as
{s} =[Ql{e}
{t}={Q*1{?} Equation (7.3)

where, {s}={s1,s2,s 6}T are the in-plane stresses,
{e}={eq,eq, ‘?6}T are the in-plane strains,
{t}={s 4, ss5}T are the interlaminar stresses,
{={ ", ‘?5}T are the interlaminar strains,
[Q] is the 3x3 reduced stiffness matrix, and
[Q*] is the 2x2 interlaminar stiffness matrix.

The components of the 3x3 [Q] matrix and 2x2 [Q*] matrix are
E

Qu:_l__
1yl
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Qes = G12=G13

Q44* =
Qss* = Gi3 Equation (7.4)

As shown in Figure 6.4, the engineering properties in 2-axis and 3-axis directions are
similar, and thus it can be considered as a transversely isotropic material. Therefore, it
can be assumed that Gj3 = Gy, for roving layer. With stiffness properties predicted using
formulas (6.1) — (6.7), as listed in Table 6.3, stiffness matrices for CCBs-filled roving
lamina are given as:

O, O, 0= 45123 0396 0 =
2221 O 0= :@:3966 1492 0 7 million psi
0 Q. 0 0458~
= 4058 0 =
Qu 0 ~= ‘) ~ million psi

20 o5 20 04058
Equation (7.5)

Continuous strand mat: The concept that the CCBs-filled roving lamina is in plane-stress
state is also applicable to CSM lamina. This means that the transverse stress is zero (s3 =
0) in CSM lamina. Therefore, the stress-strain relationship for CSM layer is given by:

T0'1 ' o, &, 0 EJ&J
—92— :@21 Op O :‘82—
»Jro'é.J &0 0 QO zjﬁst
ol ool
050 &0 Oss ¥ 15 1 Equation (7.6)

where, [Q] is the stiffness matrix and [Q*] is the interlaminar stiffness matrix.

Considering the fibers in a CSM are randomly oriented, its engineering properties are
considered same in all directions. Similar to the roving layer, the isotropic properties E,
G, and @, as predicted by equations (6.13) — (6.15) can be used to develop the stiffness
matrix of a randomly oriented continuous strand mat. The components of the both
matrices in Eq. (7.6) are:

E
1

Qu=

Q12=1/"E2
Q2=Qu
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Qes=G
Qu*=Qss*=G Equation (7.7)

Predicted stiffness matrix of CSM are given below,
O, O, 0= 4947 078 0

2221 Op 05=788 1947 0 7 million psi
0 Q4 €0 0 058

'y 0 058 0
:—___)0 Q'ss (<:>0 0.5

a i

2 ll ll

; million psi

ll n

8"
Equation (7.8)
7.3  Lamina stiffness matrix in global coordinate system

A laminate is a set of laminas which are bonded together to form a plate or shell.
Formulas that describe the engineering properties of the laminate are discussed in section
7.4. Before developing laminate properties, it is necessary to transform the lamina
stiffness matrix from the material coordinate system (1, 2, and 3) to a global coordinate
system (X, y, and z). The stress-strain equations (7.1), (7.2), and (7.6) are limited to the
stresses and strains oriented along material coordinates. To simplify the analysis, it is
convenient to relate stresses and strains in global coordinates directly. This can be done by
using a stiffness matrices transformation:

9, 0, O.,= # cos’() sin %(9) 2cos(0)sm(0)E

9 0 stf & sin’(6) cos?(6) 2cos(9)sm(e):

D O O™ 0s(0)sin(0)  cos(8)sin(8) cos’() sin’(9)~
O, O, leE

Qo On O
Qs D Q™.

& cos’(0) sin %(6) 2 cos(@) sin( 6) =
3 sin’(6) cos*(6) 2 cos(0) sin( 8) =
©os(P)sin(0)  cos(6)sin( 6) coszl(e) ﬁnz(B)f.
and
00, 0= acos(d) sin(0)='40, O, =Acos(d) sin(6)=
D 0" Csin(6) cos(0)® Dy 0 sin(0) cos(6)™
where,
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_Q—22

Qs

*

Qu

Q’ss

6‘45

4 . 4
Q,c08"7  Q,sin?

2Q,, 2Q, sin’?cos®

20 o 2
Q;; Q, 4Qg cos™?sin”?

- 4 4
Q,, sn*? cos™?

-4 4
Q,sin"? Q,,cos™?

2Q,, 2Q sin’?cos®?

30 -
Qu Qi 2Q¢ cos™?sin?

. 3
Qx Qi 2Q cos?sin”?

-3
Qi Qi 2Q cos?sin”?

e
Qn Qi 2Qg cos™?sin?

. Equation (7.9
Qll Q22 2 Q[z 2 Q66 COS?ZS]n 2? q ( )
Qg cos*? sin*?
Q ucos®? Q'sssin??
Qusin®? Q'sscos?? Equation (7.10)

(Q"ss Qas)cos?sin?

In above equations, the Q;and Q'; are the components of the transformed reduced
stiffness matrix. The Q; and Q*ij can be obtained from equations (7.2) and (7.7). The angle ?
is measured counterclockwise from the x-axis to 1-axis, as shown in Figure 7.1.

The in-plane stress-strain relationship of the lamina (roving or CSM) in global coordinate
system is given by the equations below:

on ol 0, gz :Q__l6 irex ol
&, — Qo On O ¥, — Equation (7.11)
091 B 9 Des™Yy 1

A similar formula can be found for the interlaminar components,

1o, |
- — » —_ > —
‘Lo-sz {Q45 QSS.zgljl},sz

Lu o w27, | Equation (7.12)
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7.4 Macro-mechanics of a CCBs-filled FR laminate

Composite structures are built with laminates having several layers with various
orientations. The layer orientations are chosen to provide adequate stiffness and strength
in the direction of the applied loads, taking into account that the composite material is
much stronger and stiffer in the fiber direction than in the other directions. As stated in
previous sections, the material architecture of the composite material has more than one
lamina, which are stacked in a certain pattern so that the reinforcements (fibers) are
placed to achieve the desired laminate engineering properties.

While using a laminated composite allows the designer to optimize the material
structural system, it complicates the analysis. Therefore, a relationship between the
forces and moments applied to a laminate and the strains and curvatures induced in each
lamina is required for the analysis and design of laminated plates and shells.

Micro- mechanics link the properties of the composite material to the properties of the
constituents (fiber and matrix), as developed in Section 6.2. With the transformed lamina
stiffness matrix as discussed in Section 7.2, the relationships between the structural
properties of the laminate and laminas can be developed using the classical plate theory.

As shown in Figure 7.2, the basic building block of a CCBs-filled cylindrical
composite utility pole is a plate element, which is subjected to bending moments and
applied normal loads. To analyze the state of stress of the plate element of the laminate
outer-shell, the constitutive equations, plate stiffness, and compliance equations for such
elements are presented in this section.

o e

Figure 7.2 - A plate element in CCBs-filled cylindrical composite utility pole

Classical plate theory:

Classical plate theory allows analysis of stress and deformation for a composite
plate, as shown in Figure 7.3. The figure shows the forces and bending moment
resultants acting on a laminate composite plate element. The global coordinate system is
located in such a way that x-axis is in the direction of roving fiber, x-y plane is the
middle surface of the composite plate, and z is in direction of plate thickness.
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Figure 7.3 - Forces and moments resultants on a laminated plate element

Classical plate theory is based on the following assumptions known as Kirchoff
hypotheses (Reddy, 1997) which are analogous to those associated with the simple
bending theory of beams. Referring to Figure 7.4, the assumptions are:

§

Small deflections and small strains, which means fy and fy are very small, and
transverse deflection is the same for every point through the thickness of the plate.

The plate is incompressible in transverse direction, which implies that the normal
strain ez ~ 0.

Plane sections remains plane and perpendicular to the middle surface. This means
that a line originally straight and perpendicular to the middle surface remains
straight after the plate is deformed (line AD in Figure 7.4). This assumption is
based on the experimental observation and implies that the shear strain 7, and ?y,
are constant throughout the thickness. This assumption is accurate for thin
laminates and is a good approximation in most cases except when the laminate is
thick.

The stress normal to the middle plane s, is small compared with the other stress
components and may be neglected.

A
.
. .
Middie c 3' N
M
TUIndeformed cross Deformed cross

Figure 7.4 - Geometry of a deformed laminate

Figure 7.4 shows the deformation of the plate cross section in the %z plane.

Similar behavior will occur on the cross section in yz plane when the composite plate is
subjected to Ny and M.

With the above assumptions, the displacements at every point throughout the

thickness are:
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U(Xa Y, Z) = IL(X, Y) -2z fx(x’Y)

V(X, Y, Z) = VO(Xa Y) -z f}’(x’Y)
W(x,y,z)=Wux, ) Equation (7.13)
where, U(x, v, z) and V(x, v, z) are the displacement along the x-axis and yaxis,
respectively (Figure 7.3). The functions Uo, Vo, and Wo represent the displacement of
every point (x, y) of the middle surface of the laminate plate. The functions f,(x,y) and
fy(x,y) are the rotation of the normal to the middle surface at each point (x, y).

Based on Kirchoff’s hypothesis, the composite laminate now has only &, ey, and
?xy strains, with all remaining strain components equal to zero. The nonzero strains can
be expressed in terms of displacements:
_aU
ex = ——
ox
_a
@y
o U
?xy = —_—t —
o oy

Equation (7.14)
a o

_wo  ap,

oy @y

o . (X

9y = 04 SO b Equation (7.15)
ox oy o ay

The three equations in (7.15) can be written as,

lel T Tk

_ﬁy — _"goy - Z_ky -_—

[¢] [¢] (o] 0 [¢] (o] (o]

Wou Woag Yy

Equation (7.16)

where, £°;, €%, Y’ represent the in-plane strains in the middle surface, which
occur due to the stretching and shear of the plate and are defined as,

&, (x,y) = «lUo
oV

80}’ (X, Y) = '—2
@y

o1



Y u(Xy)= —+ — Equation (7.17)
o

and the curvature of the plane due to bending k£, and k,, and due to twisting k,, are !
given by

kx(xs Y) =- %

P,

ky(xa Y)="

by (o y)=- (2 Equation 3(7.18)
>

Since the rotations of the normal line (like AD in Figure 7.4) are equal to the
slopes of the middle surface, or

£, = «Wo
o
fy= o Equation (7.19)
ay
substituting back into (7.18), the curvatures can be written in terms of Wo only as
o Wo
kx (x) Y) =-
& Wo
k,(x,y)=-
k., (% y)=-2 We Equation (7.20)
ax .

Equations (7.16) along with (7.20) form the basis of the classical plate theory.
Although the transverse shear deformation (?y, and ?y,) are neglected in this theory, it still
gives reasonable approximation if the laminate is thin.

Stress resultants: To relate the laminate forces and moments to stress in each lamina,

the stresses are integrated over the laminate thickness (t) to obtain the resultant forces and
moments (Figure 7.3),

W)l

I 2

Woa o
) el
M, — > 5, —2dz Equation (7.21)
W %

Since the integration in (7.21) spans over several laminas, the integrals are divided
into summations of integrals over each lamina
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N[ 2074
Nw._l iozy..l
el  lel
M,— f S g, —zdz Equation (7.22)
oM o kl"'ilo o .
WMy s

where, k is the lamina number counting from the top down (Figure 7.5), m is the total

number of the lamina in the laminate, and z is the coordinate of the bottom surface of the
kth lamina (Figure 7.5).

E Middle : A

Surfage 5

Figure 7.5 - Lamina numbering system

Laminate stiffness matrix: Since the thickness of the laminate is small compared with the
in-plane dimensions of the composite plate, every lamina is in a state of plane stress.

Therefore, the stress-strain relations for k' lamina in the material coordinate system (7.1)

and (7.2) are,

;‘\Glolk ©, 0, 0 Ek;rsl olk
:9'2:— 221 0y, 0 ;—320—-
Wea & 0 O™ Vs
P . k P
(e} =
ltl_ Qu 0= z4|_ Equation (7.23)
Wsd 0 QOss. 15

where the superscript k indicates the lamina number (Figure 7.5).
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The stress-strain relations in a global coordinate system are given by (7.11) and

(7.12), namely:

Ta,, lk ©, 0, le— TE l
:E gzz Q26~ —fy
J,O-xy._l f.le st Q66 UXJN—I
TO' ! 2 “ Q = T}’yz |* Equation (7.24)
Bl &s OsnWed

Recall that the strain-displacement relations are given by (7.16), that is:

Te, |© Te% " M, [
£, — $— -k, — Equation (7.25)
o o o g © ] o
Woa Uoa s
Replacing (7.25) into (7.25), we have:
Io-"o|k Q. 0, le— ‘TE x Ik Tk I_
—p-y— :§12 0x Q26~(_')$ y— Z—k —~  Equation (7.26)
J«ny._l $Q16 O st g}' w ,kay‘_b.
Substituting (7.26) into (7.22), we have:
4 T£°x =
(—%k o o ~
— - — (&> ¥ _dz ~
INx°| m ©, O 16=(——§ 1 ° ~
_Wy—fﬁz O Q26z::_)-> :,and
ON ° 1y 5 Q AR 1\k.xl ~
v 16 Y26 Yes % © ‘o ™
<—>> z_§, dz~
> F1 o "o N
& Yoo &
A TE | =
ERPLIP A
- —_ —_ & y ——Z ~
IM"ol m ©, O 16= (E"iyoxy: ~
M, — f ﬁz On Qs g % | : Equation (7.27)
e ° Yz A A~
My D D Q™ ;0 %o ,
> _§,-z'dz~
©Flo_ "o ~
o ~kay._l %,

Since neither the middle surface strain nor the curvatures are functions of z,
equations (7.27) can be rewritten as,
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INxol o, 4, =T£ xc!
O—)N y— :Zl,u 45y Ay —F r— ﬁ’
N Ay A~
Woa #he b A 'u/ WJ Equation (7.28) I
43, B BleEIkxol i
212 B, B26;° y—
& By By=k,
™M,| #, B, B=le]
:My;_ :3;12 By, Bze —F y—
M B, By~
Woo @he P B 'V i Equation (7.29)

©O, D, DNk, |
12 D 22 D 26:

@16 Dzs D66~Jrkxy,J
where, NT=(N, Ny, Nyy) is the vector of in-plane force resultants;
M’ =(Mx, My, Myy) is the vector of moment resultants;

' =(e%, €%, ) is the vector of middle surface strain resultants;
K =(k, ky, kxy) is the vector of plate curvature resultants;

Aj;, Bjj, and Dj; are the elements of the compliance matrix as defined below.

Equation (7.30)

where, Q.j , 1s the component of the stiffness matrix of kth lamina of the laminate
in global coordinate system.
Combining equations (7.28) and (7.29), we have,
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Equations (7.31) are called stiffness equations because of their similarity with
Hooke's law. In the compounded stiffness matrix, the coefficients A;, By, and D are
functions of the laminate thickness, fiber orientation, lamina stacking sequence, and
material properties of the laminas. Each element matrix ([A], [B], or [D]) has a particular
role in the analysis of the laminate. The [A] matrix is in-plane stiffness matrix because it
directly relates in-plane strains (e°x, €y, Pxy) to in-plane forces (Nx, Ny, Nyy). The [D]
matrix is the bending stiffness matrix because it relates curvatures (ky, ky, ki) to bending
moments (My, My, Myy). The [B] matrix relates in-plane strains to bending moments and

curvatures to in-plane forces. Therefore, [B] is called a bending-extension coupling
matrix.

Egquivalent laminate elastic moduli: A set of equivalent laminate moduli (Ex, K, Gy,
Uxy) can be determined from the [A], [D] matrix as discussed in section above. The
moduli represent the stiffness of a fictitious, equivalent, orthotropic plate that behaves
like the actual laminate under the same loads. If the laminate is under in-plane loads, and
there are no bending loads, the equivalent laminate stiffness can be computed as follows.
The average in-plane elastic modulus in roving fiber direction is:

Ex= [An-( Ai2Y Aot Equation (7.32)
Average in-plane elastic modulus in the circumferential direction is

Eyy= [Ag2-( A2/ An)it Equation (7.33)
Average in-plane shear modus is,

Gyy=Ass/t Equation (7.34)
and in-plane Poisson’s ratio is

Mo Anldy Equation (7.35)

The above formulas are valid for in-plane loads only, and they can not be used to
predict bending response of a CCBs-filled FR cylindrical laminate composite utility pole.
Instead of using matrix [A], bending stiffness matrix [D] should be utilized to predict
flexural moduli. The average flexural modulus in the axial direction is

_ 12(0,D,, Dy))
£'D,,
average flexural modulus in the circumferential direction is
12(D11D22 D122)
Eyy_ t3 D”

E,. Equation (7.36)

Equation (7.37)

average shear modulus is
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12D,

Gy= — Equation (7.38)
t
and Poisson’s ratio is
K, Dy Equation (7.39)
D,,

For a cylindrical utility pole that is subject to bending loads, its structural bending
stiffness, S, is
12(D,,D,, Dy,’) e n,

S=Exl=
Bxx £D,, 8

Equation (7.40)

7.5. Predicted engineering properties of the CCBs-filled laminate

The classical plate theory is used to predict macro-mechanical behavior of the
CCBs-based laminated composite. Denoting R as roving and C as CSM, the material
architecture of the CCBs-filled FR laminated composite can be coded as
[C/R/C/R/C/R/C], as shown in Figure 6.3. The material architecture can be considered
symmetric with respect to the middle surface. Therefore, all the bending-extension
coupling coefficients By in equation (7.31) are zero. In addition, since the local
coordinate system of the roving and CSM layers are the same as the global coordinate -

system, ? is zero and 90°. Consequently, Qj Pl

The determination of material properties for individual lamina was addressed in
Chapter 6. A program was developed using Mathcad for macro mechanical analysis of
the CCBs-based composite (Appendix C). Table 7.2 lists the stacking sequence of the
laminate and thickness of each lamina, which were measured directly from microscopic
picture of the cross section of CCBs-filled FRC.

Table 7.2 - Stacking sequence and thickness of each layer

Layer Material Layer thickness, in
1 - CSM 0.02510
2 Roving 0.05170
3 CSM 0.02000
4 Roving 0.04330
5 CSM 0.02420
6 Roving 0.04360
7 CSM 0.02960
Total thickness, in 0.23750

Equations (7.41) list the [A], [B], and [D] matrix for the CCBs-filled FRC outer-shell
material are given below:
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W, B, B.= 41557 409 0 =

B, By Byn 09 679 0

B By Bz £0 0 69381~
D, D, D= #4209 8997 0 =

s Dy Dy R997 2439 0 % Equation (7.41)
@D Dy Dy~ 0 0 592.2~

Substituting the values of [A] and [D] matrix into the formula (7.32) — (7.39), the
equivalent orthotropic stiffness of the CCBs-filled composite was calculated. Table 7.3
lists the apparent in-plane engineering properties obtained using the classical plate theory.

Table 7.3 - Apparent engineering properties of the laminate

E, (mi.llion E, (mi'llion Gyy (m.illion ey
psi) psi) psi)
Predicted in -plane stiffness 3.99 1.874 0.51 0.345
Actual in-plane stiffness 3.95 1.354 - -
Predicted bending stiffness 3.473 2.012 0.53 0.369

The theoretical prediction of the longitudinal elastic modulus (Ex = 3.94 million
psi) is in good agreement with laboratory test results (E1= 3.95 million psi). However,
the theoretical transverse elastic modulus (Ey = 1.92 million psi) and experimental value

(E2 = 1.35 million psi) do not agree well.

7.6.

Summary

The predicted engineering laminate properties are in relatively good agreement

with the average of the experimental values given in Chapter 8.
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CHAPTER 8: ENGINEERING PROPERTIES CHARACTERIZATION

8.1 Introduction

Fiber-reinforced composites may be orthotropic materials, which are usually very
strong along the fiber direction and relatively weak in the transverse direction. In this
study, various laboratory test methods were used to evaluate the engineering properties of
the CCBs-filled FRC outer-shell material, following ASTM standards.  Tests included
axial tension, axial compression, off-axis tension, off-axial compression, flexural
bending, water absorption, dielectric constant, and UV degradation. For off-axis tensile
and compressive tests results, a comparison was made between the experimental values
and the predicted laminate stiffness values.

8.2  Tensile engineering properties

A utility pole is primarily subjected to compressive loading on one side and
tensile loading on the other side when bent due to pull force exerted by the transmission
wires. In addition, due to an unbalanced pulling force on the cross-arm, the composite
utility pole may also be subjected to a torsional moment. As the result of the combined
effect of tension and torsion, major tensile stress in certain parts of the outer-shell may
deviate from the axial (longitudinal) direction. Thus, the utility pole may be subject to
off-axis tensile loading conditions. Therefore, it is important to evaluate the engineering

properties of the composite material under both tensile and off-axis tensile loading
conditions.

Longitudinal and transverse in-plane tensile properties:

The tests were conducted along the pultrusion and transverse (perpendicular to
pultrusion) directions following procedures outlined in ASTM D 638-97. Variation of
the distance between two designated points on the specimen was automatically measured
by an extensometer, to calibrate this system. Several standard aluminum ASTM samples
(Figure 8.1) were tested and average value of about 9.97 million psi for elastic modulus
was observed for these calibration samples. The tensile test sample had geometry as
shown in Figure 8.2, which represents a type I specimen specified in ASTM D638-97
based on the given thickness (0.25 in.) of the composite material.

Specimens were first cut from original pultruded plates using a power saw. Then
the raw specimens were trimmed and ground precisely to desired dimensions using a
grinding machine. Two types of samples were prepared: lengthwise (LW) sample and
crosswise (CW) sample. Seven (7) samples were prepared for each pultruded plate with
two fly ash loading levels of 5% and 10%. Five to eight (5-8) specimens, for each type of
sample, were prepared and thirty-three (33) were tested in total. All the specimens were
loaded incrementally at the rate of 1.2 mm/min. Some samples are shown in Figure 8.3.
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Figure 8.1 - Aluminum calibration specimens

Figure 8.2 - Dimensions of the ASTM tensile test specimen

Figure 8.3 - Prepared tension test specimens of CCBs-based composite

Axial load was then applied in a displacement control mode at a rate of 0.02
in/min. The data for force, displacement, and strains were obtained through an external
data acquisition system throughout the test. Twenty-seven (27) out of the 33 prepared

specimens gave valid test results, as shown in Table 8.1(a) and Table 8.1(b).
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Table 8.1(a) - Tensile test results for lengthwise samples

—

AR

LW-FRP5%a 5 53,815 24,422 4,545,354
LW-FRP5%b 5 52,103 52,103 4,082,343
LW-FRP5%d S 49,372 48,159 3,219,459
LW-FRP5%e S 50,722 50,790 4,700,544
LW-FRP5%f 5 48,061 48,061 5,453,951
LW-FRP5%g | S 50,554 44,669 3,558,817
LW-FRP5%h S 53,148 53,148 2,903,620
LW-FRP5%I S

3,106,376
T

LW-FRP10%b 10 51,016 50,580 5,522,711
LW-FRP10%c 10 50,800 48,940 3,763,290
LW-FRP10%e | 10 52,600 51,930 3,438,761
LW-FRP10%f 10 50,280 22,940 4,071,533
LW-FRP10%g 10 53,300 52,690 4,307,271
LW-FRP10%h 10 53,940 53,230 4,033,840
LW-FRP10%I 10 53,440 53,410 3,644,741
LW-FRP10%j 10
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Table 8.1(b) - Tensile test results for crosswise samples

CW-FRP5%a 5 8,857 8,857 1,819,291
CW-FRP5%c 5 8,714 8,714 1,580,560
CW-FRP5%d 5 8,644 8,644 607,650
CW-FRP5%e 5 8,877 8,877 806,809
CW-FRP5%g 5 8,01 ] 8,001 1,315,607

CW-FRP10%a 10 8,822 8,822 1,184,697
CW-FRP10%b 10 9,987 9,971 1,323,280
CW-FRP10%c 10 9,227 9,227 1,128,970
CW-FRP10%d 10 9,649 9,649 1,353,490
CW-FRP10%e 10 7,907 7,894 1,105,286
CW-FRP10%f 10 7,908 7,908 1,309,077

Test results revealed that the differences in engineering properties for 5% fly ash
panel and 10% fly ash panel were statistically insignificant for lengthwise and crosswise
samples. When loaded along the pultrusion direction, 5% fly ash panel had 3,946,308 psi
elastic modulus and 48,094 psi failure strength, whereas 10% panel had 3,999,825 psi
and 48,688 psi, respectively. For transversely loaded samples, elastic modulus and failure
strength for 5% fly ash panel were 1,225,983 psi and 8,637 psi, respectively. For 10% fly
ash panel similar values were 1,234,133 psi and 8,912 psi, respectively.

The material has much higher elastic modulus and strength in the pultrusion
direction than in the transverse direction. This is an advantage from design point of view
because the outer-shell material is mainly subjected to tensile and compressive stresses
along the pultrusion direction.

Off-axis in-plane tensile properties:

An engineered composite pole may be subjected to off-axis loading conditions
because of the combined effect of bending and torsional loads. In-plane off-axis tensile
tests were conducted on the flat panels in accordance with the ASTM D 638-97 standard.
The objective of the off-axis tests was to investigate elastic and inelastic stress-strain
behavior up to the ultimate failure point.

Specimens were first cut from original pultruded plates using a power saw by
purposely orienting the roving fiber at different off-axis angles of 0°, 15°, 30°, 45°, 60°,
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75°, and 90°. The raw specimens were then trimmed and ground precisely to desired
dimensions using a grinding machine. Five to six specimens were prepared for each
orientation angle and seventy- four (74) total samples were tested.

Based on the test results, the effect of roving fiber orientation on the outer-shell
tensile material properties was evaluated. Most of the samples showed a relatively
smooth stress-strain curve before the material started to yield, beyond which the curve
showed a serrated stress-strain curve as illustrated in Figure 8.4. This behavior points to
the development of micro-cracks and debonding of fiberglass from the matrix. In
addition, since roving fiber does not provide much strength for high angle off-axis
loading, randomly oriented continuous strand mat and randomly distributed voids tend to
govem overall behavior of the material once debonding of fiber and matrix initiates. The
scatter in the data increases with larger angles between 45° and 90°. This supports the
previous conclusion about the role of continuous strand mat and the defects in the matrix.

Figure 8.5 shows the tensile stress-strain results for all off-axis angles. In the case of (°
specimens, the material shows a near-linear stress-strain response except at high strain
values close to failure. The non-linear stress-strain behavior is more evident in other off-
axis tension specimens for all orientations. Non-linear behavior is observed for 15°
specimens at a relatively high applied strain. However, it starts at very low strain
magnitudes especially for the 30°, 45°, 60°, 75°, and 90° specimens. In the case of the (°
and 15° specimens, a non-linear response is more pronounced after about 0.3% axial
strain magnitude.

10,000 - B (ultimate strain, ultimate stress)
8,000
8,000 -
7,000 -
6,000 -
5000 -
4,000 A (yteld stram, yield stress)
3,000 -
2,000 4 E

1000 - ¥ =1127934 66x +21.22

Red1.00 R

0 0002 0004 0006 0008 0.0t 0012 0014 0016
Strain, %

Stress, psi

0 —

Figure 8.4 - Typical stress-strain curve of a CCBs-based tensile sample
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Figure 8.5 - Tensile stress-strain curves for all off-axis angles

For comparison purposes, five parameters were calculated for all off-axis
specimens: elastic modulus, yield stress, yield strain, ultimate strain, and ultimate stress
as illustrated in Figure 8.6. The elastic modulus was defined as the slope of the linear fit
for the experimental stress-strain data between 1000 and 3000 TH according to the
ASTM standard. The yield point was located at the starting point (point A) of the serrated
stress-strain curve. The material was assumed to start to yield (debonding of fiber and
matrix) when stress-strain curve starts to show waviness. The highest stress and its
corresponding strain (point B) were defined as ultimate stress and ultimate strain.
Following the above approach, the five parameters were carefully checked and calculated
for all off-axis tensile samples, as listed in Table 8.2. Several samples were discarded
due to experimental error and unexpected breakage (exceeded the strain gage range).

Table 8.3 lists the mean values and standard deviation for each off-axis angle
sample tested. The ratio between the average elastic modulus of 90° (3.9 million psi)
specimens and that of the 0° (1.3 million psi) specimens is about one third (34%). The
ratio between the average yield stress and ultimate stress of 90° (2,213 psi and 8,397 psi)

specimens and those of the 0° specimens (41,777 psi and 49,211 psi) are about 5.3% and
17%, respectively.
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Table 8.2 - Off-axis tensile test results

Off-axis

Sample . |Yield stress| Yield | Ultimate { Ultimate |y, . |Thickness,
Degree # E, psi (psi) | strain, % | stress, psi| strain, % Width, in in
A |3,880,203] 46,049 1.004 53,334 1.361 0.235 0.43
0 B 14,001,801| 46,523 1.105 54,475 1.700 0.235 0.431
C  {3,766,954| 37,996 1.047 42412 1.613 0.234 0.427
e [4,166,582] 36,539 1.104 46,624 1.484 0.234 0.428
a 2,926,549| 15,899 0.768 23,330 1.670 0.235 0.416
b 3,153,222 19,318 0.855 22,155 1.706 0.234 0.416
15 ¢ |3,097,135] 19,554 0.789 22,867 1.626 0.236 0.415
d ]3,153,515] 20,348 0.779 22,720 1.580 0.235 0.416
e 13,257234] 18,978 0.718 23,286 1.538 0.235 0.424
a {1,768,026| 8,510 0.571 13,993 1.460 0.238 0.474
b ]2,076,044] 9,220 0.573 14,416 1.500 0.238 0.465
30 ¢ |2,140,364] 8,965 0.678 12,850 1.606 0.238 0.465
d 1,823,5031 9,327 0.568 12,935 1.083 0.238 0.468
e 1,973,197 9,238 0.575 13,847 1.338 0.238 0.467
a '[1,156,066] 4,588 0.390 9,773 1.298 0.236 0.485
b 1,142,136 4,250 0.370 10,295 1.575 0.236 0.473
45 ¢ [1,023,840| 4,545 0.433 9,991 1.418 0.234 0.474
d 1,092,564 4,436 0.365 9,608 1.520 0.236 0.477
e |1,125488| 5,076 0.462 10,616 1.056 0.235 0.48
a |1,314,705| 2,834 0.210 8,877 1.509 | 0.2385] 0.485
b 1,244,818 3,814 0.333 8,977 1.938 0.239 0.485
% ¢ 1,252,664 3,280 0.293 6,087 1.790 0.238 0.487
e 11,269,953 3,181 0.268 8,602 1.638 0.239 0.483
a [1,245,107] 2,580 0.228 8,503 2.038 0.237 0.428
b 1,270,264 2,205 0.173 8,682 1.463 0.237 0.427
75 ¢ 1,336,805 1,564 0.113 7,311 1.360 0.236 0.421
d 1,240,447 2,369 0.185 8,835 1.835 | 0.2365| 0.424
e 1,435,684 2,359 0.170 7,892 1.313 0.237 0.425
a 1,344,910 2,100 0.164 9,088 2.088 0.238 0.506
% b 1,343,784 1,742 0.124 7,450 2.080 0.238 0.511
d 1,288,413] 2,657 0.205 8,856 1.860 0.238 0.501
e |1,440432] 2,354 0.190 8,194 1.690 | 0.2375 | 0.497
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Table 8.3 - Mean value and standard deviation of off-axis tensile tests

Off-axis E, psi Yield s.tress Yi.eld Ultimi\te. Ulti.mate Wi'dth, Thic!mess'
Degree (psi) strain, % | stress, psi |strain, % in ,in

Mean [3,953,908| 41,777 1.065 49,211 1.539 0.235 0.429
° Std. Dev.| 171,189 5,244 0.049 5,705 0.149 |5.00E-04{ 0.002
15 Mean |3,117,531 18,819 0.781 22,872 1.624 0.235 0.417
Std. Dev.| 121,425 1,709 0.049 479 0.068 |7.00E-04| 0.004
Mean [1,956,227 9,052 0.593 13,608 1.397 0.238 0.468
0 Std. Dev.| 159,363 332 0.048 687 0.200 0 0.004
Mean (1,108,019 4,579 0.404 10,057 1.373 0.235 0.478
® Std. Dev.| 52,685 307 0.042 405 0.207 |9.00E-04 0.005
Mean (1,270,535 3,277 0.276 8,136 1.719 0.239 0.485
* Std. Dev.| 31,263 406 0.051 1,375 0.186 |5.00E-04{ 0.002
Mean {1,305,661 2,215 0.174 8,245 1.602 0.237 0.425
s Std. Dev.| 82,232 388 0.041 633 0.319 |4.00E-04] 0.003
Mean |1,354,385 2,213 0.171 8,397 1.930 0.238 0.503
% Std. Dev.| 63,136 388 0.035 736 0.191 |4.00E-04| 0.006

pronounced.
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The repeated off-axis tensile tests clearly show the effect of the orientation of
roving fiber on the tensile loading properties of the composite material. Figure 8.6 shows
the variations of average tensile elastic modulus and its corresponding 95% confidence
intervals for different off-axis angles. It is clear that the elastic modulus of the material
decreases dramatically from about 4 million psi to about 1.2 million psi for off-axis
angles ranging from ( to 45°, after which the effect of roving fiber orientation is not
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Figure 8.6 - Variation of average elastic modulus with off-axis angle

Figure 8.7 shows the average yield stress and ultimate failure stress. The average
yield stress decreases sharply from 42 ksi to 4.3 ksi when roving fiber orientation varies
from O to 45 degrees. The ultimate failure strength also drops rapidly from 49 ksi to 10
ksi within 45-degree change of the roving fiber orientation. When the off-axis angle is
greater than 45 degrees, the material yield strength and failure strength are not governed
by the roving fiber orientation. Results show that the yield stress and ultimate stress are
almost constant (3.5 ksi and 8 ksi, respectively) for any off-axis angle greater than 45
degrees. This indicates that, when loaded at high off-axis angles, continuous strand mat
is the main reinforcement providing strength for the material.
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Figure 8.7 - Variation of average yield stress and ultimate tensile stress vs. off-axis angle
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Figure 8.8 illustrates the average yield strain and ultimate failure strain of the
material at different off-axis angles. Similar to the trends for the yield stress, yield strain
of the material decreases from 1% to 0.3% with an increase in the off-axis angle from 0
to 60 degrees. The ultimate failure strain, as shown in Figure 8.8, is not affected greatly
by the roving fiber orientation. These values are between 1.2% and 2.1%. Itis
interesting to note (from Figure 8.8) that a 1.5% axial strain can be used as the critical
strain in the maximum strain type failure criterion regardless of the orientation of the
roving reinforcement.
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Figure 8.8 - Variation of average yield strain and ultimate strain of tension tests with off-
axis angle

Experimental and theoretical results comparison:

A comparison is made here between the average experimental elastic
modulus and the theoretically predicted elastic modulus using micro-mechanics analysis
and macro- mechanics analysis as discussed in Chapters 6 and 7. Since the CSM lamina
can be considered as a transversely isotropic material, its in-plane engineering properties
can be assumed isotropic. Therefore, it should not affect the global engineering
properties of the CCBs-filled composite laminate in the off-axis test. The change in
loading directions on the composite laminate can be considered as change in
unidirectional fiber orientation in the roving lamina, which governs material engineering
properties of the composite laminate. In the laboratory off-axis tensile test, the roving
fiber orientation was changed from zero degree (longitudinal) to 90 degree (transverse to
fiber orientation) in steps of 15 degrees. To compare the experimental results with the
theoretical prediction results, the composite laminate engineering properties predicted
using the classical plate theory (as discussed in Chapter 7) were calculated by increasing

the roving fiber orientation ? in equation (7.9) and (7.10) from 0 degree to 90 degree in
steps of 15 degrees.

Table 8.4 lists the elastic modulus of the composite laminate measured in off-axis
tensile tests in the laboratory and predicted using micro/macro-mechanics analysis. It is
clear that, even though the predicted elastic modulus are generally a little higher than
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those from laboratory results, there is a good match between both in terms of the effect of
roving fiber orientation on the variation of the laminate elastic modulus, as shown in

(Figure 8.9). The predicted results are slightly higher than laboratory results because the
tested material contains some micro-voids and cracks.

Table 8.4 - Comparison of measured E and predicted E values.

Fiber orientation, Measured E, psi |Predicted E, psi
degree
0 3,953,908 3,976,000
15 3,117,531 3,257,000
30 1,956,227 2,069,000
45 1,108,019 1,310,000
60 1,270,535 1,474,000
75 1,305,661 1,604,000
9% 1,354,385 1,676,000
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Figure 8.9 - Comparison of measured and predicted E values for different roving fiber
orientation

8.3. Axial and off-axis compressive stiffness and strength

It is important that compressive strength and stiffness properties are considered in
the utility pole design. Due to unbalanced pulling forces on a cross-arm, the composite
utility pole may also be subjected to torsional moments. As the result of the combined
effects of compression and torsion, major compressive stresses at certain locations of the
outer-shell may orient along an off-axis (longitudinal) direction. Thus, it is important to
evaluate the engineering properties of the composite material under compression for
different off-axis loading conditions.
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In this section, in-plane off-axis compression tests were designed and conducted
on the pultruded flat panels following procedures outlined in ASTM D 695-96. Using the
MTS system described earlier, the standard suggests using a dog-bone shape specimen,
(Figure 8.13).

Figure 8.13 - Compression test specimen

Similar to the samples in the off-axis tensile tests, the off-axis compression test
specimens were first cut from original pultruded plates using a power saw at different off-
axis angles (0°, 15°, 30°, 45°, 60°, 75°, and 90°). Six specimens were prepared for each
angle. With two ﬂy ash loading levels (5% and 10% fly ash), eightyfour (84) samples in
total were prepared (Figure 8.14).

Figure 8.14 - Prepared compression test specimen of CCBs-based composite

To prevent the sample from failing in the buckling mode, a support jig was
fabricated as required by ASTM and used to support the sample laterally (Figure 8.15).
Variation of the distance between two designated points on the specimen is automatically
measured by an extensometer of the MTS machine. To calibrate the system, several
polycarbonate samples were prepared and tested.

Figure 8.15 - Test sample support jig
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The axis of the sample was aligned with the centerline of the loading nose. The
axial load was applied in a displacement control mode with a rate of 0.02 in/min as
recommended by the ASTM standard. All tests were repeated six times and loaded to
failure. Most of the samples failed in brittle mode. For comparison purposes, elastic
modulus, failure strain, and failure strength were calculated for all off-axis compression

Table 8.5 and Table 8.6 list the test results for 5% fly ash and 10% fly ash
samples, respectively. The average value and the standard deviation for these parameters
are listed in Table 8.7. Test results show that the average elastic modulus of the
composite in transverse direction are 57% and 47% of the corresponding values in the
longitudinal direction Similarly, the average failure strength of 90° specimens are 28%
and 25% of the 0° values for 5% and 10% fly ash loading levels.

The off-axis compression tests show the effect of the orientation of roving fiber
on compressive strength. As shown in Figure 8.17, the average elastic modulus of the
material decreases rapidly from about 1.5 to 1.6 million psi to about 700,000 to 900,000
psi for off-axis angles ranging from (° to 45°, beyond which the effect of roving fiber
orientation is not evident. Following a similar trend, the failure strength also drops
quickly from 67 ksi to 20 ksi within 45° change of roving fiber orientation (Figure 8.18).
When the off-axis angle is greater than 45°, the material yield strength and failure
strength are not governed by the roving fiber orientation. Figure 8.19 shows that the
failure strain for both types of composites range from 3% to 4%. This value could be
used in a strain-controlled failure criterion. Compression test results for both types of
composites do not show significant effects of fly ash loading level on material

engineering properties. Only Figure 8.18 shows slightly enhanced material strength with
the increase in fly ash loading level.

1400000 1

1200000 4

1000000 1

800000 4

Elastic modulus, ps!

600000 1

400000 1

200000 4

[—#—6% fiy ash —¥—10% fiy ash |

0

T T T T Y — T T v 1
0 10 20 30 40 50 60 70 80 90 100
Roving fiber orlentation, degree

Figure 8.17 - Variation of elastic modulus with roving fiber orientation
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Table 8.5 - Off-axis compression test results for 5%- fly-ash samples

Thickness, Failure Failure

Degree Sample # Width, in in Length,in| E, psi | strength, psi|strain, in/in
Polycarbonate | 0.502 0.372 1.163 | 257,521 11,130 | 0.074466

1 0.403 0.243 0.900 | 1,626,774 | 69,223 | 0.049167

2 0.475 0.240 0.892 1,527,598 | 73,902 | 0.058128

3 0.480 0.239 0.894 1,525,820} 68,341 | 0.053949

4 0.483 0.239 0.895 [ 1,607,528 | 61,026 | 0.049542

5 0472 0.240 0.894 | 1535613 66,932 | 0.056275

0 6 0.485 0.240 0.900 [1,505,694 | 61,249 | 0.048422
1 0.403 0.240 0.989 |1,273,595| 35,422 | 0.032770

2 0.407 0.240 0.989 [1,328,941| 283824 |0.025756

3 0.402 0.242 0.990 1,398,680 | 33,130 | 0.028802

4 0.481 0.242 0.890 |1,230,307 | 37,098 | 0.037201

15 5 0.403 0.241 0.991 |1,374,566 | 31,991 | 0.029546
1 0.460 0.240 0.990 | 1,014,051 | 23,730 | 0.034838

2 0.469 0.241 0.886 | 911,153 23,798 [ 0.037223

3 0.475 0.242 0.886 | 1,000,468 | 23,344 | 0.032449

4 0.474 0.242 0.888 | 920,624 | 21,725 | 0.031730

30 5 0.474 0.241 0.890 | 906,209 23,005 | 0.032000
1 0.423 0.242 0.995 | 854,229 18,677 | 0.026697

2 0.418 0.238 0.992 | 881,733 19,008 | 0.027716

3 0.415 0.240 0.992 | 827,547 21,492 | 0.028478

4 0.414 0.240 0.994 | 843,445 18,154 | 0.025825

5 0.412 0.240 0.994 | 918552 20,435 | 0.025737

6 0.386 0.242 0.997 | 940,751 18,927 | 0.023462

45 7 0.405 0.240 0.997 | 944311 21,644 0.030883
1 0.489 | - 0.239 0.900 | 816,667 | 20,026 | 0.027444

2 0.420 0.239 1.040 | 913,861 17,819 | 0.027683

3 0.417 0.239 1.010 | 804,348 19,814 | 0.020485

4 0.404 0.239 0.998 | 809,690 19,700 | 0.030198

5 0.419 0.238 1.030 | 850,597 19,867 | 0.026291

6 0.427 0.239 1.050 | 900,385 18,931 | 0.026200

60 7 0.411 0.239 0.994 | 841,459 17,029 | 0.031922
75 1 0.488 0.240 0.900 | 847,179 19,756 | 0.032133

2 0.488 0.241 0.891 [ 828,672 21,167 | 0.036341

3 0.487 0.238 0.893 | 837,349 19,907 | 0.029933
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4 0.483 0.240 0.900 794,588 20,036 0.032556
5 0.418 0.240 1.020 954,241 20,551 0.027873
1 0.415 0.240 0.993 936,512 18,799 0.029008
2 0.480 0.239 0.900 881,376 18,786 0.024167
3 0.487 0.239 0.900 919,577 18,806 0.029089
4 0.484 0.239 0.900 864,954 19675 0.027489
S 0.403 0.238 0.997 917,678 19,075 0.029168
90 6 0.403 0.238 0.996 891,770 19,237 0.024629

Table 8.6 - Off-axis compression test results for 10% fly ash samples

Thickness, Failure |Failure strain,
Degree | Sample# | width, in in Length,in| E,psi |strength, psi infin
1 0.506 0.242 0.996 [ 1,609,274 64,354 0.023845
2 0.512 0.240 0.992 | 1,599,263 60,684 0.045983
3 0.530 0.240 0.990 | 1,589,242 63,820 0.045556
4 0.509 0.242 0.997 | 1,678,561 67,342 0.045469
5 0.517 0.243 1.040 | 1,641,033 52,597 0.039490
0 6 0.530 0.242 0.995 1,661,834 59,871 0.040693
1 0.526 0.240 0.991 1,268,611 42,514 0.039627
2 0.514 0.241 0.985 1,190,021 33,859 0.039746
3 0.530 0.241 1.000 | 1,223,991 33,593 0.037070
4 0.529 0.240 0.955 | 1,236,346 38,453 0.035246
5 0.506 0.242 0.987 | 1,226,199 31,082 0.034924
15 6 0.531 0.241 0.983 [ 1,265,596 | 37,143 0.035168
1 0.519 0.242 0.992 928,960 26,704 0.034990
2 0.528 0.241 0.996 919,195 26,924 0.036102
3 0.512 0.240 0.987 751,513 21,433 0.037649
4 0.527 0.241 0.997 974,580 25,187 0.033039
5 0.513 0.240 0.995 971,482 24,998 0.035678
30 6 0.530 0.240 0.995 897,860 21,795 0.033337
1 0.513 0.242 0.996 721,881 21,250 0.040382
2 0.530 0.241 0.995 745,076 22,926 0.033387
3 0.513 0.241 0.995 801,868 20,520 0.033518
4 0.530 0.240 0.991 726,225 23,401 0.037185
5 0.513 0.240 0.994 746,666 22,092 0.037254
45 6 0.530 0.241 1.000 754,328 23,102 0.038050
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1 0.520 0.240 1.000 | 743,712 21,192 0.039580
2 0.532 0.240 1.060 | 759,542 20,323 0.038698
3 0.513 0.242 0.995 | 722,385 20,902 0.038302
4 0.530 0.240 1.050 | 651,491 18,089 0.039238
5 0.507 0.241 0.986 | 746,145 22,628 0.036765
60 6 0.535 0.241 0.978 748,864 21,743 0.035123
1 0.524 0.243 0.993 | 773,026 23,199 0.035982
2 0.505 0.243 1.075 | 786,633 19,184 0.032298
3 0.530 0.242 0.997 793,511 22,576 0.033009
4 0.512 0.240 0.988 | 708,114 17,263 0.032368
5 0.510 0.240 0.988 | 791,058 21,574 0.037246
75 6 0.530 0.242 0.990 | 767,392 20,890 0.029828
1 0.530 0.240 0.988 | 776,713 23,806 0.034939
2 0.514 0.241 0.992 | 790,439 18,970 0.028377
3 0.529 0.241 0.990 | 781,856 23,335 0.017263
4 0.513 0.242 0.990 [ 710,859 16,406 0.031879
5 0.513 0.241 0.995 | 762,794 21,099 0.031337
90 6 0.530 0.240 1.000 | 764,196 20,185 0.029300
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Table 8.7 - Mean and standard deviation values for the off-axis compression test results

5% fly ash loading level
Orientation, AvgE, psi St dev Avg Failure St dev Avg Fa‘ilure St dev
degree Strength Strain
0 1,554,838 49,638 66,779 4,957 0.05258 ] 0.00411
15 1,301,852 63,083 33,334 3,682 0.03013 | 0.00411
30 950,501 52,292 23,120 843 0.03365 [ 0.00235
45 887,224 47,788 19,762 1,415 0.02697 | 0.00236
60 848,144 43,753 19,027 1,172 0.02846 | 0.00214
75 826,947 22,859 20,217 644 0.03019" | 0.00378
90 896,097 29,157 18,938 461 0.02735 [ 0.00212
10% fly ash loading level
Orientation, AvgE, psi St dev Avg Failure St dev Avg Fz?ilure St dev
degree strength strain
0 1,629,868 36,135 61,445 5,103 0.04017 | 0.00846
15 1,235,127 29,289 36,107 4,105 0.03696 | 0.00224
30 938,416 95,226 25,507 2,264 0.03513 | 0.00174
45 738,835 14,025 22,554 876 0.03663 | 0.00272
60 728,690 39,721 20,813 1,547 0.03795 | 0.00170
75 782,324 11,505 21,485 1,564 0.03346 | 0.00271
90 771,390 9,372 22,106 1,742 0.02885 { 0.00612
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Figure 8.18 - Variation of Bilure strength with roving fiber orientation
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Figure 8.19 - Variation of failure strain with roving fiber orientation

8.4. Flexural bending test

In this section, four-point flexural bending tests were conducted on the flat panel
following procedures outlined in ASTM D 790-97. Testing apparatus included a two-
point loading nose and a support, as shown in Figure 8.20.

Figure 8.20 - Four-point flexural bending test of composite panel

The cylindrical surface of the loading nose and support avoided localized failure
due to stress concentration directly under/above the nose/supports. The span between the
two supports and two loading noses are 6 inches and 2 inches, respectively. The span-to-
depth ratio of the samples is 25.2, which is larger than the value of 16 required by ASTM
standards. This ensures that the failure occurs in the outer fibers of the specimen and is
due to the pure bending moment.

The MTS testing machine shown in Figure 8.21 was used for testing. It is
equipped with a precise displacement gage, which was used to measure the mid-span
deflection of the sample. For calibration purposes, one AS572-type steel bar of
rectangular cross-section (10 in. long, 1 in. wide, and 0.5 in. thick) was tested. The
flexural modulus of the steel bar was found © be about 26.3 million psi, which agrees
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well with the published value of 29 million psi. With 9% error, the accuracy of the 4
point bending testing system was considered acceptable.

Test specimens (8 inch long and 1 inch wide) were cut from the original pultruded
panel using the power saw. Two types of samples were prepared: lengthwise (LW)
samples and crosswise (CW) samples. Seven samples were prepared for each type at the
two fly ash loading levels of 5% and 10%. Twenty-eight (28) samples were prepared in
total. All the specimens were loaded incrementally at the rate of 1.2 mm/min. However,
the failure strength of all samples could not be determined from the experiment due to
large mid-span deflection and limited measuring range of the gage. Table 8.8 lists the
test results, which basically agree with the tensile test results.

Table 8.8 - Four-point bending test results of pultruded composite panel

% psi % psi
LW-FRP5%a 5 3,646,245 CW-FRP5%a 5 1,732,888
LW-FRP5%b 5 3,823,654 CW-FRP5%b 5 1,573,149
LW -FRP5%c 5 3,613,749 CW-FRP5%c 5 1,516,297
LW-FRP5%d 5 3,499,096 CW-FRP5%d 5 1,674,976
LW-FRP5%e 5 3,745,629 CW-FRP5%e 5 1,611,599
LW-FRP5%f 5 3,500,496 | CW-FRP5%f 5 1,594,967
LW-FRP5%g 5 3,647,544 CW-FRP5%g 5 1,657,295

e & e N

AR

LW-FRP10%a 3,562,602 CW-FRP10%a 10 1,613,088
LW-FRP10%b 10 3,746,426 CW-FRP10%b 10 1,535,932
LW-FRP10%c 10 3,247,904 CW-FRP10%c 10 1,684,685
LW-FRP10%d 10 3,571,955 CW-FRP10%d 10 1,497,244
LW-FRP10%e 10 3,913,335 CW-FRP10%e 10 1,636,468
LW-FRP10%f 10 3,571,098 CW-FRP10%f 10 1,564,237
LW-FRP10%g 10 3,309,447 CW-FRP10%g 10 | 1,669,761 |

Engineering properties for the 5% and the 10% fly ash panels were found to be
statistically the same for both lengthwise samples and crosswise samples. When loaded
along the pultrusion direction, the 5% fly ash panel yielded 3,639,488 psi elastic modulus
and the 10% panel provided 3,560,395 psi. When the samples were loaded transversely,
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the elastic module of the 5% fly ash samples and the 10% fly ash samples were 1,623,024
psi and 1,588,609 psi, respectively. As compared with the theoretical prediction of the
flexural bending stiffness of the manufactured material (Ex = 3.462 million psi, Ey =
2.015 million psi), the experimental results in the longitudinal direction are fairly
accurate, about 20% error is observed in the transverse direction.

8.5. Water absorptionand UV resistance

The CCBs-filled composite materials were also characterized for their water
absorption, dielectric constant, and UV resistance by Ashland Chemicals, Inc.

Water absorption: Composite materials containing 5%-fly-ash and 10%-fly-ash were
evaluated for their water absorption capability. Table 8.9 lists the test results, and it was
found that, after 24 hours, the composite containing 5% fly ash absorbed 0.278% water,
whereas the sample with 10% fly ash absorbed 0.2% of water. Adding CCBs in the
composite reduces water absorption.

Ultra-Violet radiation: Effects of ultraviolet radiation present in sun light on the
performance of the manufactured composite utility pole is of concern. Ultraviolet
radiation that reaches the earth’s surface comprises about 6% of the total solar radiant
flux and has wavelengths between 290 nm and 400 nm. Radiation below approximately
290 nm is effectively eliminated by stratospheric ozone. The remainder of the solar
radiation is composed of visible (52%) and infrared (42%) radiations. Since most
polymers have bond dissociation energies on the order of 290 nm to 400 nm wavelengths
in the ultraviolet region, they are greatly affected by exposure to this portion of the solar
spectrum.
Table 8.9 - Water absorption test results

Initial Weight | Weight after 24 hrs AB¥£;5T§ ON
SAMPLE | TEST# BEFORE (g) AFTER (g) GAIN (%)
1 20.6795 20.7343 0.265
az:f‘FtIlg’c 2 20.8538 20.9096 0.268
3 20.6386 20.7010 0.302
MEAN 20.7240 20.7816 0.278
STD. DEV. 0.021
DRY WEIGHT | 24 HRS. WEIGHT AB;V(;‘\RTPETI; oN
SAMPLE | TEST# BEFORE (g) AFTER (g) GAIN (%)
1 21.2487 21.2954 0.220
;2;/";;1(-‘? 2 212251 212674 0.199
3 21.0391 21.0773 0.182
MEAN 21.1710 21.2134 0.200
STD. DEV. 0.019
1 gram = 0.0022046 pound
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Chemical changes induced by UV exposure are the result of a complex set of
processes involving the combined effect of UV and oxygen. Bond dissociation is initiated
by the absorption of UV radiation, resulting in chain scission and/or cross linking;
subsequent reactions with oxygen along with the UV radiation result in the formation of
surface flaws on the material, which can serve as stress concentrators and initiate fracture
at stress levels much lower than those for unexposed specimens. The effect of ultraviolet
radiation is also compounded by the action of temperature, moisture, wind-bome
abrasives, freeze-thaw and other environmental components.

The outdoor test results (real time) are influenced by fluctuations in temperature,
moisture, and UV irradiance. The intensity of UV irradiance changes with the test
location, the season in which the testing is carried out, and year to year fluctuations due
to climate variations. Test results from different exposure sites and different time periods
are therefore seldom comparable. To obtain more reliable and comparable results,
accelerated laboratory UV resistance testing was conducted in this study by exposing the
samples to UV radiation from a variety of UV light sources, which were screened with a
special filter to remove the light wavelengths that fall outside of the solar spectral range
of interest.

In this test, two samples (5% fly ash and 10% fly ash composite) were exposed
for 500 hours with a xenon arc lamp in Atlas Ci65 Weather-O-meter (Figure 8.22) using
CAM #47. The CAM #47 has the following cycle: 18 hours of light with 18 minutes of
water spray every 2 hours; and then 6 hours of darkness. A borosilicate outer and a

borosilicate inner filter were used to filter the xenon arc lamp. This filter combination

yields the irradiance ranges (W/nt) as listed in Table 8.10.

Table 8.10 - Irradiance ranges of UV resistance test

LU T eradianes Réﬁgés W/m2 [ S

- Wattage |- 250-300um | 300-4000m |  400-800nm | 340nm | 4200m
5000 0.1 37 352 030 0.1

Test results showed that both samples did not show any apparent material
degradation. No surface flaws were observed after exposing the material to UV for 500
hours.
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CHAPTER 9: FAILURE ANALYSIS

9.1. Introduction

To perform failure analysis on the manufactured composite material, this chapter
first discusses various failure criteria. Since more than thirty (30) failure criteria have
been reported in the literature for laminated composites, this chapter surveys only the
major existing failure criteria and develops the one that fits the laboratory test results of
the manufactured CCBs-filled FRC outer-shell material.

9.2. Failure criteria

Failure criteria have been developed for homogeneous isotropic materials, and
inferences from those also have been extended for laminated fiber-reinforced composites
that are non-homogeneous and anisotropic. This chapter surveyed major failure criteria
with the purpose of identifying the most suitable one for CCBs-filled FRC material. The
survey is not complete, and it was primarily focused on those criteria that may be most
applicable to laminate fiber-reinforced composite based on laboratory test result.

Lamina failure criteria: The existing lamina failure criteria can be grouped as non-
interactive and interactive. Non-interactive failure criteria (maximum stress, maximum
strain, etc.) do not consider the interaction effect of different stress component on lamina
failure and are usually applicable to brittle isotropic materials where maximum tensile,
shear, or compressive stresses alone dictate failure. For composite materials, however, a
biaxial state of stress is found to influence failure and hence there is a need Pr failure
theories which consider the interaction of stresses. The interactive failure criteria are
represented by TsaiWu (1971), TsaiHill (1950), etc. They are mostly quadratic
polynomial equations, and are called criteria and not theories because they do not attempt
to mechanistically explain failure but rather are a fitted curve for experimental data.

In the following sections, the major non-interactive and interactive criteria are
discussed. A common strength ratio 'R’ is defined as follows:

R =1, failure occurs.
R > 1, failure does not occur.
R <1, failure has already occurred.

This ratio is applicable to all common failure criteria and can be used in many
ways to aid design. The strength ratio concept is similar to safety factor.

The non-interactive type failure criteria are typically represented by maximum
stress criterion (Barbero, 1999), maximum strain criterion (Waddoups, 1968), and Hashin
criterion (1980).

Maximum stress criterion:

This criterion predicts failure of a lamina when at least one of the stresses in
material coordinates (s 1, S2, S, S4, S5) exceeds the corresponding experimental value of
strength. The criterion states that failure occurs if any of the following is true:

Ry =Fu/s1 ifs; >0
Ry =-Fi/s1 ifs; <0
R; =Fa/s> ifs2>0
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Ry =-Fa/s, ifs2<0
R4 =F4/ abs(s4)
Rs =Fs/ abs(s 5)
Rs =F¢/ abs(s ¢) Equation 4 - (9.1)
If any of the above ratios equals or exceeds unity, failure is said to have occurred

in that lamina. There are five independent modes of failure, one associated with each

stress S 1, S2, 4, S5,and s¢. Figure 9.1 illustrates this criterion in s — s ¢ stress space.
Aksé

Maximumn stress criterion

Figure 9.1 - The maximum stress criterion in s, - S¢ stress space

However, there are some limitations in this criterion Tsai (1968) studied the
failure of a unidirectional reinforced composite subjected to uniaxial load at an angle
0° to the fibers. He found that the theoretical strength variation did not agree well
with the experimental strength variation. For the analysis of a E-Glass Epoxy
composite subjected to uniaxial loading at an angle 0° the theoretical strength
variation did not adequately represent the experimental strength variation. In addition,
the experimental data from biaxial strength tests (Hull, 1996) showed that there were
interactive effects, which produced failure when two or more stress components are
close to their limits. Hence, there is a need for a biaxial strength criterion.

Maximum strain criterion:

This criterion (Waddoups, 1968) is widely accepted in the industry today. With
similar strength ratio as defined in previous the criterion, it can be described as

R = ew/ey ife; >0
Ri=-ei/e1  ifer >0
Ry=ex/e; ife>0
Ry=-e/e; ifex>0
R4 = 24,/ abs(es)
R5 = ?511/ abs(es)
R¢ = 264/ abs(es) Equation (9.2)

where ej;, eic, €, €1c, 74us 75u, and 7¢y are failure strains. As in the previous
section, if any of the above ratios guals or exceeds unity, failure is said to have
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occurred in that lamina. To illustrate the difference between maximum stress and
maximum strain criteria, the maximum stress criterion is represented in the e; — e
diagram assuming the material behavior is linear up to failure (Figure 9.2).

A®?

Maximum stress Maximum strain
\ €2t ‘
e e
lc 1t > e

€2c

Figure 9.2 — Failure envelopes in strain space ej-&
Hashin Criterion.

Hashin (1980) also modeled the various failure modes of a composite separately.
A general failure criterion should be piecewise smooth, each piece modeling a distinct
failure mode. In plane stress:

Fiber failure modes:

. . (e} O,
Tensile failure: (—L)? (—L2)
ensile failure: (—)" (—=2)

!

Compressive failure: (%)2 1 Equation (9.3)

[

Matrix failure modes:

o c (o]
Tensile failure: (%) (=2)* 1
(Y,) ( 3 )
Compressive failure: ( % ¥ e )? 192 (gll)2 1 Equation (9.4)
2X,, f_(‘QX 2 Y, S
where, 1 is the fiber direction, 2 and 3 are the transverse directions. X3 is the
transverse shear strength, and S is the shear strength

The nor-interactive failure criteria separate the failure modes into fiber modes,
represented by the fiber-direction strengths, and matrix modes, represented by the
transverse strengths. However, reither of these criteria considers the interaction among
stress components. That is, they look at failure based on one stress (or strain) at a time,
ignoring the interaction between two stress components. This approach is not
conservative when two stress (or strain) components are close to their ultimate values and
both stresses compound to cause the same type of failure (e.g., matrix cracking).

ves €
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The interactive type failure criteria developed for orthotropic plies of
unidirectional composites were introduced by various theoreticians over past twenty 20

years. Goldenblat and Kopnov (1965) proposed a very general failure criterion in terms
of stress components:

[Fo,1* [Fo0,1° [Fuo0,0,7 ... 1 Equation (9.5)

This type of failure criterion was derived based on curve fitting considerations.
There is no theoretical or physical basis for such criterion The criteria that fall into this
category include Tsai Hill criterion (1950), Tsai Wu criterion (1971), etc.

Tsai-Hill criterion: This criterion is similar to the von Misses criterion for plasticity of
metals adopted for orthotropic materials (Tsai, 1965). The following equation was
proposed to fit the experimental data
s f o f S s s S
Siy 5% Gy Gey @iy sy 1 Equation (9.6
(E) X (Fz) (Fls) (F4) (Fs) q (9-6)

where the superscript f is used to indicate any state of stress (s 1f, sof S4f, ssf,, ssf)
at failure.

All the failure states of stress obtained by combinations of those five stress
components generate a closed surface (the failure envelope) that separates the no- failure
region from the failure region. When only two stress components are different from zero,
the failure envelope generated by (9.6) is an ellipse. In order to have a useful failure
criteria, Equation (9.6) was rewntten using the strength ratio R Replacing the stress
components on the failure envelope s’ by Rs; the condition for failure (9.6) becomes

Oiv2 00, 032 OTv2 (Tav2 (Ts5\21p2
[( ) P (Fz) (FZ) (F4) (Fs)]R 1

or

(o} g,0. g, .2 T, .2 T,.2 0.2 .
R 1/ . 2 (=2 —£ —L . Equation (9.7
\/(Fl) I (Fz) (Fs) (F4) (Fs) q .7

where s; are the components of stress computed for an applied reference load. As
explained earlier, the value of R can be interpreted as a safety factor if R > 1. Otherwise,
R <1 indicates failure, and R can be used to compute the failure load.

A disadvantage of the TsaiHill criterion is that the mode of failure is no longer
identified as it was in the case of maximum stress or strain criteria. Furthermore, Tsai
Hill criterion does not take into account different behavior in tension and compression,
which is very important for CCBs-based polymer matrix composite utility pole.

Tsai-Wu criterion:

The TsaiWu criterion was developed to overcome some of the limitations of the
TsatHill criterion. This criterion uses a complete quadratic expression to draw a failure

envelope that attempts to fit the experimental data (Tsai, Wu, 1971). The criterion is
written as

f 101f f20'2f S (Glf )2 S (sz )2

Equation (9.10)
210076V £V fu0)Y fus(oSY 1
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where f; 1 1
F;t F'lc'
1 1
fioo o
FZ: F;c
1
T F.F,
1
f22 F'ZIFZC
1
Sos FF,
1
Sss iF,
1
Su FF,

In ©.10), s;f are the components of stress at any point on the failure envelope.
That is, any such state of stress corresponds to failure of the material. In the definition of
the coefficients f; and f;; the compressive strength values are defined as positive values,
and the Tsai+Wu criterion accounts for different behavior in tension and compression.
The nteraction between the two normal stresses is accounted for with an independent
coefficient f7, that must be measured independently of the remaining strength properties.
Since a biaxial test is needed for measurement of the interaction coefficient, and
experimental data are not easily measured, an approximation of the interaction coefficient
can be obtained by

S, — Equation (9.11)

Once an equation that fits the experimental data has been defined, the TsarWu
criterion is rewritten in a way that is convenient for design. The concept adopted in this
failure criterion is considered practical by the author, and was implemented with the
available laboratory test data.

Laminate failure analysis:

The approaches to predict the laminate failure and strength can be categorized into two
types: the ply by ply approach and the total laminate approach. The laminate in the first
approach is assumed to be consisted of various bonded layers, which are considered to be
homogeneous and orthotropic. With given loading condition and boundary condition on
the laminate, classical plate theory is used to calculate the stresses and strains in each
layer (Jlamina). These stresses and strains are transformed to the layer principal axes
before the failure criterion is applied to each lamina. In the second approach, the
classical plate theory is not needed because the failure criterion is applied directly to the
entire laminate, which is assumed homogeneous, but anisotropic. This approach requires
the strength characterization of laminate under consideration, whereas in the first
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approach the strength characterization is carried out on a layer and then the strength of any
laminate under any stress state is predicted.

Ply-by-ply approach: This methodology is the most classical approach It consists of
using one of the layer criteria described in the previous sectiors to predict the first ply
failure (FPF) load, at which the first layer failure occurs. Since the transverse strength F;
of the laminate is usually much lower than the tensile strength F;,, the FPF load is usually
associated with matrix cracking. Then each layer with matrix cracking is degraded or
discounted and the load is increased until a fiber failure occurs, called fiber failure (FF)
load.

In this approach, the first ply (or layer) to fail while the load is increased can be
found by using any of the failure criteria described in previous sections. The computation
of stresses before the first ply fails can be done by the classical plate theory procedure.
Since the stress distribution is piecewise linear throughout the thickness of a laminate, the
maximum value of a component of stress is Hund either on the top or bottom of a layer.
Instead of looking for maximum value (top or bottom) for each particular load case, both
the top and bottom values are checked for every layer. To check if a laminate will fail
under a prescribed set of loads, the stresses for that prescribed load are computed through
classical plate theory. Once the stresses are known at top and bottom surfaces of each ply,
a failure criterion can be used at those points to compute the strength ratio. If the strength
values used in the failure criteria are ultimate values, the resulting strength ratio is the
safety factor. Then the minimum value of strength ratio of all those computed at top and
bottom of all layers represents the safety factor of the laminate. If it is less than one, or
less than the desired safety factor, redesign must be done. Also, if the strength ratio is too

large, it indicates that the laminate is over designed and savings can be realized by
redesign.

The procedure just outlined can be used to detect the load at which the first layer
(or ply) will fail. In this case, a set of reference loads is specified, which could be the
actual load or a unit load. Then an analysis is conducted to determine the strength ratio.
The FPF load, which is the set of loads that causes the first ply (or layer) to fail, is
obtained by multiplying the reference set of loads by the strength ratio.

For most polymer based composite materials, FPF usually involves some type of
matrix degradation, like matrix cracks or micro-cracks. The stiffness of a layer is reduced
significantly by matrix cracks, mainly in the transverse direction. But matrix cracks do
not affect much the longitudinal stiffness E; because the fibers remain intact. Since the
extent of stiffness reduction in a degraded layer is unknown and difficult to measure, an
empirical degradation factor f; is used to reduce the stiffness of a degraded layer except

 the longitudinal stiffness. The stiffness of a degraded layer then is

E1 = Elo
E=fE
G2 = f; G°

Gas =f3 G’
T2=f 71 Equation (9.12)

where the superscript ()° indicates the original, intact, or un-degraded property,
and f; is the degradation factor.
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When a layer fails, there is a stress redistribution under applied load. Most of the
stress carried by a failing layer must be transferred to the remaining intact layers. To find
the load at which the next layer fails, the properties of the first failed layer can be
degraded according to (9.12); then the laminate can be reanalyzed to find all the stresses
and strength ratios (Figure 9.3). Following the above procedure, the minimum of all the
strength ratios computed at the top and bottom of all layers gives the second-ply failure
load. This incremental analysis is repeated until all the layers are degraded. Then a final
computation with all the layers degraded according to (9.12) provides the load at which a
layer fails in the fiber direction, which is called FF load.

— . .
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This approach has been well-accepted by academia and industry. However, since
this approach requires the engineering properties of the single lamina as the input, its
applicability is somehow limited by or contingent upon laboratory test of lamina, which
in most cases is hard to implement. Most FRCs are manufactured in the forms of a
laminate (combination of lamina). In this study, the CCBs-filled FRC material was
pultruded as a laminate, and consequently laboratory testing of roving layer and
continuous strand mat layer is not possible. Therefore, even though the ply-by-ply failure
analysis is sound theoretically, an alternate approach, the total laminate approach, is
pursued for failure analysis of the CCBs-filled FRC materials.
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First Ply Fails

Second Ply Falls ,
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FF G--
FPFL--

Intact Laminate

Deformation

Figure 9.3 - FPF and FF load in ply-by-ply failure analysis (Barbero, 1999)

Total-laminate-approach: As discussed previously, there are two major events during
loading of a laminate that can be used as indication of strength: matrix cracking and fiber
failure (FF), with the latter always viewed as the collapse load of the laminate. Matrix
cracking usually occurs at a lower load level, and it does not lead to collapse if the
laminate is properly designed. If the transverse deformation of each layer is constrained
by another layer having fibers perpendicular to the first one, the reduction in strength in
one layer due to matrix micro-cracking is compensated by a load transfer into the fibers
of the perpendicular layer. This hypothesis is considered reasonable for CCBs-filled
FRC material, which was manufactured using pultrusion process. As discussed in earlier
chapters, the CCBs-filled FRC material consists of multiple roving layers and CSM
layers, which overlay one another alternatively. These layers are compacted and
perfectly bonded with each other by the cured matrix (resin) while they are pulled
through the heating die. The reinforcement in the CSM layer is distributed randomly, and
provides lateral confinement to the roving layer. Based on these considerations, the
CCBs-filled FRC laminate can be analyzed together, and the total-laminate-approach
provides an alternative to the methodology for analyzing failure criterion for such
material, as presented in following section.

Suggested failure criterion: Based on the discussions in earlier sections, the totak
laminate approach is proposed in this study to develop a quadratic failure criterion for

CCBs-filled FRC material, the main concept of which basically stems from Tsai theory
(1980).

The total laminate approach assumes that the following hold:

& All laminas have a complementary layer, which has perpendicular fiber that
provide confinement. The laminate does not need to be balanced, but matrix
micro-cracking in any layer should be constrained by perpendicular fibers.
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& Layers with various fiber orientations are interspersed as much as possible to
avoid clusters of layers with the same orientation where a matrix crack can grow.

& The strains in the fiber are those of the layer (E;, E3). This assumption is satisfied
in the fiber direction, but it is only approximate in the transverse direction.

With above assumptions, the pultruded laminate of the CCBs-filled FRC material
can be treated as a whole layer. The quadratic criterion is chosen in this study because it
is simple, versatile and analytic. Established rules on transformation, invariance and
symmetry as discussed in Chapter 6 and 7 are applicable. It includes interaction among

the stress or strain components analogous to the Von- Mises criterion for isotropic
materials.

Failure criteria are very important in the design and sizing of composite laminates.
They should provide a convenient framework or model for mathematical operations. The
framework should remain the same for different definitions of failures, such as the
ultimate strength, the proportional limit, yielding, endurance limit, or a working stress
based on design or reliability considerations. In this study, the criteria are not intended to
explain the mechanisms of failure of the CCBs-filled FRC material.

The generalized quadratic interaction failure criterion can be written as
.f;'jo-io- j f;o-,- 1 Equatlon (913)
Above equation can be expanded for the case of two-dimensional state of stress,
ori,j=1,2,6.
@) fp0,)" fs(65) 2£,000, 2£400
240,05 fO1 [0, fOs 1
Since the CCBs-filled composite laminate is orthotropic, the strength should be
unaffected by the direction or sign of the shear stress component. If shear stress sign is
reversed, the strength should remain the same. Sign reversal for the normal stress
components, say from tensile to compressive, is expected to have a significant effect on

the strength of the composite. Thus, all terms in Equation (9.14) that contain linear or
first-degree shear stress should be deleted from the equation. There are three such terms:

f16010¢ 5 f260,05 , and [0 Equation (9.15)
Since the stress components are in general not zero, the only way to ensure that
the terms above vanish is for
J16= fos= J6=0 Equation (9.16)

With the removal of the three terms, Equation (9.14) can be simplified as
fu(@) f5(0,)° fis(0s)* 2,00, fio, f,0, 1 Equation(9.17)

There are four quadratic strength parameters analogous to the four independent
components of modulus. There are two linear strength parameters as a result of the
difference in tensile and compressive strengths. Of the six material constants or strength
parameters, five can be determined by performing simple tests.

Equation (9.14)

(1). Longitudinal tensile and compressive tests
Let s = longitudinal tensile strength

s 1¢c = longitudinal compressive strength

128




These strengths are measured by uniaxial tests. Substituting the measured
strength into Equation (9.17),

Ifsi=sy,

fule)' fo, 1 Equation (9.18)
Ifsyi=-s1e,

fule,)* fo, 1 Equation (9.19)

Solving the two equations for two unknowns, we have
1 .
Su oo, Equation (9.20)
S L L Equation (9.21)
o-lt o-\o

(2). Transverse tensile and compressive tests
Let sy = transverse tensile strength
§ 1c = transverse compressive strength

Following same approach as for the longitudinal tests and by reason of symmetry,
we have,

Ifsa=s2,

f22(0,,)" [, 1 Equation (9.22)
Ifs; =-s2,

[2©0,)" £,0, 1 Equation (9.23)

Solving the two equations for two unknowns, we have
1 .
S o.0n. Equation (9.24)
£ = L Equation (9.25)
c, O,

(3). Longitudinal shear test
Let t12 = longitudinal shear strength

Substituting this value into she shear stress in Equation 9.17, we have
1 .
fi = Equation (9.26)
712
The one remaining term f3 is related to the interaction between the two normal
stress components. The only way that this coefficient can be measured is for both normal
stress components to be nonzero; this requires a combined stress or biaxial test. This
experimental task unfortunately is not as easy to perform as the simple uniaxial or shear
test.

Although the exact walue for the interaction term is indeterminate at this time,
there are upper and lower bounds imposed on this value based on a geometric
consideration. Since the failure criterion represents a closed curve in the plane of the

129



normal stress components (the curve has to be closed in order to avoid infinite strength),
the discriminant below has to satisfy the following condition,

fifo [ 1O Equation (9.27)

For convenience, a dimensionless interaction term is introduced here,
* fl2 .
Jra Equation (9.28)
NS
£l 2 O Equation (9.29)
Ju o0y
- _h Oy Oy

5 — Equation (9.30)
Nfn 030y

Also, variable replacements are defined below,
x +/fuo,

Yy N n0; Equation (9.31)
z [ f4Os

By replacing the above dimensionless parameters and the new variables, the
Equation (9.17) can be rearranged as

X 2fxy ¥y 2 fix £y o1 Equation (9.32)
The Equation (9.32) represents a family of ellipses. In the equation, the

parameter f,, will govern the slenderness and the inclination of the major axis. In place

of the biaxial stress test to determine the sixth strength parameter, it can be assumed that
the orthotropic failure criterion in Equation (9.17) is a generalization of the Von Mises
criterion. In this case, f,,”=-0.5.

The above discussion lays a theoretical basis for developing failure criterion for
CCBs-filled FRC material using the laboratory test data. As mentioned in Chapter 8, off-
axis tensile test and off-axis test were conducted on the pultruded FRC material. Even
though in-plane direct shear test was not performed, the material shear strength can be
derived from off-axis tensile and compression tests without losing accuracy.

Based on laboratory tests, the material strengths for 10% fly ash sample under
various loading condition are summarized below in Table 9.1.

130



Table 9.1 - Measured strength results for CCBs-filled FRC laminate

longitudinal tensile O, , psi 49211
longitudinal compressive O, , psi 61,445
transverse tensile G, , psi 8,397
transverse compressive 0, , psi 22,106
Sxx when off-axis angle is 15 degree 22,872
longitudinal shear 7;, , psi 5,718

From Equation (9.20), (9.21), (9.24), (9.25), and (9.26), we can calculate the
following
1

fii, ——=3.30713E-10 psi>
O-lto-lc

£ 404504806 psi?

O-lt O-lc
1 2
f = 5.38723E-09 psi
= 0-210-2c
1 1 .1
f, —— ——=7.38536E-05 psi
0-21 0-2c
fs L2= 3.05852E-08 psiZ
Ti2
Substituting above parameters into Equation (9.17), we have
@)’ (0,)° (0,)’
3,023,769,895 185,624,082 32,695,524 Equation (9.33)
20,0, o, o,

1,498,378,471 247161 13,540

Equation (9.33) can serve as the failure criterion for the CCBs-filled FRC material,
which was derived using quadratic equations and laboratory test results.

9.3. Summary

In this chapter, efforts were made to review existing failure criteria. After
comparing the advantages and disadvantages of the selected criteria, this chapter
evaluated the two laminate analysis approaches. Based on the available laboratory test
data and characteristics of the CCBs-filled FRC material, this chapter has proposed the
total laminate-approach for developing an appropriate material failure criterion. A
quadratic interactive failure criterion was developed based on material characteristics and
laboratory test results of CCBs-filled FRC outer shell material.
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CHAPTER 10: PERFORMANCE TESTING OF THE MODEL POLES

10.1. Introduction

One full size model composite pole was tested in cantilever mode to evaluate its
engineering performance when subjected to flexural loading. In addition, to determine
the equivalent compressive elastic modulus, a one-foot section of the model pole was
tested in a MTS facility in the uniaxial compression mode. '

10.2. Cantilever bending test of the model composite pole

As discussed in the dimensional analysis (section 3.5) of the composite utility
pole, the smaller nodel utility pole was manufactured to simulate engineering behavior
of a full size (35 ft long) composite pole. To evaluate the engineering performance of the
full size class-4 composite pole indirectly, the manufactured smaller model pole was
tested in the cantilever mode. The testing apparatus and test results are discussed below.

Fixtures: The tested model composite pole was 20-ft long with an outer-diameter of 4.89
in. and outer-shell thickness of 0.1875 in. Such a model composite pole was tested
horizontally as a cantilever in the bending mode using facilities at Trinity Marine
Products in Paducah, KY. The testing apparatus included a steel frame to clamp one end
of the pole, an overhead crane for loading, a load measuring device, a graduated scale for
displacement measurement, and a level. The steel frame for holding the model pole was
built against steel girder and floor framework of the building, as shown in Figure 10.1.
The model pole was clamped rigidly over a 2-ft length at one end. The other end of the
pole was lifted up gradually with the overhead crane in displacement-controlled mode, as
shown in Figure 10.2. Load and top deflection of the pole were measured with a load-
measuring device and a graduated scale installed vertically along the end of the pole,
respectively. Load and top deflection of the model pole were recorded in 3-in top
deflection increments. Figure 10.3 shows the deflected composite model pole prior to the

failure. Figure 10.4 shows the cracked section of the model composite pole after the pole
failed.
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Figure 10.1 - The steel frame used to clamp the model pole

Displacement

Figure 10.2 - Loading device and deflection measuring setup
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Figure 10.3 - Cantilever bending test of 20- ft long model composite utility pole

Figure 10.4 - Cantilever bending test after material failure
Test results and discussion.:

The model composite pole was loaded in deflection-controlled mode and the
corresponding load was recorded for every 3-inch incremental top deflection. Table 10.1
lists the test results and the average equivalent material flexural stiffness. As shown in
Figure 10.5, the applied load increases almost linearly with the increase in top deflection
until failure. The pole failed at final load of 520 1b and final top deflection of 59 inches.
Using a mechanics of material approach (Figure 10.6), the pole’s equivalent flexural
bending stiffness and strength were calculated. It was found that the pole has an

equivalent elastic modulus of 2.3 to 2.4 million psi (Figure 10.7) and strength of about
30,000 psi.
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Table 10.1 - Test result of cantilever bending test on composite model pole

Raw deflection|Raw load{Zeroed deflection| Adjusted load | Equivalent E
in. b in. b psi

17.00 -75 0.00 0

19.00 -58 2.00 17 2,373,888
21.00 44 4.00 31 2,164,428
23.00 -25 6.00 50 2,327,342
24.63 -13 7.63 62 2,270,875
26.25 0 9.25 75 2,264,441
28.13 15 11.13 90 2,259,352
29.88 32 12.88 107 2,321,015
32.00 49 15.00 124 2,308,723
34.00 65 17.00 140 2,299,961
35.88 82 18.88 157 2,323,026
38.25 102 21.25 177 2,326,246
39.88 115 22.88 190 2,319,711
42.00 133 25.00 208 2,323,618
44.00 153 27.00 228 2,358,373
46.00 170 29.00 245 2,359,443
47.88 185 30.88 260 2,351,840
51.00 207 34.00 282 2,316,389
52.75 228 35.75 303 2,367,053
55.25 249 38.25 324 2,365,674
57.25 266 40.25 341 2,366,082
58.75 234 41.75 359 2,401,482
60.88 301 43.88 376 2,393,382
62.20 320 4520 395 2,440,619
64.63 336 47.63 411 2,410,173
66.63 358 49.63 433 2,436,850
68.75 374 51.75 449 2,423,134
70.75 394 53.75 469 2,436,889
73.88 422 56.88 497 2,440,486
76.25 443 59.25 518 2,441,647
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Figure 10.5 - Load vs. deflection at the top of the model pole
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Figure 10.6 - Estimation of equivalent E of composite model pole
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Figure 10.7 - Variation of equivalent elastic modulus with top deflection of the model
pole
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To verify the applicability of the classical beam theory on the manufactured
model composite pole, the flexural bending curvature measured in the lab testing was
compared with the theoretical bending curvature assuming an elastic modulus of 2.3
million psi for the outer-shell material, as shown in Figure 10.8. The experimental
bending curvature agrees well with the theoretical curve when the pole is subjected 500
1b of transverse pulling force.

- Ua ~#-150 Lba
~H=260Lbe 3B Lbe
be

] 60 100 120 140 160 180 200
Distance from bottom, In

Figure 10.8 - Comparison of theoretical and experimental bending curvature

As discussed in the dimensional analysis (Section 3.5), a 20 ft long model pole
with 5-inch outer diameter, 0.25-inch shell thickness, and 382.02 1b horizontal load will
simulate a full size 35-ft long hollow composite pole (11.5 in. outer diameter and 0.38 in.
shell thickness), which is 3% stronger and 63% lighter than the class-4 wooden pole.
Therefore, the performance of the model pole when the applied load is 382 lb will
simulate that of the full size pole or wooden pole. The laboratory test result reveals that
the model pole deflected 44 inch when the applied transverse load was 380 Ib. ‘'This
result is close to the maximum allowable deflection (42.2) of a class-4 wooden pole.
Therefore, even with the average equivalent flexural modulus of 2.3 million psi, the
model composite pole or the full size composite pole will be comparable to a class-4
wooden pole. This conclusion may also be interpreted as though the composite pole
actually failed at a 36% higher load level than required by ANSI requirement.

Even though test results show that the model composite pole has comparable
flexural stiffness as wooden pole, the author believes that the actual flexural stiffness of
the composite pole is higher because the steel frame utilized in the test was not rigid
enough, and some displacements of the frame were observed in the experiment. Thus the
authors believe that the test data are conservative and underestimate the material stiffness
and strength. In addition, it was found that the manufactured model pole has several
grooves in the longitudinal direction on its inside surface, which might also initiate
premature failure of the composite structure.
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10.3. Uniaxial compression test on 12-inch long model pole

Uniaxial compressive strength for the outer-shell material of the model pole was
determined on a one-ft long section of the model composite pole. The ASTM aluminum
standard sample was used to calibrate the test system. Figure 10.9 shows the stress-strain
curve for the tested sample. It was found that the outer-shell material had an elastic
modulus of 2.94 million psi, which is about 28% higher than the equivalent flexural
stiffness obtained from the full size cantilever bending test. Even though the flexural
modulus is in general lower than the compressive elastic modulus, this test result still
serves as a proof that the fult-size flexural bending test underestimated the actual material
stiffness.

In the uniaxial compressive test of the one-ft long model pole, the sample could
not be failed due to limited measuring range of the load cell of the MTS. However, at the
highest load the samyple started to crack with noticeable noise. Thus it was estimated that
the composite model pole has about 36 ksi uniaxial compressive strength. 10.4. Field
demonstration of model utility pole
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Figure 10.9 - Stress-strain curve for 12-inch long model pole in uniaxial compression

In this study, a resin-rich veil layer was added to the outer side of the
manufactured composite shell material to improve the product’s resistance to ultraviolet
(UV) degradation. In addition, UV inhibitors were added t© the resin. To test the
effectiveness of the resin-rich veil layer in resisting UV degradation, field testing was
conducted by installing two sample poles in Fall 2002 at the Illinois Coal Development
Park for observations and weathering, as shown in Figure 10.9. After three and half years
exposure to direct solar light, environment moisture, natural temperature, visual
observation of the demonstrated model poles do not reveal any material degradation due
to UV exposure and moisture. The same poles in Spring 2006 are shown in Figure 10.10.
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Figure 10.9 - Model composite poles installed outdoor at Illinois Coal Development Park
(Fall 2002)

Figure 10.10 : Poles on March 10, 2006 (after weathering fro 42 months)
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CHAPTER 11: INDUSTRIAL COOPERATION AND ECONOMIC EVALUATION

11.1 Introduction

This project was a cooperative effort between the University, industry and
government. Industrial cooperation was provided by Ashland Chemicals, Inc (polymer
expertise), Columbus, OH and Trinity Industries (pole manufacturer and marketer),
Paducah, KY. All commercialization activities were led by industrial cooperators. Major
customers such as Ameren CIPS, Kentucky Utilities, Springfield City Light and Power,
Detroit Edison, and Cinergy were contacted during the study.

11.2 Economic Evaluation

Investment, market, and fabrication cost analyses were performed by Trinity
Industries, Inc. The following estimates have been provided by them.

Capital Investment - $575,000 (2003 dollars)

Fabrication cost of class 4 35 ft pole - $385 (2003 dollars)
Production rate of full capacity — 800 poles/month
Selling price per pole - $482 (2003 dollars)

Payback period — 4.1 years

Cost of Capital — 12%

AR LRTALRTA LT ALY A

Trinity Industries, Inc considered this project multiple times for funding until as late as
Fall 2005 but did not approve capital funds for the project. There is general agreement
that this is a good project and should be pursued. However, the project did not achieve
high enough priority for capital funding.

140



CHAPTER 12: SUMMARY AND CONCLUSIONS

12.1. Summary

The goal of this study was to establish technical and economic feasibility of
developing and fabricating CCBs-based composite utility poles to replace similar wooden
poles. This summary presents an overview of all the work completed to date on the
project.

& CCBs-filled polymer composite materials that are suitable for engineered utility
poles were developed. These materials may contain about 18% high LOI, as-
received FBC fly ash from SIU power plant. The strength and stiffness
engineering properties and weathering properties of these filled materials are
superior to polymer alone.

& Studies for determining if larger amounts of appropriately graded fly ash may be
added to develop composites for utility poles fabrication were performed. The
results indicate that if fly ash less than 75 microns is utilized instead of as-
received fly ash, up to 30% fly ash may be added to yield composites suitable for
utility pole fabrication.

& A cylindrical fiber reinforced utility pole was proposed. The proposed pole
design consists of a very stiff outer shell without ultra-lightweight inner core

material. Each 35 ft pole may use about 40 to 50 Ib of CCBs based on 10% fly
ash loading level.

& Theoretical structural analysis was conducted on the FRC utility pole to relate the
various dimensional parameters of the composite pole with the structural bending
stiffness of the wooden pole. With the developed formulas, preliminary
composite pole designs were identified by keeping the structural bending stiffness
the same for the composite pole and wooden pole.

& The FRC utility pole design was ¢ptimized using multi-objective optimization
techniques. When the composite pole is hollow, the optimal design is a cylindrical
composite pole with 0.175 in shell thickness and 16 inch outer diameter
composite pole, which will be 55% stronger and 85% lighter than a wooden pole
if its outer-shell is made of 5 layers of lamina (3 CSM layer of 0.025 in and 2
roving lamina of 0.05 in). When the pole is filled up with lightweight inner-core
material, the optimal design is a cylindrical composite pole with 0.3 in shell
thickness and 12.5 inch outer diameter, which will be 37% stronger and 2%
lighter than a wooden pole if its outer-shell is made of 7 layers of lamina (4 CSM
layer of 0.06 in and 2 roving lamina of 0.03 in)

¢ The commercial production process was demonstrated in a facility in
Pennsylvania to produce 200-feet of about Sinch diameter and 3/16 inch wall

thickness pipe containing 5% and 10% FBC fly ash for engineering performance
studies.

¢ Micro/macro-mechanics analyses were conducted on the pultruded FRC outer-
shell material. For micro-mechanics analysis, existing models were used for the
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prediction of stiffness and strengths for the roving and continuous strand mat
layers. With the predicted lamina engineering properties, a macro-mechanic
analysis was conducted on the whole laminate using classical plate theory, from
which the laminate engineering properties were computed. The predicted
laminate engineering properties are in good agreement with the experimental
values.

The pultruded FRC outer-shell materials were characterized using various ASTM
test methods, including axial tension, axial compression, off-axis tension, off-
axial compression, flexural bending, water absorption, dielectric constant, and UV
protection. For off-axis tensile and compressive test results, a comparison was
made between the experimental values and the predicted laminate stiffness values.

Engineering performance studies were performed on the fabricated model pole,
including ultra-violet degradation, water absorption, strength-deformation
properties in tension, compression, and flexure, and full-size cantilever testing.

Two 10-foot poles were installed 30-months ago at the Illinois Coal Development
Park for weathering studies. To date, no effects of UV degradation have been
observed by Ashland staff and the poles look like they are brand new.

The results of these studies indicate that commercial production of CCBs-based
utility poles is technically, and environmentally feasible and should be pursued to
meet market needs in the Midwest.

The commercial production of CCBs-based utility poles is economically feasible
as developed by industrial partners. The estimated payback period for investment
is about 4 years.

12.2. Conclusion

Based on the research and laboratory tests conducted during the project period,

the following conclusions can be made:

3

g

It is possible to engineer a CCBs-based composite pole that will meet or exceed
ANSI standards.

A cylindrical shape rather than a conical shape pole with glass fiber-reinforced
thin outer-shell without inner core material is considered as a preferred design for
an engineered composite pole.

Fly ash polymers based material, appropriate for manufacturing composite utility
poles, can be developed.

Studies indicate that it is possible to develop 70 to 75 pcf glass-fiber reinforced
outer shell material, which can provide a tensile strength of 30,000 to 45,000 psi
with an elastic modulus ranging from 2 to 4 million psi.

Laboratory testing of fly ash-polymer-based outer shell reveals that fly ash as
filler in polymer does have a positive effect on the outer shell material stiffness
and strength. The maximum percentage of as-received fly ash should not exceed
15%. However, for graded fly ash, the maximum amount of fly ash may be
increased to 30%.

142



& Post-curing at high temperature (150 °F to 180 °F) for 8 to 24 hours has a
beneficial effect on the strength and stiffness of the fly ash filled composite
material.

& Test results of the inner core material show that, with a combination of chemical
and mechanical systems, a mix with a reduced density of about 30 pcf and
containing over 50% fly ash is achievable. Adding inner-core material: however
significantly increases the pole weight, resin cost, and labor cost.

& The pultrusion process appears to be the choice for fabricating the composite
utility pole commercially.

12.3. Recommendations for future work

Research performed to date has significant potential to develop composite utility
poles and other similar products. It should be pursued further to develop the
manufacturing process with demonstration in a pilot scale facility. Also a fundamental
research study on fly ash-filled polymers cross-linking and curing reactions is considered
important. Emphasis should be placed on cross-linking organic phases with inorganic
phases of fly ash. To market this technology, a pilot scale demonstration of the
developed fabrication process and marketing of manufactured poles should be pursued.
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Environmental Concerns Related to the Use of Coal Combustion Byproducts in
Mine Placement

Tamara F. Vandivort, Environmental Geologist and Consortium Manager
and
Paul F. Ziemkiewicz, Director

Combustion Byproducts Recycling Consortium
National Mine Land Reclamantion Center
West Virginia University
PO Box 6064; 150 Evansdale Drive
Morgantown, WV 26506-6064
USA

Telephone: 304-293-2867
Vandivort x 5448
Ziemkiewicz x5441
Fax: 304-293-7822
Email: Vandivort: Tamara.Vandivort@mail.wvu.edu
Ziemkiewicz: pziemkie@wvu.edu

Abstract

Earlier this year, the National Academy of Sciences Committee on Mine Placement of
Coal Combustion Wastes, released a report on “Managing Coal Combustion Residues
in Mines.” The Committee found placing coal combustion residues in mines to be a
viable way of disposing these materials as long as placement avoids adverse impacts
to human health and the environment. The Committee indicated advantages of doing
so including assisting with mine reclamation, lessening the need for new landfills, and
neutralizing acid mine drainage. The Committee recommended that minefills be
designed in such a way that water movement through the residues is minimized. This
is not based on any actual damage cases associated with minefilling, but on data on
environmental effects from surface impoundment and landfill sites “which indicate that
adverse environmental impacts can occur when coal combustion residues have contact
with water or when the residues are not properly covered.”

A U.S. Department of Energy - National Energy Technology Laboratory-funded
program, the Combustion Byproducts Recycling Consortium (CBRC), seeks to promote
and support the commercially viable and environmentally sound recycling of CCBs for
productive and sustainable uses of resources, through scientific research,
development, and field testing. Since its inception in 1998, the CBRC has funded 52
CCB research projects nationwide. Several of those projects include using CCBs in
mine filling, surface mine reclamation, and the mobility and control of metals in CCB

leachate. This paper will focus specifically on the projects related to using CCBs in
mining operations.



This paper will focus specifically on the projects related to potential environmental
impacts from using CCBs and ways to promote CCB usage through educating
regulatory authorities and the public on safe uses of CCBs for sustainable uses of our
resources. Environmental usage projects of interest include the mobility of arsenic,
boron, and selenium; mercury controls; and ammonia adsorption. Public perception
projects of interest include documents developed to promote the increased use of CCBs
to state regulators and government agencies, engineering and environmental
specifications for state agencies for use and disposal of CCBs, and a database of CCB
publications. Project results and findings will be presented.

S e T



Appendix F
Abstracts i‘

2007 Sustainable Construction Materials
And Technologies Conference

Potential Uses for Coal Combustion By-products for Sustainable
Construction Materials

And

Environmental Concerns and Public Perception Related to the Use of
CCBs for Sustainable Developments



Potential Uses for Coal Combustion By-products for
Sustainable Construction Materials

Tamara F. Vandivort, Environmental Geologist and Consortium Manager
and
Paul Ziemkiewicz, Director

Combustion Byproducts Recycling Consortium
National Mine Land Reclamation Center
West Virginia University
PO Box 6064; 150 Evansdale Drive
Morgantown, WV 26506-6064
USA

Telephone:304-293-2867
Vandivort x 5448
Ziemkiewicz x 5441
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Ziemkiewicz: pziemkie@wvu.edu

Abstract

More than 110 million tons of solid byproducts are produced by coal-burning electric utilities
each year in the United States. In particular, the annual production of flue gas desulfurization
(FGD) byproducts continues to increase. As landfill space becomes more limited and
expensive, there is incentive to find productive and sustainable uses for coal combustion by-
products (CCBs). However, by-products utilization technology is not likely to be adopted by the
construction industry unless it is more cost-effective than landfilling and the resuilting
construction has sufficient durability. Therefore, it is extremely important that the electric-utility
industry provide guidance to CCB research and development programs. Likewise, government

agencies and private-sector organizations that may be able to utilize these materials should also
provide input.

A U.S. Department of Energy - National Energy Technology Laboratory-funded program, the
Combustion Byproducts Recycling Consortium (CBRC), serves as an effective vehicle for
acquiring and maintaining guidance from these diverse organizations so that the proper balance
in research and development is achieved. The mission of the CBRC is to promote and support
the commerecially viable and environmentally sound recycling of CCBs for productive uses,
through scientific research, development, and field testing. Since its inception in 1998, the
CBRC has funded 52 CCB research projects nationwide with a total value exceeding $10M.
Projects have ranged from using CCBs in mine void filling, surface mine reclamation, soil
remediation, road base materials and aggregates to marine structures, lagoon liners,
transmission poles, and building products. This paper will focus specifically on the projects
related to using CCBs for construction materials including wall panels, siding, bricks, masonry
units, countertops, and wall and floor tiles. Project results and findings will be presented.




Environmental Concerns and Public Perception Related to the Use of
Coal Combustion By-products for Sustainable Developments

Tamara F. Vandivort, Environmental Geologist and Consortium Manager
and
Paul Ziemkiewicz, Director

Combustion Byproducts Recycling Consortium
National Mine Land Reclamation Center
West Virginia University
PO Box 6064; 150 Evansdale Drive
Morgantown, WV 26506-6064
USA

Telephone:304-293-2867
Vandivort x 5448
Ziemkiewicz x 5441
Fax:304-293-7822
Email:Vandivort: Tamara.Vandivort@mail.wvu.edu
Ziemkiewicz: pziemkie@wvu.edu

Abstract

More than 110 million tons of solid by-products are produced by coal-burning electric
utilities each year in the United States. In particular, the annual production of flue gas
desulfurization (FGD) by-products continues to increase. As landfill space becomes
more limited and expensive, there is an incentive to find productive uses for coal
combustion by-products (CCBs). Environmental concern related to using CCBs in field
applications for sustainable developments is whether or not metals might leach out and
reach unacceptable concentrations in groundwater, crop soils, etc. Therefore, when it
comes to using CCBs, public perception has been a resounding “not in my backyard”
mentality that is difficult to change. While CCBs of the past may have presented valid
environmental and human health concerns, with the requirements to upgrade and
modify power plant burners, boilers, and stacks, in response to stringent restrictions on

sulfur, NOx, ammonia, mercury, and other similar materials, the CCBs of today are only
a distant cousin to the CCBs of the past.

A U.S. Department of Energy - National Energy Technology Laboratory-funded
program, the Combustion Byproducts Recycling Consortium (CBRC), seeks to promote
and support the commercially viable and environmentally sound recycling of CCBs for
productive and sustainable uses of resources, through scientific research, development,
and field testing. Since its inception in 1998, the CBRC has funded 52 CCB research
projects nationwide. Projects have ranged from using CCBs in mine filling, surface
mine reclamation, soil remediation, road base materials, aggregates, marine structures,

lagoon liners, transmission poles, and building products to the mobility and control of
metals in CCB leachate.
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PRESS RELEASE
March 27, 2006

Contact:

Paul Ziemkiewicz, Director

West Virginia Water Research Institute
West Virginia University
304-293-2867 x5441
pziemkie@wvu.edu

WEST VIRGINIA WATER RESEARCH INSTITUTE RECEIVES $725,000 FOR
COMBUSTION BYPRODUCTS RECYCLING CONSORTIUM PROGRAM

The West Virginia Water Research Institute will award ten new research projects
through its Combustion Byproducts Recycling Consortium (CBRC). The projects will
last from 1 to 3 years at a cost ranging from $40,000 to $343,000 per project, and will
be conducted at various locations throughout the U.S. Funding to initiate the new
projects ($725,000 for Fiscal Year 2006) was provided by the U.S. Department of
Energy’s National Energy Technology Laboratory (DOE-NETL); in addition, each award
recipient is providing non-Federal cost sharing of at least 25% of the total project value.
Additional DOE funding to complete the projects may follow, based upon performance
and DOE-NETL funding availability. William Aljoe, DOE-NETL Project Manager for
CBRC, stated “The CBRC, managed by the West Virginia Water Research Institute, has
proven to be a very useful vehicle for conducting research and development projects to
identify and examine the potential for new and expanded markets for coal combustion
byproducts.” He pointed out that U.S. power plants produce 120 million tons of
combustion byproducts annually and that the agency seeks economically and
environmentally attractive uses that will minimize their contribution to the waste stream.

CBRC seeks to find beneficial uses for coal ash and other solids left over after coal is
bumed in power plants. Projects include using these coal combustion byproducts in
construction materials like concrete, flowable fills, pavement, road stabilizers and mine
reclamation. CBRC Director, Paul Ziemkiewicz, said that in addition to proving the

technical and economic feasibility of beneficial uses, we need to ensure that they are
environmentally safe.

Since its inception in 1998, the CBRC has funded 52 projects with a total program value
totaling nearly $9M including both federal (DOE-NETL) and matching funds. Paul
Ziemkiewicz, Director, stated that “Many of the technologies developed through CBRC
research have been selected for large-scale demonstrations, and others have now been
adopted by government agencies or by industry.”

For more information on the CBRC program, log onto

http://wvwri.nrcce.wvu.edu/programs/cbrc or contact Paul Ziemkiewicz at 304-293-2867
x5448 or pziemkie@wvu.edu.




