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I. INTRODUCTION 

The development of high-volume uses for coal-fired power plant waste creates both 

economic and environmental benefits. Approximately 90 million tons of coal combustion 

by-products are produced each year in the United States (16), including 70 to 80 million tons 

of fly ash ( 1 ). Only about 25% of the fly ash produced is utilized by other industries (29). 

Power plant waste such as fly ash, if not utilized in industrial or construction projects, must 

be disposed of in landfills or sluice ponds. Fly ash is commonly used as a partial 

replacement for Portland cement in concrete, where it has been shown to provide comparable 

strength for a significantly lower cost. A growing application for fly ash use is for the 

stabilization of soils that would otherwise be unsuitable construction materials. Fly ash has 

been economically used to increase strength, lower plasticity, and reduce the moisture 

content of soils that would have otherwise required Portland cement or lime stabilization. 

While both of these fly ash utilization methods provide clear economic and engineering 

benefits, only a relatively small portion of the fly ash produced can be utilized. Fly ash is 

usually limited to 15% replacement of Portland cement in concrete, and typical addition rates 

for soil stabilization are 5% to 15% by dry weight of soil. Higher volume uses for coal 

combustion products are necessary to significantly reduce the amount of waste that must be 

landfilled. The development of high-volume construction uses for a significant portion of 

this waste can reduce the landfilling costs as well as produce revenue from sale of the 

materials. A promising high-volume application of hydrated reclaimed Class C fly ash is as a 

replacement for aggregate in flexible pavement base courses. 
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II. OBJECTIVE 

The focus of this research is to evaluate the properties of hydrated Iowa Class C fly 

ash aggregates reclaimed from sluice pond disposal sites. Bergeson and Barnes (11 , 14) have 

recently developed a pavement thickness design method for the use of these aggregates in 

flexible pavement base courses based on the California Bearing Ratio (CBR) and unconfined 

compressive strength. To reinforce this strength-based pavement design, this research 

focuses on the freeze-thaw durability, volumetric stability, and long-term strength gain of 

hydrated reclaimed fly ash aggregate with different chemical activators. 
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III. LITERATURE REVIEW 

Fly Ash 

Production, Properties, and Types of Fly Ash 

Fly ash is the fine residue produced from the burning of ground or powdered coal (5). 

Molten residue is carried out of the boiler by flue gases and solidifies into various 

amorphous, crystalline, and carbonaceous forms as it cools. The residue is collected from the 

exhaust gases by electrostatic precipitators, baghouses, or cyclone separators ( 10, 21 ). The 

electrostatic precipitator is the most common collection device (21 ). The precipitator creates 

a high-voltage ionizing field that causes the fly ash particles to adsorb free ions and become 

charged (15). The charged ash particles are then collected on grounded metal collection 

plates, which are periodically rapped to dislodge the ash into collection hoppers (10). The 

ash is then conveyed from the collection hoppers to storage silos. The ash may then be used 

or disposed of in sluice ponds or landfills (10). 

Fly ash primarily consists of spherical glassy particles, along with some crystalline 

and carbonaceous matter (21 ). The four main chemical components of fly ash are silicon 

dioxide, aluminum oxide, iron oxide, and calcium oxide. Fly ash is a pozzolan because it is 

rich in silica and alumina. ASTM C 618, "Standard Specification for Fly Ash and Raw or 

Calcined Natural Pozzolan for Use as a Mineral Admixture in Portland Cement Concrete", 

defines pozzolans as "siliceous or silicious and aluminous materials which in themselves 

possess little or no cementitious value, but will, in finely divided form and in the presence of 

moisture, chemically react with calcium hydroxide at ordinary temperatures to form 

compounds possessing cementitious properties" (5). 
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Class C fly ash is typically produced from the combustion of lignite or sub bituminous 

coal, while Class F fly ash is the product of anthracite or bituminous coal. Both appear as a 

fine powder, with Class F usually dark gray in color, and Class C usually a tan or light brown 

color. ASTM C 618 lists chemical and physical requirements for Class C and Class F fly 

ashes (5). These requirements are summarized in Table 1. 

Table 1. Selected Chemical and Physical Requirements 
for Fly Ash as Defined in ASTM C 618 

Requirement 
Silicon dioxide (Si02) plus 

Aluminum oxide (Al20 3) plus 
Iron Oxide (Fe20 3) , min% 

Sulfur Trioxide (S03) , max % 
Moisture content, max % 
Loss on ignition, max % 

Fineness, amount retained when 
Wet-sieved on No. 325 sieve, 

max% 

Class F Fly Ash Class C Fly Ash 

70.0 50.0 

5.0 5.0 
3.0 3.0 
5.0 5.0 

34.0 34.0 

The largest difference between Class C and Class F fly ash is calcium content. Class 

C fly ash has a much higher calcium content and is therefore lower in silica and alumina. 

Class F fly ash, which is higher in silica and alumina, is a pozzolan that forms cementitious 

reaction products only with the addition of a calcium source. Class C fly ash is also a 

pozzolan, but it possesses self-cementitious properties as a result of its high calcium content. 

Table 2 shows typical chemical compositions for Class C and Class F fly ash (19) . 

The wide variations within the Class C and Class F designations make the two-class system 
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Table 2. Typical Chemical Composition of Fly Ash 

Oxide Class F Fly Ash Class C Fly Ash 
(%of total weight) (%of total weight) 

Si02 40-55 20-40 
Al20 3 25-35 10-30 
Fe203 5-24 3-10 
Cao 0.5-4 10-32 
MgO 0.5-5 0.5-8 
Na20 0-1.5 0.5-6 
K20 0.5-3 0.5-4 
Ti02 0.3-2 0.5-2 
S03 0.5-5 1-8 

Moisture 0-3 0-3 

seem somewhat inappropriate to adequately describe the variation in fly ash compositions 

and properties. 

Uses of Fly Ash 

Historically, the largest use of fly ash has been as a partial replacement for cement in 

Portland cement concrete. This application is very effective, but it utilizes only a small 

portion of the fly ash produced each year. The use of fly ash for drying, modification, and 

stabilization of poor quality soils has also become fairly widespread (25). Other possible fly 

ash uses that are currently in development are as a lightweight structural fill and in the 

production of plastics and paints (29). The most promising high-volume uses of fly ash are 

geotechnical applications such as soil stabilization and road bases. 
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Freeze-Thaw Damage in Geomaterials 

Frost action and subsequent frost heave is one of the most destructive forces acting on 

the components of a pavement. The surface course of a pavement can sustain severe damage 

if frost action damages, weakens, or causes expansion of the subgrade or base. Freeze-thaw 

damage typically takes the form of frost heave caused by the formation of ice lenses within 

the pores of the soil or aggregate. For freeze-thaw damage to occur, three main conditions 

must be present (24): 

•Water 

•Freezing temperatures 

•Frost-susceptible material (the pores must be large enough to be 

interconnected but small enough that water cannot easily escape) 

As water freezes, it expands and forms ice lenses in the void space of a frost­

susceptible geomaterial. If the pores of the geomaterial are filled with enough water so that 

the expanding ice runs out of void space, the geomaterial may be subject to high expansion 

pressures exerted by the ice (25). The resulting high pressures, which have been measured at 

up to 135 psi in laboratory tests (24) can cause swelling of the soil or aggregate and damage 

overlying structures such as pavements or foundations. Compounding the problem, the soils 

or aggregates may become saturated as the ice thaws. Saturated soils have lower strength 

than partially saturated soils because they must rely on effective stress to carry the loads 

imposed on them (17). It is likely that many pavement failures caused by insufficient freeze­

thaw durability can be attributed to weak soil during thawing conditions, rather than just 

expansion heave during freezing. The extent of freeze-thaw damage depends on many 
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variables, including depth of frost penetration, amount of water present during freezing, 

number of freeze-thaw cycles, and length of freezing and thawing cycles (24 ). 

The most common methods of controlling freeze-thaw damage to structures are (24): 

• Locate the foundation of the structure below the maximum depth of frost 

penetration 

•Replace frost-susceptible material within the zone of expected frost penetration 

with non-frost susceptible material 

•Use additives to stabilize and change the permeability of the frost susceptible 

material 

• Restrict the availability of capillary water to the frost zone to prevent the 

formation of ice lenses 

•Insulate the material within the frost zone to prevent freezing temperatures 

It is obvious that most of these methods are applicable in foundations for buildings 

and similar structures, but pavements cannot be economically insulated or located below the 

zone of frost penetration in most cases. This leaves the options of removal/replacement of 

frost-susceptible materials, stabilizing the materials by use of additives, or preventing 

capillary water from reaching the material in the frost zone. Removal/replacement is 

probably the most expensive of these three options, requiring large earthwork, hauling, and 

material costs. Stabilization may or may not be cost effective, depending on the type and 

amount of additive required. Capillary water can be prevented from reaching the material in 

the frost zone by the inclusion of a "capillary break" layer of material such as clean gravel or 

crushed stone with pores too large to allow the upward movement of water (24). 
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Freeze-Thaw Durability Tests 

Several methods of evaluating the freeze-thaw durability of pavement materials have 

been developed. Commonly used freeze-thaw durability tests for Portland cement concrete 

are ASTM C 666, "Standard Test Method for Resistance of Concrete to Rapid Freezing and 

Thawing" (6), ASTM C 671, "Standard Test Method for Critical Dilation of Concrete 

Specimens Subjected to Freezing" (7), and the PCA method (26). The ASTM C 666 test 

subjects samples to 300 freeze-thaw cycles in a standard chamber at 6 to 12 cycles each day. 

The resonant frequency of the samples is measured, and a relation of this frequency to elastic 

modulus is used to determine freeze-thaw durability (6). 

The ASTM C 671 critical dilation test is a method that records the dilation as the 

specimens freeze. One test cycle is completed every two weeks, and the number of cycles 

during which successive freezing dilations remain constant is defined as the period of frost 

immunity. When the period of frost immunity ends, the specimen dilations tend to increase 

quickly. The point at which this process ends is called the critical dilation (7). The PCA test 

method subjects samples to two freeze-thaw cycles per day. Specimen length and weight are 

recorded periodically and sonic measurements are taken that can be correlated to durability 

(26). 

Freeze-thaw durability tests developed for soil-cement and other stabilized soil 

mixtures include ASTM D 560, "Standard Test Methods for Freezing and Thawing 

Compacted Soil-Cement Mixtures" (8), the Iowa Freeze-Thaw Test (20), and an adaptation 

of the test method outlined in ASTM C 593, "Standard Specification for Fly Ash and Other 

Pozzolans for Use With Lime" (4). The ASTM D 560 test subjects a specimen to 24 hour 
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freezing cycles in a -10°F freezing chamber followed by 23 hour thawing cycles in a 70°F 

humidity room. The specimen is placed on a saturated felt pad to provide available capillary 

water during the freezing cycles. Weight and volume measurements of the specimen are 

recorded between cycles. A second specimen is subjected identical freezing and thawing 

cycles, but is subjected to brushings with a firm wire brush after each thawing cycle. At the 

end of 12 freeze-thaw cycles, the weight and volume change of the first specimen and 

amount of soil-cement material lost from the second specimen are determined. These results 

are factored into the calculations for determining the cement content necessary for soil 

stabilization. The Iowa Freeze-Thaw Test developed by George and Davidson (20) is similar 

to ASTM D 560. The major difference is the inducement of a temperature gradient in the 

sample by freezing the sample from the top down and holding the bottom of the sample to a 

temperature consistent with the higher-than-freezing ground temperatures expected at the 

bottom of the road base or subgrade in the field (20). 

The ASTM C 593 vacuum-saturated compressive strength test (4) was developed 

from research by Dempsey and Thompson (18). Dempsey and Thompson subjected soil­

cement, lime-fly ash, and lime-soil mixtures to freeze-thaw cycles and vacuum-saturated 

unconfined compressive strength tests. The results of these tests indicated very high 

correlation between the strength and moisture content of the vacuum-saturated samples and 

the strength and moisture content of samples subjected to 5 and 10 freeze-thaw cycles. A 

plot of the unconfined compressive strength of the vacuum-saturated method versus the 

freeze-thaw method yielded r-values of 0.96 for 5 freeze-thaw cycles and 0.98 for I 0 freeze­

thaw cycles (18). 
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Synthetic Aggregate 

One of the most promising high volume applications of fly ash is in the production of 

synthetic aggregate for use in concrete and pavement. Montana State University researchers 

produced lightweight aggregate from Class C fly ash and combined the aggregate with 

Portland cement and additional fly ash to produce lightweight concrete masonry units (28). 

A combination of 90% Class C fly ash/10% Portland cement was allowed to cure as slabs. 

These cast slabs were crushed to produce aggregate. The strength of the manufactured 

aggregate compared favorably to that of standard lightweight aggregates (28). 

An Iowa State University project compared strength and durability of synthetic 

aggregates produced with various mixtures of Class C fly ash, Class F fly ash, and 

atmospheric fluidized bed combustion (AFBC) residue with that of a high quality limestone 

(13). The study also included reclaimed Ottumwa fly ash aggregate from the sluice pond fly 

ash disposal site near the Ottumwa Generating Station near Chillicothe, Iowa. The study 

found that aggregates produced from some mixtures of Class C fly ash and AFBC residue 

performed with only slightly less durability and strength as a low quality limestone 

aggregate. The study also showed that reclaimed Ottumwa fly ash aggregate nearly met the 

allowable loss requirement for aggregate soundness and Los Angeles abrasion resistance for 

an Iowa DOT Class B stone (13). 
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Iowa Fly Ash Affiliate Field Demonstration Projects 

Reclaimed Hydrated Class C Fly Ash 

The material used in this research begins as raw Class C fly ash. Water is added and 

the resultant mixture is spread in lifts with a bulldozer blade near the coal-fired power plant 

sluice pond site. The spreading machinery may provide some compaction of the material, but 

the on-site quality control is minimal. The material is allowed to cure into a hardened mass, 

which may take weeks or months. The hardened mass is scarified and reclaimed for use as 

aggregate. Reclaimed fly ash aggregates from Ottumwa Generating Station, Council Bluffs 

Generating Station, and Sioux City Port Neal 3 Generating Station are marketed under the 

trade name 'C-stone'. Reclaimed fly ash aggregate from the Prairie Creek Generating Station 

in Cedar Rapids is marketed under the trade name 'Ecostone'. Work by Bergeson and Lapke 

(12) has shown that this manufactured aggregate nearly meets the Iowa DOT specifications 

for a Class B crushed stone. 

Research by the Texas Department of Transportation (Texas DOT) and Texas Tech 

University has indicated that the use of reclaimed fly ash aggregate as a base material for 

flexible pavements has potential. The Texas DOT has utilized reclaimed fly ash aggregate in 

several projects with favorable performance thus far (27). The main concerns about the use 

of reclaimed fly ash aggregate include high water demand, proper curing to facilitate strength 

development, and loss in strength due to excessive moisture (27). Texas Tech and the Texas 

DOT are developing a standard for the use of hydrated Class C fly ash as a pavement base 

material. 
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Sutherland Power Plant Access Road 

The Sutherland power plant access road was constructed in June 1994 by Con-Struct, 

Inc. of Marshalltown, Iowa and Midwest Fly Ash and Materials, Inc. of Sioux City, Iowa. 

The road provides access to the Sutherland Generating Station near Marshalltown, Iowa, and 

is 1700 feet long by 22 feet wide (23). 

The pavement consists of an asphalt chip seal surface and nominal 10-inch thick base 

of activated reclaimed Prairie Creek Generating Station fly ash aggregate. The base was 

composed of cement kiln dust/reclaimed Prairie Creek fly ash aggregate for the southern 

1000 feet, and of atmospheric fluidized bed combustion residue/reclaimed Prairie Creek fly 

ash aggregate for the northern 700 feet. 

The cement kiln dust (CKD) section of the base contains roughly 15% CKD by dry 

weight of reclaimed fly ash aggregate. The dry CKD and reclaimed fly ash aggregate were 

mixed in place by a recycling-reclaiming machine. The materials were then mixed with the 

addition of water until compaction moisture content was achieved. A pad-footed vibrating 

roller was used for compaction and a steel smooth drum vibrating roller was used for finish 

rolling (23). 

The atmospheric fluidized bed combustion (AFBC) residue section of the base 

contains roughly 15% AFBC by dry weight of reclaimed fly ash aggregate. The AFBC 

section was constructed similarly to the CKD section. The only construction difference was 

that the reclaimed fly ash aggregate was wetted prior to introduction of AFBC to reduce the 

water demand of this highly absorbent mixture. 
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As described above, the entire road was surfaced with an asphalt chip seal coating. 

Three inch deep transverse saw cuts were made on 30-foot center-to-center spacings to 

control shrinkage cracking. 

Cores were extracted by ISU researchers in November 1994. Cores from the 15% 

CKD/85% reclaimed Prairie Creek fly ash aggregate base section exhibited average 

compressive strengths of roughly 1000 psi. Cores from the 15% AFBC/85% reclaimed 

Prairie Creek fly ash aggregate base section exhibited average compressive strengths of 

roughly 800 psi. Subsequent corings show similar strengths for the CKD section, but cores 

were no longer recoverable from the AFBC section. The reason for this disintegration has 

hypothesized to be either a freeze-thaw durability or volumetric stability problem (23). 

Despite the breakdown of the AFBC/reclaimed fly ash aggregate base, the pavement surface 

shows very little deterioration. The only obvious distress is located in a small area around 

the transition zone of the base from AFBC/reclaimed fly ash aggregate to CKD/reclaimed fly 

ash aggregate. The performance of the base in the AFBC/reclaimed fly ash aggregate section 

indicates that reclaimed fly ash aggregate may act as a strong granular base material even 

without the added strength of cementitious activators. 

Ottumwa-Midland Landfill Access Road 

The Ottumwa-Midland landfill access road was constructed in May and June of 1995, 

and is approximately 2500 feet long. The pavement was composed of a 1.5-inch hot mix 

asphalt concrete surface, an 11 inch activated reclaimed fly ash aggregate base, a 4-inch 

crushed limestone aggregate subbase, and a fly ash stabilized subgrade (22). The base was 
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composed of 10% CKD/90% reclaimed Ottumwa fly ash aggregate for the western 1800 feet , 

and of 15% AFBC/85% reclaimed Ottumwa fly ash aggregate for the eastern 700 feet. 

The fly ash aggregate base was compacted initially with a static pad foot roller in a 

single 11-inch compaction lift (the entire thickness of the base). Final compaction was 

conducted with a vibratory steel-wheeled roller. Nuclear density gauge testing performed by 

ISU personnel concluded that the bottom of the base was compacted to a lower density than 

the top of the base (22). 

Cores were extracted by ISU researchers in August 1995. Cores from the 10% 

CKD/90% reclaimed Ottumwa fly ash aggregate base section exhibited average compressive 

strengths of roughly 800 psi . Cores from the 15% AFBC/85% reclaimed Ottumwa fly ash 

aggregate base section exhibited average compressive strengths of roughly 600 psi . Cores 

from the top half of the CKD base section showed significantly higher strengths than those 

from the bottom half of the section. This is probably a function of the lower compaction 

densities achieved in the bottom section of the base during construction. Subsequent corings 

have shown steady increases in the strength of the CKD base section, with the strengths still 

rising three years after construction. Conversely, subsequent corings have shown the 

breakdown of the AFBC section into aggregate-sized particles in a manner similar to that 

seen at the Sutherland road. 

The only distresses evident on the surface of the Ottumwa-Midland landfill access 

road are some edge cracking in the AFBC base section, and transverse and longitudinal 

cracking in the CKD base section. The source of the cracks appears to be reflection cracking 

from the CKD/reclaimed fly ash aggregate base. Cores extracted directly on cracks 
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confirmed that the surface cracks are extensions of cracks formed in the CKD base. 

Although the AFBC/reclaimed fly ash aggregate base is no longer cemented, the pavement 

surface shows no more structural distress than the CKD/reclaimed fly ash aggregate base 

section. The AFBC base section has many fewer cracks in the asphalt concrete surface than 

the CKD base section. This implies that the AFBC section of the base is acting in a manner 

similar to a crushed stone base and is achieving strength primarily through aggregate 

interlock rather than cementation by the AFBC activator. 
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IV. MATERIALS 

Fly Ash 

Ottumwa Fly Ash 

Three twenty-gallon containers of Class C fly ash were sampled from the storage silo 

at the Ottumwa Generating Station near Chilliciothe, Iowa by ISU researchers on May 22, 

1997. The Ottumwa Generating Station bums Wyoming sub-bituminous coal from near the 

Powder River basin. Ottumwa fly ash was used to stabilize reclaimed Ottumwa fly ash 

aggregate. 

Council Bluffs Fly Ash 

Three twenty-gallon containers of Class C fly ash were sampled from the storage silo 

at the Council Bluffs Generating Station near Council Bluffs, Iowa by ISU researchers on 

May 21 , 1997. The Council Bluffs Generating Station bums Wyoming sub-bituminous coal 

from near the Powder River basin. Council Bluffs fly ash was used to stabilize reclaimed 

Council Bluffs fly ash aggregate. 

Neal 3 Fly Ash 

Three twenty-gallon containers of Class C fly ash were sampled from a freshly 

deposited stockpile beside the sluice pond at Port Neal Generating Station #3 near Sioux 

City, Iowa by ISU researchers on May 21 , 1997. Port Neal Station #3 bums Wyoming sub­

bituminous coal from near the Powder River basin. Neal 3 fly ash was used to stabilize 

reclaimed Neal 3 fly ash aggregate. 
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Prairie Creek Fly Ash 

Three twenty-gallon containers of Class C fly ash were sampled from the storage silo 

at the Prairie Creek Generating Station in Cedar Rapids, Iowa by ISU researchers on May 22, 

1997. The Prairie Creek Station burns Wyoming sub-bituminous coal. Prairie Creek fly ash 

was used to stabilize reclaimed Prairie Creek fly ash aggregate. 

Reclaimed Fly Ash Aggregate 

Reclaimed Ottumwa Fly Ash Aggregate 

Seven forty-gallon containers of reclaimed fly ash aggregate from the Ottumwa 

Generating Station were sampled by ISU researchers on March 23, 1995. A second sample 

of three forty-gallon containers was collected by ISU researchers on May 22, 1997. All 

samples were taken directly from a stockpile beside the sluice pond. 

Reclaimed Council Bluffs Fly Ash Aggregate 

Six thirty-gallon containers of reclaimed fly ash aggregate from the Council Bluffs 

Generating Station were sampled by ISU researchers on July 11, 1996. A second sample of 

three thirty-gallon containers was collected on May 21, 1997. All samples were taken 

directly from a stockpile beside the sluice pond. 

Reclaimed Neal 3 Fly Ash Aggregate 

Six thirty-gallon containers of reclaimed fly ash aggregate from the Port Neal 

Generating Station #3 were sampled by ISU personnel on July 11 , 1996. A second sample of 
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three thirty-gallon containers was collected on May 21, 1997. All samples were taken directly 

from a stockpile adjacent to the sluice pond. 

Reclaimed Prairie Creek Fly Ash Aggregate 

Four thirty-gallon containers of fly ash aggregate from the Prairie Creek Generating 

Station were sampled by ISU researchers on December 14, 1996. This original material was 

conditioned fly ash rather than reclaimed fly ash aggregate. The original material was 

discarded, and four thirty-gallon containers of reclaimed fly ash aggregate were sampled on 

May 22, 1997 from a stockpile adjacent to the generating station. 

Other Activator Admixtures 

Cement Kiln Dust (CKD) 

Cement kiln dust is a waste product produced from the manufacture of Portland 

cement. CKD was used as a calcium activator for reclaimed fly ash aggregate in this 

research. A sample of three thirty-gallon containers was collected from the Lafarge cement 

plant near Davenport, Iowa in March 1995. The high calcium content of CKD facilitates 

pozzolanic reactions in reclaimed fly ash aggregate. Recent changes in the Portland cement 

manufacturing process have raised environmental concerns about high levels of lead in CKD 

produced in Iowa. In addition, the quantities of CKD produced in Iowa have been greatly 

reduced in the last few years, making it commercially unavailable. Therefore, the use of CKD 

as an activator was discontinued in the latter portion of this research. 
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Atmospheric Fluidized Bed Combustion (AFBC) Residue 

Ash produced from atmospheric fluidized bed combustion boilers was used as an 

activator in some early tests. This ash, like cement kiln dust, provides a source of calcium to 

facilitate pozzolanic reactions in reclaimed fly ash aggregate. A sample of three thirty-gallon 

containers was collected from Archer Daniels Midland in Cedar Rapids on March 16, 1995. 

Due to problems with field performance in demonstration projects at Marshalltown and 

Ottumwa, the use of AFBC as an activator was discontinued in the latter portion of this 

research. 

Lime 

Hydrated lime (calcium hydroxide) was used as a chemical activator to facilitate the 

pozzolanic reaction in reclaimed fly ash aggregates. Lime was obtained in three-kilogram 

containers from Fisher Scientific Company. 
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V. FREEZE-THAW DURABILITY TESTING OF ACTIVATED 
RECLAIMED FLY ASH AGGREGATE 

A number of freeze-thaw durability test procedures were evaluated as potential 

predictors for the actual field freeze-thaw performance of activated reclaimed fly ash 

aggregate. All activator/reclaimed fly ash aggregate mixture percentages for the samples 

used in this research were calculated on a dry weight basis. All samples tested in this 

research were compacted at optimum moisture content for each mixture as determined by 

Barnes ( 11) or Anderson (2). The samples incorporating fly ash as an activator were 

conditioned for one half hour before compaction. This conditioning time was selected 

because Barnes (11) determined that all of the raw fly ashes used in this research achieve 

final set in less than one half hour. This conditioning period adversely affects strength, but it 

is intended to simulate field compaction delays. After the conditioning time, specimens were 

molded into 4-inch diameter by 4.58-inch tall cylinders using the Standard Proctor 

compactive effort of 12,400 ft-lb/ft3, as specified in ASTM D 698, "Test Method for 

Laboratory Compaction Characteristics of Soil Using Standard Effort" (9). 

The first method of freeze-thaw durability analysis performed on the mixtures was the 

vacuum saturated compressive strength test described in ASTM C 593 ( 4). A detailed 

description of this test method and its applicability to stabilized materials is provided in the 

following section of this thesis. Previous research using the ASTM C 593 test method as a 

freeze-thaw durability prediction test for AFBC activated reclaimed fly ash aggregate and 

CKD activated reclaimed fly ash aggregate mixtures indicated good freeze-thaw durability 

(2). However, the results of core data from the Ottumwa-Midland Landfill access road and 
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the Sutherland Generating Station access road have indicated the possibility of freeze-thaw 

damage to these materials (22, 23 ). These results bring into question the applicability of the 

ASTM C 593 test procedure as a freeze-thaw durability prediction method for chemically 

activated reclaimed fly ash aggregate. As a result of the uncertainty about C 593 testing, a 

portion of this research has focused on developing a freeze-thaw durability test that more 

accurately represents the field conditions and evaluating the results of this test against C 593 

results. 

The second freeze-thaw test procedure was designed to subject activated reclaimed fly 

ash aggregate samples to actual freeze-thaw cycles using a laboratory freezer. Eight samples 

of 15%AFBC/85% reclaimed Ottumwa fly ash aggregate and eight samples of 10% 

CKD/90% reclaimed Ottumwa fly ash aggregate were prepared. The samples were wrapped 

in plastic and sealed in plastic bags within 30 minutes of preparation. After five days of 

sealed curing, four samples of each type were unwrapped and completely submerged in water 

for the next two days. Soaking the samples prior to the first freezing cycle was intended to 

represent freeze-thaw performance of the material in a nearly saturated condition. The other 

four samples of each activator type were left in the sealed cure for the final two days. At the 

end of the seven days, all sixteen samples were placed in a freezer set to 0°F (-17.8°C). All 

sixteen samples were frozen for three days. After the three-day freezing cycle, the samples 

were removed from the freezer and placed in plastic containers at room temperature for a 

four-day thawing cycle. The containers were sealed to prevent excessive moisture loss from 

the samples. After the four-day thawing cycle at room temperature, the samples were again 
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placed in the freezer for another three-day freezing cycle. These freezing and thawing cycles 

were repeated each week for 16 cycles. 

The second test method failed to provide the expected results. The samples subjected 

to 16 freeze-thaw cycles showed no evidence of freeze-thaw damage. It was determined that 

the samples were essentially being "freeze-dried". Without available water, the freeze-thaw 

destructive mechanism could not function. It was determined that the samples should be 

sealed during the freezing cycle and saturated during the thawing cycle to determine the 

"worst case" scenario for freeze-thaw damage. This led to the development of the third 

freeze-thaw durability test, a slightly modified version of the second freeze-thaw test. The 

samples were thawed in water instead of sealed containers to allow enough free water for the 

freeze-thaw destructive mechanism to function. 

The third method of freeze-thaw durability test was initiated to check the reliability of 

the ASTM C 593 method for predicting freeze-thaw durability of AFBC activated reclaimed 

fly ash aggregate and CKD activated reclaimed fly ash aggregate mixtures. The testing was 

also intended to evaluate the performance of fly ash/reclaimed fly ash aggregate and 

lime/reclaimed fly ash aggregate blends subjected to numerous freeze-thaw cycles. 

Four samples of each activator/reclaimed fly ash aggregate mixture were prepared 

according to the Standard Proctor method referenced above. The samples were wrapped in 

plastic and sealed in plastic bags within 30 minutes of preparation. The samples were cured 

for seven days. After seven days, the samples were unwrapped, weighed, sealed in plastic 

bags, placed in a freezer set to 0°F (-17.8°C), and frozen for three days. After the three-day 

freezing cycle, the samples were removed from the freezer and completely immersed in a 
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water bath at room temperature for a four day thawing cycle. At the end of the four-day 

thawing cycle at room temperature, the samples were again placed in the freezer for another 

three-day cycle. This freeze-thaw cycling was repeated until each sample had lost at least 

50% of its original mass. Once the sample had lost greater than 50% of its original mass, it 

was considered destroyed and testing of that sample was discontinued. 
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V. ASTM C 593 TEST METHOD FOR PREDICTING 
FREEZE-THAW DURABILITY 

ASTM C 593, "Standard Specification for Fly Ash and Other Pozzolons for Use With 

Lime," was originally developed for use with "fly ash and other pozzolans for use with lime 

in plastic mortars, nonplastic mixtures and other mixtures that effect lime pozzolanic 

reaction" ( 4 ). ASTM C 593 Sections 10 and 11 outline the "Compressive Strength 

Development and Freeze-Thaw Resistance ofNonplastic Mixtures" and the "Vacuum 

Saturation Strength Testing Procedure", respectively (4). Dempsey and Thompson studied 

the use of a vacuum saturation method to predict the freeze-thaw durability of stabilized 

materials such as soil-cement, lime-fly ash, and lime-soil mixtures. They determined very 

high correlation between vacuum saturated and actual freeze-thaw cycle compressive strength 

and moisture content (18). Their work became the basis for the C 593 test procedure. Due to 

the rapid nature of test, the vacuum saturated compressive strength test method has become a 

widely accepted technique in the practicing profession for the prediction of freeze-thaw 

durability of many stabilized materials. 

A major focus of this research has been to determine if a reliable correlation exists 

between the results of ASTM C 593 and actual laboratory freeze-thaw durability of 

activator/reclaimed ash aggregate mixtures. The applicability of ASTM C 593 to freeze-thaw 

durability of AFBC/reclaimed ash aggregate mixtures has been brought into question by the 

deterioration of the AFBC section of the Ottumwa test road (apparently due to freeze-thaw 

damage) despite C 593 results that indicated sufficient freeze-thaw durability. 
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Specimens of the desired mixture were prepared according to the Standard Proctor 

method referenced previously, sealed in plastic bags, and cured in a circulating air cabinet at 

100°F for seven days. At the end of the curing period, half of the specimens were placed in a 

dessicator under a vacuum of 11.8 psi for at least 30 minutes. The vacuum was used to 

remove air from the voids, allowing for nearly total saturation of the permeable voids with 

water. After 30 minutes of vacuuming, the samples were immediately saturated with the 

introduction of water and allowed to stand for 1 hour to allow the water to penetrate all of the 

permeable voids. The other half of the specimens were not vacuum-saturated, but were 

removed from the circulating air cabinet after seven days and completely submerged in a 

water bath for a minimum of four hours. All of the samples were then tested in unconfined 

compression. A significant loss in strength of the vacuum-saturated samples when compared 

to the non vacuum-saturated samples would indicate a possible problem with freeze-thaw 

durability. Samples with an average of 400 psi or greater for both vacuum-saturated and 4-

hour soaked samples were considered to have adequate freeze-thaw durability. 
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VII. UNCONFINED COMPRESSIVE STRENGTH AND 
LONG TERM STRENGTH GAIN OF ACTIVATED 

RECLAIMED FLY ASH AGGREGATE 

Long-term pozzolanic reactions are a source of strength gain in hydrated fly ashes for 

months or even years. The longest curing period evaluated in previous research of activated 

reclaimed Iowa fly ash aggregate was 56 days (2). Long-term strength gain tests over a 

period of one year were initiated for the evaluation of two goals. The first goal of the long 

term strength gain tests was verification of the possibility of autogenous healing of cracks by 

continued pozzolanic cementation reactions. The second goal of the long term strength gain 

tests was to reveal any possible long-term strength deterioration due to volumetric instability 

and expansion cracking. Tests were conducted to compare two different curing 

environments, sealed curing and humid curing. 

For the sealed cured tests, eighteen samples of 15% AFBC/85% reclaimed Ottumwa 

fly ash aggregate and eighteen samples of 15% CKD/85% reclaimed Ottumwa fly ash 

aggregate were prepared at optimum moisture content and compacted using Standard Proctor 

energy described in ASTM D 698 (9). All 36 samples were wrapped in plastic and sealed in 

plastic bags within 30 minutes of compaction. The samples were cured at room temperature 

in this sealed condition. Unconfined compressive strength tests were run after 7, 28, 84, 168, 

252, and 336 days of sealed curing. Unconfined compressive strength tests were run on three 

samples of each mixture for each curing period. Testing in triplicate was intended to provide 

a reliable average strength for each curing period. 

For the humid cured tests, eighteen samples of 15% AFBC/85% reclaimed Ottumwa 

fly ash aggregate and eighteen samples of 15% CKD/85% reclaimed Ottumwa fly ash 
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aggregate were prepared at optimum moisture content and compacted using Standard Proctor 

energy described in ASTM D 698 (9). All 36 samples were placed in a humidity room 

within 30 minutes of compaction. The humidity room was set to maintain a constant 100% 

relative humidity for the remainder of the sample curing periods. Unconfined compressive 

strength tests were run after 7, 28, 84, 168, 252, and 336 days of humid curing. As with the 

sealed cured samples, tests were run on three samples of each mixture for each curing period. 

Fly ash/reclaimed fly ash aggregate and lime/reclaimed fly ash aggregate samples 

were prepared to determine 7, 28, and 56 day strength gains of the mixtures. The research on 

AFBC/reclaimed fly ash aggregate and CKD/reclaimed fly ash aggregate mixtures 

determined that strength gains were still occurring after one year of curing. Tests of these 

later samples were limited to 56 days for practical reasons. Long-term pozzolanic reactions 

are a source of continued strength gain after this time, but the previous tests determined that a 

large portion of the long-term strength gain was complete by the end of 56 days of curing. 

The tests on AFBC/reclaimed fly ash aggregate and CKD/reclaimed fly ash aggregate 

comparing two different curing environments (sealed curing and humid curing) showed no 

significant differences in strength gains between comparable samples. Therefore, sealed 

curing was the only method used for the fly ash/reclaimed fly ash aggregate and 

lime/reclaimed fly ash aggregate samples. 

Nine samples of each activator/reclaimed fly ash aggregate mix were prepared at 

optimum moisture content. The lime activated samples were compacted immediately. The 

fly ash activated samples were conditioned for one half hour for the reason discussed in the 

section on freeze-thaw durability testing. After conditioning, the samples were compacted 
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with Standard Proctor compactive effort (9). The samples were wrapped in plastic and sealed 

in plastic bags within 30 minutes of compaction, and were cured at room temperature. 

Unconfined compressive strength tests were run after 7, 28, and 56 day curing periods. As 

with the long term AFBC and CKD activated samples, tests were run on three samples of 

each mixture for each curing period. Testing in triplicate was intended to provide a reliable 

average strength for each curing period. 
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VIII. VOLUMETRIC STABILITY OF ACTIVATED 
RECLAIMED FLY ASH AGGREGATE 

The volumetric stability of the activator/reclaimed fly ash aggregate mixtures was 

investigated using three different test procedures. The first test was run on samples 

compacted slightly above optimum moisture content. Nine samples of 15% AFBC/85% 

reclaimed Ottumwa fly ash aggregate were compacted at the optimum moisture content 

determined by Anderson (2) and sealed cured for 7 days. Nine samples of 10% CKD/90% 

reclaimed Ottumwa fly ash aggregate were compacted at optimum moisture content 

determined by Anderson (2) and sealed cured for 7 days. At the end of the curing period, 

three samples of each mixture were placed in air, three samples of each mixture were placed 

in a room set to maintain 100% relative humidity, and three samples of each mixture were 

submerged in water. The masses of the samples were recorded at regular intervals and the 

sample dimensions were measured with a caliper. The caliper measurements of sample 

length and diameter were taken at 3 separate points on each sample and the average of each 

dimension was recorded to the nearest 0.01 inches. 

The second volumetric stability test was performed on mixtures compacted at about 

2% to 3% dry of optimum moisture content. These tests were run to investigate a possible 

failure mechanism for the Sutherland test road, which may have been compacted drier than 

the optimum moisture content. Similar concerns were not raised about the Ottumwa test road 

because moisture and density quality control had been performed during construction of the 

road to ensure adequate moisture contents. Previous tests on raw AFBC ash indicated a large 
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affinity for water and the tendency for ettringite formation (2). Given these qualities, it was 

considered very important to verify that the AFBC binder would be volumetrically stable if 

used as an activator for reclaimed fly ash aggregates. Volumetric stability tests on 15% 

AFBC/85% reclaimed Ottumwa fly ash aggregate and 10% CKD/90% reclaimed Ottumwa 

fly ash aggregate samples compacted at optimum moisture content showed no measurable 

volume expansion. The second test was intended to determine any expansion problems with 

AFBC/C-Stone mixtures compacted dry of optimum moisture content. 

Nine samples of 15% AFBC/85% reclaimed Ottumwa fly ash aggregate were 

compacted at a moisture content of 27% (approximately 3% below optimum moisture 

content) and sealed cured for 7 days. Nine samples of 10% CKD/90% reclaimed Ottumwa 

fly ash aggregate were compacted at a moisture content of 25% (approximately 3% below 

optimum moisture content) and sealed cured for 7 days. At the end of the curing period, 

three samples of each mixture were placed in air, three of each mixture were placed in a room 

set to maintain 100% relative humidity, and three of each mixture were submerged in water. 

The masses of the samples were recorded at regular intervals and the dimensions were 

measured with a caliper. The caliper measurements of sample length and diameter were 

taken at 3 separate points on each sample and the average of each dimension was recorded to 

the nearest 0.01 inches. 

A third test was initiated to determine the volumetric stability of fly ash/reclaimed fly 

ash aggregate mixtures. The first two volumetric stability tests indicated no volumetric 

stability problems with AFBC or CKD stabilized mixtures. It was determined that full-scale 

volumetric stability tests of lime activated and fly ash activated reclaimed fly ash aggregate 
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samples were not necessary, since the results of the previous tests showed no volumetric 

stability problems with activated reclaimed fly ash aggregate samples. However, the 

volumetric stability of the raw fly ash was unknown. To determine this property, 2" cubes of 

hydrated raw fly ash from each of the four sources (Prairie Creek, Ottumwa, Council Bluffs, 

and Neal 3) were made according to the method in ASTM C109, "Compressive Strength of 

Hydraulic Cement Mortars Using 2-in. Cube Specimens" (3) and subjected to various curing 

environments. This research was intended to verify that the raw fly ashes (and by extension 

the fly ash/reclaimed fly ash aggregate mixtures) were volumetrically stable. Three samples 

of each fly ash type were compacted at optimum moisture. One of these samples was placed 

in air at room temperature, a second was submerged in water, and the third was placed in a 

room set to maintain 100% relative humidity. Each week, the masses of the samples were 

recorded and the dimensions were measured with a caliper. . The caliper measurements of 

sample height, length, and width were taken at 3 separate points on each sample and the 

average of each dimension was recorded to the nearest 0.01 inches. 
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IX. RESULTS OF FREEZE-THAW DURABILITY TESTS ON 
ACTIVATED RECLAIMED FLY ASH AGGREGATE 

Figures 1, 2, 3, 4, 5, and 6 show the number of freeze-thaw cycles survived by each 

activator/reclaimed fly ash aggregate mixture. It was decided to discontinue the testing of 

AFBC and CKD as potential activators in future projects. This use of CKD was discontinued 

because of environmental concerns about high levels of lead in CKD in Iowa caused by a 

change in Portland cement production methods. The use of AFBC was discontinued due to 

concerns about the field performance of AFBC in the Ottumwa-Midland and Sutherland 

access roads. Therefore, the mixtures compared in Figure 1 were not included on Figure 2 

because it is unlikely they will be used in any future field projects. Figure 2, a comparison of 

all of the fly ash and lime activated samples, shows that the lime/reclaimed fly ash aggregate 

mixtures possess far more resistance to freeze-thaw damage than the fly ash/reclaimed fly ash 

aggregate mixtures. Figures 3, 4, 5, and 6 provide a better understanding of the durability of 

individual activator/reclaimed fly ash aggregate mixtures. 

Reclaimed Ottumwa Fly Ash Aggregate 

Freeze-thaw durability results for 15% AFBC/85% reclaimed Ottumwa fly ash 

aggregate, 10%CKD/90% reclaimed Ottumwa fly ash aggregate, and 2.5% CKD/97.5% 

reclaimed Ottumwa fly ash aggregate are shown in Figure 1. From Figure 1, it can be seen 

that 10% CKD activated reclaimed Ottumwa fly ash aggregate samples have survived 59 

freeze-thaw cycles without losing half of their original mass. Figure 1 shows the disparity 
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Figure 1. Freeze-Thaw Durability of AFBC and CKD Activated 
Reclaimed Fly Ash Aggregate 
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between the freeze-thaw durability of the 10% CKD/90% reclaimed Ottumwa fly ash 

aggregate samples and the 15% AFBC/85% reclaimed Ottumwa fly ash samples. In sharp 

contrast to the 59 freeze-thaw cycles survived by the 10% CKD samples, the 15% AFBC 

samples survived only 9 cycles. Figure 1 also shows the performance of 2.5% CKD/97.5% 

reclaimed Ottumwa fly ash aggregate samples tested early in this research. The 2.5% CKD 

samples survived 36 freeze-thaw cycles, indicating good freeze-thaw durability even at low 

CKD activator levels. For reasons stated above, testing of AFBC and CKD as activators for 

reclaimed fly ash aggregate was discontinued, and the latter portion of the research 

concentrated on the use of hydrated lime and fly ash as potential activators for reclaimed fly 

ash aggregate. 

Figure 3 shows the performance of 100% reclaimed Ottumwa fly ash aggregate, and 

reclaimed fly ash aggregate stabilized by 2.5% lime and 10%, 15%, and 20% Ottumwa fly 

ash aggregate. From Figure 3, it can be seen that the 100% reclaimed fly ash aggregate did 

not survive one freeze-thaw cycle. The fly ash activated reclaimed ash aggregate fared only 

slightly better, surviving 5 freeze-thaw cycles, regardless of fly ash content. This trend 

repeated itself in the other fly ash activated aggregates, with 10%, 15%, and 20% fly ash 

additive samples of each aggregate performing very similarly. This suggested that little to no 

durability is gained by adding more than 10% fly ash activator to reclaimed ash aggregate. 

The lime activated aggregate exhibited excellent freeze-thaw durability, surviving 35 cycles. 

The lime activated Ottumwa aggregate was still not destroyed at the end of 35 freeze-thaw 

cycles, but testing was discontinued for practical reasons. Testing was also discontinued 
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Figure 3. Freeze-Thaw Durability of Fly Ash and Lime Activated 
Reclaimed Ottumwa Fly Ash Aggregate 

before the lime activated Council Bluffs, Neal 3, and Prairie Creek aggregate samples were 

destroyed. 

Reclaimed Council Bluffs Fly Ash Aggregate 

Figure 4 shows the performance of 100% reclaimed Council Bluffs fly ash aggregate, 

and reclaimed fly ash aggregate stabilized by 2.5% lime and I 0%, 15%, and 20% Council 

Bluffs fly ash. From Figure 4, it can be seen that the I 00% reclaimed fly ash aggregate did 

not survive one freeze-thaw cycle. The fly ash activated reclaimed fly ash aggregate exhibited 

slightly better durability, surviving 9 to 10 freeze-thaw cycles, with little variation between 

10%, 15%, and 20% fly ash content. As with the Ottumwa fly ash stabilized aggregates, 
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Figure 4. Freeze-Thaw Durability of Fly Ash and Lime Activated 
Reclaimed Council Bluffs Fly Ash Aggregate 

little or no durability was gained by adding more than 10% Council Bluffs fly ash activator to 

reclaimed Council Bluffs fly ash aggregate. The lime activated aggregate exhibited excellent 

freeze-thaw durability, surviving 30 cycles before testing was discontinued. 

Reclaimed Neal 3 Fly Ash Aggregate 

Figure 5 shows the performance of 100% reclaimed Neal 3 fly ash aggregate, and 

reclaimed fly ash aggregate stabilized by 2.5% lime and 10%, 15%, and 20% Neal 3 fly ash. 

From Figure 5, it can be seen that the 100% reclaimed fly ash aggregate did not survive one 

freeze-thaw cycle. The fly ash activated reclaimed fly ash aggregate exhibited slightly better 
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Figure 5. Freeze-Thaw Durability of Fly Ash and Lime Activated 
Reclaimed Neal 3 Fly Ash Aggregate 

durability, surviving 5 to 6 freeze-thaw cycles, with little variation between 10%, 15%, and 

20% fly ash content. As with the Ottuwma and Council Bluffs fly ash stabilized aggregates, 

little or no durability was gained by adding more than 10% Neal 3 fly ash activator to 

reclaimed Neal 3 fly ash aggregate. The lime activated aggregate exhibited excellent freeze-

thaw durability, surviving 29 cycles before testing was discontinued. 

Reclaimed Prairie Creek Fly Ash Aggregate 

Figure 6 shows the performance of 100% reclaimed Prairie Creek fly ash aggregate, 

and reclaimed ash aggregate stabilized by 2.5% lime and 10% Prairie Creek fly ash. Figure 6 
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Figure 6. Freeze-Thaw Durability of Fly Ash and Lime Activated 
Reclaimed Prairie Creek Fly Ash Aggregate 

shows that I 00% reclaimed Prairie Creek ash aggregate was the only non-activated aggregate 

to survive a complete freeze-thaw cycle. The non-activated aggregate samples survived 3 

freeze-thaw cycles. The fly ash activated reclaimed fly ash aggregate exhibited better 

durability, surviving 7 freeze-thaw cycles. Unlike the other 3 reclaimed fly ash aggregates, 

reclaimed Prairie Creek ash aggregate was only tested with 10% fly ash additive. Testing of 

higher fly ash contents was discontinued because the results of the Ottumwa, Council Bluffs, 

and Neal 3 fly ash stabilized aggregates had shown that little or no durability was gained by 

adding more than 10% fly ash activator to reclaimed fly ash aggregate. Increased fly ash 

contents would only increase cost of the mixture, increase the water required for compaction, 
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and reduce workability in the field. The lime activated aggregate exhibited excellent freeze­

thaw durability, surviving 36 cycles before testing was discontinued. 

Summary 

The performance differences for the fly ash activated Ottumwa, Neal 3, and Council 

Bluffs aggregates are minimal between fly ash additive levels of 10%, 15%, and 20%. This 

would indicate that, from a durability standpoint, the increased additive levels of 15% to 20% 

are not beneficial enough to justify the increased cost over a 10% fly ash additive level. This 

point is probably not very important when considered against the fact that none of the fly 

ash/reclaimed fly ash aggregate mixtures survived more than ten laboratory freeze-thaw 

cycles. These laboratory cycles are almost certainly harsher than actual field freeze-thaw 

cycles would be because the laboratory tests are on fully saturated samples. This nevertheless 

raises concerns about the use of fly ash/reclaimed fly ash aggregate mixtures in road bases. 

However, the field performance of the Ottumwa-Midland and Sutherland test roads discussed 

in the Literature Review suggests that the activator/reclaimed fly ash aggregate mixtures will 

perform adequately as base materials even if the materials break down from a stabilized base 

to a crushed-stone type base. 

The lime activated samples of all four aggregates exhibited very good freeze-thaw 

durability, each surviving at least 29 freeze-thaw cycles before testing was discontinued. 
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X. RESULTS OF ASTM C 593 TEST METHOD FOR 
PREDICTING FREEZE-THAW DURABILITY OF 

ACTIVATED RECLAIMED FLY ASH AGGREGATE 

Figures 7, 8, 9, 10, 11, and 12 show the results of the average ASTM C 593 test 

method compressive strength results for each activator/reclaimed fly ash aggregate mixture. 

As discussed in the freeze-thaw durability results, the testing of AFBC and CKD as potential 

activators in future projects was discontinued. Therefore, the mixtures compared in Figure 7 

were not included on Figure 8 because it is unlikely they will be used in any future field 

projects. Figure 8 shows that the lime/reclaimed fly ash aggregate mixtures exhibit higher 

vacuum-saturated and soaked compressive strengths than the fly ash/reclaimed fly ash 

aggregate mixtures. Figures 9, 10, 11, and 12 provide a more detailed comparison of the 

individual activator/reclaimed fly ash aggregate mixtures. 

Figure 8, an overall comparison of all the fly ash and lime activated mixtures, shows 

that only 2.5% lime/97.5% Prairie Creek reclaimed fly ash aggregate and 2.5% lime/97.5% 

Council Bluffs reclaimed fly ash aggregate met the ASTM C 593 minimum strength 

requirement for acceptable freeze-thaw durability of 400 psi. 

The Ottumwa, Neal 3, and Prairie Creek fly ash activated samples (shown on Figures 

9, 11 , and 12, respectively) only reached strengths of 30 psi to 60 psi. The fly ash activated 

Council Bluffs samples, shown on Figure 10, developed compressive strengths of around 80 

to 100 psi. As with the freeze-thaw durability results, the performance differences between 

fly ash additive levels of 10%, 15% and 20% were negligible. 
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The AFBC activated samples were not included in the overall comparison of Figure 8 

because it has already been established that C 593 is a poor predictor of freeze-thaw 

durability for these materials. The CKD activated samples were not included in Figure 8 

because of the previously discussed environmental concerns and the low probability of the 

future use of CKD as an activator in field projects. 

Reclaimed Ottumwa Fly Ash Aggregate 

ASTM C 593 vacuum-saturated and soaked cure compressive strength results for 

15% AFBC/85% reclaimed Ottumwa fly ash aggregate, 10% CKD/90% reclaimed Ottumwa 

fly ash aggregate, and 2.5% CKD/97.5% reclaimed Ottumwa fly ash aggregate are shown in 

Figure 7. Figure 7 shows that 10% CKD activated reclaimed Ottumwa fly ash aggregate 

samples reached vacuum-saturated and soaked compressive strengths of 1800 psi to 1900 psi . 

The 15% AFBC/85% reclaimed Ottumwa fly ash samples achieved vacuum-saturated 

and soaked compressive strengths of roughly 1200 psi, far in excess of the 400 psi minimum 

specified for good freeze-thaw durability by the ASTM C 593 test method. However, as 

discussed in the preceding section, the 15% AFBC/85% reclaimed Ottumwa fly ash 

aggregate samples survived only 9 cycles of the freeze-thaw durability test. This shows that 

while ASTM C 593 is a good predictor of freeze-thaw durability in fly ash, lime, and CKD 

activated reclaimed fly ash aggregate mixtures, it is not applicable to AFBC activated 

mixtures. This indicates that AFBC activated reclaimed fly ash aggregate may possess a 

unique void structure that makes it susceptible to frost action but not to vacuum saturation. 
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Figure 7 also shows the vacuum-saturated and 4 hour soaked compressive strengths of 

2.5% CKD/97.5% reclaimed Ottumwa fly ash aggregate samples tested early in this research. 

The 2.5% CKD samples reached compressive strengths of approximately 200 psi, only half 

the 400 psi minimum specified for good freeze-thaw durability by the ASTM C 593 test 

method. This strength is lower than expected because the freeze-thaw tests on this mixture 

indicated excellent freeze-thaw durability. 

Figure 9 shows the vacuum-saturated and 4 hour soaked compressive strengths of 

100% reclaimed Ottumwa fly ash aggregate, and reclaimed fly ash aggregate stabilized by 

2.5% lime and 10%, 15%, and 20% Ottumwa fly ash. The 100% reclaimed fly ash aggregate 

samples failed to remain intact during the vacuum-saturation and 4 hour soaking cures, so 

Figure 9 indicates compressive strengths of zero for this material. The fly ash activated 

reclaimed fly ash aggregate strengths were all roughly 40 psi to 50 psi. As with the freeze­

thaw test results, 10%, 15%, and 20% fly ash activated reclaimed Ottumwa fly ash aggregate 

samples performed very similarly. This supports the idea that fly ash additive levels greater 

than 10% do not provide enough benefit to justify the additional cost and effort. The 2.5% 

lime activated reclaimed Ottumwa fly ash aggregate samples achieved vacuum-saturated and 

soaked compressive strengths of 260 psi to 280 psi. This is below the ASTM C 593 specified 

minimum of 400 psi, but it is still a significant strength increase for the low activator level. 
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Reclaimed Ottumwa Fly Ash Aggregate 

Reclaimed Council Bluffs Fly Ash Aggregate 

Figure 10 shows the vacuum-saturated and 4 hour soaked compressive strengths of 

100% reclaimed Council Bluffs fly ash aggregate, and reclaimed fly ash aggregate stabilized 

by 2.5% lime and 10%, 15%, and 20% Council Bluffs fly ash. Unlike the untreated Ottumwa 

and Neal 3 reclaimed fly ash aggregate samples, the 100% Council Bluffs reclaimed fly ash 

aggregate samples remained intact during the vacuum-saturation and 4 hour soaking cures. 

These untreated samples only achieved 15 psi compressive strengths after both curing 

conditions. The fact that the samples remained intact supports the evidence from the freeze-

thaw tests and previous observations by Barnes (11) that Council Bluffs 
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Figure 10. ASTM C 593 Compressive Strengths of Fly Ash and Lime Activated 
Reclaimed Council Bluffs Fly Ash Aggregate 

aggregate is the most reactive of the reclaimed fly ash aggregates tested. The fly ash 

activated reclaimed ash aggregate strengths ranged from 40 psi to 55 psi. As with the freeze-

thaw test results, 10%, 15%, and 20% Council Bluffs fly ash activated samples performed 

very similarly. This supports the idea that fly ash additive levels greater than 10% do not 

provide enough benefit to justify the additional cost and effort. The 2.5% lime activated 

reclaimed Council Bluffs reclaimed fly ash aggregate samples achieved vacuum-saturated 

and soaked compressive strengths of 450 to 470 psi, greater than the ASTM C 593 specified 

minimum of 400 psi. 2.5% lime activated Council Bluffs reclaimed fly ash aggregate can be 

expected to perform as a strong and durable base material. 
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Reclaimed Neal 3 Fly Ash Aggregate 

Figure 11 shows the vacuum-saturated and 4 hour soaked compressive strengths of 

100% reclaimed Neal 3 fly ash aggregate, and reclaimed fly ash aggregate stabilized by 2.5% 

lime and 10%, 15%, and 20% Neal 3 fly ash. The 100% reclaimed fly ash aggregate samples 

failed to remain intact during the vacuum-saturation and 4 hour soaking cures, so Figure 11 

indicates compressive strengths of zero for this material. The fly ash activated reclaimed fly 

ash aggregate strengths were all roughly 30 psi to 55 psi . As with the freeze-thaw test 

results, 10%, 15%, and 20% fly ash activated reclaimed Neal 3 fly ash samples performed 

very similarly. Again, it appears that fly ash additive levels greater than 10% do not provide 

enough benefit to justify the additional cost and effort. The 2.5% lime activated reclaimed 
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Neal 3 fly ash aggregate samples achieved vacuum-saturated and 4 hour soaked compressive 

strengths of 260 to 295 psi. As with the lime activated Ottumwa aggregate, these strengths 

are below the ASTM C 593 specified minimum of 400 psi, but they still represent significant 

strength increases for the low activator level. 

Reclaimed Prairie Creek Fly Ash Aggregate 

Figure 12 shows the vacuum-saturated and 4 hour soaked compressive strengths of 

100% reclaimed Prairie Creek fly ash aggregate, and reclaimed fly ash aggregate stabilized 

by 2.5% lime and 10% Prairie Creek fly ash. The 100% Prairie Creek reclaimed fly ash 

aggregate samples remained intact during the vacuum-saturation cure, but they did not 
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survive the 4 hour soaking cure . The vacuum-saturated untreated samples achieved 

negligible compressive strengths of less than 1 psi. The 10% fly ash activated reclaimed fly 

ash aggregate strengths were roughly 50 psi to 60 psi. The 2.5% lime activated reclaimed 

Prairie Creek reclaimed fly ash aggregate samples achieved vacuum-saturated and 4 hour 

soaked compressive strengths of 600 psi to 670 psi, more than 1.5 times the ASTM C 593 

specified minimum of 400 psi. These high strengths indicate that Prairie Creek aggregate 

benefits more from the 2.5% lime activator than the other three reclaimed fly ash aggregates. 

2.5% lime activated Prairie Creek fly ash aggregate can be expected to perform as a strong 

and durable base material. 

Correlation to Freeze-Thaw Durability Results 

Figure 13 shows the correlation between freeze-thaw cycles survived and ASTM C 

593 compressive strength for fly ash and lime activated samples. It is apparent from Figure 

13 that there is good correlation between these two properties for both fly ash and lime 

activated reclaimed fly ash aggregate. An R2 value of 0 would indicate no correlation 

between the two properties, and an R2 value of 1 would indicate perfect correlation between 

the properties. The R2 value of the best-fit line for the data points is 0.85 , indicating a strong 

statistical correlation between freeze-thaw durability and C 593 compressive strength for the 

lime and fly ash activated reclaimed fly ash aggregates. 

These results verify that ASTM C 593 vacuum-saturated compressive strength is a 

good predictor of the freeze-thaw durability of lime and fly ash activated reclaimed fly ash 

aggregate. ASTM C 593 vacuum-saturated compressive strength has also been shown to 
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reliably predict the freeze-thaw durability of CKD activated reclaimed fly ash aggregate. The 

only material not exhibiting a strong correlation between vacuum-saturated compressive 

strength and freeze-thaw durability is AFBC activated reclaimed fly ash aggregate. The 

apparently poor freeze-thaw performance of the AFBC/reclaimed fly ash aggregate sections 

of the Ottumwa-Midland access road and the Sutherland Generating Station access road was 

not predicted by laboratory vacuum-saturated compressive strength tests. AFBC/reclaimed 

fly ash aggregate apparently possesses unique void structure properties that make it more 

susceptible to frost action than lime or CKD activated reclaimed ash aggregate. These void 
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structure properties are apparently unaffected by vacuum saturation, so ASTM C 593 cannot 

be used to predict the freeze-thaw durability of AFBC activated reclaimed fly ash aggregate. 

An investigation of these void structure properties is beyond the scope of this research. 
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XI. RESULTS OF UNCONFINED COMPRESSIVE 
STRENGTH TESTS ON ACTIVATED 

RECLAIMED FLY ASH AGGREGATE 

Figures 14, 15, 16, 17, 18, and 19 show the results of the average unconfined 

compressive strength results for each activator/reclaimed fly ash aggregate mixture. As 

discussed in the freeze-thaw durability and ASTM C 593 compressive strength results, the 

testing of AFBC and CKD as potential activators in future projects was discontinued. 

Therefore, the mixtures compared in Figure 14 were not included on Figure 15 because it is 

unlikely they will be used in any future field projects. 

The AFBC and CKD activated reclaimed Ottumwa fly ash aggregate specimens were 

tested early in the research program for curing periods of up to approximately one year (336 

days of curing) under sealed and humid curing conditions. The results of these tests verified 

that long-term strength gains were still occurring after one year of both curing conditions. 

These test results also showed little difference between the sealed cured and humid cured 

samples. Therefore, the tests on lime and fly ash activated aggregate samples only utilized 

sealed curing. The lime and fly ash activated reclaimed fly ash aggregate specimens 

compared on Figure 15 were tested over curing periods of up to two months (56 days) . 

Figure 15 shows that the lime/reclaimed fly ash aggregate mixtures exhibited higher 

unconfined compressive strengths than the fly ash/reclaimed fly ash aggregate mixtures . 

Figures 16, 17, 18, and 19 provide a detailed summary of the results of individual 

activator/reclaimed fly ash aggregate mixtures. 



www.manaraa.com

2500 

_2000 

! 
J:: .. 
C> 
c: 
~ 

en 1500 ____ _ 
Cl> 
> 
'iii 
I/) 

~ 
c.. 6 •. . 
0 100) - -- --~- . . ..... 

500 

0 50 

54 

... 
. • .. . · 

-~ • .. ... ......... ·.·:::1: ~: ::::~ .. ·.·_·_-~>-. --·-. _-.. -~ -. -~---- .. - -A 

.... · 

100 

- ------------ ---

- -! 
! 
I 

-11- 15% CKDl85% at A.gg - Sealed 

-. • -. 15% AFBC/85% at A.gg - Sealed 

__..._ 15% CKDl85% at A.gg - Hunid 

-. it - - 15% AFBC/85% at ,Agg - Hunid 

150 200 250 300 

cure lirre (clays) 
350 

Figure 14. Long Term Unconfined Compressive Strengths of 
CKD and AFBC Activated Reclaimed Ottumwa Fly Ash Aggregate 

400 



www.manaraa.com

~ ciQ. 

= ~ PC Agg w/2.5% Lime 
~ 

~ PC Agg w/10% PC Fly Ash 
~ 

>~ 
r:i = -= <· ~ 
~ = 
-~ ~ ~ 
~ (j 
~= 
~ a 
;- "'O -·., a ~ 
~ [I> 

~ <· 
~~ 

Ott Agg w/2.5% Lime 

Ott Agg w/10% Ott Fly Ash 

Ott Agg w/15% Ott Fly Ash 

Ott Agg w/20% Ott Fly Ash 

100% CB Agg 

q ~ CB Agg w/10% CB Fly Ash 
>~ 
;, ~ CB Agg w/15% CB Fly Ash 

~ ~ CB Agg w/20% CB Fly Ash 
(JQ = ., ~ 
~~ 
~ -..... « 
~ > 

[I> 

N3 Agg w/ 2.5% Lime 

=" N3 Agg w/10% N3 Fly Ash 
~ 

= ~ N3 Agg w/15% N3 Fly Ash 
~ 
§0 N3 Agg w/20% N3 Fly Ash 
~ 

~~ 

Unconfined Compressive Strength 
· (psi) 

w ~ 01 m -..J 
0 0 0 0 0 
0 0 0 0 0 

• • Ill 
01 I\..) """ 
O> CX> a. 
a. a. Q) 
Q) Q) '< 
'< '< 

co 
0 
0 



www.manaraa.com

56 

Reclaimed Ottumwa Fly Ash Aggregate 

Sealed cure and humid cure unconfined compressive strength results for 15% 

AFBC/85% reclaimed Ottumwa fly ash aggregate and 15%CKD/85% reclaimed Ottumwa fly 

ash aggregate are shown in Figure 14. From Figure 14, it can be seen that 15% CKD 

activated reclaimed Ottumwa fly ash aggregate samples reached compressive strengths of 

around 1300 psi to 1500 psi at 7 days and continued to gain strength until the end of testing 

at 336 days. The strength gain trend was still a steady gain at the end of testing, indicating 

that all of the strength gains were not completed at the end of 336 days. Figure 14 also 

shows that the 15% AFBC/85% reclaimed Ottumwa fly ash samples achieved compressive 

strengths of approximately 900 psi at 7 days and continued gaining strength until the end of 

testing at 336 days. 

Figure 16 shows the unconfined compressive strengths results of 100% reclaimed 

Ottumwa fly ash aggregate as well as reclaimed fly ash aggregate activated with 2.5% lime 

and with 10%, 15%, and 20% Ottumwa fly ash. The 100% reclaimed fly ash aggregate 

samples had low strengths of less than 70 psi at 56 days, but they exhibited continued 

strength gains through the 56 day curing period. This indicates that the reaction of 

pozzolanic material in the aggregate is a source of strength gain. 

The fly ash activated reclaimed fly ash aggregate strengths were roughly 100 psi at 7 

days, dropped to around 80 psi at 28 days, and increased to around 100 psi again by 84 days . 

A possible cause of this strength drop is a mechanism wherein early reaction products that 

provided strength at 7 days had deteriorated somewhat by 28 days. The subsequent slow 

recovery of some of the strength can be attributed to long term pozzolanic reactions, which 
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Figure 16. Unconfined Compressive Strengths of Fly Ash and Lime Activated 
Reclaimed Ottumwa Fly Ash Aggregate 

probably cause a slow, continued strength increase as long as calcium and water are available 

to facilitate these reactions. 

As in the freeze-thaw and ASTM C 593 test results, 10%, 15%, and 20% fly ash 

activated reclaimed Ottumwa fly ash samples performed very similarly. This result again 

supports the idea that fly ash additive levels greater than 10% do not provide sufficient 

benefit to justify the additional cost and effort. The 2.5% lime activated reclaimed Ottumwa 

fly ash samples achieved unconfined compressive strengths of around 100 psi at 7 days, 200 

psi at 28 days, and over 300 psi at 56 days. This indicates that a significant strength increase 

can be gained by the addition of a small amount of lime activator. 
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Reclaimed Council Bluffs Fly Ash Aggregate 

Figure 17 shows the unconfined compressive strengths results of 100% reclaimed 

Council Bluffs fly ash aggregate, and reclaimed fly ash aggregate stabilized by 2.5% lime 

and 10%, 15%, and 20% Council Bluffs fly ash. The 100% reclaimed fly ash aggregate 

samples had low strengths of less than 100 psi, but they exhibited continued strength gains 

through the 56 day curing period. This indicates that the reaction of pozzolanic material in 

the aggregate is a source of strength gain. The fly ash activated reclaimed fly ash aggregate 

strengths reached 100 psi to 140 psi at 7 days, increased to around 120 psi to 150 psi at 28 

days, and show continued strength gains to approximately 155 to 175 psi by 56 days. As 

with the freeze-thaw and ASTM C 593 test results, 10%, 15%, and 20% fly ash activated 

reclaimed Council Bluffs fly ash samples performed very similarly. This result again 

800 .............. --_........--1····-··--·-···-···--···- ·· ·-···- ·-····- ····- ····-····-···-··-····-···- -·-···-·-···1 

·u; 700 
E: 
.I:. g. 600 

~ 

~ 500 

-~ 
(/) 

~ 400 
Q. 

E 
3 300 

'ti ., 
.E 200 . 
c: 
0 
g 100 

::J 
/ 

0 _,./ 

100% CB 
Agg CBAgg 

w/2.5% 
Lime 

CBAgg 
w/10% CB 

Fly Ash 

CBAgg 
w/15% CB 

Fly Ash 

o 7 day 

, 1!]28 day . 

•56 day 

CBAgg 
w/20% CB 

Fly Ash 

i 

I 
I 

i 

I 

56 day 

28 day 

7 day 

Figure 17. Unconfined Compressive Strengths of Fly Ash and Lime Activated 
Reclaimed Council Bluffs Fly Ash Aggregate 



www.manaraa.com

59 

supports the idea that fly ash additive levels greater than 10% do not provide sufficient 

benefit to justify the additional cost and effort. The 2.5% lime activated reclaimed Council 

Bluffs fly ash aggregate samples achieved unconfined compressive strengths of around 375 

psi at 7 days, 630 psi at 28 days, and nearly 800 psi at 56 days. This supports Barnes' (11) 

observation that Council Bluffs material is the most reactive aggregate and fly ash in the 

study. 

Reclaimed Neal 3 Fly Ash Aggregate 

Figure 18 shows the unconfined compressive strengths results of 100% reclaimed 

Neal 3 fly ash aggregate, and reclaimed fly ash aggregate stabilized by 2.5% lime and 10%, 

15%, and 20% Neal 3 fly ash. The 100% reclaimed fly ash aggregate samples had low 

strengths of less than 40 psi and exhibited minimal strength gains through the 56 day curing 

period. This may indicate a lower amount of unreacted pozzolanic material in the Neal 3 

aggregate than in the other three aggregates in the study. It is possible that the pozzolanic 

reactions stopped because nearly all of the free calcium or the unreacted pozzolans were used 

up in the fly ash hydration reactions that formed the aggregate. 

The fly ash activated reclaimed ash aggregate strengths reached 60 psi to 120 psi at 7 

days, increased to 90 psi to 140 psi at 28 days, and showed continued strength gains to 

approximately 95 to 160 psi by 56 days. Unlike the Ottumwa and Council Bluffs materials, 

15%, and 20% fly ash activated reclaimed Neal 3 fly ash samples significantly outperformed 

10% fly ash activated samples. This result may indicate that Neal 3 fly ash is less reactive 
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Figure 18. Unconfined Compressive Strengths of Fly Ash and Lime 
Activated Reclaimed Neal 3 Fly Ash Aggregate 

than Ottumwa and Council Bluffs fly ash, so more ash activator is needed to provide calcium 

and pozzolanic material to increase mixture strength. The 2.5% lime activated reclaimed Neal 

3 fly ash aggregate samples achieved unconfined compressive strengths of around 180 psi at 

7 days, 200 psi at 28 days, and 325 psi at 56 days, again indicating that a significant strength 

increase can be gained by a small amount of lime activator. 

Reclaimed Prairie Creek Fly Ash Aggregate 

Figure 18 shows the unconfined compressive strengths results of 100% reclaimed 

Prairie Creek fly ash aggregate, and reclaimed ash aggregate stabilized by 2.5% lime and 10% 

Prairie Creek fly ash. The 100% reclaimed ash aggregate samples had low strengths of less 
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Figure 19. Unconfined Compressive Strengths of Fly Ash and Lime Activated 
Reclaimed Prairie Creek Fly Ash Aggregate 

than 100 psi, but they exhibited continued strength gains through the 56 day curing period. 

This indicates that unreacted pozzolanic material in the aggregate may be a source of strength 

gam. 

The 10% fly ash activated reclaimed ash aggregate strengths reached 70 psi at 7 days, 

increased to 105 psi at 28 days, and increased to 120 psi by 56 days. The 2.5% lime activated 

reclaimed Prairie Creek fly ash aggregate samples exhibited unconfined compressive 

strengths of 230 psi at 7 days, 440 psi at 28 days, and 670 psi at 56 days. 
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Summary 

Overall, the unconfined compressive strength results appear to correlate very well 

with the freeze-thaw durability and ASTM C 593 test results. The main exception to the 

correlation is the high strength of the 15% AFBC activated reclaimed Ottumwa fly ash 

aggregate samples, which correlates well with the mixture ' s high ASTM C 593 compressive 

strength but contradicts the mixture ' s poor freeze-thaw durability test results. 

The AFBC and CKD activated reclaimed ash aggregate mixtures showed steady, 

continued strength gain for curing periods of up to one year. Although the lime and fly ash 

activated samples were tested with a maximum of 56 days of curing, long term strength gains 

similar to those displayed by the AFBC and CKD activated aggregates can probably be 

expected from these materials. The pozzolanic reactions that provide continued strength gain 

can occur as long as unreacted pozzolanic material, calcium, and moisture are present to 

drive the cementation reactions. 

Among the lime and fly ash activated mixtures being considered for future field use, 

the lime activated Council Bluffs and Prairie Creek aggregates reached the highest 

unconfined compressive strengths, followed by the lime activated Ottumwa and Neal 3 

aggregates. The Council Bluffs and Prairie Creek materials were also the strongest fly ash 

activated aggregate mixtures. 



www.manaraa.com

63 

XII. RESULTS OF VOLUMETRIC STABILITY TESTS ON 
ACTIVATED RECLAIMED FLY ASH AGGREGATE 

Reclaimed Ottumwa Fly Ash Aggregate 

Figure 20 shows the volume vs. time plot for 15% AFBC/85% reclaimed Ottumwa 

fly ash aggregate samples compacted at optimum moisture content. Figure 20 shows that 

very little volume change occurred in samples subjected to any of the three curing 

environments. These results support the theory that the deterioration in the AFBC section of 

the Ottumwa-Midland landfill access road was caused by a freeze-thaw durability problem 

and not by a volumetric stability problem. 
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Figure 20. Volumetric Stability of AFBC Activated Reclaimed Ottumwa 
Fly Ash Aggregate Compacted at Optimum Moisture Content 
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Figure 21 shows the volume vs. time plot for 10% CKD/90% reclaimed Ottumwa fly 

ash aggregate samples compacted at optimum moisture content. It can be seen from Figure 

21 that very little volume change occurred in samples subjected to any of the three curing 

environments. This result was expected due to the good field performance of the CKD 

section of the Ottumwa-Midland landfill access road. 

0 .50% ~-------------------------------, 

0.40% 

0 .30% - -

0.20% 

~ 0. 10% 
c 
"' s:. 
(.) 

E 0.00% I - -

:::s 
0 
::: -0.10% 
<;"' 

-0.20% 

-0.30% 

-0.40% \ __ 

50 100 150 

-

-
- -~ ~--

-+-- CKD Hum-id 

----- CKD Air 
_....._ CKD Soaked i 

200 250 300 

- · - - -
-0.50% L ................... - .... - ........................................................ - ........ --.................. _ ................. - ........................................................................... _ .. , ......................................................... _ ............................................................................ .> 

Cure Time (days) 

Figure 21. Volumetric Stability of CKD Activated Reclaimed Ottumwa 
Fly Ash Aggregate Compacted at Optimum Moisture Content 

Figure 22 shows the volume vs. time plot for 15% AFBC/85% reclaimed Ottumwa 

fly ash aggregate samples compacted at 3% lower than optimum moisture content. It can be 

seen from Figure 22 that very little volume change occurred in samples subjected to any of 

the three curing environments. It appears that AFBC activated reclaimed fly ash aggregate 
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that is compacted dry of optimum and later hydrated is not subject to volumetric instability. 

This result supports the idea that the deterioration of the AFBC section of the Sutherland 

power plant access road was caused by a freeze-thaw durability problem and not by a 

volumetric stability problem caused by inadequate compaction moisture and subsequent 

hydration. 

Figure 23 shows the volume vs. time plot for 10% CKD/90% reclaimed Ottumwa fly 

ash aggregate samples compacted at optimum moisture content. Figure 23 shows that very 

little volume change occurred in samples subjected to any of the three curing environments. 

It appears that CKD activated reclaimed fly ash aggregate that is compacted dry of optimum 
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Figure 22. Volumetric Stability of AFBC Activated Reclaimed Ottumwa 
Fly Ash Aggregate Compacted Dry of Optimum Moisture Content 
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Figure 23. Volumetric Stability of CKD Activated Reclaimed Ottumwa 
Fly Ash Aggregate Compacted Dry of Optimum Moisture Content 

moisture content and later hydrated is not subject to volumetric instability. 

Ottumwa Fly Ash 

The results of volumetric stability tests on Ottumwa fly ash cubes subjected to air, 

100% humidity, and soaked curing conditions for 105 days are shown in Figure 24. Figure 

24 shows that none of the Ottumwa fly ash samples deviated more than 0.5% from their 

original volumes. This indicates that Ottumwa fly ash/reclaimed Ottumwa fly ash aggregate 

mixtures should not have a volumetric stability problem. 
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Figure 24. Volumetric Stability of Ottumwa Fly Ash 

Council Bluffs Fly Ash 

The results of volumetric stability tests on Council Bluffs fly ash cubes subjected to 

air, 100% humidity, and soaked curing conditions for 105 days are shown in Figure 25 . 

Figure 25 shows that none of the Council Bluffs fly ash samples deviated more than 0.5% 

from their original volumes. This indicates that Council Bluffs fly ash/reclaimed Council 

Bluffs fly ash aggregate mixtures should not have a volumetric stability problem. 
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Figure 25. Volumetric Stability of Council Bluffs Fly Ash 

Neal 3 Fly Ash 

The results of volumetric stability tests on Neal 3 fly ash cubes subjected to air, 100% 

humidity, and soaked curing conditions for 105 days are shown in Figure 26. Figure 26 

shows that none of the Neal 3 fly ash samples deviated more than 1.4% from their original 

volumes. Although this percent volume change is more than the change observed in 

Ottumwa and Council Bluffs fly ash specimens, it is still very minimal compared to the 50% 

or greater expansions often seen in hydrated raw AFBC ash. Since tests on 15% AFBC/85% 

reclaimed fly ash mixtures indicate that those mixtures are volumetrically stable, Neal 3 fly 

ash/reclaimed Neal 3 fly ash aggregate mixtures should not have a volumetric stability 

problem. 



www.manaraa.com

69 

1.40% ,--·-··········-·················-··············-·······-·-······-·····-···-··········--·-···-------·-··-··········--··-···--··-----······-·---·--·--·-·····--··········-·--·····················-·········································-·-················································ 

1.20% 

1.00% ---Air Cure 

-+-100% Humidity Cure 

0 .80% 
--..-- Soaked Cure 

~ 0.60% -
c: .,, 

J:. 
(J 
Q) 

E 
::s 
0 
> 
~ 

0.00% 

10 20 30 40 50 60 70 80 90 100 

-0.20% . 

-0.40% --- ----- --------------- --

-0.60% ··-····------------·-······-···-------·········-----·-···-···-------·-···--·--··-··----···-········-···--········-···-·-·-··········--·······-·--······--····-···············-····················-·········-···································-············ 

Cure Time (days) 

Figure 26. Volumetric Stability of Neal 3 Fly Ash 

Prairie Creek Fly Ash 

The results of volumetric stability tests on Prairie Creek fly ash cubes subjected to air, 

100% humidity, and soaked curing conditions for 105 days are shown in Figure 27. Figure 

27 shows that none of the Prairie Creek fly ash samples deviated more than 0.6% 

from their original volumes. This indicates that Prairie Creek fly ash/reclaimed Prairie Creek 

fly ash aggregate mixtures should not have a volumetric stability problem. 

Summary 

The results of the volumetric stability tests indicate that volumetric stability is not a 

problem with AFBC, CKD, lime, and fly ash activated reclaimed fly ash aggregate. The tests 
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Figure 27. Volumetric Stability of Prairie Creek Fly Ash 

showed no tendency for expansiveness in humid or soaked cured conditions as well as no 

tendency for excessive shrinkage in air cured conditions. The results of the unconfined 

compressive strength tests support this conclusion because if the materials were expansive, 

they would have lower long-term strengths as cracks formed and the samples deteriorated. 

Activated reclaimed fly ash aggregate mixtures showed strength gains rather than losses in 

long-term unconfined compressive strength with longer curing periods, indicating that the 

mixtures are volumetrically stable. 
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XIII. SUMMARY AND DISCUSSION OF RESULTS 

The main consideration for the prediction of the durability, strength, and volumetric 

stability of activator/reclaimed fly ash aggregate mixtures is the manner in which they will 

perform in field applications. The results of freeze-thaw durability testing, ASTM C 593 

vacuum-saturated compressive strength testing, and unconfined compressive strength testing 

indicate that the untreated materials act as a granular material, while the lime-treated material 

develops higher strengths associated with a pozzolanic base material. The use of CKD, 

which is highly effective as an activator, was discontinued due to lowered availability and 

environmental concerns. CKD can contain high levels of lead, and changes in the 

manufacture of Portland cement have rendered it nearly unavailable in Iowa. 

Raw fly ash is somewhat effective as an activator, but fly ash/reclaimed fly ash 

aggregate mixtures break down when subjected to multiple freeze-thaw cycles. This may not 

be a large problem if high strengths are not required, because the base will probably function 

in a similar manner to a crushed stone base. This is evidenced by the good performance of 

the AFBC/reclaimed fly ash aggregate sections of the Ottumwa-Midland and Sutherland 

access roads. The surface courses of both roads remain intact and serviceable despite the 

deterioration of base into rough, angular aggregate-sized pieces. Although cores can no 

longer be extracted from these sections, aggregate interlock forces appear to provide adequate 

strength to the pavements. 

The use of fly ash aggregate without an activator is the obvious choice for low cost 

applications where high strengths are not required. The addition of 2.5% lime by dry weight 
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of reclaimed ash aggregate provides significant gains in strength and durability for all the 

reclaimed fly ash aggregate sources tested in this project. The use of fly ash as an activator is 

preferred by vendors of reclaimed fly ash aggregate because they already possess it and do 

not need to purchase it from another source. This would not be the case with lime. The 

effectiveness of fly ash as an activator for reclaimed fly ash aggregate is definite, but it is not 

nearly as pronounced as the effect of lime activator. The addition of fly ash activator 

definitely results in a strength and durability increase, but as Barnes (11) has indicated, 

magnitude of this strength gain is questionable and the fast setting tendency of fly ash may 

raise concerns for road base construction. The additive level of 10% fly ash by dry weight of 

aggregate was selected as optimum. This level reduces keeps the workability concerns to a 

minimum, and 15% and 20% fly ash addition rates did not provide significantly different 

strength or durability than 10% fly ash in any of the materials tested for this project. 
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XIV. CONCLUSIONS 

The following conclusions relate to the specific application of the reclaimed fly ash 

aggregates and activators included in this project. 

• All four reclaimed fly ash aggregates investigated for this project have potential for use as 

road base material. 

• Of those activators being considered for future use with reclaimed fly ash aggregate, only 

lime provides sufficient durability against freeze-thaw damage. 

• The use of fly ash as an activator, while somewhat effective, may create construction 

problems due to rapid hydration and setting characteristics. 

• ASTM C 593 vacuum-saturated compressive strength is a useful predictor of freeze-thaw 

durability for lime, fly ash, and CKD activated reclaimed fly ash aggregate. 

• ASTM C 593 vacuum-saturated compressive strength is not a predictor of freeze-thaw 

durability for AFBC activated reclaimed fly ash aggregate. 

• The breakdown of the AFBC activated bases of the Sutherland and Ottumwa-Midland 

test roads shows that pavement performance is good even when the reclaimed fly ash 

aggregate base is no longer cemented together because the material continues to function 

as a Macadam base. 

• All of the activators tested can be expected to continue to provide long-term strength 

gains as long as unreacted pozzolans, free calcium, and water are present to drive 

pozzolanic reactions. These gains may be a source of autogenous healing of cracks in 

bases constructed of activated reclaimed fly ash aggregate. 
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• None of the activator/reclaimed fly ash aggregate mixtures tested exhibited volumetric 

instability in soaked, 100% humidity, or air-cured conditions. 
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XV. RECOMMENDATIONS 

Design Recommendations 

The main application of activated reclaimed fly ash aggregate bases is in low-volume 

roads. The recent pavement thickness design guide by Bergeson and Barnes ( 14) provides a 

method for assigning layer coefficients to activated reclaimed fly ash aggregate bases for 

AASHTO pavement thickness design. Care should be taken to avoid excessively high design 

strengths for activated reclaimed fly ash bases, particularly with lime activator. It was noted 

by Barnes that flexible pavement bases with a high unconfined compressive strength (>800 

psi) may cause reflective cracking in the asphalt surface layer (11 ). This could result in a 

shorter pavement life by allowing water to infiltrate and increase the severity of freeze-thaw 

attack on the base. 

Construction Recommendations 

The construction recommendations are the result of laboratory experience with the 

reclaimed fly ash aggregate, as well as field experience with the Sutherland and Ottumwa­

Midland test roads. Barnes (11) covers several strength-related construction 

recommendations. The recommendations provided here focus on the durability aspects of 

activated reclaimed fly ash aggregate for use in road bases. 

• The surface should be sealed after final compaction to maintain moisture during 

curing. An asphalt emulsion is recommended. This is essential for development 

of long-term strength and durability. Curing and strength development will 
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continue for long time periods as long as moisture is available to drive the 

pozzolanic reactions. 

• The base should be allowed to cure prior to placement of the surface layer. 

Unconfined compressive strength and CBR test results (11) indicate that the base 

may be strong enough in three days to support construction equipment without 

damage. Field trials are required to determine the exact time. 

• A capillary break layer should be provided just below a fly ash activated 

reclaimed fly ash aggregate base. This layer may consist of four to six inches of 

crushed stone or a similar material. The purpose of this layer is to prevent 

excessive moisture from reaching the base, thereby preventing potential freeze­

thaw damage by reducing the possibility of water infiltration into the pore 

structure of the base. This layer should not be necessary with a lime activated 

reclaimed fly ash aggregate base. 
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APPENDIX A 
FREEZE-THAW DATA 
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ASTM C593 Test on 10% CKD/90% Ottumwa Aggregate cylinders 
7/31/96 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
10T ckd 1 o-593 Vac. Sat. 1701 .1 1691 .7 25160 2003 
20Tckd10-593 Vac. Sat. 16575.4 1666.7 21550 1716 
30Tckd10-593 Vac. Sat. 1691.4 1680.3 25560 2035 
40Tckd10-593 4 hr. Soak 1710.8 1699.5 22170 1765 
50Tckd10-593 4 hr. Soak 1674.1 1665.8 21730 1730 
60ckd 10-593 4 hr. Soak 1693.1 1681.3 23780 1893 

Average Soak Load = 22 ,560 lb 1796 psi 

Average V.S. Load = 24,090 lb 1918 psi 

ASTM C593 Test on 15% AFBC/85% Ottumwa Aggregate cylinders 
8/8/96 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
10Tafbc15-593 Vac. Sat. 1680.0 1670.3 13880 1105 
20Tafbc15-593 Vac. Sat. 1688.0 1678.3 15790 1257 
30Tafbc15-593 Vac. Sat. 1667.1 1660.9 14100 1123 
40Tafbc15-593 4 hr. Soak 1667.9 1662.5 13870 1104 
50Tafbc15-593 4 hr. Soak 1700.6 1688.8 15320 1220 
60Tafbc15-593 4 hr. Soak 1693.4 1686.0 14570 1160 

Average Soak Load = 14,587 lb 1161 psi 

Average V.S. Load = 14,590 lb 1162 psi 

ASTM C593 Test on 100% Ottumwa Aggregate cylinders 
6/6/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
10T100-593 4 hr. Soak 1717.8 1714.9 0 0 
20T100-593 4 hr. Soak 1723.6 1714.9 150 12 
30T100-593 4 hr. Soak 1703.7 1699.7 0 0 
40T100-593 Vac. Sat. 1718.0 1711.8 0 0 
50T100-593 Vac. Sat. 1722.7 1717.5 0 0 
60T100-593 Vac. Sat. 1714.3 1709.9 0 0 

5 of 6 samples fell apart before testing. #1 & 3 fell apart during soaking. 
#4, 5, & 6 fell apart during saturation . 

Average Soak Load = 4 lb O psi 

Average V.S. Load= 0 lb 0 psi 
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ASTM C593 Test - 2.5% Lime/97.5% Ottumwa Aggregate cylinders 
6/19/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 oTlm2.5-593 4 hr. Soak 1677.2 1675.o 4040 322 
20Tlm2.5-593 4 hr. Soak 1699.1 1696.6 4540 361 
30Tlm2.5-593 4 hr. Soak 1630.6 1627.6 2070 165 
40Tlm2.5-593 Vac. Sat. 1646.1 1639.8 3070 244 
50Tlm2.5-593 Vac. Sat. 1657.4 1653.8 3150 251 
60Tlm2.5-593 Vac. Sat. 1683.4 1680.2 3760 299 

Average Soak Load = 3550 lb 283 psi 

Average V.S. Load = 3327 lb 265 psi 

ASTM C593 Test - 2.5% CKD/97.5% Ottumwa Aggregate cylinders 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 7/1/97 
1 o I ckd2.5-593 Vac. sat. 1712.9 1709.0 2480 197 
20Tckd2.5-593 Vac. Sat. 1708.3 1704.0 2450 195 
30Tckd2.5-593 Vac. Sat. 1691 .5 1688.3 2660 212 
40Tckd2.5-593 4 hr. Soak 1700.8 1697.3 2670 213 
50Tckd2.5-593 4 hr. Soak 1704.7 1700.4 2970 236 
60Tckd2.5-593 4 hr. Soak 1694.9 1689.6 2780 221 

Average Soak Load = 2807 lb 223 psi 

Average V.S. Load = 2530 lb 201 psi 

ASTM C593 Test -10% Ottumwa Fly Ash/90% Ottumwa Aggregate cylinders 
7/2/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 oTfa 1 o-593 Vac. Sat. 1610.9 1603.7 430 34 
20Tfa 10-593 Vac. Sat. 1634.6 1630.9 700 56 
30Tfa 10-593 Vac. Sat. 1619.0 1614.7 450 36 
40Tfa10-593 4 hr. Soak 1635.6 1629.6 710 57 
50Tfa10-593 4 hr. Soak 1596.7 1591 .3 545 43 
60Tfa10-593 4 hr. Soak 1612.3 1600.3 460 37 

Average Soak Load = 572 lb 45 psi 

Average V.S. Load = 527 lb 42 psi 
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ASTM C593 Test -15% Ottumwa Fly Ash/85% Ottumwa Aggregate cylinders 
7/10/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1OTta15-593 Vac. Sat. 1612.0 1608.8 780 62 
20Tfa 15-593 Vac. Sat. 1616.8 1611.9 625 50 
30Tfa 15-593 Vac. Sat. 1603.0 1599.0 550 44 
40Tfa15-593 4 hr. Soak 1609.0 1603.4 720 57 
50Tfa15-593 4 hr. Soak 1631.4 1627.3 640 51 
60Tfa15-593 4 hr. Soak 1619.8 1614.7 425 34 

Average Soak Load = 595 lb 47 psi 

Average V.S . Load = 652 lb 52 psi 

ASTM C593 Test - 20% Ottumwa Fly Ash/80% Ottumwa Aggregate cylinders 
7/15/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
10Tta2o-593 Vac. Sat. 1563.8 1555.6 780 62 
20Tfa20-593 Vac. Sat. 1574.8 1566.3 560 45 
30Tfa20-593 Vac. Sat. 1599.4 1592.4 730 58 
40Tfa20-593 4 hr. Soak 1556.1 1540.3 420 33 
50Tfa20-593 4 hr. Soak 1564.2 1554.2 440 35 
60Tfa20-593 4 hr. Soak 1607.2 1604.0 830 66 

Average Soak Load = 563 lb 45 psi 

Average V.S. Load = 690 lb 55 psi 

ASTM C593 Test on 100% Council Bluffs Aggregate cylinders 

Sample# Cure Wt. 0 day (g) 
1ce100-593 4 hr. Soak 1523.0 
2CB100-593 4 hr. Soak 1532.5 
3CB100-593 4 hr. Soak 1545.7 
4CB100-593 Vac. Sat. 1553.6 
5CB100-593 Vac. Sat. 1548.4 
6CB100-593 Vac. Sat. 1547.9 

All 6 samples fell apart before testing. 

Average Soak Load = 

Average V.S. Load = 

Wt. 7 day (g) Load (lb) Stress (psi) 
1508.0 0 0 
1523.3 0 0 
1538.2 0 0 
1540.2 0 0 
1528.1 0 0 
1541 .1 0 0 

#1 , 2, & 3 fell apart during soaking. 
#4 , 5, & 6 fell apart during saturation . 

0 lb O psi 

0 lb 0 psi 

5/22/97 
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ASTM C593 Test -10% Council Bluffs Ash/90% CB Aggregate cylinders 
7/16/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1CBfa10-593 Vac. Sat. 1614.4 1611 .3 960 76 
2CBfa10-593 Vac. Sat. 1623.4 1619.8 810 64 
3CBfa10-593 Vac. Sat. 1591 .6 1585.8 920 73 
4CBfa10-593 4 hr. Soak 1585.7 1580.0 780 62 
5CBfa10-593 4 hr. Soak 1607.4 1601.7 880 70 
6CBfa10-593 4 hr. Soak 1596.0 1589.6 900 72 

Average Soak Load = 853 lb 68 psi 

Average V.S. Load = 897 lb 71 psi 

ASTM C593 Test -15% Council Bluffs Ash/85% CB Aggregate cylinders 
7/24/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1CBfa15-593 Vac. Sat. 1538.4 1532.7 970 77 
2CBfa15-593 Vac. Sat. 1599.8 1596.5 1680 134 
3CBfa 15-593 Vac. Sat. 1556.4 1553.0 1280 102 
4CBfa 15-593 4 hr. Soak 1571.1 1564.3 1000 80 
5CBfa15-593 4 hr. Soak 1550.1 1545.1 1170 93 
6CBfa15-593 4 hr. Soak 1557.9 1553.6 1040 83 

Average Soak Load = 1070 lb 85 psi 

Average V.S. Load = 1310 lb 104 psi 

ASTM C593 Test - 20% Council Bluffs Fly Ash/80% CB Aggregate cylinders 
7/24/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 c8fa2o-593 Vac. Sat. 1516.6 1511.3 1210 96 
2CBfa20-593 Vac. Sat. 1497.4 1483.0 900 72 
3CBfa20-593 Vac. Sat. 1501 .9 1492.0 850 68 
4CBfa20-593 4 hr. Soak 1524.4 1517.6 1800 143 
5CBfa20-593 4 hr. Soak 1463.1 1448.4 880 70 
6CBfa20-593 4 hr. Soak 1507.5 1497.5 910 72 

Average Soak Load = 1197 lb 95 psi 

Average V.S. Load = 987 lb 79 psi 
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ASTM C593 Test - 2.5% Lime/97.5% Council Bluffs Aggregate cylinders 
8/7/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 c811Tl2.5-593 Vac. Sat. 1549.2 1545.7 5160 411 
2CBlm2.5-593 Vac. Sat. 1603.4 1598.1 5620 447 
3CBlm2.5-593 Vac. Sat. 1586.9 1582.5 6100 486 
4CBlm2.5-593 4 hr. Soak 1622.6 1619.3 6480 516 
5CBlm2.5-593 4 hr. Soak 1542.4 1538.1 4420 352 
6CBlm2.5-593 4 hr. Soak 1595.4 1591 .6 6740 537 

Average Soak Load = 5880 lb 468 psi 

Average V.S. Load = 5627 lb 448 psi 

ASTM C593 Test on 100% Neal 3 Aggregate cylinders 
5/22/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 N3-100-593 4 hr. Soak 1590.2 1583.4 0 0 
2N3-100-593 4 hr. Soak 1568.4 1557.2 205 16 
3N3-100-593 4 hr. Soak 1596.6 1590.3 175 14 
4N3-100-593 Vac. Sat. 1604.6 1595.1 0 0 
5N3-100-593 Vac. Sat. 1584.7 1579.1 180 14 
6N3-100-593 Vac. Sat. 1593.9 1583.7 200 16 

All 4 samples were tested uncapped. #1 Broke during handling; #4 broke during attempted capping 

Average Soak Load = 190 lb 15 psi 

Average V.S. Load = 190 lb 15 psi 

ASTM C593 Test -10% Neal 3 Ash/90% Neal 3 Aggregate cylinders 
7/29/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1N3ta10-593 Vac. Sat. 1444.8 1440.9 440 35 
2N3fa10-593 Vac. Sat. 1454.0 1448.7 540 43 
3N3fa 10-593 Vac. Sat. 1444.4 1438.0 350 28 
4N3fa10-593 4 hr. Soak 1446.7 1438.1 480 38 
5N3fa10-593 4 hr. Soak 1422.9 1417.8 300 24 
6N3fa 10-593 4 hr. Soak 1464.0 1459.5 470 37 

Average Soak Load = 417 lb 33 psi 

Average V.S. Load = 443 lb 35 psi 
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ASTM C593 Test -15% Neal 3 Ash/85% Neal 3 Aggregate cylinders 
7/29/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1N3ta15-593 Vac. Sat. 1452.1 1444.4 540 43 
2N3fa15-593 Vac. Sat. 1429.5 1425.5 540 43 
3N3fa15-593 Vac. Sat. 1458.8 1452.6 630 50 
4N3fa15-593 4 hr. Soak 1437.5 1434.2 390 31 
5N3fa 15-593 4 hr. Soak 1441 .9 1436.1 500 40 
6N3fa 15-593 4 hr. Soak 1449.0 1441 .2 510 41 

Average Soak Load = 467 lb 37 psi 

Average V.S. Load = 570 lb 45 psi 

ASTM C593 Test - 20% Neal 3 Fly Ash/80% Neal 3 Aggregate cylinders 
7/30/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 N3ta2o-593 Vac. Sat. 1428.3 1420.2 450 36 
2N3fa20-593 Vac. Sat. 1422.4 1412.3 490 39 
3N3ta20-593 Vac. Sat. 1394.0 1388.0 430 34 
4N3fa20-593 4 hr. Soak 1422.1 1412.7 670 53 
5N3fa20-593 4 hr. Soak 1413.8 1406.0 630 50 
6N3fa20-593 4 hr. Soak 1427.7 1423.0 810 64 

Average Soak Load = 703 lb 56 psi 

Average V.S. Load = 457 lb 36 psi 

ASTM C593 Test - 2.5% Lime/97.5% Neal 3 Aggregate cylinders 
8/13/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 N31m2.5-593 Vac. Sat. 1460.8 1458.3 3720 296 
2N31m2.5-593 Vac. Sat. 1482.5 1480.4 3800 303 
3N31m2.5-593 Vac. Sat. 1438.3 1435.4 3580 285 
4N31m2.5-593 4 hr. Soak 1446.5 1444.6 3390 270 
5N31m2.5-593 4 hr. Soak 1468.4 1466.2 3330 265 
6N31m2.5-593 4 hr. Soak 1445.7 1443.4 3280 261 

Average Soak Load = 3333 lb 265 psi 

Average V.S. Load = 3700 lb 294 psi 
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ASTM C593 Test on 100% Prairie Creek Aggregate cylinders 
6/6/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 PC1oo-593 4 hr. Soak 1687.o 1683.5 0 0 
2PC100-593 4 hr. Soak 1677.4 1873.9 0 0 
3PC100-593 4 hr. Soak 1654.4 1641 .8 0 0 
4PC100-593 Vac. Sat. 1667.3 1663.0 180 14 
5PC100-593 Vac. Sat. 1669.3 1666.7 130 10 
6PC100-593 Vac. Sat. 1664.7 1661 .1 140 11 

3 samples fell apart before testing . #1, 2, & 3 fell apart during soaking. 

Average Soak Load = 0 lb 0 psi 

Average V.S. Load = 12 lb 1 psi 

ASTM C593 Test -10% Prairie Creek Ash/90% PC Aggregate cylinders 
7/31/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 PCfa 1 o-593 Vac. sat. 1602.6 1597.o 540 43 
2PCfa10-593 Vac. Sat. 1617.0 1612.7 740 59 
3PCfa 10-593 Vac. Sat. 1627.7 1622.7 660 53 
4PCfa10-593 4 hr. Soak 1577.2 1573.2 420 33 
5PCfa10-593 4 hr. Soak 1625.2 1619.2 690 55 
6PCfa 10-593 4 hr. Soak 1634.5 1631 .8 1030 82 

Average Soak Load = 713 lb 57 psi 

Average V.S. Load = 647 lb 51 psi 

ASTM C593 Test - 2.5% Lime/97.5% Prairie Creek Aggregate cylinders 
6/18/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 PClm2.5-593 4 hr. Soak 1673.8 1670.9 9080 723 
2PClm2.5-593 4 hr. Soak 1663.6 1661.7 7500 597 
3PClm2.5-593 4 hr. Soak 1628.8 1626.3 8760 697 
4PClm2.5-593 Vac. Sat. 1664.1 1662.0 7600 605 
5PC1m2.5-593 Vac. Sat. 1675.0 1672.0 8240 656 
6PClm2.5-593 Vac. Sat. 1649.3 1647.2 6800 541 

Average Soak Load = 8447 lb 672 psi 

Average V.S. Load = 7547 lb 601 psi 
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ASTM C593 Test - 2.5% CKD/97.5% Prairie Creek Aggregate cylinders 
6/18/97 

Sample# Cure Wt. 0 day (g) Wt. 7 day (g) Load (lb) Stress (psi) 
1 PCckd2.5-593 4 hr. Soak 1683.5 1680.2 3440 274 
2PCckd2.5-593 4 hr. Soak 1693.5 1691 .3 4270 340 
3PCckd2.5-593 4 hr. Soak 1669.0 1666.5 3660 291 
4PCckd2.5-593 Vac. Sat. 1689.1 1685.9 3670 292 
5PCckd2.5-593 Vac. Sat. 1694.5 1691 .8 3130 249 
6PCckd2.5-593 Vac. Sat. 1687.1 1684.0 2635 210 

Average Soak Load = 3790 lb 302 psi 

Average V.S. Load= 3145 lb 250 psi 
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APPENDIXC 
UNCONFINED COMPRESSIVE STRENGTH DATA 
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Long Term Strength Gain Samples -15% CKD/85% Ottumwa Aggregate 
Sealed Cure (Made 11/20/95) 
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Long Term Strength Gain Samples - 15% AFBC/85% Ottumwa Aggregate 
Sealed Cure (Made 11/21/95) 
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Long Term Strength Gain Samples -15% CKD/85% Ottumwa Aggregate 
Humid Cure (Made 6/12/96) 

Long Term Strength Gain Samples -15% AFBC/85% Ottuwma Aggregate 
Humid Cure (Made 6/13/96) 
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APPENDIXD 
VOLUMETRIC STABILITY DATA 
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders 

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
336 day Air Cure samples 
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders 

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
336 day Soaked Cure samples 
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders 
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders 

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
336 day Air Cure samples 
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders 

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders 
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Volumetric Stability Measurements - Dry Compacted Cylinders 

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
336 day Air Cure samples 
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Volumetric Stability Measurements - Dry Compacted Cylinders 

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
336 day Soaked Cure samples 
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Volumetric Stability Measurements - Dry Compacted Cylinders 

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders 
336 day Humid Cure samples 
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