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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%7 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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IIl. 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 subbituminous
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

Kequirement Class F Fly Ash Class C Fly Ash
Silicon dioxide (SiO,) plus
Aluminum oxide (Al,O,) plus 70.0 50.0
Iron Oxide (Fe,0;), min %
Sulfur Trioxide (SO;), max % 5.0 5.0
Moisture content, max % 3.0 3.0
Loss on ignition, max % 5.0 5.0
Fineness, amount retained when
Wet-sieved on No. 325 sieve, 34.0 34.0
max %

The largest difterence 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)
SiO, 40-55 20-40
AlLO, 25-35 10-30
Fe,03 5-24 3-10
CaO 0.5-4 10-32
MgO 0.5-5 0.5-8
Na,O 0-1.5 0.5-6
K,O 0.5-3 0.5-4
TiO, 0.3-2 0.5-2
SO, 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):

e Water

e Freezing temperatures

e 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 1s 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):
e Locate the foundation of the structure below the maximum depth of frost
penetration
e Replace frost-susceptible material within the zone of expected frost penetration
with non-frost susceptible material
e Use additives to stabilize and change the permeability of the frost susceptible
material
e 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 10 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 Towa 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, lowa. 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 lowa 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 lowa 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, lowa and Midwest Fly Ash and Materials, Inc. of Sioux City, lowa.
The road provides access to the Sutherland Generating Station near Marshalltown, lowa, 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 cofnpaction 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 e 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
[SU 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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1V. 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, lowa by ISU researchers on May 22,
1997. The Ottumwa Generating Station burns 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, lowa by ISU researchers on
May 21, 1997. The Council Bluffs Generating Station burns 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 burns Wyoming sub-
bituminous coal from near the Powder River basin. Neal 3 fly ash was used to stabilize

reclaimed Neal 3 fly ash aggregate.

www.manaraa.com




17

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, lowa 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 Bluffe Flvv Ach Agoregate

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, lowa 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 lowa 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 fi-1b/ft’, 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 of Nonplastic 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 lowa 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
areliable 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

www.manaraa.com




28

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 wi 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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Figure 2. Freeze-Thaw Durability of Fly Ash and Lime
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 10%, 15%, and 20% Council
Bluffs fly ash. From Figure 4, 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 durability, surviving 9 to 10 freeze-thaw cycles, with little variation between

10%5l5 %osand20% dly-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 100% 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 provi>de 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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Figure 9. ASTM C 593 Compressive Strengths of Fly Ash and Lime Activated
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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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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Figure 11. ASTM C 593 Compressive Strengths of Fly Ash and Lime Activated
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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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Figure 12. ASTM C 593 Compressive Strengths of Fly Ash and Lime Activated
Reclaimed Prairie Creek Fly Ash Aggregate
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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 R? value of 0 would indicate no correlation
between the two properties, and an R? value of 1 would indicate perfect correlation between

the properties. The R* 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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Figure 13. Correlation of Freeze-Thaw Durability to
ASTM C 593 Compressive Strength

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.
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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
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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 psito 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
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Figure 17. Unconfined Compressive Strengths of Fly Ash and Lime Activated
Reclaimed Council Bluffs Fly Ash Aggregate
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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 becéuse 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 and10%

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

gain.

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, folléwed 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.
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XII. RESULTS OF VOLUMETRIC STABILITY TESTS ON

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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ACTIVATED RECLAIMED FLY ASH AGGREGATE

Reclaimed Ottumwa Fly Ash Aggregate
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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

64

section of the Ottumwa-Midland landfill access road.
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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.

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

—i L

Cure Time (days)

Ottumwa Fly Ash

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.
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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 lowa.

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

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 (1‘1). 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.

e 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.

o 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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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Soak Day Wt. Tst Day Wit. after Tst Wt. after Ist

Sample # Wt 0 day Cure in freezer freezer cycle thawing cycle
1CKDft 1675.9 5 day wrap/2 day soak 1673.7 1693.5 1686.8 1697.8
2CKDft 1636.0 5 day wrap/2 day soak 1633.9 1657.6 1647.6 1661.6
3CKDft 1686.1 5 day wrap/2 day soak 1682.0 1703.9 1693.7 1709.1
4CKDft 1667.0 5 day wrap/2 day soak 1665.1 1689.6 1681.7 1695.8
SCKDtt 1661.5 7 day wrap - 1660.3 1650.3 1686.8
6CKDf1t 1697.5 7 day wrap - 1692.1 1683.0 1716.4
7CKDft 1646.1 7 day wrap - 16471 1639.2 1676.8
8CKDft 1694.2 7 day wrap - 1695.0 1686.8 1717.5

Wt. after 2nd Wt. after 2nd Wt. after 3rd 3-day Wt. after 3rd Wit. after 4th Wt. after 4th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDft 1688.1 1700.2 1692.0 1699.9 1691.3 T701.1
2CKDft T631.7 1665.2 16356.1 1663.5 1658.3 1668.6
3CKDHR 1699.0 17123 1705.4 1712.35 17031 T713.1
4CKDft 1686.0 1699.8 1690.0 1699.9 1690.8 1700.6
SCKDft 1676.3 1689.5 1677.6 1691.0 1683.0 1693.8
6CKDft 1706.9 17184 1707.7 1719.6 1710.0 17222
7TCKDHR 16684 1681.8 1670.4 1682.9 1675.6 1686.1
§CKDft 17082 1720.6 1708.9 1722.0 1714.5 17237

Wt. after Sth Wt. after 5th Wt. after 6th Wt. after 6th Wt. after 7th Wt. after 7th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDft 1693 .8 1702.0 1695.9 1710.6 17015 1710.5
2CKDft 1662.1 1668.4 1660.3 1678.1 1668.2 1678.4
3CKDft 17053 [713.9 1707.7 1723.7 1715.0 17228
4CKDft 1691.6 1700.3 1693.3 1717.0 1703.0 1711.2
5CKDtt 1688.4 1694.1 1685.2 1703.5 1696.7 1704°6
6CKDft 17127 17227 1712.7 17327 1725.4 1732.4
TCKDft 1676.6 1686.7 1677.7 1697.3 1688.5 1696.4
8CKDft 17154 17247 1716.0 17352 1726.9 1733.8
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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 2

Wt. after 8th Wit. after 8th Wt. after 9th Wt. after 9th Wt. after 10th Wt. after T0th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
ICKDft 70T 1709.9 [700.8 1'710.3 1703.2 1709.9
2CKDft 1667.3 16777 1667.2 1677.8 1668.6 1678.0
3CKDft [7153 17223 T712.8 1723.6 T716.4 17231
4CKDft 1702.6 T7T1.7 T701.3 17123 T703.1 T7TT.1
5CKDft 1697.4° 1703.3 1694.3 1703.8 1696.4 1703.0
6CKDH 17256 17324 1724.0 17332 1725.5 1732.8
TCKDft 1686.0 16953 1686.4 1695.7 T685.7 1695.9
8CKDft 17257 17342 1726.7 17344 17269 17340
Wt. after [1th Wt. after 1 th Wt. after 12th Wt. after [2th Wt. after 13th Wt. after [3th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
ICKD# 1702.3 1710.1 1700.7 1710.4 1702.6 1710.2
2CKDft 167/0.0 1678.4 1669.0 1678.8 1670.2 1678.9
3CKDft 1716.0° T723.1 1716.0 17241 17152 17237
4CKDft 17049 1714 1703.9 T712.6 17059 1704.3
5CKDft 1698.6 1704.0 1723.5 1734.3 Removed for use asa demonstration sample
6CKDH 7247 17327 1695.1 1704.0 17282 17339
TCKDft 1688.2 1693.9 1684.7 1692.3 1682.2 1687.9
8CKDft 17259 17339 1725.0 1735.1 1729.6 17347
Wt. after T4th Wt. after 14th ‘Wt. after [5th Wt. after 15th Wh. after 16th Wht. after Toth
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
1CKD1t 1704 7117 1705.6 1712.0 177043 T711.7
2CKDft 1669.8° 1681.0 1672.1 1680.7 T671.1 1681.3
3CKDfR [715.9 17257 T7T7.5 1725.4 17179 17257
4CKDTt 1695.9 17033 16933 [700.1 T691.2 1695.6
SCKDft - - - - - -
6CKDft 17251 1734.4 17275 1734.8 17257 1734.6
7CKDH 16771 16843 1674.0 1682.4 1674.3 1671.9
8CKDHR 17272 1735.4 1728.4 1735.6 1729.3 17357
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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 3

Wt. after 17th

Wt. after 17/th

Wht. after 18th

‘Wt. after 18th

Wt. after 19th

Wit. after 19th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDR 1704.0 7117 1704.8 171272 1705.2 17132
2CKDf 16722 1681.2 1672.0 1680.1 16702 1680.3
3CKDft 1716.9 17245 I715.5 17250 1717.0 1725.8
4CKDft 1687.7 1687.9 1675.7 16822 16737 1675.9
5CKDft - - - - - -
6CKDft 1726.6 1735.0 1726.0 17354 1726.7 17347
TCKDft 1665.7 1667.3 1656.7 16241 161335 1608.9
8CKD1t 1728.3 17333 1729.1 1736.7 1730.3 1736.3

Wit. after 20th Wit. after 20th Wt. after 2 1st Wt. after 21st Wt. after 22nd Wt. after 22nd

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDft 1707.8 I713.1 1706.9 7130 1707.0 17134
2CKDft 1672.7 1681.3 1671.6 1667.3 1657.8 16435
3CKDR 1719.4 1726.9 T718.3 172772 17202 1728.1
4CKDft 1668.3 1657.1 1649.5 1632.3 1620.3 1602.3
3CKDft - - - - - -
6CKDft 17274 17354 17275 17358 17274 1736.5
TCKDR 15958 1592.6 1584.6 1560.2 13480 1548.8
8CKDft 1729.6 1736.9 1730.0 17373 1731.2 1737.9

Wt. after 23rd Wt. after 23rd Wt. after 24th Wt. after 24th Wt. after 25th Wt. after 25th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDft 17073 [713.3 1707.7 T714.1 17077 17153
2CKDft 1632.6 1610.3 1600.0 1569.2 1560.0 1554.1
3CKDft 1720 172872 T721.1 17238 17153 17232
4CKDHR 1589.3 15246 [5T5.8 15188 15078 [512.7
SCKDtt - - - - - -
6CKDft [731.3 1737.0 1730.4 [736.1 1728.9 1736.3
TCKDtt 1539.3 15274 I5T7.9 14774 14677 1477.5
8CKDtt 17332 17383 1732.6 17387 1732.6 1739.3
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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 4

‘Wt. after 26th

Wt. after 26th

Wt. after 2°/th

Wt. after 27/th

Wt. after 28th

Wit. after 28th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CKDHR 1709.7 1716.2 T708.2 17163 7117 17153
2CKDft 13453 15478 15371 [533.8 13276 T501.7
3CKDft 17151 [717.5 1710.8 T712.1 17039 16939
4CKDH [302.1 14998 T484.5 14986 1485.4 14623
5CKDf - - - - - -
6CKDft 1730.2 1735.8 1729.1 17344 1731.6 1728.3
7CKDft 1467.9 1466.3 1458.7 T4189 T411.0 14129
8CKDf 1732.6 1740.1 1734.9 17412 17374 174T.0
‘Wt. after 20th Wt after 29th Wt. atter 30th ‘Wt after 30th Wi, after 31st ‘Wt. after 31st
Sample freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CKDft 1709.3 171773 1714.6 1705.8 17021 167177
2CKDft 149473 1480.8 14737 1467.6 1460.7 14272
3CKDft 1686.3 16717 1666.5 1663.9 1660.2 1616.9
4CKDR 1452.6 14439 1434.6 142174 14151 1404.6
5CKDft - - - - - -
6CKDft 7351 [714.0 T7T1s 1699.3 1695.1 1680.1
TCKDft 1403.6 1387.2 1379.9 13743 1367.0 1351.0
8CKDft 1719.8 1736.7 T734.1 1733.0 1729.8 7120
Wt. after 32nd Wt. after 32nd Wt. after 33rd Wt. after 33rd Wt. after 34th Wt. after 34th
Sample freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDft 1666.9 1659.6 1654.5 16325 — 16263 1619.2
2CKDft 1420.1 1397.7 1390.9 1360.6 135238 13379
3CKDft 16112 15873 1581.3 15437 15344 1323.4
4CKDHR 1396.8 1385.9 13791 1346.6 133872 13303
SCKDft - - - - - -
6CKDft 1673.1 1652.2 1645.9 ~ 163173 16249 1616.0
JCKDR 134377 13412 1334.2 13377 1329.8 1330.5
3CKDft 1708.7 1698.9 1695.6 1682.5 16777 1633.1
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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 5

Wt. after 35th

I

Wt. after 35th

Wt. after 36th

‘Wt. after 36th

Wt. after 37/th

Wt. after 37/th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDR 16127 1603.2 15970 1602.4 1596.0 1598.2
2CKDft 1330.2 1337.0 13294 13311 13230 1330.6
3CKDft 1514.6 1503.3 1496.2 14943 1487.0 14932
4CKDRt 13213 1320.7 13122 13156 [308.1 1309.2
5CKDft - - - - - -
6CKDft 1608.6 1609.6 1602.3 1608.0 1600.5 1606.3
TCKDft 1322.9 [320.2 I3T1.6 13192 13107 1316.2
SCKDft 1626.3 1632.4 1627.3 1632.2 1625.5 1631.8
Wt. after 38th Wt. after 38th Wt. after 39th Wt. after 39th Wt. after 40th Wt. after 40th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CKDft 1588.3 1595.9 1588.6 1589.1 15823 1578.8
2CKDft [322.5 1320.2 1312.6 13123 1304.8 1300.8
3CKDHR 1483.0 [491.7 1483.2 1484.0 14763 14795
4CKDft 13033 1310.2 1302.6 1297.6 1290.6 1287.1
SCKDft - - - - - -
6CKDft 1599.2 16072 1599.8 1605.9 [398.9 1606.4
TCKDft 1307.6 13123 1303.6 1307.3 1299.9 1303.3
SCKDft 1623.3 16312 1624.3 1629.9 16234 16153
Wt. after 4[st Wt. after 41st Wt. after 42nd Wt. after 42nd Wt. after 43rd Wt. after 43rd
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKD1t I571.0 1575.3 1568.5 15760 15687 1574.0
2CKDft [292.9 1300.0 1293.3 129471 12875 12943
3CKD1t 14716 1479.6 T471.4 1479.6 1472.6 1480.9
ACKDft 1280.0 12854 1278.1 1286.3 1280.2 12849
5CKDft - - - - - -
6CKDit [598.9 16073 1601.2 1606.2 [599.5 1596.9
TCKDft 12948 1303.6 1297.0 1305.0 12935 1302.7
8CKDtt 1607.3 16152 1609.0 1613.9 1607.8 1614.5
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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 6

Wt. after 44th

Wt. after 44th

Wt. after 45th

Wt. after 45th

‘Wt. after 46th

Wht. after 46th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CKDft [566.6 13736 1566.6 3751 15679 15757
2CKDtt 12873 12941 12873 1291.0 1283.6 1290.6
3CKDfR 1473.0 1480.8 1473.0 1481.5 14743 1482.9
4CKDft 127877 12839 12773 12786 12718 12771
5CKDft - - - - - -
6CKDft 1589.5 1594.6 13873 13953 1589.1 1596.9
TCKDHR 12944 12888 12812 1283.5 12763 12754
SCKDft 1607.3 T614.4 1607.7 16151 1609.4 1616.3

Wt. after 47/th Wt. after 47th Wt. after 45th Wt. after 48th ‘Wt. after 49th ‘Wt. after 49th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
ICKDft 1568.9 1574.8 1366.8 15738 1567.2 15747
2CKDft 1283.9 1283.9 1276.8 1281.8 12753 1280.4
JCKDHR 1475.6 1480.0 14717 1480.7 14723 1480.6
4CKDtft 12642 1258.6 1250.2 1256.6 1248.1 1256.4
SCKDHt - - - - - -
6CKDft 1390.0 1595.9 1588.5 15949 15879 1590.9
TCKDH 1268.0 12276 1219.3 11978 1190.0 119435
8CKDft 1609.3 1614.6 1603.2 1614.6 ~ 1609.0 [614.9

Wt. after 50th Wt. after 50th Wt. after S1st Wt. after 5Tst Wt. after 52nd Wt. after 52nd

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDtt 1566.6 5735 1566.5 15741 15672 15754
2CKDf 1272.6 12789 12715 12784 12723 1276.1
3CKDft 14713 1480.5 1473.3 148174 1473.6 148T.4
4CKDtt 12487 1244735 12379 12454 12385 124272
SCKDft - - - - - -
6CKDft 15843 15914 1584.8 13924 1584.8 1592.5
TCKDH 87T T188.6 [T8T.0 1724 11649 11724
SCKD1t 1608.5 16147 1607.7 13993 1391.6 15993
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10% CKD/90% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 7

Wt. after 53rd

Wt. after 53rd

Wt. after 54th

Wt after 54th

Wt. after 55th

Wt. after 53th

ample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCKDR 13679 137572 15677 15758 15683 1579.3
2CKDtt 1269.0 1265.3 1257.6 12572 1249.7 1260.2
3CKDft 1473.7 1482.1 14736 T48T.0 1473.0 1486.4
4CKDft 12349 1240.6 1233.6 122473 12174 12277
5CKDft - - - - - -
6CKD1t 15859 1593.1 1586.0 1590.4 15833 15954
7CKDft 1165.4 TT72.1 1163.9 1162.8 115571 [160.3
8CKDft 1592.2 1587.4 1579.4 ~1586.2 1578.9 1572.3
Wt. after 56th Wt. after 56th Wt. after 57th Wit. after 57th Wt. after 58th ‘Wi. after 58th
Sample freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CKDf 15723 15727 1565.2 15717 1563.2 15673
2CKDft 12532 1239.7 1232.0 12379 12311 1224.6
3CKDR 1479.1 1486.7 1478.0 14821 14734 1482.6
4CKDft 1220.5 1228.0 1220.4 1215.0 12038 1200.4
SCKDft - - - - - -
6CKDft 15881 15921 1584.3 1589.7 1581.6 1589.5
TCKDft 11532 11241 I176.7 1120.0 11128 11274
8CKDft 15647 1572.6 1564.1 1369.4 1561.3 1569.4
Wt. after 59th Wt. after 59th
Sample # freezer cycle thawing cycle
TCKDHt [559.3 1561.7
2CKDft 12173 1210.8
3CKDf 14749 1483.2
4CKDHR IT93.1 1194.0
5CKDfi - -
6CKDft 15824 1371.7
TCKDft TT14.1 1120.2
“8CKDH 1362.0 1566.8
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156% AFBC/85% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 1

Wi Soak Day Wit Tst Day Wt after Tst Wt after Tst

Sample # Wt 0 day Cure in freezer freezer cycle thawing cycle
1588.9 5 day wrap/2 day soak 1586.5 16415 1630.0 1653.0
2AFBCH 1602.6 5 day wrap/2 day soak 15996 1646.8 1632.5 1655.0
| 3AFBCH 1567.9 5 day wrap/2 day soak 1565.4 1615.9 1603.4 1624.0
4AFBCH 1555.7 5 day wrap/2 day soak 15526 16781 1598.1 1623.0
SAFBCH 1572.9 7 day wrap - 1568.7 1559.1 16325
G6AFBCH 1630.1 7 day wrap - 1626.9 1616.9 16825
1563.2 7 day wrap - 1590.2 1579.8 1652.8
SAFBCH 1572.7 7 day wrap - 1570.3 1560.3 1629.0

Wit after 2nd Wt after 2nd ‘Wit after 3rd 3-day Wi after 3rd Wi after 4th Wt after 4th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[ TAFBCH 1638.7 1654.6 1637.9 1667.2 1656.4 1608.2
2AFBCH 16446 1655.2 16422 1673.1 1648.6 1670.6
3AFBCH 16141 ~1623.2 1608.0 1642.8 16278 1638.1
1608.1 1620.3 1602.2 1637.6 1616.5 1604.4
S5AFBCTHt 1622.1 1639.0 1628.2 1657.6 16375 16472
6AFBCH 16732 16911 1679.3 1706.8 1693.4 17112
7AFBCH 1640.9 16601 1645.4 1678.8 1661.9 1674.4
BAFBCH 1618.1 16355 162373 1655.7 16423 1662.5

Wit. after 5th Wt. aiter 5th WI. after bth Wit after 6th VVi. after /th Wi after 7th

Sample freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TAFBCHt 1586.1 15180 1498.6 12437 12282 1065.7
2AFBCHt 1654.9 - 1660.6 16449 1542.0 1526.4 14247
3AFBCH 16204 16172 1600.5 1291.0 1278.0 1195.8
4AFBCH 1587.0 ~1357.2 13374 1001.2 993.0 8571
S5AFBCH 1623.1 15754 1557.0 13572 13455 1134.6
BAFBCH 1688.5 - 15635 1546.4 1262.1 12571 1093.6
7AFBCH 16575 15332 15124 1269.5 1255.4 998.0
BAFBCHt 1642.8 5557 15255 1167.2 1155.6 984.1
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15% AFBC/85% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 2

Wi, arter 8th Wit after 8th Wi. after 9th
Sample # freezer cycle thawing cycle freezer cycle
TAFBCH 1050.4 ~ B66.4 855.7
2AFBCHt 14079 1244 4 12299
3AFBCH 1182.2 818.7 ©649.9
4AFBCHt 846.7 657.8 807.0
SAFBCH 973.7 7718 1622
bAFBCTHt 988.1 8315 8215
(AFBCTt 106791 6858 6754
8AFBCH 11233 0481 937.3
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100% Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 1

~Wt. Ist Day Wt. after Ist

Sample # Wt 0 day Cure in freezer freezer cycle
TOtT00 1563.2 T day wrap 15549 15378
20tT100 15746 7 day wrap 1566.3 15482
30t100 1567.7 7 day wrap 1559.8 1542.6
40t100 13719 7 day wrap 1566.5 1351.0
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Ottumwa Fly Ash Activated Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. ist Day Wit. after st Wt. after Tst

Sample # Wt 0 day Cure Activator in freezer freezer cycle thawing cycle
TOfal0 16304 T day sealed 10% Ott. Fly Ash 1629.6 1616.5 1675.3
20110 1617.2 7 day sealed T0% Ott. Fly Ash 1614.0 1603.1 1663.5
30fal0 1626.2 7 day sealed 10% Ott. Fly Ash 1622.8 1608.6 1645.0
40fal0 1622.2 7 day sealed 10% Ott. Fly Ash 1620.9 1609.4 1666.5
TOfal3 1613.3 T day sealed 5% Ott. Fly Ash T611.1 1604.1 1670.9
20fal3 [610.5 7 day sealed 15% Ott. Fly Ash 1605.1 1595.2 1663.2
30fal3 13953 7 day sealed 15% Ott. Fly Ash 13976 1380.6 1654.8
401al5 1650.3 7 day sealed 15% Ott. Fly Ash 1627.5 1614.8 1680.3
TOfa20 15840 7T day sealed 20% Ott. Fly Ash 1576.2 1564.3 1648.4
201a20 1382.1 7 day sealed 20% Ott. Fly Ash 15792 15673 16490
30fa20 1567.6 7 day sealed 20% Ott. Fly Ash 1562.2 154877 1638.7
40fa20 1600.0 7 day sealed 20% Ott. Fly Ash 1594.8 1580.6 1662.0

‘Wt. after 2nd Wt. after 2nd Wt. after 3rd Wt. after 3rd Wt. after 4th Wt. after 4th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TOfal0 1666.9 1496.0 1488.0 1232.6 1219.8 1102.2
20fal0 1651.6 1432.3 1418.6 1010.2 998.1 828.8
30fal0 1632.8 1360.3 13514 9973 982.5 793.0
401al0 1656.0 1303.7 1292.6 T010.2 996.1 849.2
TOfal5 1666.5 1352.8 1341.6 10681 T058.3 90T.1
20fal3 1649.7 1328.7 1320.6 1089.2 1076.3 779.38
30fal3 16443 T152.1 1423 8524 841.0 727.6
40Mals 1669.0 1307.0 1295.7 1114.3 1104.4 879.4
T01a20 1636.4 1290.3 1278.6 955.6 9437 800.0
201fa20 16353 1334.0 1319.6 9672 954.5 806.4
30fa20 1624.0 1248.2 1237.3 960.8 948.8 786.3
401a20 1651.5 14472 14334 1126.3 11538 10112
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Ottumwa Fly Ash Activated Ottumwa Aggregate Freeze-Thaw Cylinders - Sheet 2

Wt. after 5th Wt. atter 5th Wt. after 6th
Sample # freezer cycle thawing cycle freezer cycle
TOfaT0 10945 928.1 920.5
20fal0 820.8 6819 678.1
30fal0 7846 6354 632.2
40fal0 842.3 7141 7122
TOfal5 894.6
20fal3 T76.4
30fal3 72477
40fal3 8748
10fa20 7932 6572 632.6
201fa20 798.7 6572 653.8
301a20 T78.6 636.8 6343
401fa20 950.2 8044 799.0
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2.5% CKD & Lime Activated Ottuwma Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist Day Wit. after Ist Wt. after Ist

Sample # Wt 0 day Cure Activator in freezer freezer cycle thawing cycle
10Im2.5 1692.9 7 day sealed 2.5% Lime 1692.9 1682.3 1712.6
20Im2.5 1662.7 7 day sealed 2.5% Lime 1662.7 - 16532 1695.3
30Im2.5 1688.3 7 day sealed 2.5% Lime 1688.2 1678.3 1709.6
40Im2.5 1642.3 7 day sealed 2.5% Lime 1642.0 1631.7 1684.1
Jckd2.5 1678.0 7 day sealed 2.5% CKD 1677.3 - 16647 1701.6
20ckd2.5 1704.1 7 day sealed 2.5% CKD 1704.1 - 16930 1715.0
30ckd2.5 1686.7 7 day sealed 2.5% CKD 168672 16753 17059
40ckd?2.5 1689.5 7 day sealed 2.5% CKD 1688.8 - 1678.7 1702.1

‘Wt. after 2nd Wt. after 2nd ‘Wt. after 3rd Wt. after 3rd Wt. after 4th Wt. after 4th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[OIm2.3 1702.7 17121 17047 17068 1699.3 7013
20Im2.5 1686.4 1695.7 16847 1674.2 1664.2 1654.3

30Im2.5 1702.4 I711.6 1703.3 1704.6 1693.2 16945
40Im2.5 1674.6 1681.4 T671.5 1648.1 1639.0 T1584.1
TOckd2.5 1694.5 ~1690.5 1679.3 1608.0 15974 157738
20ckd2.3 1706.4 17081 [701.6 1690.2 1683.7 1674.4
30ckd2.3 1700.3 1693.1 1684.6 163572 16222 1596.2
40ckd2.5 1697.1 1688.4 1684.2 1658.3 ~ 16499 T614.6

Wt. after Sth Wt. after 5th Wt. after 6th Wt. after 6th Wt. after 7th Wt. after 7th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
10Im2.5 1694.1 1695.8 1690.1 1693.0 1680.2 1688.3
20Im2.5 1645.8 1641.7 1633.2 1628.3 - Tol45 16157
30Im2.5 1688.3 1692.2 1682.6 1678.1 1665.8 T674.1
40Im2.5 1567.8 1527.2 1519.8 1472.8 1462.1 1458.3
10ckd2.5 1586.2 1520.3 1516.2 1451.0 14473 1405.0
20ckd2.3 1680.9 1643.8 16402 1632.9 T631.1 16244
30ckd2.5 1603.6 1585.6 1582.6 15722 1570.3 1563.7
40ckd2.5 1624.5 1606.5 1602.8 1596.7 1594.2 1586.8
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2.5% CKD & Lime Activated Ottuwma Aggregate Freeze-Thaw Cylinders - Sheet 2

Wt. after 8th Wt. after 8th ‘Wt. after 9th ‘Wt. after Oth Wt. after 10th Wt. after 10th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TOIm2.5 1679.3 16849 1680.2 1680.0 1673.5 T677.1
20Im273 y04.9 T60T.4 1596.1 15959 13834 15753
30Im2.3 1663.8 1664.9 1662.5 1663.2 16524 1643.1
40Im2.5 14482 14343 14283 T42T.0 14114 1386.0
TOckd2.5 1401.9 13844 1379.5 1356.2 1350.3 1340.9
20ckd2.3 1619.4 1611.9 1605.2 1588.7 15845 1585.7
30ckd2.5 1559.2 13547 15493 1339.0 1533.6 15023
40ckd2.5 1579.8 1564.5 1360.8 15587 1553.6 1516.8

‘Wt. after [1th Wt. atter [1th Wt. after 12th Wt. after i2th Wt. after [3th Wt. after (3th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
T0Im2.35 1672.8 1659.1 1653.0 1634.7 1626.8 1619.0
20Im2.5 1569.8 1556.7 1535T.6 14849 14779 1434.8
30Im2.3 1638.8 1629.1 1624.6 16203 1615.8 1596.0
40Im2.5 1379.0 1366.4 13584 1300.3 1291.8 1226.1
10ckd2.3 1334.7 1300.3 1292.4 1280.3 1270.6 1259.9
20ckd?’3 1380.6 1576.9 15713 15723 1364.6 1561.2
30ckd2.5 1496.2 1465.3 1460.3 1430.1 14243 14227
40ckdZ.3 15112 1496.4 1490.8 14766 1466.8 1460.0

Wt. after [4th Wt. after [4th Wt. after 15th Wt. after 15th Wt. after 16th ‘Wt. after 16th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
10Im2.5 1612.2 15946 15873 15393 1530.9 1519.7
20Im2.3 1426.0 13438 13348 1309.2 1298.2 1282.1
30Im2.5 1588.6 1560.4 15548 15372 15282 1514.3
40Im2.5 12157 17T66.1 11553 1126.0 11173 1090.0
10ckd2.3 1252.4 12321 12231 1209.6 1201.3 11982
20ckd2.5 13542 15356.8 1550.9 1550.9 15423 1343.0
30ckd2.5 14157 14119 T403.3 14039 13959 13947
40ckd2.3 1451.8 14249 1416.7 1408.6 1399.6 [401.8
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2.5% CKD & Lime Activated Ottuwma Aggregate Freeze-Thaw Cylinders - Sheet 3

Wt. after 17th

Wt. after ['7th

Wt. after 18th

Wt. after [8th

Wt. after 19th

Wt. after 19th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[0Im2.5 I510.8 T481.1 711 14682 14383 144578
20Im2.5 12732 1236.4 1226.0 12310 12222 1214.7
30Im2.5 15043 1472.1 1463.6 144373 14343 14240
40Im2.5 1080.9 1053.2 1044.4 1036.4 1027.8 1027.6
TOckd2.3 [191.3 11925 11843 1188.6 11804 1169.8
20ckdZ.5 15343 15389 T530.1 [53358 1329.6 15351
30ckd2.5 1386.6 1382.0 1372.3 1360.6 13533 13428
40ckd? .3 13933 13853 13773 13757 1363.0 13717

Wt. after 20th ‘Wi, after 20th Wt after 21st Wt. after 2 [st Wt. after 22nd Wt. after 22nd

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
10ImZ.5 14352 14268 1415.0 14174 14073 1414.9
20Im2.5 1205.0 1199.0 1188.9 11793 1169.1 1169.3
30Im2.5 T4139 1398.0 1386.3 13792 1369.3 135435
40Im2.3 ~ 1019.9 978.5 969.7 949.0 9415 941.6
TOckd2.5 1162.0 11385 1150.2 11553 1146.0 11538
20ckd?.5 1528.0 1327.0 [319.5 15283 1520.5 15293
30ckd2.5 - 13332 1328.3 13213 1321.0 13139 1309.8
40ckd2.5 1363.6 1369.1 13613 13651 1356.1 1363.9

Wt. after 23rd Wt. after 23rd Wt. after 24th Wt. after 24th Wt. after 25th Wt. after 25th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
T10Im2.3 1403.6 1397.0 13871 1386.3 1376.7 1376.2
20Im2.3 T159.7 [T6T.0 T151.3 11491 1388 11441
30Im2.5 134472 13353 1325.1 1318.0 1306.2 1296.2
40Im2.5 — 9334 939.0 931.0 9278 9139 909.0
[Ockd2’3 T146.1 11277 I119.4 1087.8 1079.0 1085.9
20ckd2.5 1522.6 15220 [314.9 15219 [513.0 [516.8
30ckd2.5 13032 12973 1289.1 1283.7 1276.9 127777
40ckd2.5 [359.0 1336.6 13493 13552 1346.0 13533
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2.5% CKD & Lime Activated Ottuwma Aggregate Freeze-Thaw Cylinders - Sheet 4

“Wt. after 26th

Wt. after 26th

‘Wt after 27/th

Wt. after 27/th

Wht. after 28th

Wt. after 28th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[0Im25 1366.5 1368.6 13587 1364.7 1354.6 13617
20Im2.3 11357 1136.1 11273 1107.9 1098.0 1099.6
30Im2.35 1286.7 1272.0 1262.1 1257.5 12470 1251.1
40Im2.3 500.5 9040 896.8 8873 879.6 ~ 868.6
10ckd2.5 1078.8 1078.5 10711 1080.0 10713 1070.3
20ckd2’5 1510.5 I53T7.1 1510.3 15133 1504.5 1512.6
30ckd2.3 1268.1 1263.0 12528 12579 12497 12476
40ckd2.5 1345.8 13472 13399 13482 13393 1340.5
“Wt. after 29th ‘Wt. after 29th Wt. after 30th Wt. after 30th Wt. after 31st Wt. after 3 [st
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
10Im2.3 1350.3 1353.6 13418 1346.5 1335.8 1342.0
20Im2.5 [091.1 10927 1083.9 1088.1 ~1079.0 1078.6
30Im2.5 1240.8 1246.9 12358 1240.2 1229.0 12359
40Im2.5 860.6 855.0 8477 839.3 831.7 8320
[OckdZ.3 1062.5 1070.2 1061.6 1068.6 1061.5 1065.3
20ckd2.3 1504.4 1509.3 15029 14979 1490.7 149277
30ckd2.5 1240.0 12451 12373 1229.0 12213 1208.1
40ckd2.3 13331 13373 13297 1336.6 13278 1326.2
Wt. after 32nd Wt after 32nd | Wt after 33rd Wt. after 33rd Wt. after 34th Wt. after 34th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TOIm2.3 13324 13340 13243 [330.0 “1319.6 1326.0
20Im2.5 1069.5 1057.1 10482 1028.1 1020.0 10228
30Im2.5 12233 1227.6 12127 1208 T 11983 T188.0
40Im2.5 82379 789.5 7804 7740 7675 761.3
[0ckd2.3 1058.2 1059.9 1052.0 1056.2 ‘10488 T051.7
20ckd2’y 1485.0 14933 1487.9 1491.7 74828 14384.5
30ckd23 [199.8 1206.7 11980 1201.0 T193.0 [182.0
40ckd2.5 1316.7 1318.5 1310.9 13136 1303.8 13044
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2.5% CKD & Lime Activated Ottuwma Aggregate Freeze-Thaw Cylinders - Sheet 5

Wt. after 35th

Wt. after 35th

Sample # freezer cycle thawing cycle
TOIm2.5 I: .2 13176
20Im2’3 1014.2 10183
30Im2.5 1180.6 1T76.8
40Im2.3 756.1 7497
TOckd2.5 10453 10422
20ckd2.5 1478.9 1473.9
30ckd25 11754 11749
40ckd2.3 12971 13013
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100% Council Bluffs Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist Day Wt. after [st
ample # Wt 0 day Cure in freezer freezer cycle
1CBIOO 15485 77 day sealed 15339 IST77
2CBI100 1532.5 7 day sealed 1527.5 IST1.35
3CBI00 1541.5 7 day sealed 1526.9 15084
4CB100 1551.3 -7 day sealed 1345.7 1524.0
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Council Bluffs Fly Ash Activated Council Bluffs Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist Day Wt. after st Wt. after Ist
Sample # Wt 0 day Cure Additive in freezer freezer cycle thawing cycle
1CBfal0 1608.9 T day sealed 10% CB Fly As 1606.7 15938 1629.7
Z2CBfal0 [583.3 7 day sealed 10% CB Fly Ash [3831 15672 1606.2
3CBfal0 I575.8 7 day sealed 10% CB Fly Ash 15723 15558 1600.0
4CBfal0 1647.9 7 day sealed 10% CB Fly Ash 1646.9 16322 1664.3
1CBfaly 1565.4 7T day sealed 15% CB Fly Ash 13637 1546.4 1600.9
2CBfal5 13822 7 day sealed 15% CB Fly Ash 1580.3 1568.1 1615.3
3CBfal3 [567.9 T day sealed 13% CB Fly Ash 1564.0 13512 1603.6
4CBfal3 [339.0 7 day sealed 5% CB Fly Ash 15351 15231 1580.1
ICBfa20 1513.1 7 day sealed 20% CB Fly Ash 15077 14947 1572.4
2CBfa20 1448.5 7 day sealed 20% CB Fly Ash 144735 T433.0 1508.8°
3CBfa20 1490.1 7 day sealed 20% CB Fly Ash 1486.9 1474.0 1548.9
4CBfa20 14678 7T day sealed 20% CB Fly Ash 14381 1446.0 152777
‘Wt after 2nd Wt. after 2nd Wt after 3rd | Wt. after 3rd Wt. after 4th Wt. after 4th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBfal0 1620.5 1550.0 15447 13402 13273 1230.5
2CBfald 1394.1 14914 1481.5 1279.6 12687 10921
3CBfal0 1590.9 1409.5 1403.8 1212.8 171969 10373
4CBfal0 1653.3 1609.6 1604.0 [5332.0 [3T5% 14134
ICBfals 15948 1443.7 14399 13299 1320.1 1236.3
2CBfal3 1610.2 1530.9 153231 14426 1430.9 13482
3CBRal3 1594.0 15148 1507.9 14573 14457 1402.6
4CBfal> 1570.4 ~ 14635 14549 1400.0 13859 13287
[CBfa20 [563.0 14346 144572 1346.7 13353 1240.7
2CBfa20 14976 13548 134T.9 I138.6 11498 1080.5
3CBfa20 1536.5 1401.9 1390.0° 1236.9 12242 1154.4°
4CBfa20 [5T6.4 12798 1269.2 1077.3 1068.4 931.9
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Council Bluffs Fly Ash Activated Council Bluffs Aggregate Freeze-Thaw Cylinders - Sheet 2

Wt. after Sth Wt. after 5th Wt. after 6th Wt. after 6th Wt. after /th Wi. after /th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBfal0 12193 1274 [T19.0 10745 10639 0114
2CBfal0 1082.3 1028.1 1020.7 989.5 981.7 888.7
3CBfall 1027.7 870.9 863.4 800.0 7933 660.2
4CBtal( 14079 13548 13477 12743 1265.6 T183.7
TCBfal5 12272 12083 T1196.7 11125 1102.8 1039.2
2CBfal3 1343.5 1330.3 1310.0 12871 1280.7 1201.7
3CBfal3 13973 13571 13453 12924 1283.9 1221.0
4CBfal3 13223 1306.1 1295.1 1228.7 12213 1147.9
TCBfa20 12326 11624 T150.1 1079.0 1070.7 1034.7
2CBfa20 1073.1 961.3 943.1 8333 826.5 732.9
3CBfa20 11473 10374 1049.0 980.0 971.6 866.7
4CBfa20 923.6 8089 798.4 675.8 670.1 5744
Wt. after 8th ‘Wt. after 8th Wt. after 9th Wt. after 9th ‘Wt. after 10th Wt. after [0th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TCBfal0 1003.3 903.5 896.5 853.7
2CBfal0 8823 7402 7331 669.9
3CBfal0 65438 5546 549.2 492 4
4CBfal0 1174.5 1123 [102.9 1029.3
TCBfaI3 10320 9382 9340 854.8 8493 7551
2CBfal3 1194.3 1099.2 1095.3 978.2 973.1 802.4
3CBfal3 1211.3 1100.0 1093.2 964.5 957.6 784.1
4CBfal3 TT4T.0 1029.8 T025.1 952.4 9447 763.2
ICBfa20 1023.6 9949 9873 954.0
2CBfa20 7254 664.8 658.4 606.4
3CBfaZ0 858.2 790.2 783.8 686.3
4CBfa20 5684 5184 513.6 43278
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2.5% Lime/97.5% Council Bluffs Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist day Wt. after Ist Wt. after [st

Sample # Wt 0 day Cure Additive in freezer freezer cycle thawing cycle
1CBIm2.5 16129 ‘I day sealed 2.5% Lime 1611.6 T398.1 1640.5
2CBIm2.5 1546.9 7 day sealed 2.5% Lime 1544.4 15339 16143
3CBIm2.5 1371.2 I day sealed 2.5% Lime 1570.0 1558.4 1624.8
4CBIm2.5 1587.7 '/ day sealed 2.5% Lime 1586.5 1577.0 1629.3

Wt. after 2nd ‘Wt. after 2nd ‘Wt after 3rd Wt. after 3rd Wt. after 4th Wt. after 4th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBIm2.5 1631.8 1641.3 1636.5 1640.8 1630.8 1637.0
2CBIm2.3 1607.8 16119 1606.9 1606.5 1396.5 13953
3CBIm2.5 1615.4 1622.2 1619.7 16203 1610.6 1611.6
4CBIm2.5 16231 1628.5 16259 1626.7 1618.8 1617.9

Wt. after 5th Wt. after 5th Wt. after 6th Wt. after 6th Wt. after /th Wit. after /th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBIm2.5 1630.4 1635.8 1629.6 1633.3 1629.5 1632.1
2CBIm2.5 1589.3 15918 1588.0 1585.1 1579.2 1579.7
3CBIm2.5 1605.4 1609.8 1601.6 1605.9 1601.2 1600.3
4CBIm2.5 16125 1615.6 1607.8 16122 16073 1609.1

Wt. after 8th Wt. after 8th Wt. after 9th Wt. after 9th Wt. after 10th Wt. after 10th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBIm2.3 16270 1628.2 1624.1 1625.6 1620.8 16204
2CBIm2.3 1568.9 1567.7 1560.6 15371 15283 1522.0
3CBImZ3 159438 1589.7 I38T1.1 15774 1569.6 T512.9
4CBIm2.3 1602.3 1604.8 1598.7 1396.2 15877 1580.5
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2.5% Lime/97.5% Council Bluffs Aggregate Freeze-Thaw Cylinders - Sheet 2

‘Wt. after [Tth

Wt. after 1 1th

Wt. after 12th

Wt. after [2th

Wt. after 13th

Wt. after 13th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBIm2.5 1613.9 16178 1610.3 16138 1608.4 1610.2
2CBIm2.3 [5T1.9 1499.5 1486.1 1456.8 -~ 14463 13789
3CBImZ.5 1301.8 1504.1 1494.9 14973 1488.9 1478.0
4CBIm2.5 1569.9 1563.4 15533 1554.3 15471 T535.3

- Wt. after 14th Wt. after 14th Wt. after 15th Wt. after [5th Wt. after [6th Wt. after 16th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
ICBIm2.5 1602.1 1600.3 15931 15944 15854 1590.7
2CBIm2.5 1368.7 131377 1303.8 12740 12643 1193.0
3CBIm2.3 1468.4 14498 1440.7 14126 1402.9 1396.0
4CBIm2.5 13272 15212 I513.3 1300.9 — T491.0 1439.8

Wt. after [7th ~Wht. after T7th Wt after 18th Wt. after 18th Wt. after 19th Wrt. after 19th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
ICBIm2.5 1382.9 1566.3 15397 153471 15383 1539.9
2CBIm2.3 1183.3 11394 1130.3 1098.7 1090.6 109T.2
3CBImZ.3 1388.0 13532 134358 1326.17 13171 1290.3
4CBIm2.5 14373 1470.5 140TT 1362.1 13512 1346.9

Wt. after 20th Wt. after 20th Wt. after 21st Wt after 21st Wt. after 22nd Wt. after 22nd

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[CBIm2.5 1530.9 13363 15270 149335 14844 1419.6
2CBIm2.5 [081.6 1085.1 1076.6 10659 10570 10427
3CBImZ.5 12685 1266.1 1258.2 12270 12143 T185.1
4CBIm2.5 1336.2 1300.3 12923 12737 1264.7 1258.8
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2.5% Lime/97.5% Council Bluffs Aggregate Freeze-Thaw Cylinders - Sheet 3

Wt. after 23rd

Wt. after 23rd

Wt. after 24th

Wt. after 24th

Wt. after 25th

Wt. atter 25th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle

ICBIm2.3 14112 140277 1392.0 1390.7 1380.9 13823

2CBIm2.3 1033.4 10193 1009.9 1008.8 999.6 960.2

3CBIm2.3 11747 1167.6 T157.1 11473 11374 1124.4

4CBIm2.5 1249.9 12194 12083 1549 1146.1 11383
‘Wt. after 26th Wt. after 26th ‘Wt. after 27th Wt. after 27/th Wt. after 28th Wi. after 28th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle

TCBImZ3 13713 135T.0 13471 1336.9 13270 1330.7

2CBIm2.5 950.6 946.3 9377 937.1 929.1 922.0

3CBIm2.3 TT14.0 1099.8 1091.7 10777 1069.9 10544

4CBIm2.5 1129.1 [RIER 11024 10520 10433 10252
Wt. after 29th Wh. after 29th Wt. after 30th Wt. after 30th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle

TCBIm2.5 13211 1302.2 12933 1261.3

2CBIm2.5 9140 9017 893.9 884.5

3CBIm2.3 1045.1 9874 9793 966.1

4CBIm2.3 10182 10147 1006.1 9981
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100% Neal 3 Aggregate Freeze-Thaw Cylinders - Sheet 1

Wwt. Ist Day Wt. after ist
Sample # Wt 0 day Cure in freezer freezer cycle
IN3 100 1594.6 7 day sealed 1533.9 IST707
2N3 100 1391.1 7 day sealed 15273 [5T1.3
3N3100 1394.3 7 day sealed 1526.9 15084
4N3 T00 1590.8 7 day sealed 15457 15240
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Neal 3 Fly Ash Activated Neal 3 Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist day Wt. after 1st Wht. after [st
Sample # Wt 0 day Cure Activator in freezer freezer cycle thawing cycle
IN3falO 1433.7 7 day sealed 10% Neal 3 Fly Ash 1426.1 1411.0 14471
2N3fal0 1456.8 7 day sealed 10% Neal 3 Fly Ash 14548 1438.3 1487.2
3N3tal0 1431.3 7 day sealed 10% Neal 3 Fly Ash 14282 1416.9 14572
4N3falo 14380 7 day sealed 10% Neai 3 Fly Ash 1429.2 1412.8 1462.4
IN3fal3 1429.2 7 day sealed 15% Neal 3 Fly Ash 1426.4 14155 1464.5
2N3fal5 1434.9 7 day sealed 15% Neal 3 Fly Ash 1428.8 1420.4 1461.8
3N3fal3 14539 7 day sealed 5% Neal 3 Fly Ash 1449.0 1440.1 14823
4N3fal3 14744 7 day sealed 15% Neal 3 Fly Ash 1471.6 1462.5 1570.7
TN3fa20 14273 7 day sealed 20% Neal 3 Fly Ash 14257 1413.6 1487.7
2N31a20 13978 '/ day sealed 20% Neal 3 Fly Ash 1388.7 1372.3 1437.4
3N3fa20 1415.3 '/ day sealed 20% Neal 3 Fly Ash 1399.6 1384.6 1449.2
4N31a20 14191 7 day sealed 20% Neal 3 Fly Ash 141472 1404.3 14622
Wt. after 2nd Wt. after 2nd Wt. after 3rd Wt. after 3rd Wt. after 4th ‘Wt. after 4th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TN3fal0 14394 1259.1 1250.0 959.6 9529 787.0
2N3fal0 1484.0 13433 13324 1078.0 1070.4 8787
3N3fal0 14472 12283 ~ 12233 1006.8 996.0 8347
4N3fal0 14547 12322 12257 979.9 974.9 8I5.1
TN3fal3 1430.6 12252 1218.6 969.7 964.3 864.0
2N3fals 14512 1312.9 1305.7 1152.6 1464 9672
3N3fal3 14742 12952 1289.3 1183.0 1177.1 1057.2
4N3fals 1501.4 1350.5 13433 12353 1228.8 1095.0
IN3faZ0 14839 11398 T135.9 964 .4 958.4 731.3
“2N3fa20 1432.0 1083.0 1074.7 868.4 859.3 729.3
3N3fa20 1443.9 10929 1088.8 786.3 780.6 653.7
4N3fa20 1456.2 1203.1 1199.1 913.6 907.4 724.0
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Neal 3 Fly Ash Activated Neal 3 Aggregate Freeze-Thaw Cylinders - Sheet 2

Wt. after 5th Wt. after Sth Wt. after 6th Wt. after 6th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle
IN3fal0 Tr7TT 653.1
2N3fal0 8§70.6 788.4
3IN3fal0 826.2 7191
4N31fal0 8077 6912
IN3fal5 8555 756.1 750.6 6459
2N3fals 0372 900.0 892.3 796.2
IN3fals 10437 oTT.3 903.9 TIT3
4N3fal5 10844 10023 9934 9170
IN3faZ0 12877 624.6
ZN31aZ0 7197 621.4
3N31a20 64777 550.1
AN3faZ0 7182 567.6
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2.5% Lime/97.5% Neal 3 Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist day Wt. after Ist Wt. after Ist

Sample # Wt 0 day Cure Additive in freezer freezer cycle thawing cycle
TN3Im2.3 1452.6 7T day sealed 2.5% Lime 145273 14393 14923
2N3Im2.5 1470.6 7 day sealed 2.5% Lime 1468.6 1457.1 1500.1
3N3Im2.5 1464.4 7 day sealed 2.5% Lime 1463.1 1454.6 1497.2
4N3Im2.5 1457.7 7 day sealed 2.5% Lime 1456.5 1445.7 1489.4

Wt. after 2nd Wt. after 2nd Wt. after 3rd Wt. atter 3rd Wt. after 4th Wt. after 4th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
IN3Im2.5 1491.0 1493.3 1490.2 1471.5 1464.6 1462.9
2N3Im2.5 1496 .4 1500.7 1497.4 1485.9 1477.4 1478.5
3N3Im2.5 14943 1498.1 1494.6 1484.7 1473.9 14750
4N3Im2.35 1486.3 1490.3 T485.6 14749 14683 1468.4

Wt. after Sth Wt. after 5th Wt. after 6th Wt. after 6th Wt. after 7th Wt. after 7th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TN3Tm2.5 1457.6 1446.3 1441.7 1431.6 1422.6 1396.9
2N3Im2.5 14727 1466.2 1459.6 1460.5 1450.7 1451.6
3N3Im2.5 1468.6 1458.4 1452.0 1448.5 1440.6 1426.2
4AN3Im2.5 1462.5 1449.6 14437 14353 1429.2 1418.9

Wt. after 8th Wt. after 8th Wt. after 9th Wt. after 9th Wt after 10th Wt after [0th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TN3Im2.5 1390.5 1378.9 13723 13524 1343.1 1287.0
2N3Im25 1442.9 14369 1430.5 1422.6 1417.0 1380.3
3N3Im2.5 14T7.9 1408.6 1398.6 1387.9 13773 1349.7
4N3Tm2.5 1410.9 1386.5 1380.6 1363.6 13547 1322.4
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2.5% Lime/97.5% Neal 3 Aggregate Freeze-Thaw Cylinders - Sheet 2

‘Wt. atter 1 1th

Wt. alter 11th

‘Wt after 12th

Wit. after 12th

Wt. after 13th

Wt. after 13th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
IN3Im2.5 — 12739 1232.4 12243 T188.7 117794 ITel.7
2N3Im2.5 3711 1339.7 13313 1286.6 1276.2 12543
3N3ImZ.3 13352 1321.9 1296.4 1276.9 1264.1 12498
4N3Im2.5 1310.7 12923 1282.6 12543 1245.2 1207.3

Wt. after 14th Wt. after T4th Wt. after 15th Wt. after [5th Wt. after 16th ‘Wt. after 16th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
IN3Im2.5 1150.3 11254 T113.3 10955 1085.4 1078.1
2N3Im2.5 12416 1225.6 12133 1209.3 1198.8 11732
3N3Im2.5 1227.6 1210.8 1192.4 1180.1 1168.5 1141.2
4N3Im2.5 1198.2 1168.7 T157.8 IT11.2 1099.5 1066.4

Wit. after [7th Wt. after [/th Wt. after 18th Wt. after 18th Wt. after 19th Wt. after 19th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
IN3Im2.5 “1065.0 1044.3 10273 1019.8 10710.6 998.3
2N3Im2.5 1162.9 11327 11223 T121.0 11094 1086.3
3N3Im2.5 1130.3 1121.4 T108.2 1094.6 1085.9 1072.1
4N3Im2.5 1056.5 1023.4 1013.3 999.6 989.7 9498

Wt. after 20th Wt. after 20th Wt. after 21st Wt. after 2Tst Wt. after 22nd Wit. after 22nd

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TN3Im2.5 977.6 958.6 937.2 9295 9253 911.8
2N3Im2.5 1075.5 1068.5 1056.6 1056.7 10455 1038.7
3N3Im2.5 1058.7 1047.0 1032.4 1020.1 1009.3 997.2
4N3Im2.5 9375 919.1 908.2 904.0 894 .4 887.7

Wt. after 23rd Wt. after 23rd Wt. after 24th Wt. after 24th Wt. after 25th ‘Wt. after 25th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
158 900.3 887.6 870.5 86T.1 8472 836.7
159 10278 1070.4 998.6 995.7 984.0 9853
160 976.3 964.2 953.0 94438 9283 9214
161 877.7 806.1 797.9 780.6 771.6 771.2
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2.5% Lime/97.5% Neal 3 Aggregate Freeze-Thaw Cylinders - Sheet 3

Wt. after 26th

Wt. after 26th

Wt. after 27/th

‘Wt. after 2°/th

‘Wt. after 28th

Wt. after 28th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle

IN3Im2.5 8213 8084 794.6 T81.2 765.8 750.7

2N3Im2.5 9744 0787 968.5 969.7 960.3 9543

IN3Im2.5 9117 894.7 881.2 867.0 848.6 8372

4N3ImZ.5 7627 7612 7527 7514 74377 735.0
Wt. after 29th Wt. after 29th

Sample # freezer cycle thawing cycle

TN3m2.5 738.0 7254

2N3Im2.5 94473 9333

SN3Im2.3 8219 804.6

4N3Im2.5 727.0 72471
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100% Prairie Creek Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. [st Day Wt. after [st Wit. after Ist Wt. after 2nd
Sample # Wt 0 day Cure in freezer freezer cycle thawing cycle freezer cycle
TPC100 15244 7 day sealed 1519.1 1504.1 1524.8 1511.9
2PCI00 15234 7 day sealed 15144 15057 1522.9 1508.7
3PCT00 1334.8 '/ day sealed 15233 1514.4 15134 1498.2
4PC100 1551.7 '/ day sealed 1542.6 1532.0 1527.8 1516.8
‘Wt. after 2nd Wt. after 3rd 3-day Wt. after 3rd
Sample # thawing cycle freezer cycle thawing cycle
1PCT100 755.5 7472 4427
2PC100 817.5 8075 3109
3PCT00 810.5 802.9 3327
4PCT00 8189 810.5 468.2

www.manaraa.com

LOI




Fly Ash Activated Prairie Creek Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist day Wt. after Ist Wt. after st

Sample # Wt 0 day Cure Activator in freezer freezer cycle thawing cycle
1PC100 1600.1 '/ day sealed 10% Prairie Creek Fly Ash 1597.1 1587.5 1653.1
2PCT100 1616.3 '] day sealed 10% Prairie Creek Fly Ash 1616.2 1608.4 1661.9
3PCI00 1584.4 '/ day sealed 10% Prairie Creek Fly Ash 15777 1569.4 1639.3
4PC100 1626.8 '/ day sealed 10% Prairie Creek ily Ash 16258 1619.2 1670.0

Wt. after 2nd Wt. after Znd Wt. after 3rd Wt. after 3rd Wt. after 4th Wt. after 4th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle

TPCT00 1645.1 142538 1413.1 1169.8 1164.8 102417

2PCI100 1633.5 15155 1305.4 1242.8 1237.3 1142.6
3PCT00 1628.6 1416.5 140T.1 [142.4 1136.8 952.8
4PCT00 1657.6 156435 [554.1 1330.5 13251 12476

Wt. after 5th Wt. after 5th Wt. after 6th Wit. after 6th Wt. after 7th Wt. after /th

T Sample # | freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
1PCT00 10135 838.0 830 776.7 770.2 719.8
2PC100 1134.1 987.0 97TT.0 910.9 902.6 8054
3PCI00 94478 833.9 826.5 7241 716.7 659.8
4PCI100 12375 1102.5 1093.3 9813 972.7 933.8
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2.5% CKD and Lime Activator Prairie Aggregate Freeze-Thaw Cylinders - Sheet 1

Wt. Ist Day Wt. after Ist Wt. after Ist

Sample # Wt 0 day Cure Activator in freezer freezer cycle thawing cycle
[PCIm2.5 16380.0 ‘I day wrap 2.5% Lime 1679.9 1666.3 1700.3
2PCIm2°5 16521 7 day wrap 2.5% Lime 1652.0 1640.3 1686.4
3PClm2.5 1659.9 7 day wrap 2.5% Lime 1659.7 1649.0 1687.7
4PClm2.5 1623.2 '/ day wrap 2.5% Lime 1621.3 1609.4 1668.2
1PCckd2.5 1701.0 T day wrap 2.5% CKD 1700.7 16883 1713.4
2PCckd2.5 1681.6 7 day wrap 2.5% CKD 1681.6 1671.1 1702.7
3PCckd2.5 169472 7 day wrap 2.5% CKD 16942 1680.6 17079
4PCckd2.3 1709.3 7 day wrap 2.5% CKD 1709.1 1697.2 17232

‘Wt. after 2nd Wt. after 2nd Wt. after 3rd ‘Wt. after 3rd Wt. after 4th Wt. after 4th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[PCIm2.3 1691.0 1703.6 1694.2 1699.9 16849 1699.5
2PCImZ’3 1676.5 1691.3 1683.4 1687.0 1671.8 1685.7
3PCIm2.5 1680.6 16923 16851 1688.0 1674.4 1678.0
4PCIm2.5 1661.5 1669.3 1661.8 1636.3 1621.9 1618.3
[PCckd2.3 1706.5 [71353 1706.8 1710.0 170372 [708.0
2PCckd2.3 1696.3 [705.1 1697.3 1698.0 1690.3 16923
3PCckd2.5 1699.4 17083 1701.2 1704.9 1698.2 1701.3
4PCckd2.5 1716.6 1723.6 17177 17202 1712.9 17177

Wt. after Sth Wt. after 5th Wt. after 6th Wt. after 6th Wt. after /th Wt. after /th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TPCIm2.5 16927 1700.2 16872 1700.6 1691.0 1700.3
2PCIm2.3 1673.2 1686.3 1673.4 16877 1676.4 1687.0
3PCIm2.3 1666.8 1668.7 1657.8 1661.5 16519 1665.3
4PCIm2.5 1605.1 1595.0 15817 I5381.4 1569.6 1567.9
[PCckd2.5 1700.6 [707.0 1698.7 1706.1 1697.5 1706.3
2PCckd2’5 1682.4 1688.1 1679.1 1685.4 1676.1 1679.6
3PCckd2.3 1696.8 [701.3 1694.1 1699.3 1688.8 1694.9
4PCckd2.3 17074 17172 1708.0 1716.4 T7074 1713.8
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2.5% CKD and Lime Activator Prairie Aggregate Freeze-Thaw Cylinders - Sheet 2

Wi, after 8th Wt. after 8th Wt. after 9th Wt. after 9th Wt after 10th Wt. after 10th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[PCIm2.5 1689.3 1701.1 1696.7 1704.7 1694.5 1703.9
2PCIm2.3 1674.3 1686.4 1680.6 1690.7 1679.9 1660.5
3PClm2.5 1650.1 1648.9 16453 1643.1 1632.8 1640.4
4PCIm2.5 1556.4 1546.4 15413 15219 15123 1514.3
IPCckd2.5 1697.1 1704.8 1700.8 1706.3 1694.9 T705.7
2PCckd2.5 1666.4 16776.1 1667.7 1675.2 1665.7 1672.0
3PCckd2.5 T684.2 16917 1688.4 1692.8 1683.5 1689.5
4PCckd?.3 17033 1712.6 1707.6 7144 1706.1 I712.1

Wit. atter | [th Wt. atter [1th ‘Wt after 12th Wt. after [2th Wt. after 13th Wt. after {3th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
1PCIm2.5 17700.6 1705.8 1696.0 1706.7 [703.4 T701.6
2PCIm2.35 1657.2 1595.4 1584.6 1570.7 1566.0 15337
3PClm2.35 1636.0 1613.2 1602.7 1580.0 1576.1 15732
4PCIm2.3 15077 15124 1502.3 1484.2 1478.7 1316.4
1PCckd2.5 1704.1 1706.2 1696.2 1707.1 1703.2 1706.8
2PCckd2.5 1668.8 1671.1 1661.3 1666.7 1665.7 1665.0
3PCckd2.5 1686.6 1688.7 16783 1687.6 1683.0 1687.6
4PCckd2.3 1709.3 1713.0 1703.9 1713.0 1708.9 1714.1

Wt. after [4th Wt. after [4th Wt. after 15th Wt. after [5th Wt. after 16th Wt. after 16th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TPCIm2.5 1696.4 1678.7 1674.4 1669.9 1665.8 1546.3
2PCIm2.5 1526.1 14935 1489.1 1428.3 14238 1341.9
3PCIm2.5 1566.9 1530.2 1527.2 14813 1475.1 1339.0
4PClm2.5 13710.6 1261.7 1255.2 11329 11256 1033.0
1PCckd2.5 1702.6 1708.5 1704.8 T707.7 1705.8 1703.4
2PCckd2.5 1658.9 1663.9 1658.4 1655.8 1650.1 1635.9
3PCckd2.5 16823 1682.3 1680.4 1679.9 16773 1670.1
4PCckd2.3 1709.2 1711.7 1707.1 1710.6 1705.0 1703.8
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2.5% CKD and Lime Activator Prairie Aggregate Freeze-Thaw Cylinders - Sheet 3

Wt. after 1'/th

Wt. after 1'/th

Wt. after 18th

‘Wt. after 18th

Wt. after 19th

Wt. after 19th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TPCIm2.5 15387 1481.7 1472.6 1466.4 14579 1450.6
2PClm2.5 13336 1194.0 11846 T163.9 1156.2 IT61.2
3PCIm2.5 1330.1 1302.9 1293.9 13030 129472 1276.3
4PCImZ.5 10257 9950 988.1 9219 915.7 885.7
TPCckd2.5 1699.0 1692.0 1687.8 1684.7 1680.7 1680.8
2PCckd2.5 1629.6 15548 1546.2 1504.5 14989 14797
3PCckd2.5 1663.6 1664.6 16573 16573 1650.0 1628.4
4PCckd2.5 16974 16754 1663.3 16712 1664.6 1652.2

Wt. after 20th Wt. after 20th Wt. after 21st Wt. after 21st Wt. after 22nd Wt. after 22nd

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[PCIm2.3 14420 1440.0 1430.2 14229 14132 1408.0
2PCIm2.5 T152.4 1119.6 11110 1005.6 99838 997.5
3PCIm2.5 1268.6 12588 12495 1249.1 12418 1209.7
4PCIm2.5 879.1 8§71.9 864.3 860.8 8550 850.1
TPCckd2.5 1676.0 16777 16717 To71.1 1666.4 1669.1
2PCckd25 14714 14740 1465.4 1469.2 14628 1462.9
3PCckd2.5 T621.2 1628.4 162T1.1 1622.5 1616.8 161438
4PCckd2.5 1645.9 16474 1640.3 1644.6 1639.9 1622.5

Wt. after 23rd ‘Wt. after 23rd Wt. after 24th Wt. after 24th Wt. after 25th Wt. after 25th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[PCIm2.5 1398.2 13751 1366.0 1370.6 13587 1368.7
2PCIm2.3 088.8 9944 986.4 985.0 9758 965.4
3PCIm2.5 1199.9 T188.3 11792 1169.7 1139.6 TT63.8
4PCIm2.5 8429 847.6 840.6 816.8 809.1 809.9
TPCckd2.5 1663.0 1670.0 1663.0 1666.7 1659.9 1662.0
2PCckd2.5 15458 1463.1 145735 1459.9 1450.6 1450.3
3PCckd2.5 1608.7 1603.0 15973 1584.1 15758 1558.7
4PCckd2.5 1616.2 1618.3 1611.7 1390.5 1380.6 [367.8
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2.5% CKD and Lime Activator Prairie Aggregate Freeze-Thaw Cylinders - Sheet 4

Wt. after 26th

Wt. after 26th

Wt. after 27/th

Wt. after 27/th

Wt. after 28th

Wt. after 28th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TPCIm2.5 [338.9 13658 13557 1366.6 13571 13583
2PCIm2.5 - 058.6 964.7 9573 062.7 955.6 9632
3PCIm2.3 T153.0 1156.9 11477 1154.0 1146.1 143
4PCIm2.5 802.9 808.9 803.7 802.0 795.3 7941
[PCckd2.5 1656.2 1649.3 1640.6 T1620.4 16136 1607.8
2PCckd2.5 1440.4 1440.3 1433.0 T401.0 1392.3 1400.7
3PCckd25 15525 1519.5 1512.4 I5T1.8 [505.7 15047
4PCckd2.5 1560.1 133477 1328.0 53173 [5T13 [501.0
Wt. after 29th Wt. after 29th Wt. atfter 30th Wt. after 30th Wt. after 3[st Wt. after 31st
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
TPCIm2.5 1347.6 1338.0 13283 13379 13282 13345
2PCIm2.5 9543 958.4 9497 9545 946.6 9532
3PCImZ.5 1146.0 TT53°1 11442 T128.8 1194 11233
4PCIm2.5 787.2 788.9 78T TTT.9 714 768.9
[PCckd2.3 1599.3 1593.4 1584.8 15778 1569.7 1551.9
2PCckd2.5 1393.0 [361.7 1353.6 1354.1 1346.6 1320.1
3PCckd2.5 1496.0 1491.8 14848 1470.0 1462.1 1460.0
4PCckd2.5 14928 145577 14479 T421.1 1414.3 1406.5
‘Wt. after 32nd Wt. after 32nd Wt. atter 33rd Wt. after 33rd Wt. atter 34th Wt. after 34th
Sample # freezer cycle thawing cycle freezer cycle thawing cycle freezer cycle thawing cycle
[PCIm2.5 13247 1338.6 13299 13389 1328.3 1336.0
2PCIm2.5 9456 9459 9383 9454 9382 907.9
3PCIm2.5 11142 1107.2 1098.9 1037.4 1030.6 1028.3
4PCIm2.5 762.5 7572 7513 748.6 7430 7313
IPCckd2.5 15425 1533.0 13437 13473 15420 15338
2PCckd2.3 ~1309.7 1273.4 12631 1249.6 12421 1239.8
3PCckdZ.5 [451.2 14470 1438.0 T4T6.0 14073 1407.0
4PCckd2.3 399.2 13933 1386.8 1376.3 13594 13657
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2.5% CKD and Lime Activator Prairie Aggregate Freeze-Thaw Cylinders - Sheet 5

Wt. after 35th

Wt. after 35th

Wt. after 36th

Wt. after 36th

Sample # freezer cycle thawing cycle freezer cycle thawing cycle
TPCIm2.35 1326.6 13291 [322.8 1289.0
2PClm2.5 900.7 900.5 8946 8814
3PCIm2.35 1020.9 9974 990.6 978.1
4PCIm2.5 7251 70T1.6 696.6 6885
[PCckd23 1325.6 [512.1 1504.6 1479.6
2PCckd2.3 12313 12351 12273 12123
3PCckd2.5 13984 13483 13430 13434
4PCckd2.3 1358.0 1360.3 1352.8 1329.0
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APPENDIX B
ASTM C 593 COMPRESSIVE STRENGTH DATA
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ASTM C593 Test on 10% CKD/90% Ottumwa Aggregate cylinders

7/31/96
Sample # Cure Wt Oday(g) Wt 7day(g) Load(lb) Stress (psi)
TOTckdT0-593 Vac. Sat. 17071 16917 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
60ckd10-593 4 hr. Soak 1693.1 1681.3 23780 1893
Average Soak Load = 22,560 b 1796 psi
Average V.S. Load = 24,090 b 1918 psi
ASTM C593 Test on 15% AFBC/85% Ottumwa Aggregate cylinders
8/8/96
Sample # Cure Wt. Oday (g9 Wt 7day(g) Load (ib) Stress (psi)
TOTafbc15-593 Vac. Sat. 1680.0 1670.3 13880 7105
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 Ib 1161 psi
Average V.S. Load = 14,590 Ib 1162 psi
ASTM C593 Test on 100% Ottumwa Aggregate cylinders
, 6/6/97
Sample # Cure Wt.0day (g) Wt 7day(g) Load (lb) Stress (psi)
TOTT00-593 4 hr. Soak 17178 17143 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 1b 0 psi
Average V.S. Load = Olb 0 psi
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ASTM C593 Test - 2.5% Lime/97.5% Ottumwa Aggregate cylinders
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Sample # Cure Wt. 0day (g) Wit 7day(g) Load (Ib) Stress (psi)
TOTIm2.5-583 4 hr. Soak 16/77.2 167/5.0 4040 322
20TIm2.5-593 4 hr. Soak 1699.1 1696.6 4540 361
30TIm2.5-593 4 hr. Soak 1630.6 1627.6 2070 165
40TIm2.5-593 Vac. Sat. 1646.1 1639.8 3070 244
50TIim2.5-693 Vac. Sat. 1657 .4 1653.8 3150 251
60TIim2.5-593 Vac. Sat. 1683.4 1680.2 3760 299
Average Soak Load = 3550 Ib 283 psi
Average V.S. Load = 3327 Ib 265 psi

ASTM C593 Test - 2.5% CKD/97.5% Ottumwa Aggregate cylinders

Sample # Cure Wt. O0day (g) Wt 7day(aq) Load (Ib)
TOTckdZ.5-593 Vac. Sat. 17129 T709.0
20Tckd2.5-593 Vac. Sat. 1708.3 1704.0
30Tckd2.5-593 Vac. Sat. 1691.5 1688.3
40Tckd2.5-593 4 hr. Soak 1700.8 1697.3
50Tckd2.5-593 4 hr. Soak 1704.7 1700.4
60Tckd2.5-593 4 hr. Soak 1694.9 1689.6
Average Soak Load = 2807 Ib
Average V.S. Load = 2530 Ib

ASTM C593 Test - 10% Ottumwa Fly Ash/90% Ottumwa Aggregate cylinders

Stress (psi)

2480 197
2450 195
2660 212
2670 213
2970 236
2780 221

223 psi

201 psi

Sample # Cure Wt.0day (g) Wt 7day(g) Load(lb) Stress (psi)
TOTfa10-583 Vac. Sat. 1610.9 1603.7 430 34
20Tfa10-593 Vac. Sat. 1634.6 1630.9 700 56
30Tfa10-593 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 Ib 45 psi
Average V.S. Load = 527 Ib 42 psi

6/19/97

711197

712197
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ASTM C593 Test - 15% Ottumwa Fly Ash/85% Ottumwa Aggregate cylinders

7/10/97
Sample # Cure Wt.0day (g) Wt 7day(g) Load (Ib) Stress (psi)

T0Tfa15-593 Vac. Sat. 1612.0 1608.8 /780 62
20Tfa15-593 Vac. Sat. 1616.8 1611.9 625 50
30Tfa15-593 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 Ib 47 psi

Average V.S. Load = 652 Ib 52 psi

ASTM C593 Test - 20% Ottumwa Fly Ash/80% Ottumwa Aggregate cylinders

7/115/97
Sample # Cure Wt.0day(g) Wt 7day/m Load (Ib) Stress (psi)

al0- ac. Sat. . . 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 Ib 45 psi
Average V.S. Load = 690 Ib 55 psi
ASTM C593 Test on 100% Council Bluffs Aggregate cylinders

5122/97
Sample # Cure Wt. 0day (g) Wt 7day(g) Load (Ib) Stress (psi)
TCBT00-593 4 hr. Soak 15230 1508.0 0 0
2CB100-593 4 hr. Soak 1532.5 1523.3 0 0
3CB100-593 4 hr. Soak 15457 1538.2 0 0
4CB100-593 Vac. Sat. 1553.6 1540.2 0 0
5CB100-593 Vac. Sat. 1548 .4 1528.1 0 0
6CB100-593 Vac. Sat. 1547.9 15411 0 0
All 6 samples fell apart before testing. #1, 2, & 3 fell apart during soaking.
#4, 5, & 6 fell apart during saturation.

Average Soak Load = 01lb 0 psi
Average V.S. Load = 01lb 0 psi
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ASTM C593 Test - 10% Council Bluffs Ash/90% CB Aggregate cylinders

7/16/97
Sample # Cure Wt.Oday (g) Wt 7day(g) Load(Ib) Stress (psi)
1CBfa10-583 Vac. Sat. 1014 .4 1611.3 960 /6
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 Ib 68 psi
Average V.S. Load = 897 Ib 71 psi
ASTM C593 Test - 15% Council Bluffs Ash/85% CB Aggregate cylinders
7/24/97
Sample # Cure Wt.Oday (g) Wt 7day(g) Load(Ib) Stress (psi)
1CB1a15-583 Vac. Sat. 1538.4 1532.7 9/0 77
2CBfa15-593 Vac. Sat. 1599.8 1596.5 1680 134
3CBfa15-593 Vac. Sat. 1556.4 1553.0 1280 102
4CBfa15-593 4 hr. Soak 15671.1 1564.3 1000 80
5CBfa15-593 4 hr. Soak 15501 1545.1 1170 93
6CBfa15-593 4 hr. Soak 1557.9 1553.6 1040 83
Average Soak Load = 1070 Ib 85 psi
Average V.S. Load = 1310 b 104 psi
ASTM C593 Test - 20% Council Bluffs Fly Ash/80% CB Aggregate cylinders
7/24/97
Sample # Cure Wt.Oday (g) Wi 7day(g) Load (Ib) Stress (psi)
TCB1a20-593 Vac. Sat. 15166 1911.3 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 1617.6 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 ib 95 psi
Average V.S. Load = 987 Ib 79 psi
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ASTM C593 Test - 2.5% Lime/97.5% Council Bluffs Aggregate cylinders

8/7/97
Sample # Cure Wt. Oday (g) Wt.7day(g) Load (Ib) Stress (psi)
TCBImZ.5-593 Vac. Sat. 15492 15457 5160 417
2CBIm2.5-593 Vac. Sat. 1603.4 1598.1 5620 447
3CBIm2.5-593 Vac. Sat. 1586.9 1582.5 6100 486
4CBIm2.5-593 4 hr. Soak 1622.6 1619.3 6480 516
5CBIm2.5-593 4 hr. Soak 1542.4 1538.1 4420 352
6CBIm2.5-593 4 hr. Soak 1595.4 1591.6 6740 537
Average Soak Load = 5880 Ib 468 psi
Average V.S. Load = 5627 b 448 psi
ASTM C593 Test on 100% Neal 3 Aggregate cylinders
5/22/97
Sample # Cure Wt.0day(g) Wt. 7day(g) Load (Ib) Stress (psi)
TN3-100-593 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. 15693.9 1683.7 200 16

All 4 samples were tested uncapped. #1 Broke during handling; #4 broke during attempted capping
Average Soak Load = 180 Ib 15 psi

Average V.S. Load = 190 b 15 psi

ASTM C593 Test - 10% Neal 3 Ash/90% Neal 3 Aggregate cylinders

7/29/97

Sample # Cure Wt. Oday (g) Wt 7day(g) Load (Ib) Stress (psi)
TN3fa10-593 Vac. Sat. 14448 14409 440 35
2N3fa10-593 Vac. Sat. 1454.0 1448.7 540 43
3N3fa10-593 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
6N3fa10-593 4 hr. Soak 1464.0 1459.5 470 37

Average Soak Load = 417 Ib 33 psi
Average V.S. Load = 443 b 35 psi
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ASTM C593 Test - 15% Neal 3 Ash/85% Neal 3 Aggregate cylinders

Sample # Cure Wt. Oday (g) Wt 7day(g) Load (Ib) Stress (psi)

TN3faT5-583 Vac. Sat. 14521 14444 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 14342 390 31
5N3fa15-593 4 hr. Soak 1441.9 1436.1 500 40
6N3fa15-593 4 hr. Soak 1449.0 1441.2 510 41
Average Soak Load = 467 ib 37 psi

Average V.S. Load = 570 Ib 45 psi

ASTM C593 Test - 20% Neal 3 Fly Ash/80% Neal 3 Aggregate cylinders

Sample # Cure Wt. O day (g) Wt 7day(g) Load (lb) Stress (psi)

~TN3fa20-593 Vac. Sat. 14283 14202 450 36
2N3fa20-593 Vac. Sat. 1422 .4 1412.3 490 39
3N3fa20-593 Vac. Sat. 1394.0 1388.0 430 34
4N3fa20-593 4 hr. Soak 14221 1412.7 670 53
5N3fa20-593 4 hr. Soak 1413.8 1406.0 630 50
B6N3fa20-593 4 hr. Soak 1427.7 1423.0 810 64

Average Soak Load = 703 b 56 psi

Average V.S. Load = 457 b 36 psi

ASTM C593 Test - 2.5% Lime/97.5% Neal 3 Aggregate cylinders

Sample # Cure Wt.Oday (g) Wt 7day(g) Load (Ib) Stress (psi)

TN3Im2.5-593 ~ Vac. Sat. 1460.8 1458.3 3720 296
2N3Im2.5-593 Vac. Sat. 1482.5 1480.4 3800 303
3N3Im2.5-593 Vac. Sat. 1438.3 1435.4 3580 285
4N3im2.5-593 4 hr. Soak 1446.5 14446 3390 270
5N3Im2.5-593 4 hr. Soak 1468.4 1466.2 3330 265
6N3Im2.5-593 4 hr. Soak 14457 1443 .4 3280 261
Average Soak Load = 3333 1b 265 psi

Average V.S. Load = 3700 Ib 294 psi

7/29/97

7/30/97

8/13/97
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ASTM C593 Test on 100% Prairie Creek Aggregate cylinders

6/6/97
Sample # Cure Wt. Oday (g) Wt 7day(g) Load (lb) Stress (psi)
TPCT00-593" 4 hr. Soak 1687.0 16835 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 = O01lb 0 psi
Average V.S. Load = 12 1b 1 psi
ASTM C593 Test - 10% Prairie Creek Ash/90% PC Aggregate cylinders
7131197
Sample # Cure Wt. 0 day (g) Wt 7day(g) Load (lb) Stress (psi)
TPCfaT10-5893 Vac. Sat. 1602.6 1597.0 540 43
2PCfa10-593 Vac. Sat. 1617.0 1612.7 740 59
3PCfa10-593 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
6PCfa10-593 4 hr. Soak 1634.5 1631.8 1030 82
Average Soak Load = 713 Ib 57 psi
Average V.S. Load = 647 Ib 51 psi
ASTM C593 Test - 2.5% Lime/97.5% Prairie Creek Aggregate cylinders
6/18/97
Sample # Cure Wt.Oday (g) Wt 7day(g) Load (Ib) Stress (psi)
TPCImZ.5-583 4 nhr. Soak 1673.8 16708 9080 723
2PCim2.5-593 4 hr. Soak 1663.6 1661.7 7500 597
3PCIm2.5-593 4 hr. Soak 1628.8 1626.3 8760 697
4PCIm2.5-593 Vac. Sat. 1664.1 1662.0 7600 605
5PCIm2.5-593 Vac. Sat. 1675.0 1672.0 8240 656
6PCIm2.5-583 Vac. Sat. 1648.3 1647.2 6800 541
Average Soak Load = 8447 b 672 psi
Average V.S. Load = 7547 Ib 601 psi
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ASTM C593 Test - 2.5% CKD/97.5% Prairie Creek Aggregate cylinders

6/18/97
Sample # Cure Wt. Oday (g) Wt 7day(g) Load(lb) Stress (psi)

TPCckdZ2'5-593 4 hr. Soak 16835 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 ib 302 psi

Average V.S. Load = 3145 1b 250 psi
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APPENDIX C
UNCONFINED COMPRESSIVE STRENGTH DATA

www.manharaa.co

SN ZJI_F.LI



124

Long Term Strength Gain Samples - 16% CKD/85% Ottumwa Aggregate
Sealed Cure (Made 11/20/95)

Sample #]  Type Cure Time[Break Day[ Wt. Oday[Wt Brk Day[ Load (Ib) [ Stress (psi)

1CIt 15% CKD 7 days 11727195 1676.8 668.3 17,040 1397 [Avg.of 3
2Cit 15% CKD 7 days 11/27/95  1628.7 1619.7 13,540 1078 1280 psi
3Clt 15% CKD 7 days 11/27/95  1671.0 1661.9 17,660 1406

4Clt 15% CKD 28 days  12/18/95 16592 1646.9 20,540 1635 [Avg. of 3
5CIt 15% CKD 28days 12/18/95 1634.5 1626.0 18,680 1487 | 1847 psi
6CHt 15% CKD 28days 12/18/95 17111 1696.6 30,140 2400

7CI 15% CKD 84 days  2/12/96 1664.8 16517 33430 2662 [Avg. of3
8Clt 15% CKD 84days  2/12/98 1680.7 1663.5 35,200 2803 | 2727 psi
oClt 15% CKD 84 days  2/12/96 1672.3 1655.9 33,950 2703

10Cht — 15% CKD 168 days o/6/96 1706.9 1683.5 39,070 2832  [Avg.of 3
11Cit  15% CKD 168 days 5/6/96 1665.2 1646.8 32,690 2603 26718 psi
12Clt  15% CKD 168 days 5/6/96 1640.6 1620.7 30,380 2419

13CK 15% CKD 252 days — //29/96 1/708.3 1684.0 44220 3521 [Avg. of 3
14Clt  15% CKD 252 days  7/29/96 1650.1 1631.1 20,010 1593 2728 si
15CIt  15% CKD 252 days  7/29/96 1680.6 1662.8 38,600 3073

16Clt 15% CKD 336days 10721796 1683.3 1644.4 38,790 3088 [Avg. of 3
17Clt  15% CKD 336days 10/21/96 1673.8 1662.2 36,420 2900 2777 psi
18Cit  15% CKD 336days 10/21/96  1699.1 1670.1 29,410 2342

Long Term Strength Gain Samples - 15% AFBC/85% Ottumwa Aggregate
Sealed Cure (Made 11/21/95)

Samp.. . Type Cure Time Break Day Wi Oday V... _rk Day Load (Ib) Stress (psi)
TAlt 15% AFBC 7 days 11/28/95 17121 17052 12,270 977 Avg. of 3
2Alt 15% AFBC 7 days 11/28/95 1632.8 1624.5 10,180 811 [ 907 psi
3Alt 15% AFBC 7 days 11/28/95 1666.2 1658.1 11,550 920
4Rt 5% AFBC  28days  12719/05 16254 16192 — 12,040 959 Avg. of 3~

5Alt 15% AFBC 28 days 12/19/95 1673.3 1665.1 14,230 1133 T129 psi
BAlt 15% AFBC 28days 12/19/95 1697.2 1688.2 16,260 1295

At 15% AFBC 84 days  2/13/96 16703 16557 19,560 1557 |Avg. of 3
8Alt 15% AFBC 84 days  2/13/96 1651.3 1634.7 14,750 1174 | 1347 psi
9Alt 15% AFBC 84 days  2/13/96 1662.9 1643.5 16,220 1291

10Alt 15% AFBC 168 days 5/7/96 1/06.8  1687.3 19,730 1571 Avg. of 3
11Alt  15% AFBC 168 days 5/7/96 1638.4 1625.1 13,960 1111 1387 psi
12Alt  15% AFBC 168 days 5/7/96 1671.6 1650.9 18,580 1479

~13AIt 15% AFBC 252 days /730796 1682.1 16568 20,900 — 1664 |Avg. of 3
14Alt  15% AFBC 252 days  7/30/96 1651.2 1623.9 19,650 1564 1675 psi
15Alt  15% AFBC 252days  7/30/96 1727.9 1708.8 20,320 1618

T6Alt 15% AFBC 336 days 10/227/96 16718 ~ 16483 19,750 1572 ]Avg. of 3
17Alt  15% AFBC 336 days 10/22/96 1668 1644.1 24,250 1931 1797 psi
18Alt  15% AFBC 336days 10/22/96 1682.2 1660.2 23,720 1889
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Long Term Strength Gain Samples - 15% CKD/85% Ottumwa Aggregate
Humid Cure (Made 6/12/96)

Sample # Type Cure Time Break Day Wt 0day Wt Brk Day Load (b) Stress (psi)

1CIt-h 15% CKD 7 days 6/26/56 1634 .4 1674.3 17,500 1393 Avg. of 3
2ClIt-h 15% CKD 7 days 6/26/96 1673.9 1701.9 20,630 1642 [ 1486 psi
3Clt-h 15% CKD 7 days 6/26/96 1695.9 1734.3 17,890 1424

4CR-h 15% CKD 28 days 77196 1619.8 1682.5 18,490 1471 Avg. of 3
5CIt-h 15% CKD 28 days 7/17/96 1684.4 17206 25,580 2036 [ 1859 psi
6ClIt-h 15% CKD 28 days 7/17/96 1726.4 1765.0 26,010 2070

7CIt-h 5% CKD 84 days 9711796 16532 17130 23,140 1841 Avg. of 3
8Clt-h 15% CKD 84 days 9/11/96 1677.4 1725.8 26,130 2079 [ 1929 psi
arlt-h 18% CKD 84 dave ai11/aa 1686.2 1749.2 23,470 1868

roolFh T b e Bl uuyo vermiow 16704 17247 31,740 25726 Avg. of 3
11Clt-h  15% CKD 168 days 12/4/96 1644.5 17154 21,090 1678 2295 psi
12Cit-h  15% CKD 168 days 12/4/96 1701.2 1740.0 33,700 2682

T3CIt-h 15% CKD 252 days 2126797 16741 17326 32,100 2554 Avg. of 3
14Cit-h  15% CKD 252 days 2/26/97 1693.2 1766.9 30,100 2395 | 2366 psi
15CIt-h  15% CKD 252 days 2/26/97 1681.5 1750.2 27,000 2149

T6CIt-h 15% CKD 336 days 5/28/97 16941 17469 36,750 2924 Avg. of 3
17Cit-h  15% CKD 336 days 5/28/97 1674.0 1749.0 28,700 2284 [ 2476 psi
18Cit-h  15% CKD 336 days 5/28/97 1692.6 1765.2 27,900 2220

Long Term Strength Gain Samples - 15% AFBC/85% Ottuwma Aggregate
Humid Cure (Made 6/13/96)

Sample # Type Cure Time Break Day Wt O0day Wi Brk Day Load (Ib) Stress {psi)

TAT-h  15% AFBC 7 days 713196 16725 1707.0 13,120 1044 [Avg. of 3
2Alt-h  15% AFBC 7 days 7/3/96 1577.3 1631.4 10,190 811 896 psi
3Alt-h  15% AFBC 7 days 7/3/96 1609.3 1644.8 10,470 833

4ATt-h 15% AFBC 28 days 7125196 16784 17207 14,680 1168 Avg. of 3
5Alt-h  15% AFBC 28 days 7/25/96 1562.4 1627.9 10,370 825 |~ 1036 psi
6Alt-h  15% AFBC 28 days 7/25/96 1616.7 1669.9 13,300 1058

7AT-h 15% AFBC 84 days 9/19/96 1629.6 16937 14,020 1116 Avg. of 3
8Alt-h 15% AFBC 84 days 9/19/96 1593.6 1655.1 15,330 1220 | 1119 psi
9A It-h  15% AFBC 84 days 9/19/96 1645.2 1692.8 12,850 1023

10AT-h 15% AFBC 168 days 12/12/96  1638.8 17094 17,110 1362 Avg. of 3
11Alt-h  15% AFBC 168 days 12/12/96  1607.6 1664.1 16,160 1286 T350 psi
12Alt-h  15% AFBC 168 days 12/12/96  1628.2 1695.8 17,610 1401

13A R 15% AFBC 252 days 3/6/97 1037.9 1713.2 18,600 1480 Avg. of 3
14Alt-h  15% AFBC 252 days 3/6/97 1629.4 1706.3 18,100 1440 [ 1459 psi
15A1t-h  15% AFBC 252 days 3/6/97 1632.2 17094 18,300 1456

T6AT-h 15% AFBC 336 days 6/5/97 16226 1689.1 19,000 1512 Avg.of 3
17A1t-h  15% AFBC 336 days 6/5/97 1635.9 17109 19,420 1545 [ 1504 psi
18Alt-h  15% AFBC 336 days 6/5/197 1618.5 1687.4 18,280 1455
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Strength Gain Tests - 7, 28, & 56 Day Sealed Cure - Sheet 1

Sample Type Sample #| Cure Time| Break Date[ Wt. 0 Day (g) Wt Break Day (g) [ Load (b) [ Stress {psi)| Avg. Stress (psi)
I 100% PC Aggregate | 1PC1T00s| 7 days 8/5797 16374 16353 | 475 38
100% PC Aggregate 2PC100s| 7 days 8/5/97 1661.7 1660.4 /790 03 54
100% PC Aggregate 3PC100s| 7 days 8/5/97 1622.1 1620.8 780 62
100% PC Aggregate 4PC100s| 28 days 8126197 164/.8 1643.5 800 o4
100% PC Aggregate S5PC100s| 28 days 8726/97 1618.3 1613.0 890 /1 66
100% PC Aggregate oPC100s| 28 days 8r26/97 1618.4 1616.5 310 o4
100% PC Aggregate /PC100s| 56 days 9723197 1638.0 1635.2 1170 93
100% PC Aggregate 8PC100s| 56 days 9723197 1618.5 16145 1290 103 95
100% PC Aggregate 9PCT100s| o6 days 9723/97 1622.3 1618.9 1120 89
[~ 2.5% Lime/97.5% PC Agg | 1PCim-s| 7 days ~8/5/97 16019 1599.7 3000 239
2.9% Lime/97.5% PC Agg 2PClm-s| 7 days 8/0/97 1998.7 1997.5 2960 236 231
2.5% Lime/9/.5% PC Agg 3PClm-s| 7 days 815197 1602.8 1601.2 2740 218
2.9% time/97.5% PC Agg 4PCim-s | 28 days 8126197 1083.0 1581.4 5320 423
2.5% Lime/97.5% PC Agg S5PClm-s| 28 days 826197 1982.9 1981.3 5240 417 438
2.5% Lime/97.5% PC Agg oPCIm-s | 28 days 8726/97 1613.5 1612.2 5860 474
- 2.9% Lime/97.5% PC Agg /PClm-s | 56 days 9123197 1625.4 1622.8 10080 802
2.9% Lime/97.5% PC Agg 8PClm-s | 56 days 9723197 1591.4 1589.0 7500 597 667
2.9% Lime/87.5% PC Agg YPCIm-s | 96 days 9723197 1960/.6 1061.9 1560 002
[ 10% PC Fly Ash/90% PC Agg [1PCfaT0s[ 7 days 15846 15823 9710 72
10% PC Fly Ash/90% PC Agg [2PCra10s| 7 days 3/11/97 159987 1996.9 970 7’ 71
10% PC Fly Ash/90% PC Agg |3PCtat10s| 7 days 8/M1/97 1590.2 1586.6 810 64
10% PC Fly Ash/90% PC Agg [4PCta10s| 28 days 9/1/197 1633.9 1631.0 1470 117
10% PC Fly Ash/90% PC Agg [oPCfa10s| 28 days 971797 1581.6 1578.0 1180 94 106
10% PC Hly Ash/90% PC Agg |oPCra10s| 28 days oMy 1616.9 1614.0 1330 106
10% PC Fly Ash/90% PC Agg [/PCtal10s| 56 days 9729197 1983.7 1977.7 1570 125
10% PC Fly Ash/90% PC Agg [8PCta10s| 56 days 9/29/97 1624.4 1619.4 1580 126 131
10% PC Fly Ash/90% PC Agg {9PCta10s| 56 days 9729197 1596.8 1593.5 1790 142
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Strength Gain Tests - 7, 28, & 56 Day Sealed Cure - Sheet 2

Sample Type sample # [ Cure Time| Break Date] Wt. 0 Day (g) | Wt. Break Day (g) | Load {Ib) [ Stress (psi) ] Avg. Stress (psi)
T00% Oftumwa Agg 1 s| 7days 811797 T707.1 17002 320 25
100% Ottumwa Agg 20T100s] 7/ days 3M1/97 1681.9 1681.1 450 36 31
100% Ottumwa Agg 30T1T100s | 7 days 8/M11/97 1703.5 1/702.3 390 31
100% Ottumwa Agg 40T100s | 28 days 91797 1701.2 1699.0 630 -~ 90
100% Ottumwa Agg 00T1100s | 28 days 917197 1698.4 1695.8 520 41 48
100% Ottumwa Agg 601100s | 28 days 91797 1687.6 1685.5 670 53
100% Ottumwa Agg 70T100s | o6 days 9/29/97 1682.2 1678.7 860 65
100% Ottumwa Agg 80T100s | 56 days 9729197 1681.8 1677.9 930 /4 68
100% Ottumwa Agg 90T1100s [ 56 days 9729197 1692.3 1088.4 /80 62
T00% Coucil Bluffs Agg TCB100s | 7days | 8/14/97 1625.9° 16258 | 620 | 49
100% Coucll Bluffs Agg 2CB100s | 7/ days 8/14/97 1602.4 1601.9 680 54 51
100% Coucii Blutis Agg 3CB100s | 7/ days 8/M14/97 1610.4 1610.0 630 50
100% Coucll Bluffs Agg 4CB100s | 28 days 974197 1603.3 1602.2 870 69
T100% Coucil Bluffs Agg 5CB100s | 28 days 9/4/97 1602.1 1603.8 940 75 75
T100% Coucil Bluffs Agg 6CB100s | 28 days 9/4/97 1612.4 1609.8 1010 80
100% Coucll Bluffs Agg /CB100s | 56 days 10/2/97 1620.2 1614.7 1090 8/
100% Coucil Biutis Agg 8CB100s | 56 days 1072197 1612.8 1609.2 1220 97 91
100% Coucll Bluffs Agg YCB100s | 56 days 1072797 1612.7 10098.3 1120 89
T00% Neal 3 Agg TN3-100s| 7days | B8/13/97 14571 1449 1 380 30
100% Neal 3 Agg 2N3-100s| 7 days 8M3/97 14314 1425.7 290 23 28
100% Neal 3 Agg 3N3-100s]| 7 days 8/13/97 1461.7 1459.4 370 29
100% Neal 3 Agg 4N3-100s| 28 days 913197 14351 1432.0 360 29
100% Neal 3 Agg ON3-100s| 28 days 9/3/97 1458.6 1456.9 340 2/ 30
100% Neal 3 Agg 6N3-100s| 28 days 973197 1454.3 14514 430 34
100% Neal 3 Agg /N3-100s{ 56 days 10/1/97 14516 14479 460 37
100% Neal 3 Agg 8N3-100s| 56 days 10/1/97 1472.9 1468.8 470 37 37
100% Neal 3 Agg 9N3-100s| 56 days 1071797 14491 1444.0 480 38
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Strength Gain Tests - 7, 28, & 56 Day Sealed Cure - Sheet 3

- Sample lype Sample #[Cure Time| Break Date| WI. 0 Day (g) | VVI. Break Day (g) [ Load (Ib)[ Stress (psi)| Avg. Stress (psi)
~2.5% Lime/ 97.5% Oftt Agg T0TIm-s | 7 days 812797 16185 1616.9 1600 127
2.5% Lime/ 97.5% Ott Agg 20TIm-s | 7 days 8/12/97 1679.7 16/79.1 1850 147 138
2.5% Lime/ 97.5% Ott Agg 30TIm-s { days 8/12/97 1656.6 1655.0 1740 138
2.5% Lime/ 97.5% Ott Agg 40TIm-s | 28 days 92197 1697.3 1696.0 3160 251
2.5% Lime/ 97.5% Ott Agg 50Tim-s | 28 days 972197 1639.2 1637.5 2810 224 228
2.5% Lime/ 97.5% Ott Agg 60TIm-s | 28 days 972197 1619.3 1617.2 2610 208
2.5% Lime/ 97.5% Ott Agg 70TIm-s | 56 days 9/30/97 1662.5 1659.7 4200 334
2.5% Lime/ 97.5% Ott Agg 80TIm-s | 56 days 9/30/97 1663.9 1660.7 4210 335 319
2.9% Lime/ 97.5% Ott Agg 90TIm-s | 5b days 9/30/97 1629.2 1626.3 3620 288
— 2.5% Lime/ 97.5% CB Agg 1CBIm-s [ 7 days B/20/97 [ 158379 15833 4840 385
2.5% Lime/ 97.5% CB Agg 2CBIm-s | 7 days 8/20/97 1547.8 1546.1 4100 326 376
2.5% Lime/ 97.5% CB Agg 3CBIm-s | 7/ days 8/20/97 1600.0 1599.7 5240 417
2.5% Lime/ 97.5% CB Agg 4CBIm-s | 28 days 9/10/97 1600.7 15998.3 9280 738
2.5% Lime/ 97.5% CB Agg SCBIm-s | 28 days 9/10/97 15565.8 1554 .4 1340 584 628
2.5% Lime/ 97.5% CB Agg 6CBim-s | 28 days 9/10/97 1550.5 1548.8 7040 560
2.5% Lime/ 97.5% CB Agg 7CBIm-s | 56 days 10/8/97 1578.1 1575.0 8640 688
2.5% Lime/ 87.5% CB Agg 8CBIm-s | 56 days 10/8/97 1575.7 1573.2 10500 836 798
2.9% Lime/ 97.5% CB Agg 9CBim-s | 56 days 10/8/97 1593.3 1588.4 10960 3872
5% Lime eal3Agg | IN3im-s | 7days | 81307 14436 14331 | 2970 | 173
2.9% Lime/ 97 5% Neal 3 Agg 2N3Im-s 7 days 8/137/97 1459.4 1459.3 2190 174 177
2.5% Lime/ 97.5% Neal 3 Agg 3N3Im-s [ 7 days 8/13/97 1472.4 1472.4 2320 185
2.5% Lime/ 97.5% Neal 3 Agg 4N3Im-s | 28 days 9/3/97 1450.0 1448.6 2340 186
2.5% Lime/ 97.5% Neal 3 Agg 5N3Im-s | 28 days 9/3/97 1469.4 1468.4 2720 216 197
2.5% Lime/ 97.5% Neal 3 Agg 6N3lm-s | 28 days 9/3/97 1430.6 1428.1 2380 189
2.5% Lime/ 97.5% Neal 3 Agg /N3lm-s | 56 days 1071797 1453.3 1450.8 4100 326
2.5% Lime/ 97.5% Neal 3 Agg 8N3Im-s | 56 days 10/1/97 1448.0 1445.4 4230 337 325
2.5% Lime/ 97.5% Neal 3 Agg 9N3Im-s | 56 days 1071797 1465.3 1462.1 3930 313
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Strength Gain Tests - 7, 28, & 56 Day Sealed Cure - Sheet 4

Sample Type Sample #[Cure Time[ Break Date| Wt. 0 Day (g) | Wt. Break Day (g) [ Load {Ib)[ Stress (psi) | Avg. Stress (psl)
| 10% Oft Fly Ash/90% OttAgg | 10Tfal0s] 7 days 8 97 1620.6 1620.0 1600 127
10% Ott Fly Ash/90% Ott Agg 20T11a10s| 7/ days 8 97 1609.3 1608.3 1790 142 137
10% Ott Fly Ash/90% Ott Agg 30Tta10s| 7 days 8 97 1612.3 1610.4 1790 142
10% Ott Fly Ash/90% Ott Agg 40Tfa10s| 28 days 9/2/97 1605.2 1602.4 1420 113
10% Ott Fly Ash/90% Ott Agg 50Tra10s| 28 days 972197 1617.5 1615.1 1300 103 104
10% Ott Fly Ash/90% Ott Agg 60T11a10s| 28 days 972197 1620.9 1619.1 1200 95
10% Ott Fly Ash/90% Oftt Agg 70Tta10s| 56 days 9/30/97 1600.0 19946 1410 112
10% Ott Fly Ash/20% Ott Agg 30Tfa10s| 56 days 9/30/97 1603.9 16011 1560 124 120
10% Ott Fly Ash/90% Ott Agg 90Tfa10s| 56 days 9/30/97 1048.3 1045.9 1570 125
[ 15% Oft Fly Ash/85% Ot Agg |10 1falbs| 7 days | 8714797 1599.7 1597.7 2100 | 167
15% Ott Fly Ash/85% Ott Agg 20Tta15s| 7 days 8/14/97 1620.1 1619.2 2080 166 160
15% Ott Fly Ash/85% Ott Agg 30Tta1bs| 7 days 8/14/97 1586.4 1083.5 1870 149
15% Ott Fly Ash/85% Ott Agg 40T1a15s| 28 days 9/4/97 1613.3 1610.6 1500 119
15% Ott Fly Ash/85% Ott Agg 50Ttalbs| 28 days 9/4/97 1598.3 1595.2 1320 105 120
15% Ott Fly Ash/85% Ott Agg 60Tra15s| 28 days 9/4/97 1615.2 1612.2 1720 137
15% Ott Fly Ash/85% Oftt Agg /O0Tta1os| 56 days 10/2/97 1602.5 1597.5 1550 123
15% Ott Fly Ash/85% Ott Agg 80Ttalbs| 56 days 10/2/97 1603.8 1599.3 1790 142 128
15% Ott Fly Ash/85% Ott Agg 90Tral5s| 56 days 1072797 1633.7 1627.6 1490 119
[ 20% Oft Fly Ash/80% OttAgg | 1011a20s] 7 days 8/14/97 | 15548 | 15506 | 1560 | 124
20% Ott Fly Ash/80% Ott Agg 20T1a20s| 7 days 8/14/97 1980.7 1579.5 2050 163 151
20% Ott Fly Ash/80% Ott Agg 30Tta20s| 7 days 8/14/97 1580.6 15/78.0 2090 166
20% Ott Fly Ash/80% Oftt Agg 40Tta20s| 28 days 9/4/97 1588.2 1583.6 1550 123
20% Ott Fly Ash/80% Oft Agg 50Tta20s| 28 days 9/4/97 1581.4 1579.2 1510 120 116
20% Ott Fly Ash/80% Ott Agg 6011a20s| 28 days 9/4/97 1067.8 1563.0 1300 103
20% Ott Fly Ash/80% Ott Agg 70Tta20s| 56 days 10/2/97 1568.5 1564.1 1530 122
20% Ott Fly Ash/80% Oftt Agg 80Tfa20s| 56 days 10/2/97 1583.2 1579.3 1730 138 124
20% Ott Fly Ash/80% Ott Agg 90Tra20s| 56 days 10/2/97 1570.5 1565.8 1430 114
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Strength Gain Tests - 7, 28, & 56 Day Sealed Cure - Sheet 5

Sample Type Sample # [Cure Time[Break Date[ Wt. 0 Day (g) [ Wt. Break Day (g} [ Load (Ib) | Stress (psi)| Avg. Stress (psi)
T0% CB Fly Ash/90% CB Agg TCBfa10s| 7days | 8/15/97 | 157456 1573.8 2060 64
10% CB Fly Ash/90% CB Agg 2CBra10s| 7 days 8/15/97 1510.0 1507.1 1570 125 136
10% CB Fly Ash/90% CB Agg 3CBta10s| 7 days 8/15/97 1557.7 1554.8 1490 119
[~ 10% CB1 "Ash/90% CB Agg 4CBta10s | 28 cays 9/5/97 1559.8 1556.4 2200 175
[~ 10% CB1 "Ash/30% CB Agg 5CBra10s| 28 days 9/5/97 1526.5 1523.9 1610 128 154
10% CB Fly Ash/90% CB Agg 6CBra10s| 28 days 9/5/97 1540.1 1537.1 2000 159
10% CB Fly Ash/90% CB Agg 7CBra10s| 56 days 10/3/97 1570.2 1566.5 2130 170
10% CB Fly Ash/90% CB Agg 8CBfa10s| 56 days 10/3/97 1592.2 1588.9 2710 216 176
10% CB Fly Ash/90% CB Agg 9CBral0s| 56 days 10/3/97 1522.6 15776 1810 144
15% CB Fly Ash/85% CB Agg | 1CBfalbs| 7 days | 8/19/97 14712 14672 1330 106
15% CB Fly Ash/85% CB Agg 2CBra15s| 7 days 8/19/97 1530.4 1529.1 1660 132 112
15% CB Fly Ash/85% CB Agg 3CBraisos| 7 days 8/19/97 1483.6 1482.2 1220 97
15% CB Fly Ash/85% CB Agg 4CBra15s| 28 days 9/9/97 1484.2 1479.8 1480 118
15% CB Fly Ash/85% CB Agg 5CBralds| 28 days 9719197 1496.6 1486.6 1400 111 116
15% CB Fly Ash/85% CB Agg 6CBral1ss| 28 days 9/9/97 1491.7 1487.1 1510 120
15% CB Fly Ash/85% CB Agg /CBfal5s| 56 days 10/7/97 1523.6 1519.8 2470 197
15% CB Fly Ash/85% CB Agg 8CBfalbs| 56 days 1077197 15230 1518.4 2060 164 163
15% CB Fly Ash/85% CB Agg 9CBra15s| 56 days 1077197 1505.2 1497.4 1620 129
A y As A gg | 1CBfa20s| 7 days 8720797 1485.2 14827 1240 99
20% CB Fly Ash/80% CB Agg 2CBfa20s| 7 days 8/20/97 14472 1436.9 1100 88 102
20% CB Fly Ash/80% CB Agg 3CBta20s| 7 days 8/20/97 1504.5 1500.4 1520 121
20% CB Fly Ash/80% CB Agg 4CBfa20s| 28 days 9/10/97 1485.5 1478.1 1910 152
20% CB Fly Ash/80% CB Agg 5CBta20s| 28 days 9/10/97 1461.1 1452.1 1370 109 134
20% CB Fly Ash/80% CB Agg 6CBra20s| 28 days 9/10/97 1484.0 1478.9 1760 140
20% CB Fly Ash/80% CB Agg /CBfa20s | 56 days 10/8/97 1498.9 1488.8 1590 127
20% CB Fly Ash/80% CB Agg 8CB1a20s| 56 days 10/8/97 1507.9 1498.4 2320 185 155
20% CB Fly Ash/80% CB Agg 9CBra20s| 56 days 10/8/97 1480.2 1473.6 1940 154
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Strength Gain Tests - 7, 28, & 56 Day Sealed Cure - Sheet 6

Sample lype Sample #[ Cure Time[ Break Date[ Wt. 0 Day (g) | Wt. Break Day (g) | Load (Ib)[ Stress (psi) [ Avg. Stress (psi)
- 10% N3 Fly Ash/90% N3 Agg TN3faT0s] 7 days 8729797 1666.4 1663.9 800 64
10% N3 Fly Ash/90% N3 Agg 2N3ta10s| 7 days 8/29/97 1649.3 1648.4 860 68 61
10% N3 Fly Ash/90% N3 Agg 3N3ta10s| 7 days 8/29/97 1676.2 1675.2 640 51
10% N3 Fy Ash/90% N3 Agg 4N3fa10s| 28 days 9/19/97 1659.3 1656.2 1220 97
10% N3 Fly Ash/90% N3 Agg 5N3fa10s| 28 days 9/19/97 1649.2 1647.4 1180 94 91
10% N3 Fly Ash/90% N3 Agg 6N3fal10s| 28 days 9/19/97 1666.9 16646 1040 83
10% N3 Fly Ash/90% N3 Agg /N3ra10s| 56 days 1017797 1658.8 1699.2 1120 89
10% N3 Fly Ash/90% N3 Agg 8N3fa10s| 56 days 1017797 1668.0 1662.7 1050 84 96
10% N3 Fly Ash/90% N3 Agg 9N3ta10s]| o6 days 10/17/97 1668.4 1664.6 1440 115
[ 15% N3 Fly Ash/85% N3Agg | 1N3falbs|[ 7 days 973197 15994 1597.8 1510 120
15% N3 Fly Ash/85% N3 Agg 2N3talbs| 7 days 9/3/97 16087 16076 1080 86 112
15% N3 Fly Ash/85% N3 Agg 3N3falbs| 7 days 9/3/97 1660.4 1659.6 1620 129
15% N3 Fly Ash/85% N3 Agg 4N3falds| 28 days 9724197 1625.9 1624.1 1800 143
15% N3 Fly Ash/85% N3 Agg 5N3fatbs| 28 days 9724197 1656.5 1654.9 1640 131 136
15% N3 Fly Ash/85% N3 Agg 6N3falbs| 28 days 97247197 1618.0 1616.0 1670 133
15% N3 Fly Ash/85% N3 Agg 7N3fa1bs| 56 days 10722797 1645.0 1641.5 2120 169
15% N3 Fly Ash/85% N3 Agg 8N3falbs| 56 days 10722197 1663.9 1660.4 1960 156 163
15% N3 Fly Ash/85% N3 Agg 9N3faios| o6 days 10722197 1624.8 1620.6 2050 163
A y As A 09 | TN3fa20s] 7 days 9197 | 15602 | 15586 1700 135
20% N3 Fly Ash/80% N3 Agg 2N3ta20s| 7 days 9/11/97 1539.0 1522.8 1400 111 119
20% N3 Fly Ash/80% N3 Agg 3N3fa20s| 7 days 9/11/97 1554.8 1544 6 1370 109
20% N3 Fly Ash/80% N3 Agg 4N3fa20s| 28 days 1072197 15454 1534.4 1810 144
20% N3 Fly Ash/80% N3 Agg 5N3ta20s| 28 days 1072197 1556.4 1543.8 1630 130 141
20% N3 Fly Ash/80% N3 Agg B6N3ra20s| 28 days 10/2/97 1563.1 1553.5 1860 148
20% N3 Fly Ash/80% N3 Agg /N3fa20s| 56 days 10/30/97 1565.8 1560.1 1960 156
20% N3 Fly Asn/80% N3 Agg 8N3ta20s| 56 days 10/30/97 1569.3 1552.3 2350 187 163
20% N3 Fly Ash/80% N3 Agg 9N31a20s] 56 days 10/30/97 1550.8 1925.8 1820 145
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APPENDIX D
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

0 Day  Day 14 Day
Sample |Height (in)] Diameter (in)[ Volume (in®) | Height (in) | Diameter (in) [ Volume (in”) | Height (in) | Diameter (in) | Volume (in%)
TAIRafbc | 4.67 Z.00 5793 | 460 | 400 | 5781 [ 460 | 400 | 5781 |
ZAIRafbc | 4.62 401 58.35 261 201 5807 451 201 58.22
3AIRafbc | 4.61 407 58.22 460 401 58.09 4560 407 58.09
21 Day 28 Day o6 Day
Sample |[Height (in)[ Diameter (in)[ Volume (in°) | Height (in) [ Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in°)
ZAIRafbc | 4.61 201 58.22 2561 201 58.22 4561 201 58.22
3AIRafbc | 4.60 2701 58.09 480 4707 58.09 260 401 58.09
84 Day 168 Day 252 Day
Sample |Height (in)] Diameter (in)| Volume (in®) | Height (in) | Diameter (in) | Volume (in°) [ Height (in) | Diameter (in) | Volume (in”)
TAIRafbc|  4.60 200 57.81 260 200 57.81 460 200 | 57.87
ZAIRatbc| 4.61 4701 58.22 15T 407 58.07 2561 401 58.22
3AIRafbc| 4.60 401 58.00 460 401 58.09 460 401 58.09
336 Day
Sample |Height (in)| Diameter (in)[ Volume (in°)
ZAIRafbc [ 4.61 201 58.22
3AIRafbc | 4.60 401 58.09
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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

0 Day 7 Day 14 Day
Sample | Height (in)| Diameter (in) | Volume (in) [ Height (in) | Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in”)
TSOARaTbe 461 302 5851 | 461 402 58.51 451 207 58.51
2SOAKafbe 467 202 58.64 463 402 5877 253 207 58.77
3SOAKafbe 1567 201 58.22 151 402 5851 251 407 5851
21 Day 28 Day 56 Day
Sample | Height (in) | Diameter (in)| Volume (in®) [Height (in) | Diameter (in) | Volume (in°) [ Height (in)| Diameter (in) | Volume (in*)
TSOARafbc 261 302 | 5851 2561 202 | 5851 [ 461 202 58.51 |
2SOAKafbe 253 302 58.77 463 202 58.77 4563 4702 58.77
350AKatbe 457 202 5857 4561 402 5851 251 207 58.51
84 Day 168 Day 252 Day
Sample | Height (in) | Diameter (in)|[ Volume (in”) THeight (in) | Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in”)
TSOAKafbc 261 202 | 5851 2561 202 5851 | 461 202 | 5851
2SOAKafbe 453 402 58.77 453 207 58.77 253 402 58.77
3SOAKafbe 461 702 5851 451 402 58.51 461 402 58.51
336 Day
Sample | Height (in)| Diameter (in)| Volume (in°)
2S0AKafbe 253 4702 58.77
3S0AKafbe 457 3702 5851
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Humid Cure samples

www.manaraa.com

0 Day 7/ Day 14 Day
Sample | Height (in)[ Diameter (in)| Volume (in”) THeight (in) | Diameter (in) | Volume (in°) | Height (in)| Diameter (in) | Volume (in”)
THUMatbc 462 4.01 58.35 462 4.02 58.64 462 4702 5864
2HUMatbc] 4.61 4.02 58.51 462 4.02 58.64 462 4.02 58.64
[3HUMafbc 461 4.01 08.22 4.61 4.02 58.51 4.61 4.02 58.91
21 Day 28 Day 56 Day
Sample [Height (i) Diameter (in)| Volume (in®) THeight (in) | Diameter (in) [ Volume (in®) | Height (in)| Diameter (in) | Volume (in”)
THUMatbc 262 | 402 | 5864 162 202 | 5864 [ 462 | 402 58.64
2HUMatbc 462 4.02 58.04 462 4.02 58.64 4.62 4.02 58.64
3HUMatbc| 4.61 4.02 58.51 4.01 4.02 58.51 4.61 4.02 58.51
84 Day 168 Day 252 Day
Sample |[Height (in)] Diameter (in)[ Volume (in°) | Height (in) [ Diameter (in) | Volume (in°) [ Height (in) | Diameter (in) | Volume (in%)
THUMafbc] 402 4.02 5864 162 402 | 5884 162 4.02 06.64
2HUMatbc 462 4.02 58.64 4.62 4.02 58.64 462 4.02 58.64
3HUMatbc 461 4.02 58.91 461 4.02 98.51 461 4.02 58.51
336 Day
Sample |[Height (in)| Diameter (in) [ Volume (in”)
THUMartbc 452 | 402 | 5864 |
2HUMatbe] 4.62 4.02 08.64
3HUMafbc[ 4.67 702 5857
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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

0 Day  Day 14 Day
Sample [Height (in)[ Diameter (in)| Volume (in°) [ Height (in) [ Diameter (in) [ Volume (in”) [ Height (in) | Diameter (in) | Volume (in”)
TAIRCkd | 4.62 202 58.64 2562 Z.01 58.35 2562 407 58.35
ZAIRckd | 4.62 .07 58.64 467 402 58.64 4567 201 5835
3AIRckd | 4.61 402 58.51 4567 401 58.35 352 201 58.35
21 Day 28 Day 56 Day
Sample |Height (in)| Diameter (in) [ Volume (in®) [ Height (in) [ Diameter (in) [ Volume (in”) [ Height (in) | Diameter (in) { Volume (in°)
TAIRckd | 462 | 401 | 5835 [ 462 | 401 | 5835 | 462 Z.01 5835
ZAIRckd [~ 462 201 58.35 4567 201 58.35 4567 207 5835
3AIRckd | 462 201 5835 2562 401 5835 3567 401 58.35
84 Day 168 Day 252 Day
Sample |Height (in)[ Diameter (in)[ Volume (in") Height (in)] Diameter (in) [ Volume (in") [ Height (in) | Diameter (in) [ Volume (in”)
TAIRCkd | 4.62 201 | 5835 | 4562 207 58.35 462 —4.01 5835
ZAIRckd 457 201 58.35 452 207 58.35 4567 2701 58.35
3AIRckd | 4.62 201 58.35 457 401 58.35 462 201 58.35
336 Day
Sample |[Height (in)[ Diameter (in) [ Volume (in”)
TATRCkd 462 | 401 | 5835 |
ZAIRCckd 1567 201 5835
3AIRckd 162 401 58.35
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Soaked Cure samples

0 Day 7 Day 14 Day
Sample | Height (in) [ Diameter (in) | Volume (in)| Height (in) | Diameter (in) [ Volume (in") | Height (in) | Diameter (in) | Volume (in”)
TSOAKRCkd | 4.62 202 5864 | 463 202 58.77 263 | 402 | 5877 |
2SOAKckd | 4.62 307 58.64 1567 403 58.93 4562 203 58.93
3SOAKckd |~ 4.62 201 58.35 2153 .07 58.77 453 407 58.77
21 Day 28 Day 56 Day
Sample [Height (in)] Diameter (in) [ Volume (in°) [ Height (in) [ Diameter (in) | Volume (in”) [ Height (in) [ Diameter (in) | Volume (in®)
TSOARCKd 263 202 | 5877 | 463 | 402 [ 5877 [ 3463 | 3402 | 5877 |
2S0OAKckd 4567 403 58.93 4567 403 58.93 162 403 58.93
3SOAKckd 253 402 58.77 4563 202 58.77 453 402 5877
84 Day 168 Day 252 Day
Sample | Height (in)[ Diameter (in) | Volume (in”) [ Height (in)| Diameter (in) [ Volume (in“} | Height (in) | Diameter (in) | Volume (in”)
TSOAKCKkd | 4.63 2.02 ~58.77 2563 402 5877 | 463 | 402 | 5877 |
2SOAKckd |~ 4.62 403 5893 2562 403 5893 167 3703 58.93
3SOAKckd | 4.63 402 58.77 263 407 5877 2563 402 58.77
336 Day
Sample | Height (in)| Diameter (in) | Volume (in°)
TSOARCkd | 463 | 402 | 5877 |
2SOAKckd | 4.62 203 58.93
3SOAKckd | 4.63 302 58.77
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Volumetric Stability Measurements - Optimum Moisture Compacted Cylinders

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Humid Cure samples

0 Day 7 Day 14 Day
Sample | Height (in)| Diameter (in) | Volume (in) [ Height (in) | Diameter (in) | Volume (in”) [ Height (in) [ Diameter (in) | Volume (in”)
THOMCKd] _ 4.60 702 5838 | 4.62 202 5864 | 462 | 402 58.64
2HUMCKkd| 4.62 02 58.64 267 703 58.93 282 203 58.03
3HUMckd[ 4.61 4702 5851 367 402 5864 167 307 5864
21 Day 28 Day 56 Day
Sample | Height (in) | Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in) | Height (in) | Diameter (in) | Volume (in°)
THOMCkd[ 462 | 402 | 05864 | 462 307 — 5864 | 462 | 402 | 5864 |
ZHUMCkd| 4.62 403 58.03 4567 403 58.93 252 203 58.03
3HOMCkd|  4.62 402 5864 467 302 5864 262 207 5864
84 Day 168 Day 252 Day
Sample |[Height (in) [ Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in) | Height (in) | Diameter (in) | Volume (in”)
THUMcCkd] 4.62 202 58.64 262 202 5864 | 462 | 402 58.64
ZHOMckd| 4.62 403 58.03 4567 403 58.03 2562 203 58.93
3AOMCkd|  4.62 202 5864 357 107 58.64 462 202 58.64
336 Day
Sample |Height (in)[ Diameter (in) | Volume (in°)
THUMckd] 462 | 402 | 5864 |
ZAUOMCkd|  4.62 203 58.03
3HUMCKd[ 4.62 202 5864
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Volumetric Stability Measurements - Dry Compacted Cylinders

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Air Cure samples

0 Day ( Day 14 Day
Sample | Height (in) | Diameter (in)| Volume (in") | Height (in) | Diameter (in) | Volume (in") | Height (in) | Diameter (in) } Volume (in”)
AAIRaflbc | 4.62 201 58.35 2561 200 5793 | 461 Z.00 5793 |
SAIRalbc | 4.671 402 58571 251 201 5827 451 201 5822
GAIRatbc| 4.61 401 5802 460 401 58.09 450 401 58.09
21 Day 28 Day o6 Day
Sample |Height (in)| Diameter (in)| Volume (in) [Height (in) | Diameter (in) | Volume (in”) [ Height (in) [ Diameter (in) | Volume (in”)
[4AIRaibc [ 461 | 400 | 5793 | 461 | 400 [ 5793 [ 4861 200 | 5793 |
SAIRafbc|  4.61 207 58.27 3561 201 58.07 251 201 58.27
GAIRafbc | 4.60 201 58.09 250 401 58.00 260 201 58.09
84 Day 168 Day 252 Day
Sample |Height (in)| Diameter (in)| Volume (in”) [Height (in) ]| Diameter (in) | Volume (in") [ Height (in) | Diameter (in) | Volume (in”)
4AIRaftbc|  4.61 Z.00 57.03 261 400 | 5793 [ 461 2.00 57.93
SAIRafbc| 4.61 207 58.22 457 207 58.07 251 201 58.27
BAIRafbc | 4.60 201 58.09 460 2701 58.09 750 207 58.09
336 Day
Sample | Height (in) | Diameter (in)| Volume (in”)
TAIRafbc | 4.6 201 58.22
BAIRafbc | 4.60 207 58.09
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Volumetric Stability Measurements - Dry Compacted Cylinders

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Soaked Cure samples

www.manaraa.com

| 0 Day 7 Day 14 Day
Sample  Height (in)| Diameter (in)| Volume (in°) | Height (in) | Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in%)
|~ 4SOAKatbe 4.01 402 [ 58517 T 4861 4.02 58517 | 4061 402 5851 |
2SOAKafbc 4.63 4.02 58.77 464 4.02 58.89 464 4.02 58.89
6SOAKafbc 4561 407 5822 462 401 58.35 462 401 58.35
21 Day 28 Day o6 Day
Sample  [Height (in)| Diameter (in)| Volume (in®) [Height (in)| Diameter (in) [ Volume (in®) [ Height (in) | Diameter (in) | Volume (in®)
4SOAKatbe 457 02 | 5851 | 48T | 402 | 5851 | 461 [ 402 | 5851
5SOAKafbc 4064 402 58.89 464 402 58.89 464 402 58.89
6SOAKatbc 462 407 5835 462 401 58.35 462 401 58.35
84 Day 168 Day 252 Day
Sample | Height (in) [ Diameter (in) | Volume (in®) | Height (in) | Diameter (in) | Volume (in”) [ Height (in) | Diameter (in) | Volume (in%)
AKafbc 487 402 5851 [ 4061 402 | 5851 [ 461 | 402 | 5857 |
5SOAKafbc 464 402 58.89 4164 402 58.89 464 402 58.89
6S0AKaibc 462 407 5835 462 401 58.35 462 401 58.35
336 Day
Sample  [Height (in) | Diameter (in)| Volume (in°)
4S0AKatbe 481 4702 5857
5SOAKatbc 4.64 402 58.89
6SOAKafbc 462 4.01 5835
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Volumetric Stability Measurements - Dry Compacted Cylinders

15% AFBC/85% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Humid Cure samples

0 Day '/ Day 14 Day
Sample |Height (in)| Diameter (in)| Volume (in®) [ Height (in) | Diameter (in) | Volume (in”) [ Height (in) | Diameter (in) [ Volume (in”)
HUMafbc] 4.62 202 | 5864 | 462 302 5864 | 462 | 402 | 5864 |
SHUMafbc| 4.61 4.01 5822 162 207 58.64 4562 201 58.35
Mafbc|  4.61 401 58.22 251 402 58 51 2561 202 5851
21 Day 28 Day o6 Day
Sample | Height (in)] Diameter (in)[ Volume (in®) | Height (in) | Diameter (in) | Volume (in”) [ Height (in)| Diameter (in) | Volume (in%)
AAUMatbc] 462 | 402 | 5864 2562 202 | 05864 | 462 | 3402 | 5864 |
Mafbc|  4.62 702 58.64 352 402 58.64 4567 402 58.64
Mafbc|~ 4.6 402 5851 251 307 5851 2561 207 5851
84 Day 168 Day 252 Day
Sample [ Height (in)[ Diameter (in) [ Volume (in°) THeight (in) | Diameter (in) | Volume (in®) | Height (in)| Diameter (in) | Volume (in")
ZAUMafbc]  4.62 202 | 5864 262 202 58.64 262 | 402 5864
SHUOMafbc| 4.62 2702 58.64 452 207 58.64 4567 207 58.64
6HUMafbc|  4.61 202 58.51 261 407 5851 4561 207 5851
336 Day
Sample | Height (in)] Diameter (in)| Volume (in”)
JHUMatbc] 4.62 | 402 | 5864 |
SHUMafbc| 4.62 702 5864
BHUMafbc| 4.61 207 58.51
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vl




Volumetric Stability Measurements - Dry Compacted Cylinders

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Air Cure samples

0 Day 7 Day 14 Day
Sample |Height (in)[ Diameter (in) | Volume (in°) | Height (in) | Diameter (in) | Volume (in®) [ Height (in) | Diameter (in) | Volume (in”)
4AlRckd 462 4702 5864 162 4.01 58.35 462 | 401 938.35
SAIRckd 4.62 4.02 58.64 462 4.02 58.64 4.61 4.01 98.22
bAlIRckd 463 4.01 58.47 462 4.01 58.39 462 4.01 58.39
21 Day 28 Day 56 Day
Sample | Height (in)] Diameter (in) | Volume (in”) [ Height (in) [ Diameter (in) | Volume (in°) [ Height (in)] Diameter (in) [ Volume (in°)
4ATRckd 162 40T | 5835 267 40T | 5835 [ 4862 407 5835 |
5AlIRckd 461 4.01 58.22 4.61 4.01 58.22 4.61 4.01 08.22
6AlRckd 462 4.01 08.39 462 4.01 08.30 462 4.01 58.35
84 Day 168 Day 252 Day
Sample [Height (in)| Diameter (in) | Volume (in”) [ Height (in) | Diameter (in) | Volume (in”) [ Height (in) | Diameter (in) [ Volume (in)
4AlIRckd 167 4.01 58.39 467 407 5835 | 4862 4.07% 58.35 |
oAlRckd 4.61 4.01 58.22 461 4.01 58.22 4.61 4.01 98.22
6AlRckd 462 4.01 98.35 462 4.01 98.39 462 4.01 58.39
336 Day
Sample |Height (in)] Diameter (in) | Volume (in”)
BAIRckd 461 4.01 58.22
oAlRckd 4,62 4.01 98.35
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Volumetric Stability Measurements - Dry Compacted Cylinders

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders
336 day Soaked Cure samples

0 Day / Day 14 Day
Sample | Height (in) | Diameter (in)] Volume (in")| Height (in) | Diameter (in) | Volume (in”) | Height (in) | Diameter (in)| Volume (in%)
4SOARCkd | 462 202 | 5864 | 463 702 ~58.77 | 462 202 58.64
5SOARCkd [ 4.61 702 5851 162 702 58.64 462 702 5864
6SOARCkd | 463 201 58.47 453 702 5877 4563 402 5877
21 Day 28 Day 56 Day
Sample | Height (in)| Diameter (in) | Volume (in}| Height (in) | Diameter (in) | Volume (i} | Height (in) | Diameter (in) | Volume (in”)
ZSOARCkd | 4563 202 58.77 | 463 | 402 | 5877 | 463 202 58.77
5SOAKckd | 462 702 5864 762 702 5864 462 702 58.64
6SOAKCkd | 463 7702 58.77 463 702 58.77 7563 302 5877
84 Day 168 Day 252 Day
Sample | Height (in)| Diameter (in) | Volume (in”) [ Height (in) | Diameter (in) | Volume (in") | Height (in) | Diameter (in) | Volume (in”)
ARCkd | 463 | 402 | 5877 | 463 202 58.77 | 403 Z7.02 58.77
5SOAKCkd | 462 702 5864 162 702 58.64 762 702 58.64
6SOARCkd [~ 463 702 5877 483 702 58.77 463 402 5877
336 Day
Sample | Height (in)| Diameter (in)[ Volume (in”)
ASOAKckd | 463 ~ 402 58.77
5SOAKCkd | 462 702 58.64
6SOARCkd | 463 702 5877
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Volumetric Stability Measurements - Dry Compacted Cylinders

10% CKD/90% Reclaimed Ottumwa Fly Ash Aggregate Cylinders

336 day Humid Cure samples
0 bay 1 Day 14 Day
Sample | Height (in)| Diameter (in) | Volume (in”) | Height (in) | Diameter (in) | Volume (in) | Height (in) | Diameter (in) | Volume (in”)
4HUMCckd 462 | 407 5864 4163 402 | 58.77 403 402 5877
SHUMCckd 462 4.02 58.64 462 4.02 58.64 462 4.02 H8.64
6HUMckd 462 4.01 58.35 463 4.01 58.47 463 402 58.77
21 Day 28 Day 56 Day
Sample [Height (in)] Diameter (in) ] Volume (in®) | Height (in) [ Diameter (in) | Volume (in”) | Height (in)] Diameter (in)| Volume (in”)
AHOMCckd] 4.63 402 | 5877 2563 402 | 5877 | 463 | 402 | 5877 |
5HUMCckd 4.62 4.02 58.64 462 4.02 58.64 4.62 4.02 58.64
6HUMCckd 463 402 98.77 463 4.02 58.77 4.63 4.02 58.77
84 Day 68 Day 757 Day
Sample |Height (in)| Diameter (in) | Volume (in°) [ Height (in) | Diameter (in) | Volume (in”) [ Height (in) | Diameter (in) | Volume (in”)
AHUMCckd 483 402 5877 163 402 58.77 4863 [ 4072 58.77
S5HUMckd 462 4.02 b8.64 462 4.02 58.64 462 4.02 58.64
oHUMcka 463 4.02 58.77 463 4.02 58.77 463 4 .02 98.77
336 Day
Sample |[Height (in)] Diameter (in) | Volume (in%)
FHUMCckd 4863 | 402 | 5877 |
5HUMCckd 4.62 4.02 58.64
6HUMckd 4603 4.02 98.77
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Volumetric Stability of Fly Ash - 2 inch cube samples

12/4/97 | (0 days) 12/11/97 (7 days)

Sample Type Cure Sample #| Height (1) | Length (2) | Width (3) { Volume (in*) | Weight (g) | Height (1) | Length (2) | Width (3) | Volume (in) | Weight (g)
ouncil Bluffs FTy Ash TAir 10 2.024 7012 7024 8247 266.1 2077 7012 2024 8755 7751
ouncil Bluffs Fly Ash |100% Humidity IT PRULY 2.029 2.009 8193 7652 2.010 2.0327 2010 87209 7691

Council Bluffs Fly Ash |Soaked 17 2.032 2.0T3 2.005 8209 2643 2.027 7022 2.008 8.230 768.7
eal 3 Fly Ash Alr I3 2.007 1.993 2.025 8.108 250.0 2.010 1.996 2.027 8132 204.1

Neal 3 Fly Ash T00% Humidity 14 2.006 2.018 2.005 8116 2505 2.0T0 2.020 2.010 8161 2527

Neal 3 Fly Ash Soaked I3 2014 2.022 1.996 8128 2355 2.021 2.026 2.001 8.193 2519
ttumwa Fly Ash Alr 16 1.996 2.007 2.020 8.092 246.6 1.995 2.012 2022 8116 212.6

Ottumwa Fly Ash T00% Humidity T7 1.983 27002 2.0T0 7.988 24338 1.986 2.004 2011 8.004 2556

Ottumwa Fly Ash Soaked 13 2.007 2.027 2.003 8.149 246.3 1.999 2.030 2.006 3.140 257.4
rairie Creek Fly Ash [Alr 19 2.003 2.031 2.005 8.157 2480 2.002 2.032 2.003 8156 2120

Prairie Creek Fly Ash™ [T00% Humidity 20 2.004 2024 2012 8161 2481 2.007 2026 2076 8.197 2579
rairie Creek Fly Ash [Soaked 21 7033 2.007 2.031 8287 2499 2033 2.008 2.032 8.293 260.4

12/18/97 | (14 days) 12/23/97 | (21 days)

Sample Name Cure Sample #| Height (1) | Length (2) | Width (3) [ Volume (in®) | Weight (g)| Height (1) | Length (2)| Width (3) | Volume (in*)| Weight (g)

Council Bluffs Fly Ash [Air T0 2.075 2013 2.022 8242 229.1 2024 2012 2.023 8238 279.0
ouncil Bluffs Fly Ash [T00% Humidity IT ZOTT 2.031 2.010 8210 269.5 20711 2.031 2011 8214 269.7
ouncil Bluffs Fly Ash [Soaked 12 2078 2020 2.009 8230 270.7 2029 2.020 2.009 8.234 2730
cal 5 kly Ash Alr I3 2.009 1.999 2.024 8.128 204.2 2.008 2.000 2.025 5.132 204.1
eal 3 Fly Ash T00% Humidity 14 2.008 7021 2.009 8133 2535 2.010 2021 2010 8165 2537

Neal 3 Fly Ash Soaked I3 2.023 7028 2.003 8218 252.6 2.020 2027 2.004 8.205 2529

Ottumwa Fly Ash Alr 16 1.996 2010 2.022 8112 21726 T.995 2011 2.073 8116 7125

Ottumwa Fly Ash 100% Humidity 17 1.986 2.005 2.010 8.004 256.1 1.985 2.004 2.011 5.000 256.4
ttumwa Fly Ash Soaked 18 2.001 2.032 2.008 8.163 75835 2.002 2.033 2.008 8173 73588

Prairie Creek Fly Ash  [Alr 19 2.000 2.030 2.005 8140 2119 2.001 2031 2.004 8137 21138

Prairie Creek Fly Ash — T00% Humidity 20 2.007 2.026 2.014 8189 238.8 2.008 2.027 2.014 8. 197 2392

Prairie Creek Fly Ash  [Soaked 21 2.033 2011 2033 8370 26T.0 2.034 2.0T1 2.033 8316 2612
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Volumetric Stability of Fly Ash - 2 inch cube samples

12/31/97 | (28 days) 1/12/98 | (35 days)

Sample Type Cure Sample #} Height (1) | Length (2)| Width (3) | Volume (in) | Weight (g)| Height (1) [ Length (2)| Width (3) | Volume (in’) | Weight (g)
Council Bluffs Fly Ash™{Air 0 2023 2012 2022 8.234 2250 2072 2011 2072 8222 729.0
Council Bluffs Fly Ash {T00% Humidity TT 2011 2.028 2.010 8197 769.9 2.0T0 2.029 2010 8.197 2700
Council Bluffs Fly Ash™ {Soaked 12 2.031 2.021 2.0T1 8.255 2747 2031 2.021 2012 8.259 2754
Neal 3 Fly Ash Air 3 2.008 1.959 2025 8128 204.0 2.006 1.998 2.025 8.116 204.0
Neal 3 Fly Ash T00% Humidity |} 2.009 2.020 2011 8.161 2540 2.008 2.021 2.010 8157 2543
Neal 3 Fly Ash Soaked 13 2.022 2.031 2.006 8.238 2535 20722 2.030 2.006 8234 7541
Ottumwa Fly Ash Alr To 1.995 2012 2022 8116 2125 1.9%6 2.009 2.021 8.104 21235
Ottumwa Fly Ash 100% Humidity 17 1.985 2.004 2011 8000 256.8 1986 2.004 2010 §.000 25772
Ottumwa Fly Ash Soaked I8 2.002 2033 2.009 8177 259.6 2.001 2.033 2.010 8177 260.0

rairie Creek Fly Ash [Air 19 2.000 2031 2.003 8.144 2116 1.999 2.030 2.003 8128 2116
Prairie Creek Fly Ash™ |T00% Humidity 20 2.006 2.026 2014 8.185 7593 2.007 2.026 2014 8189 2599
Prairie Creek Fly Ash  {Soaked 2T 2.035 2.009 2033 8312 2615 2.035 2.009 2.034 8316 261.9

1/15/98 | (42 days) 1/22/98 | (49 days)

Sample Name Cure Sample #| Height (1) | Length (2)| Width (3) [ Volume (in®) [ Weight (g)| Height (1) | Length (2) | Width (3) | Volume (in®) | Weight (g)
Council Bluffs Fly Ash |Air 10 2.023 2.010 2.022 8272 27289 2.02% 2.009 70722 8272 2289
Council Bluffs Fly Ash [T00% Humidity I1 2.0T0 2.029 2.010 8197 770.0 2009 2.029 2010 8193 2699
Council Bluffs Fly Ash [Soaked 12 2.030 2.021 2012 8.754 7754 2030 2.020 2012 8250 2753
Neal 3 FTy Ash Alr I3 2.007 1.998 2.023 8112 204.0 2007 1.998 2023 8112 2040
Neal 3 Fly Ash T00% Humidity T4 2.008 2.021 2.010 8157 2543 2.007 2.021 2010 8153 254732
Neal 3 Fly Ash Soaked 5 2.021 2.030 2.007 8234 2539 2.071 2.030 2.007 8237 2540
Ottumwa Fly Ash Alr I6 1.995 2.008% 7021 8.096 2124 1.994 2.008 2021 8.092 212.4
Ottumwa Fly Ash T00% Humidity 7 1986 2003 2.0T0 7.996 2572 1.983 2.003 2011 7.996 2569
Ottumwa Fly Ash Soaked T8 2.002 2.033 2010 8181 260.2 2.001 2.033 2.010 8177 2604
Prairie Creek Fly Ash™ [Alr 19 1.999 2029 2.002 8.120 2114 1.999 2.029 2.003 8124 2113
Prairie Creek Fly Ash ™ [T00% Humidity 20 2.007 2076 2014 8189 260.0 2007 2.0235 2.014 8.185 25939
Prairie Creek Fly Ash~ |Soaked 21 2034 2010 2.033 8320 2619 2034 7008 2033 8311 262.0
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Volumetric Stability of Fly Ash - 2 inch cube samples

1/30/98 | (56 days) 2/6/98 (63 days)

Sample Name Cure Sample # | Height (1) | Length (2)| Width (3) | Volume (in®) | Weight (g){ Height (1) | Length (2)| Width (3) | Volume (in’) | Weight (g)
Council Bluffs Fly Ash [ATr 10 2023 | 2.008 2.023 8218 2289 2.023 2.008 2022 8213 7289
Council Bluffs Fly Ash ™ | T00% Humidity IT 2.010 2.029 2.0T0 8.197 270.0 2010 2.029 2010 8.197 270.1
Council Bluffs Fly Ash™ {Soaked 12 2.030 2.019 2.012 8246 2757 2.030 2.019 2.012 8.246 2759
Neal 3 Fly Ash Alr 13 2.006 1.998 2.024 8112 204.0 2006 1.958 2.024 3112 203.9
Neal 3 Fly Ash T00% Humidity 14 2.007 2021 2.010 8133 75473 2.007 Z.021 2.010 8153 2543
Neal 3 Fly Ash Soaked I3 2.021 2.029 2.007 8230 25472 2.020 2.029 2.007 8276 25472
Ottumwa Fly Ash Alr T6 1.994 2.008 2.020 8088 2123 1.994 2.008 2.020 8.088 2124
Oftumwa Fly Ash T00% Humidity T7 T.983 2.003 2.0T1 7.996 257.0 1.985 2.003 2.01T 7.996 2572
Ottumwa Fly Ash Soaked I8 2.002 2.033 Z.010 8181 260.6 2002 2.033 2.070 8. 181 760.6
Prairte Creek Fly Ash [Air 19 1.999 2.029 2.003 8.124 2113 1.998 2.029 2.002 8116 2115
Prairie Creek Fly Ash T00% Humidity 20 2.007 2026 2.014 8.189 2598 2.007 2.026 2.014 8189 2598
Prairie Creek Fly Ash™ [Soaked ] 21 2.033 2.008 2.035 8311 2621 2.034 2.008 2.033 8311 26272

2/13/98 70 days 2/20/98 | (77 days)

[Sample Name Cure Sample #| Height (1) | Length (2)| Width (3) [ Volume (i) | Weight (g)| Height (1) | Length (2)| Width (3) | Volume (in’) | Weight (g)
“ouncil Bluffs Fly' Ash™ [Air 10 2.023 2.008 2.022 8214 229.0 2.023 ~2.008 2.022 8214 229.0
ouncil Bluffs Fly Ash [T00% Humidity 11 2010 2.029 2.0T0 8197 27072 2010 2.030 2.010 8201 270.2
Council Bluffs Fly Ash™ [Soaked 12 7030 2.019 Z.012 8746 276.4 2.030 2.019 2012 8246 7764
Neal 3 Fly Ash Alr I3 2.006 1.998 2.024 8112 2039 2.006 1.998 2.024 8112 204.0
Neal 3 Ty Ash T00% Humidity 14 2.007 2.021 2.010 8153 2546 | 2.007 2.021 2.010 3153 2546
Neal 3 Fly Ash Soaked 13 2.020° 2.029 2.006 8722 25413 2.020 2.029 2.006 8.222 2545
Ottumwa Fly Ash Alr T6 1997 2.008 2.020 3088 2124 1997 2.008 2.020 8.088 2124
Ottumwa Fly Ash T00% Humidity I7 1985 2.003 2011 7.996 25735 1.985 2.003 2011 7996 257.5
Ottumwa Fly Ash Soaked 18 2.002 2.033 2.010 8181 260.9 2.002 2.033 2.0T0 8181 261.0
rairic Creek Fly Ash™ [Ailr 19 1.997 2.029 2.002 8112 21T.6 1.997 2.029 2.002 8112 2119
Prairie Creek Fly Ash T00% Humidity 20 2.007 2.025 2.014 8. 185 260.3 2.007 2.025 2014 8183 260.4
rairie Creek Fly Ash Soaked 21 2.034 2.008 2.035 8311 2624 2.039 2.008 2.035 8.311 2627
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Volumetric Stability of Fly Ash - 2 inch cube samples

2/27/98 | (84 days) 3/6/98 | (91 days)
Sample Name Cure | Sample #] Height (1) | Length (2)] Width (3) | Volume (in’) Weight (g)] Height (1) | Length (2)} Width (3) | Volume (in’) | Weight (g)
Council Bluffs Fly Ash™ {Ailr 10 2.073 2.008 2.022 8.214 229.0 2073 2.007 2022 8210 2289
Councll BIuffs Fly Ash™ [T00% Humidity . ~— 11 2.010 2.030 2.010 8.201 270.2 2.010 2.030 2.010 8.201 270.2
Council Bluffs Fly Ash  [Soaked 12 2.030 2019 2012 8246 2765 2.030 2.019 2.012 8.246 276.5
Neal 3 Fly Ash Alr v 13 2.006 1.998 2.024 8.112 204.0 2.006 1.998 2.024 8112 2038
Neal 3 Fly Ash T00% Humidity T4 2.007 2071 2010 8153 2546 2.007 2.021 2.010 8.153 2547
Neal 3 Fly Ash Soaked 13 2.020 2.029 2.006 8222 2547 2.020 2.029 2.006 8222 2548
Ottumwa Fly Ash Alr 16 1.994 2.008 2.020 §.088 2124 1.994 2.008 2.020 8.088 212.4
Ottumwa Fly Ash T00% Humidity 17 1.985 2.003 2.011 1.996 2575 1.985 2.003 2.01T 7.996 257.6
Ottumwa Fly Ash Soaked I8 2.002 2.033 2.0T0 8181 261.2 2.002 2.033 2.010 8.T181 2613
Prairie Creek Fly Ash ™ [Air 19 1.997 2029 2.002 8112 21T6 1.997 2.029 2.002 8112 2116
Prairie Creek Fly Ash™ [T00% Humidity 20 2.007 2.025 2.014 8.185 260.3 2.007 2.025 2.014 8185 260.5
Prairie Creek Fly Ash  [Soaked 21 2.034 2.008 2.035 8311 2627 2.034 2.008 2.035 8311 262.8
3/13/98 | (98 days) 3/20/98 | (105 days)
Sample Name Cure Sample # | Height (1) | Length (2)| Width (3) | Volume (in’) | Weight (g){ Height (1) | Length (2)| Width (3) | Volume (in’) | Weight (g)
Council Bluffs Fly Ash™ [Air 10 2.023 2.007 2.022 8210 228.8 2.023 2.007 2.022 8210 2289
Council BlulTs Fly Ash™ [T00% Humidity 1T 2.010 2.030 2.010 8.201 268.3 2.010 2.030 2.010 8.201 270.2
Council Bluffs Fly Ash™ [Soaked 12 2.030 2.019 2.012 8.246 276.7 2.030 2.019 2012 8.246 2767
Neal 3 Fly Ash Alr I3 2.006 1.998 2.024 8112 203.8 2.006 1.998 2.024 8112 2037
Neal 3 Fly Ash 100% Humidity 14 2.007 2.0Z1 2.010 8.153 2541 2.007 2.021 2.010 8.153 2547
Neal 3 Fly Ash Soaked I3 2.020 2.029 2.006 8.222 255.0 2.020 2.029 2.006 8.222 2551
Ottumwa Fly Ash Alr 6 1.994 2.008 2.020 8.088 2124 1.994 2008 2.020 8.088 212.3
Ottumwa Fly Ash T00% Humidity 17 1.985 2.003 2.0T1 7.996 256.1 1.985 2.003 2,011 7.996 2574
Ottumwa Fly Ash oaked 18 2.002 2.033 2.010 8. 181 2614 2.002 2.033 2010 8 181 2615
Prairic Creck Fly Ash — [Air 19 1.997 1. 2.029 2.002 8112 2115 1.997 2.029 2.002 8112 21T.6
Prairie Creek Fly Ash [100% Humidity 20 2.007 2025 2.0T4 8183 2581 2.007 2.025 2.014 8.183 260.6
Prairie Creek Fly Ash [Soaked 21 2.034 2.008 2.035 8311 263.0 2.034 2.003 2.035 §3T1 263.0
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