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1. Introduction and Problem Statement
1.1 General

D-cracking is a major distress type in Portland cement concrete pavements caused
by repeated cycles of freezing and thawing., This distress occurs mainly when a concrete
containing D-cracking susceptible aggregates is exposed to adverse environmental
conditions. Therefore, the measurement of an aggregate’s resistance to freeze-thaw
deterioration is extremely important in cold climatic regions such as Michigan.

The Michigan Department of Transportation (MDOT) currently uses a series of
" three test methods for determmmg the frost resistance of aggregates in concrete: Michigan
Test Method (MTM) 113", which covers procedures for aggregate sampling, testing and
moisture conditioning; MTM 114%, which describes procedures for the preparation of the
concrete mixture and test specimens; and MTM 115°, which describes the testing of the
specimens and the criteria for evaluating the durability of the aggregate in concrete. MTM
115 generally conforms to the requirements of AASHTO T161/ASTM C 666*,
Procedure B, except that it is more restrictive and detailed. Even though these test
methods address some of the inadequacies of the AASHTO/ASTM procedures,
drawbacks such as lengthy test duration, and labor-intensive procedures remain. MDOT
has desired a simple and rapid test for identifying aggregates that have poor durability
without having to cast and test concrete specimens. The Washington Hydraulic Fracture
Test (WHFT) was developed during the Strategic Highway Research Program (SHRP) in
response to needs like these. The primary reason for this study is to reduce the time
required to determine aggregate durability. This report presents the results of a study
initiated by MDOT and conducted by a research team from The University of Michigan
(U-Mich.), University of Minnesota (U-Minn.) and University of Washington (U-Wash.).

1.2 Background

1.2.1 Occurrence of D-cracking

Numerous research studies have demonstrated that concrete is susceptible to
freezing and thawing deterioration when moisture is present. One common indication of
deterioration due to freezing and thawing is the appearance of short cracks (typically 20-
50 mm) which run approximately parallel to joints or edges of concrete surfaces. These
cracks result from the disintegration of coarse aggregates after they have become critically
saturated and have been subjected to repeated freeze-thaw cycles. This type of distress is
known as D-cracking. As detenoratlon progresses these parallel cracks occur farther
away from the joints and edges.®

The occurrence of the D-Cracking phenomenon has been known to exist since the

1930's’. MDOT began performing freeze-thaw testing in 1954° in order to detect
-crackmg durability problems in aggregates. Over the years, MDOT has modified its
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test procedures and evaluation criteria in an effort to develop more accurate and
representative test results.

The mechanisms that cause D-cracking are not yet completely understood, and
efforts are ongoing to establish and clarify the characteristics that make aggregates
D-cracking susceptible. The WHFT procedure was developed introducing water rather
than mercury into the aggregate pores and using water pressure to simulate freezing
expansmn of the water in the pores’.

1.2.2 Current Test Methods

The most common method used to identify D-cracking susceptible aggregates is
AASHTO T161 "Standard Test Method for Resistance of Concrete to Rapid Freezing and
Thawing" (also known as ASTM Test Method C 666). This method has two alternate
procedures: Procedure A, which consists of freezing and thawing specimens in water; and
Procedure B, which consists of freezing specimens in air and thawing them in water. This
test can be conducted with concrete cylinder or prism specimens, although prism
specimens are most commonly used.® A cycle of freezing and thawing is completed by
lowering the specimen temperature from 4°C (40°F) to -17°C (0°F) and raising it back to
4°C (40°F) within a 2 to 5 hour period. The actual time per cycle is usually about four
hours per cycle for Procedure A and three hours per cycle for Procedure B. (Procedure A
typically requires a longer time period per cycle because of the extra time required to
freeze and thaw the water surrounding the concrete specimens). Specimen length change
and/or relative dynamic modulus of elasticity (ASTM Test Method C 215)" are
determined at least every 36 cycles.

This test is run to 300 cycles, or until the specimens fail. Failure is usually
considered to be either an expansion greater than 0.1 percent, or a relative dynamic
modulus of elast1c1ty of less than 60 percent, although agencies frequently establish their
own failure criteria.’’ The Michigan Department of Transportation has established failure
criteria for freeze-thaw durability of concretes based on percent expansion of the test
specimens. These criteria are described in Table #1.

Table #1. Freeze-Thaw Expansnon Limits in Mlclugan (1990 Standard Specifications
or Construction-Amended by Special Provisions)"?

Pavement Concrete 0.067
Pavement and Structural Concrete* 0.040
Prestressed Concrete 0.010

* By special provision for 644 graded aggregates

Though most DOT's have had good agreement between field D-cracking
susceptibility and AASHTO T161/ASTM C 666 results, there are several drawbacks
associated with these procedures. One problem is that the time required to complete the
test (typically 14 days of curing plus as many as 40 days or more for freezing and thawing)
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is significant and the testing itself is labor intensive. (With the current method, the
aggregate acceptance procedure takes 3 to 6 months, causing economic setbacks for
MDOT, the aggregate producers, and paving contractors). In addition, the equipment
used for freezing, thawing, and testing the concrete specimens is costly and often requires
periodic maintenance that can be both time-consuming and expensive. Finally, ASTM and
AASHTO provide little guidance concerning the preparation of freeze-thaw specimens
with respect to aggregate grading, moisture treatment, air content, cement content, and
various aspects of curing, '

1.3 Problem Statement

The freeze-thaw testing procedure described by AASHTO/ASTM, and modified
by MIM is intended to provide a system by which to rate aggregates for resistance to
freezing and thawing deterioration. In order to offset the drawbacks of the freeze-thaw
procedure, the WHFT procedure may provide a rapid test for initial aggregate acceptance.
This project was initiated to verify whether the WHFT method is useful (eitherasisorina
modified form) as a supplemental procedure for aggregate acceptance testing in Michigan.




2. Research Objectives

The principal objective of this study was to determine if the WHFT can be adopted
by MDOT as a part of the acceptance test procedure for evaluating the frost resistance of
coarse aggregate sources in Portland cement concrete applications. The research effort
also considers any modifications of the Hydraulic Fracture Index (HFT) that would give it
more physical significance. A detailed explanation of the HFI is presented in Appendix A.
Other goals of the research study included the following:
¢ Establishing relationships and correlations between the Freeze-Thaw method and the
WHEFT procedure.

e (alibrating the WHFT and Freeze-Thaw apparatus, and developing a correlation
between different laboratories and operators for both WHFT and Freeze-Thaw testing.

¢ Developing and expanding the principles and theories on which the WHFT procedure
is based.
Refining the apparatus and experimental techniques used to conduct WHFT testing.
Designing and conducting an experimental program to verify the principles guiding the
WHEFT method, and modifying the procedure as needed.

e Forming a comprehensive database of pertinent papers and studies that have been
conducted relating to Freeze-thaw testing and the WHFT procedure.




3. Project Scope

The scope of the research is summarized as follows:

Conduct a comprehensive literature review of all subject matter (including past and
current research activities) concerning the development and uses of the Washington
Hydraulic Fracture Test, and Freeze-Thaw testing.

Select the required aggregate sources in and around Michigan from a range of dilation
values and other qualities which have a direct effect on freeze-thaw durability.
Correlate WHFT and Freeze-Thaw equipment using the selected control aggregates.
Determine the variability between the WHFT and Freeze-Thaw test results.

Determine the WHFT variability between aggregate sources, apparatus, operators and
laboratories. _ '

Investigate the possibility for additional development of the hydraulic fracture
concepts by more closely examining the relationships between peak hydraulic pressure
and rate of pressure release. .-

Modify WHFT apparatus to improve correlations and reduce variability in test results.
Develop a modified WHFT procedure to be used by MDOT.

Deliver and install the WHFT apparatus in the MDOT Materials and Testing
laboratory.

Train MDOT personnel to conduct the modified WHFT.



4. Experimental Design

4.1 General

In this research program, keeping the scope in view, the number and type of
materials and frequency of tests were selected so that enough data would be available at
the end of the program for developing a modified WHFT procedure, as well as the desired
correlations. The number of materials selected was sufficient to determine any test
variability between materials within a wide range of dilations. Similarly, the same samples
were tested under similar conditions by different laboratories to verify the inter-laboratory
variability.

All aggregates were collected, graded, and property tested by U-Mich. The
samples were then distributed to the various testing sites. Freeze-Thaw testing was
conducted at 3 locations, and compared to database values established by MDOT for
aggregate samples from the same sources. WHFT testing was performed in 2 laboratories
on the same samples tested for Freeze-Thaw resistance. This allowed for correlation of
test methods and laboratories (and operators), as well as different aggregate sources.

4.2 Materials Selection

In order to further develop the WHFT and determine its suitability for use in MDOT's
aggregate acceptance test program, testing was performed on aggregates that span the
range of materials that are likely to be considered for use in MDOT concrete applications.
This included various types of natural aggregates and manufactured aggregates. Materials
representing a broad range of durabilities, with particular consideration of aggregates in
the "marginal” performance band were also included in the program since it is the
performance of these materials that tends to be most variable and is most difficult to
predict accurately by most current test procedures. MDOT TAC recommended specific
aggregate sources that met the above conditions. After careful evaluation, the research
team selected aggregates for testing as shown in Table #2.



Table #2. Agoresates Selected for Testing

Rockwood (Control)* 58-8 | Dolomite, marginal durability, dilation:
0.039%
Marbiehead (Control)* 93-1 Limey dolomite & dolomitic limestone,
' marginal durability, dilation: 0.064%
Drummond (Control)* 17-66 | Dolomite, good durability, dilation: 0.001%
: Bundy Hil! (Control)* 30-35 | Gravel, marginal durability, ditation: 0.062%
City Limits 17-20 | Gravel, good durability, dilation: 0.001%
Evergreen 52-78 | Gravel, poor durability, dilation: 0.261%
Bruce Mine 95-10 | Trap rock, good durability, dilation: 0.000%
Celotex 07-36 | Gravel, poor durability, dilation: 0.201%
France Stone Silica 93-3 | Dolomite, good durability, dilation: 0.006%
Michigan Foundation 82-6 | Arenaceous dolomite & limestone, poor
durability, dilation: 0.069%
Maybee 584 | Arenaceous & argillaceous dolomite, marginal
durability, dilation: 0.044%
Denniston Farms 58-9 | Dolomite, marginal durability, dilation:
: 0.038%
Recycled 1-96 (Brighton, MI) Recycled, poor durability, dilation: 0.084%

* The designation "Control" refers to those aggregates used for initial correlation of
Freeze-Thaw apparatus and testing facilities.

The following summary describes the general petrographic composition of the aggregates
used in the project.

Rockwood Stone (58-8):

This aggregate is a composite of tan to gray dolomite and limy dolomite quarried from
several bedrock ledges. Each ledge has varying amounts of dense to very finely porous to
openly porous material. The dense aggregate ranges from 8 to 48 percent while the porous
aggregate ranges from 52 to 92 percent. Some of the openly porous particles in this aggregate
have been shown to cause freeze-thaw cracks in concrete specimens when vacuum saturated.



Marblehead (93-1):

This aggregate is a composite of gray to tan dolomite and dolomitic limestone quarried
from several bedrock ledges. The dense to slightly porous portion accounts for 16 percent of
the aggregate. The finely porous aggregate amounts to 33.2 percent and openly porous
aggregate makes up 50.8 percent of the total. Due to the high percentage of openly porous
material, this source would be expected to record high dilations in freeze-thaw testing.

Drummond (17-66): _ :

: This aggregate is a dense white to gray dolomite quarried from a massive uniform
bedrock deposit. Due to physical strength and lack of porosity, this source has a record of
excellent freeze-thaw durability when vacuum saturated.

Bundy Hill (30-35):

Aggregate from this source is a heterogeneous glacial gravel composed of igneous,
metamorphic, and sedimentary rock particles. The deleterious rock types present in the
sedimentary rock fraction of this sample as classified by MDOT's freeze-thaw tests are friable
sandstone, siltstone, shale, clay-ironstone, and chert. The sedimentary rock fraction also
contains a considerable quantity of carbonate rock particles which vary in porosity from dense
to openly porous. Some of the openly porous particles have caused freeze-thaw cracks in
vacuum saturated concrete specimens.

City Limits (17-20):

This aggregate is a heterogeneous glacial gravel composed of igneous, metamorphic,
and sedimentary rocks in the form of dense to slightly porous non-friable sandstone.
Occasionally, trace amounts of carbonate rock fragments will be present in some samples. Due
to the absence of rock types known to cause freeze-thaw distress, this aggregate has a history
of excellent vacuum saturated freeze-thaw durability.

Evergreen (52-78):

This source consists of a heterogeneous glacial gravel of primarily igneous and
metamorphic rock particles. Some of these stones are deeply weathered which causes them to
be porous and physically weak. The deeply weathered rocks result in this aggregate having a
poor vacuum saturated freeze-thaw durability record.

Bruce Mines (95-10):

This aggregate is a dark gray to black gabbroic igneous rock quarried from a massive
igneous infrusion. Due to physical strength and lack of porosity this material has a excellent
freeze-thaw durability record.

Celotex (7-36): _

Glacial gravel from this source consists of a heterogeneous mixture to igneous and
metamorphic rock particles. Some of the stones are deeply weathered which results in them
being porous and physically weak. The deeply weathered rocks result in this aggregate having
a poor vacuum saturated freeze-thaw durability as evidenced by the high dilation value.




France Stone—Silica (93-3):

This aggregate is made up of tan to gray dolomite quarried from several bedrock
ledges. The majority of the material varies in porosity from dense to very finely porous, with
miinor amounts of openly porous particles. This source has a history of good freeze-thaw
durability. '

Michigan Foundation (82-6):

A detailed petrographic examnination of a sample obtained from this source showed that
the aggregate was composed of 73 percent highly porous arenaceous dolomite, 12 percent
slightly porous argillaceous dolomite, and 15 percent dense argillaceous limestone. The highly
porous rock had absorption values ranging from 2.8 to 6.2 percent. A freeze thaw sample
obtained from this source recorded a vacuum saturated durability factor of 18 and a 24-hour
soak durability factor of 97.

Maybee (58-4):

This aggregate is a combination of arenaceous and argillaceous dolomite with 75
percent of the sample having high porosity values, A freeze-thaw sample from this source had
a absorption of 4.2 percent and marginal freeze-thaw dilation values.

Denniston Farms (58-9):

This quarried material is composed of light to dark gray dolomite. An examination
revealed the aggregate's composition to be 87 percent openly porous dolomite and 13 percent
dense to finely porous dolomite. This is a new aggregate source and, therefore, has little
freeze-thaw history.

Of the 13 materials, the first four aggregates, covering a range of dilations were
selected as the primary control aggregates; Rockwood Pit No. 58-8, Marblehead Pit
No. 93-1, Drummond Pit No. 17-66, and Bundy Hill Pit No. 30-35. These aggregates
were chosen from a range of dilations, and were used to calibrate the WHFT apparatus.
In addition, these aggregates were used in an inter-laboratory testing program to correlate
Freeze-Thaw apparatus at U-Mich., U-Minn., and MDOT.

Special emphasis was given to selecting aggregates exhibiting a wide range of
dilations, from low to high, while selecting the control aggregates. One gravel was
included as the control aggregate to test the WHFT procedure's ability to evaluate the mix
of good and bad particles frequently found in the gravel. All control aggregates used were
of MDOT gradation 6 series. '

The properties of the aggregate samples used in this project are summarized in
Table #3. Tt should be noted that for two of the control aggregates, Marbiehead and
Rockwood, the MDOT database values were used for determining mix designs for the
batches tested in Freeze-Thaw. The database values for the aggregate properties vary
slightly from the values determined for the samples tested in this project. The values
reported in Table #3 are those attained from testing of the samples at U-Mich.




Table #3 Asggresate Properti

Rockwood 58-8 256 3.04 3.73 84.51
(Control) ‘
Marblehead 93-1 2.47 3.44 4.55 85.83
(Control)
Drummond 17-66 2.80 0.51 0.53 9422
(Control)
Bundy Hill ]'30-35 2.65 1.25 . 1.40 100.46
(Control)
City Limits 17-20 2.68 ‘ 0.44 0.87 90.21
Evergreen 52-78 2.69 1.99 2.14 96.64
Bruce Mine | 95-10 2.81 0.85 0.92 87.14
Celotex 07-36 2.64 2.33 2.66 89.62
France Silica | 93-3 2.62 2.39 3.36 87.83
Michigan 82-6 242 4.63 6.58 83.58
Foundation
Maybee 584 2.44 3.79 5.31 82.72
Denniston 58-9 2.57 2.69 3.86 86.17
& Farms
Recycled 1-96 2.35 N/4 5.26 84.39

* All data based on testing conducted at U-Mich.

The second phase of testing, intended to refine the WHFT procedure, and provide
correlating data from freeze-thaw testing involved nine aggregates. The first five
aggregates were chosen from a full range of aggregate durability in order to determine the
WHET procedure’s ability to predict the full range of durability values. Finally, 3 more
aggregates from the marginal dilation ranging from 0.035% to 0.075% were chosen to
determine if the WHFT method could accurately distinguish between marginal aggregate
durabilities. Additional testing was proposed and conducted on special materials such as
deleterious materials (as defined in MTM 117) and recycled concrete aggregate to
determine the WHFT’s response to special materials.

This test program was conducted using the latest version of the WHFT apparatus
and recommended test procedures. The WHFT test program was accompanied by Freeze-
Thaw testing of the materials at U-Mich., U-Minn,, and MDOT. The purpose of this
testing was to develop Freeze-Thaw dilation data for the same samples being tested in the
WHEFT, and to ensure proper calibration of the project team’s Freeze-Thaw machines.
Table #4 depicts the testing schedule followed in the study.
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Schedule

Rockwood | Freeze-Thaw X X X
Pit #58-8 WHFT X X
Marbiehead | Freeze-Thaw X X X
Pit #93-1 WHFT X X
Drummond | Freeze-Thaw X X X
Pit #17-66 WHFT X X
Bundy Hill | Freeze-Thaw X X X
Pit #30-35 WHFT X X
City Limits | Freeze-Thaw X X
Pit #17-20 WHFT X X
Evergreen | Freeze-Thaw X X
Pit #52-78 WHEFT X X
Bruce Mine | Freeze-Thaw X
Pit #95-10 WHFT X X
Celotex Freeze-Thaw X X
Pit #07-36 WHFT X X
France Silica | Freeze-Thaw X
Pit #93-3 WHFT X X
Mich Found | Freeze-Thaw X
Pit #82-6 WHFT X X
Maybee Freeze-Thaw X
Pit #58-4 WHFT X X
Denn. Farms | Freeze-Thaw X
Pit #58-9 WHFT X X
Recycled | Freeze-Thaw X
I-96 WHFT X
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4.3 Test Procedures

4.3.1 Freeze-Thaw Testing

Freeze-Thaw tests were conducted on all aggregates using the existing MDOT test
procedures. Roughly 2500 lbs. of 6A series material was acquired from various quarries,
sieved to required gradations, and distributed to the various test laboratories. This large
sample size was obtained to ensure that all testing would be performed on the same
sample. The samples were distributed to the various test sites by The U-Mich. research
team.

Material properties testing was performed on each aggregate source at the
U-Mich. laboratory. Four test samples were prepared from each aggregate. After
obtaining the dry unit weight (ASTM C 29)", two samples each were soaked under two
different conditions, vacuum saturation and 24 hour saturation by soaking in water. The
two soaking procedures were used to obtain data on two different saturation conditions.
Bulk specific gravity and water absorption (ASTM C 127)™ of these samples were then
determned.

Using the material properties tested under the vacuum saturated condition,
3 batches of concrete mixes were prepared for each aggregate source as per the current
MDOT test procedures. The slump (ASTM C 143)*, air content and unit weight (ASTM
C 138)', and temperature were noted for each batch. Seven day and 28 day compressive
‘strengths (ASTM C 39)" were determined for each batch. For the four control
aggregates, nine freeze-thaw beams were prepared and cured in U-Mich. laboratory.
From each batch 3 beams each were tested in the three laboratories (MDOT, U-Mich and
U-Minn) for Freeze-Thaw dilation. All materials sampling and preparation, Freeze-Thaw
testing, and evaluation of results (in terms of % dilation per 100 cycles) were conducted in
accordance with MTM’s 113, 114, and 115. For the aggregates in the second phase of
the study, 3 freeze-thaw beams were made for Freeze-Thaw testing at U-Mich. From time
to time three additional beams were prepared to be tested in MDOT lab for comparison
purposes. This comparison was done for three of the materials, chosen at random.

4.3.2 Washington Hydraulic Fracture Test

In practice, the WHFT procedure for a sample in the 19 to 25-mm size range,
involves obtaining an oven-dry aggregate sample of approximately 200 pieces with a mass
of 2,600-3,000 grams and submerging it in a silane solution (Hydrozo's EnviroSeal 40 for
example) for one minute. After the silane treatment has been completed, the aggregate is
again oven-dried. The sample is tumbled in a rock tumbler for one minute to break up any
partially broken pieces, and the exact number of aggregate pieces (retained on the 9.5-mm
sieve) and mass are determined for the sample. The sample is then placed in the pressure
chamber, and the chamber is bolted shut (taking care that the aggregate is not
inadvertently crushed by compression between the chamber lids). The chamber is then
turned on edge, so that the pressure isolation/release mount is vertical, and the chamber is
filled with water up to the pressure release valve. Care is taken to insure that all of the air
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is removed from the chamber, as excess air can greatly decrease the rate at which pressure
can be released from the chamber. Once the water supply and release valves have been
secured, the selected pressure is applied by opening the valve separating the chamber and
the compressed nitrogen. The pressure is maintained for five minutes. The top valve is
then closed to isolate the chamber from the compressed nitrogen, and the pressure release
valve is rapidly opened, thereby quickly releasing the pressure within the chamber. The
small amount of water that sprays out upon the pressure release valve opening is replaced
by briefly refilling the chamber with water. After one minute of refill time, the chamber is
re-pressurized. The pressure is then released after two minutes. An additional eight
cycles of two minutes of pressure, pressure release, and no pressure for one minute are
applied. At the end of the ten total cycles the pressure chamber is drained and opened.
The specimen is oven-dried at 120° C overnight. The following day, the sample is placed
in a rock tumbler for one minute. After one minute of tumbling, the sample is separated
using 9.5-mm and 4.75-mm sieves. All particles of the sample retained on both sieves are
weighed and counted. The material retained on the 9.5-mm sieve is subjected to an
additional ten pressurization cycles. The pressurization is repeated for five days, or 50
pressurization cycles for each aggregate sample.

After each day's testing, the ratio of the number of new pieces to the number of
original pieces is determined. This ratio is termed the "percent fractures" and is shown in
the equation below: '

FP; = 100 x (n4; + n; - ny)/ng
where FP; is the percent fractures afier "i" pressurization cycles,

nd4; is the number of pieces passing the 9.5-mm sieve but retained on the
#4 sieve after "i" pressurization cycles,

n; is the number of pieces retained on the 9.5-mm sieve after "i
pressurization cycles, and

nyg is the number of pieces initially tested.

The percent fractures is used to calculate an index value called the Hydraulic
Fracture Index (HFI), which is the number of cycles necessary to produce 5 percent
fracturing. It is determined by one of the following methods, depending upon the percent
fracturing after 50 cycles of pressurization.

If 5 percent fracturing is achieved in 50 or fewer cycles, the HFI is calculated as a
linear interpolation of the number of cycles that produced 5 percent fractures:
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HFI = A +5 x [(5 -FP,)/(FPg - FP,))]

where A is the number of cycles just prior to achieving 5 percent
fracturing,

FP, is the percentage of fracturing just prior to achieving 5 percent
fracturing, and

FPg is the percentage of fracturing just after achieving 5 percent
fracturing.

If 5 percent fracturing had not occurred by the end of 50 pressurization cycles, the
HFT would have been calculated by linearly extrapolating a line that passed through the
points at zero cycles and 50 cycles out to 5 percent fracturing. The equation that gives the
HFT for this case is
HFI=50x (5/FP50)

where: FPso = percent fracturing after 50 pressurization cycles.
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5. ANALYSIS OF DATA
5.1 Correlation with MTM 115

The analyses described in this section were performed using only those data that were
obtained from tests performed using 7930 kPa (1150 psi) chamber pressure and 620 kPa (90 psi)
actuator pressure, which was the test configuration finally adopted, as described in Appendix B
of this report. A summary of the test data and relevant test parameters for each test is included in
Appendix E. Many other test runs were performed using the “control” aggregates and different
chamber pressures, chamber sizes, pressure release systems (manual vs. pneumatic actuator),
actuator pressures, chamber linings (neoprene or none), etc. The results of these tests are
included in Appendix F, but were not included in the analyses described in this report.
Furthermore, they should not be used for direct comparisons with the data presented in Appendix
E because they generally represent the results of “nonstandard” test conditions.

5.1.1 Selection of Hydraulic Fracture Test Result for Correlations

As discussed in meetings with the MDOT technical advisory group (TAG), there are
some problems inherent with the Hydraulic Fracture Index as it is currently defined (see
Appendix B). The current index is intended to represent the number of cycles of hydraulic test
pressurization required to produce 5 percent computed fractures in the test sample based on
linear interpolation or extrapolation. However, the equation “blows up” under some
circumstances, yielding either undefined values (division by zero) or near-infinitely large values
(dividing by very small values). These characteristics and the open-ended nature of the HFI
scale make it very difficult to correlate test results with freeze-thaw dilation test results, which
typically have a very finite range. In practice, the potential for exceedingly large HFI values for
aggregates with very small amounts of fracturing has been addressed by limiting the maximum
HFI value to the designation “>500." However, correlations are further complicated by the fact
that the very compact range of acceptable dilations (less than 0.067% or 0.040% per 100 cycles
of freezing and thawing, per MDOT 1990 Standard Specifications and 1990 Standard Special
Provisions, respectively) must be tied to a very large portion of the HFI range, while the broader
range of unacceptable dilations (anything greater than 0.067% or 0.040% per 100 cycles) is tied
to a relatively small portion of the HFI range (0 to 50). It is possible that this latter difficulty
could have been mitigated by correlating dilation with some logarithmic function of HFI, but the
portion of the project team responsible for this portion of the analysis elected to pursue
correlations with more direct outputs of the test: particle fractures and mass loss.

To further simplify analyses, it was decided to do all correlations and model development
with data obtained from tests of the large aggregate size fraction (19 to 25 mm) because larger
particle sizes are generally more strongly associated with dilation and durability problems. The
results of tests of the smaller particles could then be used to either validate any models or
relationships.

Initial modeling efforts focused on trying to develop broad-based multivariate linear and
nonlinear models of freeze-thaw dilation as a function of particle counts on the 9.5-mm (3/8-in)
sieve, mass passing the 9.5-mm (3/8-in) sieve, total mass loss, hydraulic fracture index, HFI,
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total computed percent fractures, mass retained on the 4.75-mm (#4) sieve and other variables. It
was hoped that a single model could be developed to apply to all aggregate types tested.
Unfortunately, it soon became apparent that no single- or multivariate model could be easily

. developed to accurately model dilation using the test data collected to date. The best correlations
with dilation were obtained using particle counts on the 9.75-mm (3/8-in)} sieve and various
measures of mass loss; even these provided very low r-squared values, however.

During this initial analysis, it became clear that the most rapid progress would result from
analyses that included as few variables as possible. With this in mind, the data were split into
pools of “carbonate-based” and “gravel/minerock” categories; the classification or category
assigned to each aggregate source (on the basis of petrographic examination by MDOT
personnel) is listed in Table 3. The subsections below discuss the results of analyses of the data
within each of these categories. Although these analyses did not produce numerical models of
dilation as a function of mass loss or percent fractures, they did reveal some strong relationships
between dilation and mass loss and computed particle fracture, which are discussed below.

These relationships were further strengthened (i.c., test result variability was reduced) when the
particle counts used to comprise a single “test” was increased to 600 or more, as suggested by the
findings of the original apparatus development test program. For tests of 19 to 25-mm (3/4-in to
1-in) aggregates, this required combining the particle counts and mass losses from 3 replicate
tests of approximately 200 particles each to provide a single test result based on approximately
600 particles.

Due to the lengthy development and refinement of the test apparatus and procedures,
there are three or fewer total runs with the proper test configuration for many test cells (i.e., for
many combinations of operator, aggregate source, test apparatus, etc.), resulting in only 1 “test”
for these cells, some of which represent fewer than 600 particles. However, as many as 14
replicate runs were performed for some test cells, resulting in literally hundreds of possible
combinations of “tests” comprised of triplicate runs (e.g., 1,2 and 3; 1,2 and 4, ... 1,3 and 4, 1,
3 and 5, etc.). While it was recognized during the analysis that the consideration of all possible
combinations of test results from a pool of test runs includes a high degree of redundancy, it was
considered more important to consider all such combinations to get a better feel for the potential
range and variability of test results that might be derived from a random sample of aggregates in
a test.

5.1.2 Analysis of Correlation with Gravel/Minerock Sources

Five gravel/minerock sources were considered in this test program: Bundy Hill (30-35),
City Limits (17-20), Evergreen (52-78), Celotex (07-20) and Bruce Mines (95-10). Petrographic
examinations by MDOT personnel indicate that Evergreen (52-78) and Celotex (07-20) are
composed of igneous and metamorphic materials, while Bundy Hill (30-35) and City Limits (17-
20) contain these particles and sedimentary particles as well. Bruce Mines (95-10) is a strong,
low-porosity, gabbroic, igneous rock. All of the gravel sources except City Limits (17-20) were
noted as containing physically weak, openly porous particles. For example, Bundy Hill (30-33)
was found to contain only 37.1% igneous/metamorphic particles, 55.6% carbonate particles,
4.6% chert and 2.7% sandstone, siltstone, shale and clay ironstone. The City Limits (17-20)
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sample was of much different composition than the other three gravels, containing 84.3%
igneous/metamorphic materials, 14.7% sandstone and 1% siltstone.

Freeze-thaw tests performed at the Universities of Michigan and Minnesota found that all
of the gravel sources except City Limits (17-20) would fail to meet the requirements of MDOT
1990 Standard Special Provisions, with dilations exceeding 0.04% per 100 cycles. Celotex (07-
20) and Evergreen (52-78) would also fail to meet the requirements of MDOT 1990 Standard
Specifications, with dilations exceeding 0.067% per 100 cycles. City Limits (17-20) and Bruce
Mines (95-10) produced practically no dilation and were considered to have excellent freeze-
thaw durability.

Figures | and 2 present plots of the percent fracture after 50 cycles of pressurization
versus dilation for the hydraulic fracture tests performed on the 19- to 25-mm (3/4- to 1-in)
materials at the Universities of Minnesota and Washington, respectively; the dilation data in each
figure are the results of freeze-thaw tests (MTM 115) performed at the University of Michigan.
Each plotted point represents the average of all hydraulic fracture tests performed when three or
fewer tests were considered in the analysis; otherwise, each point represents the average of all
possible combinations of runs taken three-at-a-time for the runs within any given test cell.

Tables 5 and 6 provide some details concerning the data presented in these figures. Similarly,
tables 7 and 8 provide details concerning the data presented in figures 3 and 4, which are plots of
mass loss versus dilation for the hydraulic fracture tests performed at Minnesota and
Washington, respectively.

Figure | indicates a very strong correlation between computed fracture rate and dilation,
with only City Limits (17-20) as an outlier characterized by high fracture rates and low dilation.
As described previously, MDOT petrographic examinations found that City Limits (17-20)
contains large amounts of porous, nonfriable sandstone. Tests of dense dolomite samples
“spiked” with 25% by weight of various deleterious and soft materials (conducted at the
University of Washington and described in section 5.3.2 of this report) found that, when
sandstone was the “spiking” agent, an average of 2.2% fracture rate and 0.625% mass loss were
computed. Assuming that the only material in these blends subject to significant fracture was the
sandstone, these rates might correspond to 8.8% fracture and 2.50% mass loss for 100%
sandstone. These fractures and this mass loss might attributed to either handling of the sandstone
(sieving and tumbling of the aggregates between pressurization cycles) or failure in response to
internal pore pressures (MDOT reported a 34.6% unconfined aggregate freeze-thaw loss with the
same “spiked” blend that was tested at Washington). In either case, it is clear that a relatively
small quantity of sandstone can produce large rates of fracture and/or mass loss without
producing much dilation in concrete specimens. This suggests that the hydraulic fracture test
may suggest rejection of otherwise durable sandstone-bearing aggregate sources, depending upon
the rejection criteria selected and the sandstone content of aggregate.

On this basis, it is possible that Bundy Hill (30-35) should be excluded from these
analyses as well, even though it contained only one-tenth the quantity of sandstone found in City
Limits (17-20). MDOT unconfined aggregate freeze-thaw tests of Bundy Hill (30-35) samples
produced a 48.7% mass loss for the “soft” (sandstone) particles (see Table ). In addition,

17




£0

$T0

(e1e@ LAHM UUIA-N)

$31e301F3Y JOOISUIA/[SARID W-CT - 6] ‘UOHE[I(] SA IMJoRI] 0 '[4# omIig

$A[IAD Q1 / UONBI(T %
S1°0

A\

1'0 $0°0

(01-56)
S3UYA So1g]

1
|
1
[}
1
|
'
1
|
I
Il
I
1
1
I
1
]
1
|

(s¢-0¢)
[I'H Apung

- uRardiaag

(8L-29)

e

[ ]
(0Z-20)
xqu—uU

(oz-L1)
snuny A1 |

SI[IAD (S @) danydea] ¢,

18



€0

(eied LAHM Usem-N)

§91943 Q[ / uonen(q %,

01832138y YooIouI/[9ARID) Wu-g7-6 ‘Uone[i(] SA aImoelj 9% 'Z# 2indiy]

[

$T0 10 $0°0
- S U . m . =AO~|WG.V —
(8L-2¢) ' souipy omg
usaIdiony m
* m
(s€-0¢) "
° Ity Apung @ " (0z-L1)
(0T-L0) x210[2D) ! sy A0 d
o e e . .

™

$3[94AD (S @) dunjdeag 9,

=

19



5918582138y YO01aUIA/[2ARID)

(eye LAHM UUHA-N)

LS i £ 1970 [ (84-z) uoaSiong
I'S I £ 100°0 (0Z-L1) syun KD
7'y 1 £ €L10 (02-L0) X21012D
4 1 £ 0000 (01-$6) SaunA 2on1g
£L-91 _ L€ 0zl 0oL 1900 {c€-0¢) IIH Apung
$3[940) 05 @) (s1s91 (u) Jo u pajonpuo) | (BB YoUA-11) 20MmMog
2IM0BI] 9 afe1aay) suoneuIqUOo)) 8189 §9[942 g1 12d 94,
Jo aduey $3[9£2 oS @ Kem-¢ Jo aqunpn  ‘uoneqi(
amoeLy %, Jo Joquunp MEY}-0Z321

WW-§Z - 61 ‘B)e UONEI PUB 2IMde1] % G# IqEL

20



(e1e LAHM Ysem-N)

_._ £ C-¢1 81 4 |4 19C°0 (8£-75) usaIBIoAg
[ €z-07 LT ¥ p 100°0 (0T-L1) shwiry A0
97-0C §T 14 4 €L1°0 (0Z-L0) X910190
81-90 £l 14 14 000°0 (01-66) saur sonug
06 -0 $'C ot vl 190°0 ($€-0€) INH £pung
§3[0AD) 05 @ (s1s9] (u) Jo u payonpuo)) | (e1e(q Yorw-n) 20In0g
2ImoeI, 9 sge1day) suoneuUIqUIO) S1S9 L s3[042 g1 12d 94,
Jo a8uey S3[042 S @ Aem-¢ Jo Taquinp ‘uoneiq
aI3oBI] % Jo rquinn MB}-9Z331,]

.muamoumm,{ HOO0ISUIA/[PARID) WIW-GT - 6] ‘BIe(] UOHR[I(] PUR 2INIORL] 9% "9# J]qEL

21



£0

(e1ed LIHM UUIN-1)
$91e80133Y YOO0ISUTIN/[9ARI) UI-GT - 6] “UOHE[I(] SA SSO] SSBIN % €4 oInS1]

SIPIAD Q0T / uoneI( %
1'0

$0°0

E .

(g€-0€)

o - INHAPURE. .

R (1] &) N A
' sauppy eonig ¢

(oz-L1)

s AG @

(82-79)
uaaidioag
L

00

"1 T0

0

90

80

01

Tl

91

22

S3[24) (S @) SSOTT SSBIAl %%,



£0

(B1ed LAHM Ysem-1)

$9)e32133Y JOOISUIN/IPABID WWI-GZ-6] ‘WONEII(T SA SSOT SSEIAl &% “p# om31y]
SAPAD 001 / UonBd %
YA [ ¢10 1’0 €00 0
_ e e _ 00
L (SE-0€) IMH Apung @ L (01756)
RS ST VU - - mOﬁ%&;ﬂ@Eﬂ.-ﬂ 20
(0Z-40) 210120 ¢
P _" (0z-11)_w. o
. s A1 o
- - — — - S m . w-c
o - - B a_ -1 80
SN PO R ” 01
— e e N — m - N- .H
- _ e 4 e v e s et PR r eevms e e e et S SR SO ”‘ — — ._ﬂ..—

91

SI[AD (S @) SSOTT SSBIAl %%

23



y1'l | 4 192°0 (8-C) Usoidrory |
i 96'0 ] £ 100°0 (0z-L1) snwir L0
I £5°0 1 € €L1°0 (07-L0) *91013D)
€70 I 3 000°0 (01-56) SaulA 9on1g
81'1 - $T°0 SH0 0zl 01 190°0 (5€-0¢) IMH Apung
$3[240) 06 @ Aﬂmo,mzv Jo u paionpuo)) (e YoSIN-1Y) 20In0§
SSO7] SSPN 9 omm._oi& suoneuIqUIo)) SISO S9[240 01 Iad o4
JooBuey 891942 (S @) Aepy-¢ Jo Isqunp ‘uoneiq
SSO" SSEN 9%, Jo I_quinnN MBYI-2Z021,] |

(ered LAHM UWA-()
$91e8a138 Yy {ooIoUl/[9ARID UIWI-GZ - 6] ‘BlR(Q UONB]I(] PUE SSOT SSBIN % ‘L# 2]qeL

24



__ ¢0-910

(8,-75) ueardrang ||

61°0 2 14 19T°0
I zv0-9¢0 6£°0 b p 100°0 (oz-L1) smur Ay |
[ 9c0-9z0 1£0 b b £L1°0 (02-L0) X210120
I_€zo-¥10 0Z'0 y b 000°0 (01-66) sourN on1g
20 -90°0 ¥1°0 7ot 14! 190°0 (S€-0€) INH Apung
S9[94D) 05 @ (s1s2] (u) yo u pa1onpuo)) (e1e YaTN-1Y) 321n0§
SS0T SSBIN % 98e10Ay) SUOIJBUIQLUO)) S1S9 s91042 Q1 Iod 9y
Jo o8uey S9[942 (S @) Kem-¢ Jo JoqunN ‘uoneq
. $SO'T SSBIN % Jo IequnpN MBUY)-02931,] _

(eied LAHM YSEM-1)
§0]882188y JO0ISUIN/|SARID) WW-GZ - 1 ‘BIB(] UOTIE[I(] PUe SSO'] SSeJA 9%, "8# 29e]

25



'$1593 Y3 Jo uone[dwos Joye Sumrvsios Aq Ssew Jo SSO| AQ paInseaul sem
90URISISAI JS01) pauguoeduf) g POYIRA 9990 WISV 01 Suipiosoe ‘Aep Jod sa[oha gJjo el e e

Suimeyy pue Fuizaal) Jo $3j04d (¢ 01 paroafqns a1om sojduues oy, "UoneINes WNNoeA Noylim pouad
Jeos Inoy 7 e Suimoj[o] s21832158e 953Y1 U0 O AQ PAIONPUOD S1oM §1S3] MBI}-9Z32L) PIULUOIUN 9I0N

__ v'91 sapnIed owdioweIsp/snouss] snolog
0t saptued snjdioweidpy/snosud] ssus Z00E-V¥6 (9€-L0) x310[3)
'l SO[OILIRJ SUOISSWIT/ANIO[O(] SNOIO]
X $9]911IB SUO)SIWIT SSUR(] 800€-V6 (10-£6) peayaIqIey
G'9 S9[o1IR 91BUOQIE)) SNOJOJ
90 sa[onIed 91euogie)) SNoIog _
1 §a[oiLed dlRUOqIE]) AsUA(] 6EVE-VT6 (80-85) poomydoy
811 sapILEd 1oYD)
L'8b sapIed YOS, LOAN
0¢ $3]o1UR ] 91BUOQIR)) STIOIO]
Z0 sajoned onjdioureldjA/snosus] 8EPE-VT6 (5£-0€) IMH Apung
90 sapo1URd 9)RUOqIR)) SNOIOJ
€1 sapoiued aeuoqie) asued]  9gpE-vTe (£0-£6) 2u0lg ddURIY
(94) SSOT ssBI adA ], oponied "ON 9[dweg 901N0g

§901N0g 91e90158Y Pa1dsjes 10} SI1S9 | MBY] -02aa1,] PaluooUs]

6# 2IqEL

26



Bundy Hill (30-35) contains nearly 5% chert, which is highly active in producing concrete
dilation and popouts but does not break in the hydraulic fracture test (see section 5.3.2). The two
effects seem to be somewhat offsetting, producing more test result variability than for most
sources, but an average that lies near the “best-fit” line.

Considering Figure 1 and discarding the City Limits (17-20) data, a best-fit line through
the remaining data points suggests that aggregates with average fracture rates greater than 2.6%
correspond to dilations greater than 0.067% per 100 cycles and should be rejected to provide
compliance with MDOT 1990 Standard Specifications. Similarly, aggregates with average
fracture rates greater than 2.2% correspond to dilations greater than about 0.04% per 100 cycles
and should be rejected to provide compliance with MDOT 1990 Standard Special Provisions. A
band of test result variability exists about this best-fit line, so any fracture rate acceptance criteria
should be selected with consideration of the possibility of obtaining nonrepresentative samples.
Some guidance on the selection of this criteria can be based on the confidence interval
surrounding the Bundy Hill (30-35) fracture data, which has a lower limit of 1.35% for 90%
confidence. For example, constructing a line through this point and parallel to the “best-fit” line
suggests that aggregates with average fracture rates greater than 1.2% should be rejected to
comply with the 1990 Standard Special Provisions; a slightly higher value (e.g., 1.5%) might be
less likely to result in the rejection of durable aggregates.

University of Washington gravel fracture data are presented in Figure 2 and Table 6.
Consideration of all of these data (excluding City Limits (17-20) for the reasons discussed above)
still indicates a slight trend of increasing fracture with increasing dilation, with a best-fit line
through the remaining data points suggesting that aggregates with average fracture rates greater
than 1.85% correspond to dilations greater than 0.04% per 100 cycles and should be rejected for
compliance with the MDOT’s 1990 Standard Special Provisions. The 1.5% criteria suggested
above would provide a greater degree of confidence while rejecting all known nondurable
aggregate test results from Washington.

A comparison of Figures | and 2, which represent the results of tests of the same
gravel/minerock materials performed at different labs and by different operators, suggests that
test results were not consistently repeatable between labs. A closer examination of these data
suggest that the test results obtained from each lab exhibited the same general trends, but that the
Washington results occurred within 2 more compressed scale, thereby producing a flatter slope
for the best-fit line through the data points. It is hypothesized that much of the difference in test
results may be attributable to differences in the test apparatus release rates at the two universities
(i.e., Minnesota release rates averaged 40,000 psi/sec while Washington release rates averaged
50,000 psi/sec for the same actuator pressure; see Figure 5), which have been correlated
inversely with particle fracture rates. This difference between lab results and apparatus release
rates is discussed in more detail in sections 5.2.4 (Variability Between Labs), 6.1 (Conclusions)
and 6.2 (Recommendations).

Figures 3 and 4 suggest no clear relationships between mass loss and dilation for the
gravel samples, although the high mass loss without significant dilation associated with the City

Limits (17-20) source (due to the sandstone content) is clearly indicated.
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Other highway agencies have adopted more simple quick-screen techniques for assessing
the freeze-thaw resistance of gravel aggregates. For example, the Minnesota DOT currently
rejects gravels for use as coarse aggregate in PCC mix designs if the carbonate content of the
gravel exceeds 30% by weight of the bulk aggregate. This screen successfully distinguishes
between the relatively poor durability of the high-carbonate Bundy Hill source(30-35) and the -
excellent durability of low-carbonate City Limits source (17-20). Relative quantities of
carbonate in the other sources considered here could be evaluated with respect to this (or other)
criterion to determine whether carbonate content might provide a strong indicator of freeze-thaw
durability for Michigan gravel sources.

Particle density and porosity are also often considered indicators of concrete aggregate
freeze-thaw durability. Figures 6 and 7 present graphs of specific gravity and absorption
capacity, respectively, versus dilation for the five gravel sources considered in this project;
Tables 10 and 11 summarize the data presented in Figures 6 and 7, respectively. Figure 6
indicates that there is no apparent relationship between specific gravity and dilation for the
aggregates tested. However, Figure 7 indicates a strong correlation between absorption capacity
and dilation, with absorption capacities greater than 1.3% being associated with unacceptably
high dilations. Additional tests should be performed on a wider range of aggregate sources to
verify the usefulness of an absorption-based screen for gravel aggregate sources.

It must be emphasized that this study was not set up to properly study any of the “quick-
screen” tests mentioned in the previous two paragraphs and the authors do not necessarily
advocate their adoption. These data are presented and briefly discussed onty to document
observations that may or may not bear additional consideration. It is also worth noting that the
correlation of absorption capacity and carbonate content with freeze-thaw dilation may not
correlate with field performance.

5.1.3 Analysis of Correlation with Carbonate Sources

Seven carbonate sources were considered in this test program: Rockwood (58-08),
Marblehead (93-01), Drummond (17-66), France Stone (93-03) (Silica), Michigan Foundation
(82-06), Maybee (58-04) and Dennison Farms (58-09). Petrographic examinations by MDOT
personnel indicate that Drummond (17-66) and Maybee (58-04) are pure dolomites, while the
remaining sources are dolomitic limestones (see Table 3). All of the carbonate sources
considered here except for Drummond (17-66) contain varying quantities of porous carbonate
particles (Drummond (17-66) is stated to be composed only of dense material).

Freeze-thaw tests performed at the Universities of Michigan and Minnesota found that, of
the carbonate sources, only the Michigan Foundation source (82-06) produced dilations
exceeding the MDOT 1990 Standard Specification acceptance limit of 0.067% per 100 cycles;
only the Drummond and France Stone sources (17-66 and 93-03, respectively) produced
dilations below the 0.04% per 100 cycle limit set forth in the MDOT 1990 Standard Special
Provisions.
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Table #10. Dilation and Dry Bulk Specific Gravity Data for .
Gravel/Minerock Aggregate Sources

Freeze-thaw Dry
Dilation, Bulk Specific
% per 100 cycles Gravity
Source (U Mich Data) (U Mich Data)
Bundy Hill (30-35) 0.061 2.65
Bruce Mines (95-10) 0.000 2.81
Celotex (07-20) 0.173 2.64
City Limits (17-20) 0.001 2.68
Evergreen (52-78) 0.261 2.69
Table #11. Dilation and Absorption Data for
Gravel/Minerock Aggregate Sources
Freeze-thaw ‘Absorption (%)
Dilation, 24 Hour Vacuum
% per 100 cycles Soak Saturation
Source (U-Mich Data) (U-Mich Data) | (U-Mich Data)
Bundy Hill (30-35) 0.061 1.25 1.40
Bruce Mines (95-10) 0.000 0.85 0.92
Celotex (07-20) 0.173 2.33 2.66
City Limits (17-20) 0.001 0.44 0.87
Evergreen (52-78) 0.261 1.99 2.14
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Figures 8 and 9 present plots of the percent fracture after 50 cycles of pressurization
versus dilation for the tests performed on the 19- to 25-mm (3/4- to 1-in) materials at the
Universities of Minnesota and Washington, respectively. Each plotted point represents the
average of all tests performed when three or fewer tests were considered in the analysis;
otherwise, each point represents the average of all possible combinations of three for the tests
that were considered. Tables 12 and 13 provide some details conceming the data presented in
these figures. Similarly, Tables 14 and 15 provide details concerning the data presented in
Figures 10 and 11, which are plots of mass loss versus dilation for the hydraulic fracture tests
performed at Minnesota and Washington, respectively.

At first glance, there does not seem to be a strong correlation between particle fractures
and dilation (see Figures 8 and 9), although mass loss and dilation appear to be directly related
(see Figures 10 and 11). These figures suggest two possible ways to use the hydraulic test results
to obtain the same screening that would be obtained using MTM 115 in combination with the
1990 Standard Specifications and Standard Special Provisions. One approach is to reject all
carbonate aggregate sources with computed fracture rates exceeding 2% or mass losses greater
than 0.5%. For the Minnesota test data (presented in Figures 8 and 10), this would eliminate all
of the sources with unacceptable dilation except for Marblehead (93-01), which (according to
MDOT petrographers) appears to fail in the transition zone between aggregate and mortar and
might not be expected to fail a test that does not simulate this failure mechanism. These
rejection criteria do not produce the desired results for the Washington data (see Figures 9 and
11). The second approach is to ignore aggregate particle fracture and reject all carbonate sources
with mass losses exceeding 0.2%. Considering the data produced at either University, this
approach results in the rejection of all of the aggregate that fail MTM 115, as well as France
Stone-Silica (93-03), which historically has exhibited acceptable dilation. The rejection of a few
“good” sources is probably acceptable for a “screening test,” provided that MTM 115 is used to
verify rejection.

Another use of the hydraulic fracture test as a slightly less severe “screening test” would
be to accept all carbonate aggregates with mass losses less than 0.2%, reject those with mass
losses exceeding 0.5%, and test all those falling between these criteria using MTM 115. For the
results of this study, this approach would have resulted in the rejection of the materials that
- produce the worst dilation, the acceptance of the best aggregate source, and freeze-thaw testing
of the marginal sources (and one low-dilation source).

It is worth noting that other states have adopted simple screening test criteria for
carbonate freeze-thaw durability that provide results as good as those described above. For
example, the Minnesota DOT currently requires that carbonate aggregates have an absorption
capacity (24-hour soak) of less than 1.75%. Figure 12 provides a plot of absorption versus
dilation for the Michigan carbonate-based aggregates included in this study; this data is
summarized in Table 16. This figure shows that the 1.75% absorption criteria would result in the
rejection of all carbonate aggregate sources tested except for Drumtnond (17-66), which is
clearly a durable aggregate source. The use of a much higher rejection threshold (4%, assuming
absorption based on vacuum saturation, or 3%, assuming absorption based on a 24-hour soak)
would result in the rejection of only the three sources that failed to meet dilation criteria for
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MDOT 1990 Standard Special Provisions (Michigan Foundation (82-06), Marbiehead (93-01)
and Maybee (58-04)). Similarly, Figure 13 illustrates the relationship between the bulk specific
gravity and MTM 115 dilation of carbonate aggregates; this data is summarized in Table 17. In
this case, a specific gravity criterion of 2.5 would successfully discriminate between aggregates
that meet or fail the dilation criterion set forth in MDOT 1990 Standard Special Provisions.

The use of simplistic screening criteria such as absorption capacity and specific gravity
probably offer a reasonably accurate screen for the freeze-thaw durability of many carbonate
aggregate sources. However, they fail to simulate freeze-thaw mechanisms and do not directly
consider all aggregate properties that influence freeze-thaw durability (e.g., particle strength,
pore size distribution, sorptive characteristics, etc.) As a result, correlations between measures of
absorption, specific gravity and freeze-thaw durability sometimes fail to identify nondurable
carbonate sources and sometimes reject durable sources (Snyder and Koubaa, 1996). MDOT
may benefit from further research concerning the use of such simple tests as preliminary
screening predictors of freeze-thaw durability, but previous research studies have rejected their
use as final acceptance/rejection tools.

5.2  Analysis of Test Variability

5.2.1 Variability Between Operators

Table 18 presents a summary of the average and standard deviation of the computed
fracture and mass loss for tests of Bundy Hill (30-35) 19- to 25-mum (3/4- to 1-in) aggregate
performed at the University of Minnesota by three different operators. It can be shown that there
is no statistically significant difference between the mean values of the tests performed by each
operator. While the mean test values are fairly close, a major part of the reason why the values
are not considered significantly different is because the test results obtained by operators 1 and 2

is high.

One source of the large computed standard deviations for these two operators is the
relatively small number of tests performed (only three for operator 1 and two for operator 2). All
three operators were well-trained, and their personal techniques are not considered a source of
significant variability. It is more likely that most of the variability can be attributed to the
composition of the Bundy Hill (30-35) aggregate source, which included many varieties of
minerals that are known to perform poorly in the hydraulic fracture test. In fact, one of the
operators noted that, in one test, only one aggregate particle fractured, but that it did so
repeatedly during the test program. This resulted in a high fracture count where only one particle
was actually deteriorating. Thus, it appears that the Bundy Hill (30-35) source was, in hindsight,
a poor choice for evaluating test repeatability between operators. This experience also provided
one of the first clear indications of the need for an improved technique for determining the
number of aggregate particles responsible for the many particle fragments that can be produced
during the test.

The issue of operator variability was reconsidered during further development of the
hydraulic fracture apparatus (funded by the University of Minnesota Graduate School). Some of
the results of these tests are summarized in Table 19 (Hietpas, 1996). These test data are quite

42




£0

$301N0§ 91882183y s1eUoqIe)) I0j uoneji( sa uondiosqy "Z[# 2anSiy

$3[I4d 00T / uoneq %

§T0 (A 10 [0 €00 0
1 i L 1 1 F) L I 1 [ 1 1 L L 1 L o
(99-L1) 4

puoununiq
[
(4

(€0-€6) o

(60-85) AUl QOUBIL]
suurey vosmupo( ©

(80-85) poomjpog?  (L0°EH) ¢

Quol§ oo:m.—%

(0-8¢) 20qAejy @ Guue, vosiuuag
{80-85)poeusiond] ¥

V_ﬂom IH ¥C °
B - (90-78) o (0-¢6)
JeS OEA hd uonepuno UeSn oA ° pea ~2n_uw2
¢
#0-89) @
20q4epy
9
(bo-78)
uonepuno, ueSiyoN e

(2%) uonduaosqy

43



£0

SAPAD 001 / uonENq %

$30In0g 91030183y ajeu0qIe)) 10§ uonei( SA ANAeIn oyads ying Axq g 1# 2IndLg

10 00 0
L i 1 1 ] | [ 1 7 L L 1 N
77
(90-28) (y0-8¢) bz
uonepung,y ueSwpp @ momh&z
(10-£6) peaydiquepy @
(80-85) poompoy (
£0-£6)
(60-8¢) suLreq uosiuya(q J .
oﬁowmbuﬂwhﬂ!; 0 N
(99-LT)
pucuInI(]

% 87

Aaean) diadg g A1

44



Table #16. Dilation and Absorption Data for
Carbonate Aggregate Sources

Freeze-thaw Absorption {%)
Dilation, 24 Hour Vacuum
% per 100 cycles Soak Saturation
Source ‘ (U-Mich Data) (U-Mich Data) | (U-Mich Data)
Dennison Farms (58-09) 0.038 2.69 386
Drummond (17-66) 0.001 0.51 0.53
France Stone (93-03) 0.006 239 3.36
Marblehead (93-01) 0.056 3.44 4.55
Michigan Foundation (82-06) 0.069 4.63 6.58
' Maybee (58-04) : 0.044 3.79 53
Rockwood (58-08) 0.039 3.04 3.73

Table #17. Dilation and Dry Bulk Specific Gravity Data
for Carbonate Aggregate Sources

Freeze-thaw Dry
Dilation, Bulk Specific
% per 100 cycles Gravity
Source (U-Mich Data) (U-Mich Data)
Dennison Farms (58-09) 0.038 2.57
Drummond {17-66) 0.001 2.80
France Stone (93-03) 0.006 2.62 I
Marblehead (93-01) 0.056 247 .
Michigan Foundation (82-06) 0.069 2.42
Maybee (58-04) 0.044 2.44
Rockwood (58-08) 0.039 2.56
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limited, but they indicate that variations in the test results obtained during the MDOT-funded
portion of this study were probably due mainly to variances in equipment “calibration” (i.e.,
pressure release rates) and inherent material variability, and not to differences in test operators.
Although the test procedure represented by these results is slightly modified from the procedure
used for the MDOT study that is the principal subject of this report (new apparatus calibration
techniques have been developed, as have techniques for estimating the number of fractured
aggregate particles), it is believed that these results provide a better indication of the repeatability
of tests between operators than the results obtained during the MDOT-funded study.

5.2.2 Variability Within Sources

Tables 20 and 21 present summaries of the average and standard deviation of the
computed fracture percentage and the mass loss, respectively, for each of the sources tested at
each of the two labs. All operators are combined at any given lab because, based on section
5.2.1, it is not believed that variability between operators is a significant effect. The data

ted i two tabl nt the averace and st viation individual te
runs for each source, not the statistics for the set of all ible inations of test runs tak
three-at-a time.

Analyses of the data presented in these tables show that, while the absolute values of the
test results generally become more variable as the magnitude of the result increases (e.g.,
standard deviation of percent fracture and mass loss increases as percent fracture and mass loss
increase themselves), the relative variation remains fairly constant with an average coefficient of
variation of about 0.5 (or 50%) for both percent fracture and mass loss as measured at either test
lab. Furthermore, analyses showed that these conclusions were generally true for all types of
aggregate tested, regardless of the results of dilation tests, This suggests that the variability of
the hydraulic fracture test is relatively insensitive to aggregate type or durability.

5.2.3 Variability Between Apparati

Tests were performed at the University of Minnesota to measure the variability in
hydraulic fracture test results obtained by the same operator using two different apparati. All
variables except test apparati (i.e., operator, lab location, chamber pressure, solenoid actuator
pressure, particle count per test and aggregate source) were held constant. The aggregate source
used for these tests was Bundy Hill (30-35), and the test equipment were the U-Minn and MDOT
apparati. Three samples were tested using each piece of equipment; the test results are
summarized in Table 22. '

The amount of fracturing observed in each test sample was similar except for one sample,
which produced a computed fracture count that was 5 to 10 times higher than that of any other
sample; however, the operator noted that all of the observed fracturing in this case was due to the
repeated fracture and disintegration of a single piece of aggregate, resulting in an unrealistically
high computed fracture count. Even when this anomalous test result is included in the analyses,
hypothesis testing suggests that the mean difference in particle fracture rates between the two
pieces of equipment was not significant. The data were subjected to a two-tailed t-test, which
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suggested that, at the level o = 0.1, there is not enough evidence to suggest that the two means
are significantly different. Similar conclusions could be drawn concerning the mass loss data
obtained from the same tests using the two different hydraulic fracture test apparati.

While the two apparati discussed above did not yield significantly different test results
when used by the same operator, other study conclusions suggest that other pairs of apparati
might easily yield very different test results, as is discussed in the next subsection.

5.2.4 Variability Between Labs (Varying Operator and Apparatus)

Tables 20 and 21 can also be used to determine the variability in hydraulic fracture test
results between labs. Even though it appears fairly apparent that there is some systematic
difference between the results obtained at the two laboratories, hypothesis testing was performed
on measurements of percent fracture obtained for each aggregate source tested at both labs to
determine whether the apparent differences are statistically significant. For these studies, the
null hypothesis is selected as: pyyn = Myw ;the alternative hypothesis is: pyyy # Uyw- A two-
tailed t-test was selected and the assumption was made that the population standard deviations at
both labs were equivalent. Insufficient tests were performed at one of the labs to allow an
analysis of the Rockwood (58-08) and Drummond (17-66) data.

For Bruce Mines (95-10), Bundy Hill (30-35) and Marblehead (93-01), the null
hypothesis cannot be rejected at the a = 0.1 level, indicating that the difference between mean
values between the labs for these aggregate sources would not be considered strong.

For Celotex (07-20), Michigan Foundation (82-06) and Maybee (58-04), the null
hypothesis is rejected at the o = 0,1 level, indicating a strong probability of a true difference in
mean values obtained at the two labs. Assuming that the samples at each lab are representative,
it is likely that this difference in results can be attributed to some other difference between the
two lab operations (e.g., equipment, operators, environment, etc.).

For France and City Limits (17-20), the null hypothesis is rejected at the g = 0.03 level,
indicating a very strong probability of a true difference in mean values obtained at the two labs.
The possible sources of this difference are as described above.

For Evergreen (52-78), the null hypothesis is rejected at the o = 0.025 level, an extremely
strong indicator of a true difference in mean values obtained at the two labs. The possible
sources of this difference are as described above.

This apparent variability between results obtained using different test apparatus was
studied further in 1996 under a grant provided by the Graduate School of the U-Minn (Hietpas,
1996). Additional tests were performed on samples obtained from the Evergreen (52-78)
aggregate source using the Minnesota, Washington and MDOT hydraulic fracture equipment.
During these tests, all known test variables were held constant (i.e., particle count, solenoid
actuator pressure, chamber pressure, etc.), but release rate was monitored and the incidence of
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particle fracture was recorded as usual. A graphical presentation of some of the results of this
study is presented in Figure 14, which shows a strong relationship between pressure release rate
and the incidence of particle fracture, with particle fracture rates decreasing with increasing
pressure release rate (at least within the range of pressure releases considered here). This
discovery also helps to explain the differences in fracture rates obtained at the Universities of
Washington and Minnesota throughout this research study, because standardized test procedures
yielded pressure release rates of approximately 42,000 psi/sec (290 kPa/sec) in Minnesota
(yielding higher incidences of fracture) and 50,000 - 60,000 psi/sec (340 - 410 kPa/sec} in
Washington (resulting in lower incidences of fracture).

Another inference that can be drawn from this and other unpublished data is that pressure
release rates can vary broadly between apparati (presumably due to differences in valve stiffness
and minor plumbing variations), even when all known input variables are held constant. A
corollary to this inference would be that it should be possible to match release rates between
various apparati by varying the input variables. This hypothesis was tested in 1996 under a grant
from the Graduate School at the University of Minnesota (Hietpas, 1996); a sampling of results
from this study is included in Figure 15. This figure shows that the Minnesota apparatus was
“calibrated” to produce a release rate profile that was practically identical to that of the
Washington apparatus by increasing the U-Minn solenoid actuator pressure from 620 kPa to
1000 kPa (90 psi to 145 psi).

The effectiveness of this calibration procedure was then tested by preparing additional
samples of the Evergreen (52-78) aggregate source for testing at the Universities of Minnesota
and Washington. A representative sampling of the results of this test program is presented in
Table 23, which indicates that the “calibrated” Minnesota apparatus produced fracture rates that
were very comparable to those obtained at Washington, while the same apparatus run using the
lower solenoid actuator pressure and release rate produced much higher rates of aggregate
fracture.

These findings strongly suggest that test protocols can be (and should be) modified for
each individual test apparatus to produce some accepted and standardized pressure release curve.
The resuits described above suggest that this “calibration” would enhance test repeatability
between various apparati and labs. One way to achieve this matching of pressure release rates is
to modify the solenoid actuator pressure (as was done in the Minnesota study). Other
“calibration” techniques (i.e., plumbing modifications, etc.) may also be possible, but may
require much more work.

5.2.5 Effect of Particle Count on Rates of Fracture and Mass Loss

Figures 16 through 27 present graphs of particle count (i.e., number of particles in the
chamber during any single test run) versus percent fracture for each of the aggregate sources
tested. There are no clear universal trends, although the test results of certain aggregate types
seem sensitive to the number of particles in the chamber during testing.

For example, within the gravel/minerock group, Evergreen (52-78) and Celotex (07-20)
(which contain some openly-porous particles) appear to produce more fracturing when particle
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Figure #16. Initial Count vs % Fracture
for Bundy Hill (30-35) 19 - 25-mm

Figure #17. Initial Count vs % Fracture
for Bruce Mines (95-10) 19 -~ 25-mm
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Figure #18. Initial Count vs % Fracture
for Celotex (07-20) 19 - 25-mm

Figure #19. Initial Count vs % Fracture
for City Limits (17-20) 19 - 25-mm
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Figure #20. Initial Count vs % Fracture
for Dennison Farms (58-09) 19 - 25-mm
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| Figure #21. Initial Count vs % Fracture

for Drummond (17-66) 19 - 25-mm




300
-5 250
6 .U-Minn
7 2001, C 1757 0 U-Wash
= [ ) [ )
£ 150

100

o 1 2 3 4 5 86
% Fracture @ 50 Cycles

Initial Count

300
20 4 o
[ I ]
200 {* + U-Minn
& U-Wash
150
100

D 1 2 3 4 5 6
% Fracture @ 50 Cycles

Figure #22. Initial Count vs % Fracture
for Evergreen (52-78)19 - 25-mm

Figure #23. Initial Count vs % Fracture
for France Stone (93-03) 19 - 25-mm
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Figure #24. Initial Count vs % Fracture
for Marblehead (93-01) 19 - 25-mm

Figure #25. Initial Count vs % Fracture
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counts increase while Bruce Mines (95-10) and City Limits (17-20) (which contain few or no
openly-porous particles) do not. A trend is not clear for Bundy Hill (30-35) because all tests
used about the same number of particles, Within the carbonate group, it appears that most
differences in fracture are between labs and are not due to particle counts.

Tt was hypothesized that that there is a difference in some aspect of the hydrodynamic
forces that cause particle fracture when the relative volumes of aggregate and water are varied in
the test chamber. It is also possible that the few observed trends are due between-lab variations .
(due to variations in pressure release rates, for example, as noted previously), since the particle
counts and fracture percentages in these cases were both higher at Minnesota than at Washington.

Some additional testing was performed at the University of Minnesota to further
investigate the effects of particle count on hydraulic fracture test results. These tests were
performed on sample of the Evergreen aggregate source (52-78) using the Minnesota and MDOT
hydraulic fracture test apparati, and the results are presented in Table 24 and Figure 28. These
data still do not indicate any clear trends in the effect of particle count on hydraulic fracture test
results.

All of the testing described in this subsection was performed before the Minnesota-
funded study identified the more effective equipment calibration criterion. Further testing should
be performed along the same lines described above, except using test apparati that have been
calibrated to produce comparable results. However, it seems unlikely that particle count
significantly affects test results as long as the test chamber is not overfilled, which can result in
particle fractures as the lid compresses the aggregate. It is more likely that observed variations in
particle fracture rates with varying particle counts are attributable to equipment release rates and
random variations in the sample composition and properties.

5.2.6 Hydraulic Fracture Tests of Recycled Concrete Aggregate

Three sources of recycled Michigan concrete aggregate were tested in the hydraulic
fracture apparatus: a recycled gravel concrete, a recycled limestone concrete and a recycled slag
concrete. The recycled gravel concrete was obtained from a portion of I-94 near Brighton, MI;
the recycled limestone concrete and recycled slag concrete were obtained from unknown
pavement sources through a Michigan aggregate supplier.

Only particles in the 19- to 25-mm (3/4- to 1-in) particle size range were tested in the
hydraulic fracture apparatus. All three aggregates were used to make concrete freeze-thaw
beams, which were prepared and tested at the U-Minn in accordance with AASHTO T 161
Procedures B and C. The recycled gravel concrete was also freeze-thaw tested at the University
of Michigan in accordance with MTM 115, resulting in a dilation of 0.048% per 100 cycles. The
results of the hydraulic fracture tests and AASHTO T 161 freeze-thaw tests are presented in
Table 25 and Figure 29.

These data do not suggest any clear trends between incidence of particle fracture and
freeze-thaw test dilation for any of the recycled concrete aggregate sources. All three sources
exhibited levels of fracturing that would be considered indicative of potential freeze-thaw
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problems in natural aggregates, but dilation data obtained using AASHTO T 161 (MTM 115
vacuum-saturation equipment is not available at U-Minn) indicate a broad range of freeze-thaw
durability that does not correlate with the fracture data. It is possible that the hydraulic fracture
test results for recycled concrete materials are influenced by the many factors, including the
natural aggregate pore structure and particle strength, the bond strength between the old mortar
and the natural aggregate, the presence of any weakened planes or fractures produced during the
crushing process, and other considerations. It is also possible that the current test protocol should
be modified for this type of aggregate to produce a better correlation with dilation (e.g., use a
different chamber pressure, different release rate, different acceptance/rejection criteria, etc.).

The preceding comments and conclusions are made on the basis of only a few tests of a
few recycled concrete aggregate sources. A much broader test program should be undertaken to
more fully evaluate the potential of the hydraulic fracture test for quickly assessing the freeze-
thaw durability potential of recycled concrete aggregate sources; for MDOT, this program should
include companion tests of freeze-thaw beams prepared and tested in accordance with MTM 115.
Until further testmg and evaluations are done, the hydraulic fracture test does not appear to be
suitable for use in assessing the freeze-thaw durability of recycled concrete aggregates.

5.3 Special Studies

A number of special studies were conducted as a part of this research project. The
specific special studies are described in the following sections.

5.3.1 WHFT Calibration

As a part of the testing conducted to determine the critical test parameters that must be
specified in order to assure that duplicate WHFT equipment produce the same results, as series of
tests were conducted with varying chamber pressures and release rates. These tests used the
Rockwood aggregate in the 19-25 mm. size range. The results are summarized in Figure 30,
which shows the HFI values for various release rates and chamber pressures. The numerical
values plotted in the figure are the HFI values.

The figure shows that the lowest release rate produced less fracturing (higher HFI values)
than higher rates. The figure also shows that for a given release rate, the fracturing decreases tor
both high and low chamber pressures. There appears to be a central area defined by a minimum,
release rate and a specific chamber pressure that appears to optimize fracturing. A minimum
release rate of 210,000 kPa/sec. over a duration of 0.01 seconds and a chamber pressure of
7,930 kPa is suggested for WHFT testing.

5.3.2 Deleterious Materials

The ability of the WHFT procedure to identify materials classified as deleterious by
MDOT was investigated by preparing specimens with exactly 25 percent (by number of particles)
of a specific deleterious material combined with a durable dolomite. The deleterious materials
used were typical sandstone, siltstone, shale, clay-ironstone, and chert particles. All pieces were
in the 19-25 mm size range.
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Table 26. Deleterious Matenials Results.

Specimen Hydranlic Fracture Index
Dolomite plus 24% Sandstone 75
Dolomite plus 25% Siltstone 6
Dolomite plus 25% Shale 13
Dolomite plus 25% Clay Ironstone 9
Dolomite plus 25% Chert >500

5.3.3 Silane Treatment

In order to avoid problems with high absorption rates, the aggregate is treated
with a silane-based sealer. This method is explained in Appendix A, pp. A-16to A-19.

The question of whether or not the silane treatment was necessary was addressed
by testing specimens of both the deleterious materials and the Bundy Hill aggregate with
and without silane treatment. These results are presented in Table 27.

As can be seen the use of silane generally had no effect on the results of the
hydraulic fracture tests. However, the silane did reduce the fracture rate of sandstone
particles, which fractured much less when the silane treatment was used. The silane
treatment appears to not have a detrimental effect on the results. In a few limited cases,
the sandstone and the specific Illinois limestone mentioned in Appendix A, the silane
treatment allows aggregates that would be expected to fracture to actually fracture.

Table 27. Effect of Silane Treatment.

Specimen Untreated HFI Treated HFT -
Dolomite plus 24% Sandstone 225 75
Dolomite plus 25% Silistone 10 6
Dolomite plus 25% Shale 9 13
Dolomite plus 25% Clay Ironstone 12 9
Dolomite plus 25% Chert >500 >500
Bundy Hill (Gravel) 106 99
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6. CONCLUSIONS AND RECOMMENDATIONS

The hydraulic fracture test, in its current form, is not yet ready for adoption by the
Michigan Department of Transportation or other agencies as a technique for consistently and
reliably predicting the results of freeze-thaw durability testing according to MTM 115. It is still
believed, however, that the hydraulic fracture test will eventually be successtully developed into a
rapid test for accurately assessing the freeze-thaw durability of many types of concrete aggregate.

The testing documented in this report has significantly advanced the development of this
test and laid the groundwork for final developmental work. Several modifications of the test
equipment and procedures were developed and tested under this contract. These modifications
resulted in substantial improvements in test repeatability and reduction of variability due to
previously unknown sources. These modifications include:

e The incorporation of an electro-pneumatically-acutated pressure release valve, eliminating the
manually-operated valve that was part of the equipment developed under the SHRP study and
reducing the variability of the rate at which the valve is opened during pressure release.

¢ The addition of neoprene lining to the pressure chamber lids to reduce the incidence of
particle fracture due to contact with the lids during testing.

e Revisions to the computation of the hydraulic fracture index, basing the index on the number
of cycles to produce 5 percent particle fracturing rather than 10 percent. This was effectively
an increase in the scale of the index to account for the reduction in particle fractures that were
produced after the pressure chamber lids were lined with neoprene.

The following section highlights some of the additional conclusions drawn from the
project work and the recommendations provided in section 6.2 provide some direction for future
research and development activities. A specific work plan for future research is not provided
because such a plan should be developed by the persons proposing that research in the context of
the results of this study and other ongoing studies.

6.1  Conclusions

L. Early attempts to develop a large chamber for hydraulic fracture testing that would
produce the same results being obtained with the smaller apparatus that evolved from the original
SHRP study were unsuccessful.

2. The Hydraulic Fracture Index (HFI), as it is currently defined, did not correlate well with

dilations measured according to MTM 115. Computed fracture rates and mass losses produced
by the hydraulic fracture test correfated much better with MTM 115 dilations.
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3. Correlations between computed fracture rates, mass loss and MTM 115 dilations were
improved when the size of the sample considered was increased (i.e., the results of three small
chamber runs were combined to produce a single test result). This finding reinforces the need to
develop a larger test chamber.

4. The hydraulic fracture test produced large amounts of fracturing of “soft” particles, such
as sandstone, that are considered deleterious but are not necessarily associated with large
dilations or poor freeze-thaw durability. The frost resistance of aggregate sources that contain
even small quantities of sandstone may not be adequately assessed using current hydraulic
fracture test parameters (i.e., HFI, computed particle count and mass loss). Even greater amounts
of fracturing were produced in materials containing similar quantities of siltstone, shale and clay
ironstone.

5. The hydraulic fracture test generally failed to produce fractures in chert particles, which
are strongly associated with poor freeze-thaw durability (especially popouts). The frost
resistance of aggregate sources that contain significant quantities of chert may not be properly
assessed using current hydraulic fracture equipment and procedures.

6. Some “quick-screen” tests, such as absorption capacity, specific gravity and carbonate
content (for gravel sources only) were found to be correlated with MTM 115 dilation.

7. The use of the hydraulic fracture equipment and procedures developed under this study
minimizes the potential for variability in test results due to different operators.

8. Identically designed hydraulic fracture equipment can produce significantly different test
results for identical aggregate samples if the apparati are not properly calibrated. An equipment
“calibration” or adjustment technique developed after this study was complete appears to reduce
the variability in test results between different apparati to undetectable levels.

9. Hydraulic fracture test results do not seem to be affected by the number of particles
included in the test chamber as long as the chamber is not overfilled, which can result in particle
crushing as the lid compresses the aggregate.

10.  The hydraulic fracture test, in its current form, does not appear to be suitable for use in
assessing the freeze-thaw durability of recycled concrete aggregates.

11.  The use of silane (to control the rate of absorption and produce fracture rates that are
indicative of probable freeze-thaw performance) generally had no effect on the results of
hydraulic fracture tests performed on selected aggregates in this study. However, the silane did
reduce the fracture rate of sandstone particles and was useful in producing more realistic test
results for at least one other aggregate source in a previous study. On this basis, the continued
use of silane for pretreating the aggregates is recommended.
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12. MDOT petrographic examinations of Marblehead (93-01) freeze-thaw beams
suggested that the mechanism of failure in these beams was rooted in the transition zone
between aggregate and paste, not within the aggregate itself Test of unconfined aggregate
(i.e., unconfined freeze-thaw or hydraulic fracture test) would not be expected to correlate
well with this mechanism for aggregates such as Marblehead.

6.2 Recommendations

1. The Michigan DOT should not yet adopt the hydraulic fracture test as either a
replacement or a screening test for MTM 115, which assesses the potential freeze-thaw
durability of coarse aggregates intended for use in portland cement concrete.

2. The Michigan DOT should make use of the results of this study and the results of
other studies of the hydraulic fracture test to complete the development of the hydraulic
fracture test. Specific factors that deserve additional consideration are described below.

3. A second attempt should be made to develop a large chamber hydraulic fracture test
apparatus because the results of both this study and the original SHRP study documented the
reduction in test variability and improvement in accuracy that results from the testing of larger
samples. Results of tests currently underway at the University of Minnesota and partially
documented in this report indicate that it may now be possible to “calibrate” a larger chamber
so that it will produce results comparable to those obtained using the smatler chamber used in
this study.

4. Efforts should be devoted to improving the way in which the rate of aggregate fracture
is determined in the current test procedure, which does not adequately differentiate between
various possible modes of fracture (e.g., one piece breaking into two similarly-sized pieces,
one piece breaking into three or more similarly-sized pieces, one piece breaking into many
small pieces, etc.). This is due to the use of only the 9.5- and 4.75-mm (3/8-in and #4) sieves
to separate the aggregate pieces and estimate the number of fractured particles after testing.
These misleading estimates of fracturing lead to poor correlations with the results of other i
tests (e.g., MTM 115). Research currently underway at the University of Minnesota is
attempting to address this issue by using a more extensive series of sieves to separate the
aggregate pieces after testing. It is believed that this type of procedural modification might
provide more accurate estimates of particle fracture rates and might correlate better with
MTM dilations and other freeze-thaw test results.
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5. After the chamber size and particle fracture estimation issues described above have
been addressed, research efforts should focus on validation of the test equipment and
procedures. This work should include:

¢ Retesting of all of the aggregate sources considered in this project using the new
procedures and larger chamber equipment (since the dilation and fracturing characteristics
of these sources is now extremely well documented) to generally validate the revised
equipment and procedures;

e Tests (both hydraulic fracture and MTM 115) of additional gravel samples that do not
contain significant quantities of sandstone and/or chert in order to provide better
documentation of the ability of the hydraulic fracture test to predict the dilative
characteristics of concrete produced using these materials;

¢ Tests (both hydrautic fracture and MTM 115) of additional samples of aggregates
containing varying quantities of known deleterious and “soft” particles to better determine
the content thresholds above which unacceptable dilation may develop and to determine
whether different acceptance criteria should be developed for such materials;

¢ Additional freeze-thaw testing of the samples that were “spiked” with chert to determine
whether the “unbreakable” chert submitted for hydraulic fracture testing is actually
expansive in freeze-thaw;

° Petrographic examinations should be performed on slices of Bundy Hill (30-35) and City
Limits (17-20) freeze-thaw beams (taken through chert and sandstone, respectively) to
determine the mode and location of fracture initiation; and

¢ Tests (both hydraulic fracture and MTM 115) of additional samples of recycled concrete
aggregates and slag aggregates to determine whether current procedures can be used to
predict the dilation characteristics and freeze-thaw durability of these materials and, if so,
to determine appropriate criteria for acceptance and rejection.

6. Consideration should be given to making an aggregate "pick" the first step in any
evaluation of frost resistance. In this step the aggregate composition and origin is determined.
This would provide a basis for selection of subsequent durability tests. For example, gravels
containing significant quantities of chert would be directed to MTM 115 or some other
durability screening test, but not to the hydraulic fracture test, which currently fails to fracture
chert,
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Appendix A

Background, Principles, and Theories of
the Washington Hydraulic Fracture Test
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THE WASHINGTON HYDRAULIC FRACTURE TEST:
DEVELOPMENT AND MECHANISM

L0 INTRODUCTION
One of the specific tasks of research funded by the Strategic Highway Research

Program (SHRP) contract on the resistance of-concrete to freezing and thawing was the
development of a rapid method for identifying aggn;:gates susceptible to damage from
freezing and thawing (often termcd D-cracking). This report summarizes the SHRP
research efforts in dcvelopiné the test (called the Washington Hydraulic Fracture Test)
and includes a description of the mechanism believed to be responsible for the function
of the test. |

20 BACKGROUND

D-cracking is the term used to describe the distress in concrete that results from

the disintegration of coarse aggregates after they have become saturated and have been
subjected to repeated cycles of freezing and thawing. [1] D-cracking is observed most
often in pavements, though it can occur in structural concrete as well. The occurrence of
D-cracking in concrete containing aggregates known to be susceptible is most often
associated wwith the portions of the concrete exposed to moisture intrusion from
multiple directions. Examples of such exposure include pavement joints (where water
can intrude from both the top and bottom of the concrete slab, as well as the vertical joint |
face), especially the intersections of longitudinal and transverse joints (which provide
mutually perpendicular sources of intrusion) and the bases of concrete walls and/or
columns where snow is allowed to accumulate (preveﬁting the draining of water during

periodic thaw‘s).
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Although D-cracking has been known to exist since the 1930s [2], a fast, reliable,
reproducible, easily performed, and inexpensive test for identifying aggregates
susceptible to D-cracking has not been developcd to date.

2.2 Conditions Necessary for D-cracking

The mechanisms of D-cracking have not yet been completely clarified and
continue to be intensively studied. [3] Original research was based primarily on the fact
that water ekpands 9 percent when it freezes. Thus, the term "critical saturation” was
coined to describe the point at which the aggregate pores were 91.7 percent saturated
and, therefore, assumed to be susceptible to damage due to freezing and thawing.
Further research has foﬁnd that deterioration due to freezing and thawing can affect
aggregates with lower degrees of saturation. [4] |

To date, four theories have gained wide acceptance in describing the mechanisms
of frost action. [5] Although most of these theories were originally used to describe the
frost action in cement paste, they are also applicable to aggregates. [6] The first was the
hydraulic pressure theory Powers proposed in 1945, This was followed by the diffusion
and growth of capillary ice theory constructed by Powers and Helmuth in 1953, the dual
mechanism theory by Larson and Cady in 1969, and the desorption theory by Litvan in
1972.

Powers' hydraulic pressure theory proposes that destructive stresses can develop if
water is displaced to accommodate the advancing ice front in concrete. [7] If the pores
are critically saturated, water will begin to flow to make room for the increased ice
volume. Hydraulic pressures generated during the water flow will be dependent upon the
length of the flow path, the rate of freez:ihg, the permeability of the concrete, and the
viscosity of the water. The concrete and aggregate will crack if the hydraulic pressure
exceeds its tensile strength,

Further studies by Powers and Helmuth revealed that the hydraulic pressure

theory did not account for continued dilation of some specimens and shrinkage of other
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specimens at constant temperature. [8] They therefore proposed that the formation of ice
produces a relatively concentrated alkali solution at the freezing site. Unfrozen water
will, in turn, move toward the site because of the differences in solute concentrations in a
process similar to osmosis. Hence, the pressure developed was called osmotic pressure.

Research by Larson and Cady showed the migration of water out of specimens
during freezing, wlﬁch they felt supported the hydraulic pressure theory. {91 However,
they also noted continued dilation of concrete specimens after the equipment indicated
that freezing had ceased. They attributed these dilations to tfne hydraulic pressures
generated by the increase in the specific volume of water during the "ordering” or change
of state from bulk water on the ice and pore surfaces to adsorbed water.

Litvan's desorption theory proposes that cooling in a partia]ly-satufated porous
system produces excess vapor pressure in the pores due to the reduced solubility of water
in air at lower temperatures. These vapor pressure differentials between the inside and
outside of the porous material force water to migrate out. {10] As in Powers' theory, the
aggregate will rupture if the hydraulic pressures generaied during migration exceed the
tensile strength of the aggregate.. _

Given the above theories of frost damage, actual D-cracking can occur only when
1) the concrete contains D-cracking susceptible aggregates in a sufficient number and of
a large enough size, 2) the concrete is exposed to sufficient moisture, and 3) the concrete
is exposed to repeated cycles of freezing and thawing. The significance of these
conditions is:

1) Sufficient Number and Size of D-cracking Aggregate - The concrete must
contain D-cracking susceptible aggrcgatc; This emphasizcs the
importance of identifying D-cracking susceptible aggregate. There must
be a sufficient number of D-cracking susceptible pieces to cause damage
to the concrete as a whole rather than simply localized damage such as a

popout. This means that blending a sufficient quantity of non-susceptible
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aggregate with a D-cracking susceptible aggregate can result in acceptable
performance. The size of the D-cracking susceptible aggregate pieces

must be large enough to cause D-cracking. Reducing the maximum
‘aggregate size has been found to decrease the D-cracking potential of the

aggregate in concrete. [11] This means some other measure of the
aggregate (such as pore length) in addition to the pore size distribution is

- important in determining D-cracking susceptibility.
2) Sufficient Moisture Exposure - The concrete must be exposed to a

sufficient amount of moisture m order for D-cracking to occur. Pavement

concrete made with D-cracking susceptible aggregates may show

: substantial deterioration near joints or cracks that allow water mtrusipn,
while having no deterioration apparent in cores taken as little as one meter
(three feet) away from the crack or joint. [12, 13] Details allowing for
additional water intrusion, such as the intersection of transverse and
longitudinal joints, could result in increased deterioration.

3)  Sufficient Freezing - The concrete must freeze a sufficient number of
times for the D-cracking to be noticeable. Often, five to ten or more years
are required for D-cracking to become apparent. [11] Depth of freezing
also has an effect on D-cracking, with mild climates pmducing D-cracking
that resembles shallow spalls near joints rather than the traditional
dcterioration starting at the bottom of concrete slabs.

None of the conditions necessary for D-cracking are related to the air-void system in the
concrete. Though deterioration of the paste portion of the céncretc due to inadequate
entrained air could accelerate D-cracking progression by allowing more moisture to enter
the concrete, a properly air-entrained concrete can still develop Dcracking when the

above three conditions are met.



This ncce.ésity for multiple conditions in order for D-cracking to occur means that
field records of aggregate performance can possess a degree of unreliability.
Spccifically, a history of acceptable performance of an aggregate could simply reflect the
fact that the concrete containing the aggregate in question may not have been exposed to
sufficient moisture and/or cycles of freezing and thawing. A test to identify D-cracking
susceptible aggregates s;hould be able to identify whether the aggregate has ﬁotenﬁal for
D-cracking if concrete made with the aggregate receives the necessary temperature and
moisture exposure.
3.0___CURRENT IDENTIFICATION PROCEDURES

The complete intene]aﬁonship of variables affecting the performance of
aggregates in concrete has resulted in a diversity of tests that try to provide a reliable
means of separating durable and non durable aggregates. [14] The test methods
developed to date to identify the resistance of aggregate to frost action can be placed into -
two primary groups. [8, 9] One group consists of tests that try to simulate the
environmental conditions to which the concrete aggregate is exposed. The other group
comprises tests that correlate aggregate properties (termed index properties) with known

field performances and/or results from environmental tests.

L]

mental Si i
The environmental simulation tests include the following:
a. Suifate Soundness
b. Unconfined Aggregate Freezing and Thawing |
c. Rapid Freezing and Thawing
d. Powers Slow Cool
e. VPI Single-Cycle Slow-Freeze

3.L1_Sulfate Soundness (AASHTO T104)

This test is favored by many over other test methods because of the small amount

of equipment involved and the short amount of time required to run the test. [14] In the
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Sulfate S.oundnéss.tcst, aggregate is soaked in a sodium or magnesium sulfate solution
and then dried. Repeated cycles result in salt crystal growth in the aggregate pores. The
expansive forces generated by the crystal growth supposedly simulate the expansive
forces caused by the formation of ice in aggregate pores. However, the major natural
cause of disintegration in aggregates, according to some theories, is the hydraulic
pressure produced when water attempts to leave the zone of freezing. [14] The growth of
the sulfate crystals occurs as the aggregate is dried in an oven; hence, the crystal
" formation is not generating hydraulic pressures. Additionally, the sulfate test does not
.acoount for the effects of confining the aggregate by mortar, which determines the rate

and amount of moisture movement into and out of the aggregate.

The Unconfined Aggregate Freezing and Thawing test is an outgrowth of the
sulfate test. [14] The test has three variations; however, the basic procedure consists of
subjecting the aggrcgate to repeated freezing in water and thawing in air. As with the
sulfate test, the unconfined freezing and thawing test does not duplicate confinement of
the aggregate by mortar. This test can be less reproducible because of the number of
variables involved. These variables include rate of cooling and final temperature, rate of
thawing, the moisture conditions of the samples before each cycle, and the length of time
the samples remain frozen and thawed.

3,13 Rapid Freezi | Thawing (AASHTO T161 |

The Standard Test Method for Resistance of Concrete to Rapid Freezing and
Thawing has two methods, A and B. Method A consists of freezing and thawing
specimens in water, and Method B consists of freezing specimens in air and thawing
them in water. [15] The test can be conducted with concrete cylinder or prism
specimens, although prism specitﬁens are most commonly used. [1] A cycle of freezing
and thawing is completed by lowering the specimen temperature from 4°C (40°F) to
~-18°C (0°F) and raising it back to 4°C (40°F) within a 2- to 5-hour period. Specimen
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length change and a durability factor, calculated from relative dynamic modulus of
| elasticity (ASTM C215), are determined from the test. Measurements are initially taken
and repeated after no more than every 36 cycles until completioﬁ. The test is completed
when the modulus is reduced to 60 percenf of the initial modulus, or after a specified
number of cycles (typically 300 or 350).

Presently, standard specifications provide limited guidance on whax constitutes
good or poor performance. Except for ranking in relative order of frost resistance, no
criteria have been established for the acceptance or rejection of aggregates on the basis of
AASHTO TI161 [16], although some states have established their own criteria.
Furthermore, although this test better simulates the confining nature of mortar in
concrete, aggregate evaluations may take nearly five months to complete. [17]

3.1.4 Powers Slow Cool (ASTM C671) .

In this test, concrete specimens are placed in a constant temperature bath and
maintained at 1.7°C (35°F). [18] Once every two weeks, the specimens are immersed in
a water-saturated kerosene bath and the temperature is lowered from 1.7°C (35°F) to
-9.4°C (15°F) af the rate of 2.8C° (SF°) per hour. Length changes are measured during
cooling. After having cooled, the specimens are returned to the original water bath. The
test is terminated once the specimens exceed critical dilation or until the specimens have
completed a desired number of cycles.‘ Critical dilation is the dilation during the last
cycle before the dilation begins to increase by a factor of two or more. The number of
cycles during which the difference between successive dilations remains constant is
termed the period of frost immunity. Some highly frost resistant aggregates may never
produce critical dilations.

As with the Rapid Freezing and 'Ihéwing test, this test is time intensive and

requires costly equipment.



315 VPISingle-Cycle Slow Freeze [19]

This test uses concrete specimens made and cured in accordance with ASTM
C192. Stainless steel strain plugs are placed, 25 cm (10 in.) apart, into the prisms. Initial
measurements of transvérse frequency, weight, and length are recorded. Specimens are
Placed in a freezing apparatus with an air temperature of -18°C (0°F). Length cha.nge
measurements are made at 5- to 15-minute intervals over a 4-hour cooling period. |

From the results, two correlations arc made. The first is temperature versus
length change. The minimum 2.8°C (5°F) temperature slope is the minimum slope that
can be found, within a 2.8°C (5°F) or more range, on the length change-temperature
curve obtained during the first freeze of a specimen, The second comelation is time
versus length change. The cuamulative length change isrplotted versus time, and the time
slope is determined as the minimum slope that can be found within a 1/3-hour or greater
tirne range.

This test requires approximately three days to perform once curing is completed.
It has been found to produce fairly accurate results for distinguishing between very
durable and non durable aggregates. However, for aggregates of questionable durability,
it is recommended that the Rapid Freezing and Thawing test should be performed.

2 X T

The tests developed to correlate aggregate properties to field performance are
generally relatively quick compared to the environmental simulation tests described
above, and with one exception require relatively inexpensive equipment. ‘These tests
include the following:

a. Mercury Intrusion Porosimeter

Iowa Pore Index
c. Absorption-Adsorption
d. Petrographic Analysis
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321 M Intrusion Porosimet

'One of the major ways of determining the pore size distribution of a porous solid
is by mercury porosimetry, [20] which is based on a relation presented by Washburn.
The mercury intrusion porosimeter apparatus has been used in many studies of the pore
characteristics of aggregates. [17, 21, 22, 23, 24, 25] The non-wetting liquid is é]most
always mercury because of its low vapor pressure and relative inertness to chemical
reaction with the aggregate, and because it is non-wetting for most surfaces. [21]
However, the problcr'ns with this test include the following:

1. Washburn's equation is for pores that are cylindrical and interconnected.
This is not normally the case with aggregate. The pore size distribution is
weighted toward smaller pore sizes because the void volumes of pores
with entrances narrower than the body, termed "ink-bottle pores," will be
recorded according to the entrance size. |

2. Values must be assumed for the contact angle and surface tension of the
non-wetting liquid.

3. The sample size is very small, usually 2-5 grams. Therefore, the test may
not yield a reprééentativc result, especially when testing heterogeneous
sources.

4, The equipment is expensive and requires special handling.

3.2.2 _Jowa Pore Index Test

The Towa Pore Index Test (IPIT) was developed on the basis of earlier evidence

that D-cracking is related to freezing and thawing and, more specifically, to the pore
sizes of coarse aggregate. [17] The objective in developing the test was to readily
identify a correlation between an aggregate's susceptibility to critical saturation and its
potential to cause D-cracking. [1] |

The test procedure consists of placing a 9000-gram oven-dried aggregate sample

in a modified air pressure meter container, filling the container with water, and then
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applying 241 kPa (35 psi) of air pressure. [17] The test procedure defines the "primary
load" as the amount of water injected during the first minute. This reading is assumed to
correspond to the filling of the aggregate's macropores. A large primary load is
considered to be an indication of a beneficial limestone property.

The amount of water injected between 1 and 15 minutes is defined as the
"secondary load" and is believed to represent the quantity of water injected into the
aggregate's micropore system. The secondary load is used as the "Pore Index" test result.

Aggregates with histories of producing D-cracking concrete have had Pore Index
readings of 27 ml or more. [1, 17] Comparing the IPIT and the mercury intrusion
porosimeter to aggregate field performance, Shakoor and Scholer concluded that the pore
index test is a reliable, less expensive, and quicker replacement for mercury intrusion
porosimetry. [24] They also state that the IPIT results are more representative of the
parent rock because of the large sample volume used.

Other studies have found problems with the IPIT. [26, 27] These problems
include variable and erroneous results for aggregates with reasonably rapid rates of early
absorption and no discernible trends in the results from gravels. Furthermore, IPIT
cannot indicate to what extent a reduction in maximum aggregate size will improve
performance, and the test does not discriminate between absorption by a few highly
porous particles or absorption by many moderately porous particles.

323 Absorption-Ad i

An extensive study of D-cracking by Klieger et al., in Ohio, included an attempt
to develop a test that would distinguish between durable and non-durable aggregate and
that would require a minimum amount of sample preparation, time, and test equipment.
[28] They developed an absorption-adsorption test and compared the test results to
pavement service records. |

| After conducting this test with a large variety of aggregate sources, they

concluded that the absorption-adsorption test tended to be overly conservative in its
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identification of durable and potentially non-durable aggregates. The test predicted poor
resistance to freezing and thawing for a large percentage of material from several sources
with good service records.

32.4 Petrographic Analysis (ASTM C295)

Many studies of aggregate resistance to freezing and thawing have incorporated
petrographic analyses -cithcr 'to identify aggregate properties that affecf concrete
durability or to predict aggregate performance in freezing and thawing tests. [9, 19, 29,
30, 31, 32] Petrographic examination is a visual examination and analysis of aggregate
in terms of both lithology and individual particle properties. [33, 34] It requires the skills
of a well trained and experienced petrographer. Thé examination uses small sample

sizes, which require a large amount of work to provide accurate results. [34] Also, the

~ analysis is not able to provide definite specification limits because information so

obtained is the result of subjective appraisal by the petrographer and can be reduced to a
numerical quantity only through personal interpretation. [33] |

4.0  WASHINGTON HYDRAULIC FRACTURE TEST (SHRP VERSION)
4] Goal | Obijecti

| The importance of identifying D-cracking susceptible aggregates has led to a
considerable number of aggregate identification test procedures. Unfortunately, the more
reliable of the procedures may require eight weeks or longer, expensive equipment,
and/or highly skilled operators. In response to this problem, the goal of the SHRP
research was the development of a rapid, reliable test method for identifying D-cracking
susceptible aggregates. The ideal procedure should also be relatively inexpensive so as
not to be prohibitive for routine testing. The following sections will describe the
procedure, called the Washington Hydraulic Fracture Test, that has been developed.
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Descripti
The tesf essentially consists of:
1. Placing a washed, oven-dried, and surface treated (to be hydrophobic)
specimen of known mass, number of particles, and size range (smallest
‘size is retained on 12.5 mm sieve) into the pressure chamber,
2. bolting the chamber éhut and filling it with water, A

3. applying an internal pressure of 7930 kPa (1150 psi) to the chamber, and

4. rapidly releasing the chamber pressure.

After ten repetitions of steps 3 and 4 the specimen is removed from the chamber,
oven dried, and the particles counted. Two days are required for specimen preparation
including washing, oven drying, surface treating, and grading, and an additional day for
each ten pressu;izaﬁon cycles (actual operator time is less than one hour per specimen
per day). After the last pressurization day the results are analyzed. This gives a total of
eight days required for test results. Results are given in terms of the increase in number
of pieces larger than the 4.75 mm (#4) sieve as a percentage of the total number of initial
pieces for each ten cycles of pressurization. This is termed the "percent fracture”. From
these values an index is determined that indicates the number of pressurization cycles
necessary to produce 10 percent fracturing. Lower values of this index indicate a more
D-cracking susceptible aggregate than aggregates with higher values.

4.3 Test Mechanism

This test method is based on the assumption that the intémal pressures expected
in concrete aggregates during freezing and thawing can be simulated by subjecting
sample agg;egatcs, submerged in water, to high pressures. As the external chamber
pressure increases, the- water penetrates into smaller and smaller pores. If this external
pressure is rapidly released, air compressed within any pores will push the water back

out, thereby simulating the internal pressures generated during freezing. Fracturing of
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the aggregate should result if the pressure in the pores cannot be dissipated quickly and
the aggregate is unable to elastically accommodate the high internal pressure.

Kaneuji et al. observed qualitative correlations between concrete durability and
pore size distributions of aggregates. [23] At a constant total pore volume, aggregates
with smaller pore sizes result in a lower durability. For aggregates with similar
predominating pore sizes, a greater pore volu:ﬁc results in a less dmjablé aggregate. By
correlating aggregate service- records with mercury porosimeter studies, Marks and
Dubberke found that, with one exception, the non durable aggregates analyzed exhibited
a predominance of pore sizes in the 0.04- to 0.2-pm diameter range, while aggregates
with good to excellent service records had a majority of pores that were larger than the

0.04- to 0.2-im diameter pore sizes. [17]

Using Washburn's equation:
P = 4T coso/d _ 1)
where: T = surface tension (72 dynes/cm for water)
& = contact angle (assumed 0° for water)

d

pore diameter
absolute pressures of between 1450 kPa (210 psi) and 7240 kPa (1050 Ppsi) can be used
to penetrate water into pore diameters within the range of 0.2 to 0.04 um.
The advantages of this proposed test are as follows:
a. theoretically, the test should be able to simulate the hydraulic pressures
that many believe cause D-cracking in nondurable aggregates;
b. the cost for special equipment is relatively low;
c. compared to existing tests, this test should be relatively fast, and therefore,
economical; and o |
d the uniform pressure applied to individual aggregate particles within the

chamber, along with the rate of pressure application, final pressure, and
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holding time, which can be easily standardized and controlled, make this
test easily reproducible. |

The testing procedure depends upon pressure being required to force water into
the aggregate pores, followed by the release of the pressure causing a critical gradient of
pressure from inside to outside the aggregate of ﬁufﬁcient magnitude to cause fracturing.
Winslow [27] pointed out that some aggregates absorb water extremely quickly. If an
aggrcgéte is at a relatively high degree of saturation prior to pressurization in the
Washington Hydraulic Fracture procedure, the pressure gradient necessary for fracture
after the pressure was released may not develop. This was found to be true for a
limestone used early in the test dcveldprr;ent Winslow absorption rates [27] are shown
in Figure A-1 for four aggregates. Both gravels and one of the limestones (the non-
D-cracking limestone) have similar absorption rates while the other limestone (which is
D-cracking susceptible) has a much higher absorption rate. While the absorption rate
itself is not an indicator of D-cracking suscepﬁbi]ity [27), this higher absorption rate
could prevent the above fracture mechanism from working with rapidly absorbing
aggregates.

A way to avoid problems with aggregates having high absorption rates is to make
the pores hydrophobic mﬂlcr than hydrophilic. One method of accomplishing this is to
treat the aggregate with a silane-based scaler. The literature [35] suggests that the
primary effect of the silane is to change the water/solid contact angle in the aggregate
pores. This would not affect the pore size, but would effect the absorption of water into
the pore by surface tension effects. Figure A-2 is a plot of the absorption rates for the
untreated and treated ILA limestone. As can be seen, the absorption rate is indeed
decreased. The slower absorbing limestone (ILB) was also treated for comparison
purposes. Previous work [36, 37] has shown that the treatment does not affect the

fracture results of slow-absorbing aggregates.
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Figure A-1. Winslow [27] Absorption Rates for Four Aggregates. [38]
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44 _ Equipment

The main part of the testing apparatus is the pressure chamber, which is
developed from a commercially available 100 bar (10,000 kPa, 1500 psi) pressure
membrane extractor (similar to the equipment described in ASTM D 3152). A second
top plate replaces the normal bottom plate and drain line provided with the extractor.
The three holes already threaded into the pressure chamber cylinder are used for pressure
application/relief, water supply, and water drainage. The water drain hole has a piece of
copper tubing inéerted to act as a siphon so that the chamber may be drained while in a
horizontal position. |

The pressure application/relief mounting consists of two valves. One valve
isolates the pressure chamber from the pressure source, compressed nitrogen. The other
valve serves as an overflow valve during filling and a pressure relief valve at the end of
testing. -

A rock tumbler is used after removing the aggregate sample from the test
apparatus to insure that the effect of sample handling is relatively uniform, therefore
making any mass loss associated with handling also uniform. In addition, the tumbler is
used to facilitate fracturing initiated by the pressurization process.

45 TestProcedure

Before testing, each aggregate sample was separated by sieving into appropriate
size ranges: 12.5 mm (1/2 in.) to 19.0 mm (3/4 in.) and 19.0 mm (3/4 in.) to 31.5 mm
(1-1/4 in.). The size ranges used were relatively narrow in order to determine particle
size effects of D-cracking potential. The aggregate was then washed and oven dried at
120°C (250°F) to constant mass (normally at least 12 hours). Each specimen was then
immersed for thirty seconds in a water-soluble solution of silane sealer, drained, and
again oven dried at 120°C (250°F) for at least 12 hours.

The pressure chamber held a sample size of approximately 3200g (7.0 1le)
depending upon the range analyzed. This is equivalent to approximately 450 pieces in

A-19




the 12.5 mm (122 in.) to 19 mm (3/4 in.) range and 150-225 pieces in the 19.0mm
(3/4 in.) to 31.5 mm (1-1/4 in.) range. Each sample was initially placed in the rock
tumbler for one minute and then all pieces passing the 9.5 mm (3/8 in.) were removed.
This was to insure that no pre-existing fractures are in the aggregates pridr to testing.
The sample initial weight and number of particles were then determined and fecorded.
Next, the sample was placed in the chamber and the chamber bolted shut. The chamber
was then turned on edge, so that the pressure application/relief mount was vertical, and

“was filled with water up to the overflow/relief valve. Once the water supply and

overflow/relief valves were secured, the selected pressure was applied by opening the

valve separating the chamber and the compressed nitrogen. The pressure was maintained
for five minutes. The top valve was then closed to isolate the chamber from the
compressed nitrogen and the overflow/relief valve was rapidly opened, thereby quickly
releasing the préssurc within the chamber. The small amount of water that sprayed out
when the relief valve was opened was replaced by briefly refilling the chamber with

water. After thirty seconds the chamber was re-pressurized. The pressure was then

released after two minutes. An additional éight cycles of two minutes of pressure
followed by pressure release and no pressure for thirty seconds were applied. At the end
of the ten total cycles, the pressure chamber was drained and opcned.‘ The specimen was
oven dried at 120°C (250°F) overnight. The following day, the sample was tumbled for
one minute in a rock tumbler and then separated using 9.5 mm (3/8 in.) and No. 4 sieves.
All particles of the sample retained on both sieves were weighed and coqntcd. The
material retained on the 9.5 mm (3/8 in.) sieve was subjected to an additional ten
pressurization cycles. The pressurization was repeated for a total of 50 cycles (five days)r

for each aggregate sample.
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4.6 Analvsis of Results

The example results discussed below are for only one D-cracking susceptible and
one non-D-cracking susceptible gravel. Resuits for additional materials are presented
under "Reliability and Repeatability". |

4.6.1 Calculations

A primary value determined from tcstmg is the percentage of fractures.
Percentage of fractures is calculatcd by dividing the numbcr of additional pieces by the
original number of aggregate p1eces prior to any pressurization. Materials retained on the
9.5 mm (3/8 in.) sieve are counted as whole pieces (that is, they count as "one"), while
particles passing the 9.5 mm (3/8 in.) sieve but retained on the 4.75 mm (No. 4) sieve are
counted as i)arﬁal pieces (the number of pieces is divided by two in the calculaﬁoﬁ).
This is shown in Equation 2, below:

FP; = 100 (ndy/2 +n; - ngding @
where FP; is the percent fractures after "i" i" pressurization cycles,
nd; is the number of pieces passing the 9.5 mm (3/8 in.) sieve but
retained on the 4.74 mm (No. 4) sieve after "i" pressurization
. cycles, N .
n; is the number of pieces retained on the 9.5 mm (3/8 in.) sieve after
"i" pressurization cycles, and
ny is the initial number of pieces tested.

The percentage of fractures is used to calculate an index value called the
hydraulic fracture index (HFI), which can be thought of as number of cycles necessary to
produce 10 percent fracturing. It is determined by one of the following methods,
dependilhg upon what the percentage of fracturing is after 50 cycles of pressurization.

If 10 percent fracturing is achieved in 50 or fewer cyc}cs, the HFI is calculated
as a linear interpolation of the number of cycles that produced 10 percent fractures:
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HFI = A +10 *[(10-FPQ)/(FPg - FPA)] (3a)
Wherc A  is the number of cycles just prior to achieving 10 percent fracturing,
FPp s the percentage of fracturing just prior to achieving 10 percent

fracturing, and

FPg is the percentage of fracturing just ‘after achieving 10 . percent

fracturing. |
If 10 percent fracturing is not achieved in 50 pressurization cycles, the HFI is
calculated as an extrapolation from no fracturing at 0 cycles through the amount of

fracturing at 50 cycles:
HFI = 50 *(10/FP5() (3b)

where FP5 is the percentage of fracturing after 50 pressurization cycles.
The mass of material as a percentage of the original specimen that is no longer
retained on the 9.5 mm (3/8 in.) sieve is called the percentage of mass loss (ML), and is

determined as follows:

ML; = (100/mg)*[my - (m4; + m;)] | @
where ML; isthe percenfagc of mass loss after "i" cycles of pressurization,
md; is the cumulative mass of the material passing the 9.5 mm (3/8in.)
sieve but retained on the 4.75 mm (#4) sieve after "i"
pressurizaﬁon cycles,
m; is the mass of the pieces retained on the 9.5 mm (3/8 in.) sieve after
| "i" pressurization cycles, and
mg is the initial mass of the specimen tested.
While no interpretation has yet been determined for the ML values, this value is

calculated and recorded for possible future use.
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4.6.2 Pressure Effect

According to the test mechanism proposed above, the magmtude of the pressure
difference between the inside and the outside of an aggregate piece should affect the
amount of fracturing produced. Original development of the procedure started with a
pressure of 7240 kPa (1050 psi). When this pressure did not produce much ﬁacﬁﬁng,
the pressure used was increased 690 kPa (100 psi) from 7240 kPa (1050 psi) to 7930 kPa
(1150 psi). Figures A-3 and A-4 display changes in the percentage- of fracturing due to
this increase in prcss;urc, As would be expected, an incfeas_e in pressure (and very likely
the pressure difference across the aggregate particle when the pressure is released) results
in an increase in the bcrccntage of fractures occurring. This suggests that higher pressure
differences will produce better results since more fracturing occurs. However, it should
be noted that above some pressure,- many non-susceptible aggregates would be expected
to show considerable fracturing. This would make differentiating between durable and
non-durable materiats difficult. Some trials at 10,000 kPa (1500 psi) did indeed cause
considerable fracturing in a non-D-cracking aggregate.

4.63 Aggregate Size Effect

Next, a comparison is made with regard to change in parﬁcle size. Figures A-5
and A-6 present comparisons of +19.0 mm (3/4 in.) and -19.0 mm (3/4 in.) of the
susceptible and non-susceptible gravels, respectively. It is shown that there is a decrease
in the percentage of fractures as the size of the material tested is reduced. This would be
expected since the flow path in the -19.0 mm (3/4 in.) material should be much shorter
than the +19.0 mm (3/4 in.) material, therefore providing a shorter path for release of
hydraulic pressures developed. This size effect agrees with Stark and Klieger 2],
Traylor [26] and others who reported that D-cracking severity was reduced by reducing

the maximum aggregate size.
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7 _ Reliabilif iR tabilit

Table A-1 shows the HFI values for 13 aggregate sources for materials in the
19.0 mm (3/4 iJi.) to.31.5 mm (1-1/4 in.) size range. Seven of these aggregates were
reported as D-cracking susceptible by the agencies that provided them while six of the
aggregates were reported as non-D-cracking susceptible. All of the D-cracking
susceptible aggregates, with the cxcéptionbf one of the limestones from Iowa, had HFI
values below 60. The D-cracking susceptible Yowa limestone with the high HFI value
‘has had durability factors as determined in accordance with AASHTO T161 of 65, 83,
and 87 in a properly air-entrained mix [39].

All of the aggregates except one that were reported as durable had HFI values
above 100. The one durable aggregate that gave a low HFI value was described by the
Iowa department of Transportation as a coarse-gfained crinoidal limestone with a low
specific gravity (2.57) and a high absorption (2.5%). [39] No explanation has been
developed to explain the high degree of ﬁ'aéturing of this aggregate in the Washington
Hydraulic Fracture Test. |

Table A-1. WHFT Results, +19 mm (3/4 in.) Size. [38]

SAMPLE SOURCE FIELD HYDRAULIC
ID STATE PERFORMANCE FRACTURE INDEX
IAB IOWA D-CRACKING 49
IAD - IOWA D-CRACKING * 160
IAF IOWA D-CRACKING 43
ILA - ILLINOIS D-CRACKING 52
MIA MICHIGAN D-CRACKING 43
OHC OHIO D-CRACKING 11
OHD OHIO D-CRACKING 32
TIAA IOWA NON D-CRACKING 106
IAC IOWA NON D-CRACKING 45
TIAE IOWA NON D-CRACKING 109
ILB ILLINOIS NON D-CRACKING 286
MIB MICHIGAN NON D-CRACKING 241
WAA WASHINGTON  NON D-CRACKING 129

* Aggregate has produced durability factor (DF) values of 65, 83, and 87 in AASHTO
T161 when tested by Iowa Department of Transportation. This aggregate is
reported as being D-cracking susceptible in the field. [39]
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Table A-2 shows the coefficicnté of variation for the HFI values as determined
- from a range of sample sizes. This table suggests that the minimum sample size should
be in the range of 600-800 pieces in order to provide a reliable HFI value. Unfortunately
this was not known when many of the samples were being solicited for the SHRP test
development, and adequate sample sizes were not available for many of the aggregates
tested. Qualitative observation of the testing sﬁggests;thax this sample sme limitation is
more critical for bedrock sources than for gravel sources. With gravels, the fractures
appear to frequently occur in the same rock type for a given sourée. This suggests thaI
for gravels, the majority of the particles are either clearly durable or clearly non-durable.
The duraBility of a source would then depend upon the number of non-durable particles
included in the material. It would appear that individual particles from bedrock sources,
however, are less variable in pore structure within a given range of a given ledge. It
would also appear that bedrock sources of marginal durability could be more likely to
contain particles that were less clearly durable or non-durable (that is, the individual
particles have borderline durabilities). Therefore, a larger spccimen size would be
necessary to provide reliable results.

Table A-2. Effect of Sample Size on Variability. [38]

SAMPLE Coefficient of Variation, Percent
ID (Average Number of Particles)
IAA 114 35 25 9
(185) (370) (555) (740)
IAB 41 15 ' - -
- Qm (354)
IAC 27 10 - -
(145) (290) .
IAD 72 29 12 -
(181) (362) (543)
IAE 52 23 - -
(156) (312) |
IAF 37 20 - -
(183) (366)
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Between laboratory variabilities are shown in Table A-3. The agreehlent between
tests run at UW and tests run at MSU are in most cases quite good, despite the lower than
ideal sample sizes (sﬁown as "Average Number of Particles" in the table). The testing at
UI provided consistently higher HFI values. Recalibration of the pressure gauge on the
equipment used at U determined that it was off by about 350 kPa (50 psi). The effect
of pressure magﬁitude on HFI values has been previously discussed. Great care must to
be taken in the future to make sure that the pressure gauges are not vibrated out of

calibration during shipping.

Table A-3. Between-Laboratory Results. [38]

[ SAMPLE UW MSU Ul
ID HFI (#part)  HFI (# part) HFI (# part)
IAA 106 (924) 91 (200) 148 (178)
IAB 50 (530) 54 (190) 162 (178)
IAC 45 (435) 38 (180) 91 (110)
IAD 168 (725) 40 (200) 230 (138)
JAE 109 (468) 95 (190) 165 (314)
IAF 44 (550) 26 (180) 51 (195)

4.8  Chamber Modification
The sample size effects discussed above suggest that a larger chamber capable of

testing a larger sample size would be appropriate. Previous discussions have also
suggested that the pressure magnitude and the rate of pressure release could play critical
roles in producing the desired fracturing in non-durable aggregates. Figure A-7 shows
the average pressure release history for the original chambef pressurized to 7,930 kPa
(1150 psi). A linear fit to the central portion of the curve gave a pressure release rate of
209,000 kPa/sec. (30,300 psi/sec) over a range of over 3,610 kPa (520 psi). Ideally, an
alternate chamber (either larger or of a different dcsign) should produce a similar

A-28




Pressure, kPa

8,000

7,000

6,000

g

3,000

2,000

1,000

T ) i 1

LIS B S

Measured Pressure

Linear Fit

1 1 t ]

1 1 T ]

0.05

Time, Seconds

A-29

0.10

Figure A-7. Pressure-Time History for Original Apparatus.
after Janssen and Snyder [38]

0.15




pressure release rate over a similar pressure range. Also, a release rate specification and
calibration procedure would be needed to verify identical performance of an alternate
chamber. | | '

A taller cylinder was obtained for the existing equipment, increasing the chamber
volume by a factor of five. Because a larger‘volumc of water would need to be released
when the pressure was released (due to expansion of the larger chamber under pressure
and also compression of a larger volume of water in the chamber) modifications of the
valves and piping were expected. Merely increasing the test pressure did not produce the
same pressure release history as the original, probably because the turbulent flow in the
release path limited the rate at which the pressure could be released. Figure A-8 shows
the pressure release history for the larger chamber with modifications to the valves and
fittings made in order to duplicate the original pressure release rate.” The pressure release
histories of the 'original and larger chamber are very ‘close, with a rate of
206,000 kPa/sec. (29,900 psi/sec) for the large chamber compared to the a rate of
209,000 kPa/sec. (30,300 psifsec) for the original. (Tested with no aggregate in either
chamber.) While the pressure release histories look quite alike, testing of actual
aggregate specimens will be necessary to determine if similar amounts of aggregate
fracturing are produced in the large chamber.

Another factor in achieving the proper release rate is speed and consistency in
opening the pressure release valve. Experience with the equipment has shown that
reproducible release rates are achievable after a minimal amount of practice in quickly
opening the valve. Whilc- an automatic valve (solenoid, spring actuated, etc.) valve for
the pressure release could improve reproducibility of the valve opening rate, such a valve
has not been considered necessary. Also, discussions with a valve supplier suggest that
an automatic valve would not open as quickly as a manually-operated valve.

Experience with the Washington Hydraulic Fracture Test suggests that the test

procedure distinguishes between durable and non-durable aggregate pieces by fracturing
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the non-durable pieces while leaving the durable pieces unbroken. Expetience also
suggests that gravel sources which typically contain a range of rock types often contain
both clearly durable end clearly non-durable particies. That is, tests repeated on .
duplicate specimens of gravel sources usually produce substantial fracturing in the same
md1v1dua1 rock types for that gravel source. Experience also suggests that bedrock
sources, such as those that produce crushed limestone aggregate, can contain particles
that are less clearly durable or non-durable. That may explain the large sample size
‘(about 600-800 pieces) necessary to bring the coefficient of variability down to
10 percent. The consequence of these observations is that if an aggregate is used to
determine if a modification to the Washington Hydraulic Fracture test equipment
| produces the same results, a bedrock source of marginal durability may be a befter choice
of test material than a gravel containing a range of rock types. A wider range of pressure '
release rates would probably fracture the same clearly non-durable pieces in a gravel,
while a marginal bedrock source would require more exact duplication of the pressure

release history in order to produce the same fracturing,.
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'WHFT Apparatus Development/Modification*

* Extracted from a Masters Thesis prepared by Thomas E. Alford, Department of Civil
Engineering, University of Washington, Seattle, Washington, 1995.
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WHFT APPARATUS DEVELOPMENT/MODIFICATION

1 Introduction

A number of questions with respect to the Washington Hydraulic Fracture Test
(WHFT) remained at the end of the Strategic Highway Testing Program (SHRP),
including questions concerning the actual pcrformanée of the lafgc WHEFT apparatus
(produced at the end of the SHRP studies but not evaluated with aggregates) and questions
concerning which of the test parameters 'wcre actually critical for calibration. A testing
program consisting of two phases was developed to address these questions. During the
first phase, Preliminary Testing, release rate tests and aggregate tests were run in both the
original SHRP apparatus and the large apparatus produced at the end of the SHRP
program. The apparatus configurations were unchanged from those of the SHRP program
in order to obtain a baseline from which to compare future test results. The initial
pressures, however, were varied. This was done to determine whether the short duration
release rate was dependent upon the initial pressure and how this affected the WHFT
results.

The second phase, Apparatus Modification and Upgrading, consisted of release rate
tests and aggregate tests on both the original apparatus and the large apparatus. Slight
modifications to the apparatus configurations were made in order to obtain a range of short

duration release rates, decrease release rate variability, or improve chamber reliability.

Rel R remen

The release rate measurement procedure can be separated into two distinctly
different tasks. The first task, data collection, was performed in a way similar to the
standard aggregate testing procedure, but with slight chamber modifications and some

additional required equipment. The second task, data analysis, involved taking the data
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collected during the data collection procedure and then producing pressure-time history
curves and pressure release rate curves for the chamber configuration being tested.
Pressure-time history curves show the pressure in the chamber versus time. - Pressure
release rate curves show the average rate at which pressure is released from the apparatus

(in kPa/second) versus the duration over which the average is taken.

2.1  Data Collection

In addition to the standard WHFT apparatus, two additional systems were obtained:
a pressure transducer system and a data acquisition system. The pressure transducer
system consisted of a pressure transducer, its associated power supply, and signal
conditioning electronics. This system was able to accurately measure the pressure within
the chamber to within 3 percent over the range of zero psi to the maximum pressure
measured. The pressure transducer in this work was attached at the base of the chamber
on the chamber fill valve mount.

The data acquisition system consisted of equipment for digitally recording the
output from the pressure transducer system. In this case, the data acquisition system
consisted of a Fourier analyzer that recorded voltage output from the pressure transducer at
a sampling rate of either 4,096 Hz or 2,048 Hz.

The procedure for collecting the data was the same as that for the aggregate testing.
While the pressure was released from the chamber, the pressure in the chamber versus time
was digitally recorded. After ten pressure releases had been recorded, one calibration run

was completed, and the data were then analyzed.

2.2  Data Analysis
After the pressure time history had been digitally recorded , via the output voltage
supplied by the transducer for the series of ten pressure releases, the raw data were

analyzed to produce pressure release rate curves. Output voltage was converted to
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pressure with a calibration factor supplied Qith the transducer. Release rate curves showed
the pressure release rate plotted against duration.

The release rate for a given duration is calculated as follows. Starting with a vary
small duration (0.002 seconds), enter the pressure time history curve at time zero. Record
the pressure at time zero, then record the pnéssurc at time 0.002 seconds (0.002 seconds
after the original time). Calculate the difference between the two pressures, and then
divide that difference by the duration, 0.0002 seconds. This numerical result is termed the
pressure release rate for that portion of the time history curve (time = 0 seconds to time =
.002 seconds). Therefore, by definition, the pressure release rate for a given duration is
the magnitude of the slope of a line drawn between the end data ﬁoints on the pressure
time history curve for that given duration. To find the maximum release rate for a given
duration, calculate the pressure release rate over that duration for every data point on the
pressure time history curve, and then choose the highest calculated release rate. To
generate pressure release rate curves, calculate the release rate for successively longer
durations and then plot the release rates versus duration. Note that the release rate curves
shown in the following sections are the average of at least ten consecutive pressure
releases; thus, the 0.002 second release rate was calculated for ten consecutive releases and
then averaged.

A typical sampling rate between 1,000 and 4,000 hertz (2,048 Hz to 4,096 Hz in
this study) will produce approximately 1,000 to 4,000 data points per pressure-time history
curve. To facilitate the completion of this study, a computer progrﬁ was written to

mechanically perform the release rate calculations for the desired durations.
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3.1  Original Apparatus Release Rate

As stated above, one of the purposes of the research was to identify the important
parameters necessary for calibrating the WHFT equipment. Initial test development
Work [1] suggested that a critical pressure-time history exists that defines the WHFT.
Also, this bressure-time history seemed to be sensitive to inital chamber pressure. |
Measurements of the pressure-time histories for the original chamber at both 7,240 and
7,930 kPa (the standard initial pressure used in previous work) initial pressures are shown
in Figure B-1. The initial pressure difference can easily be seen, but otherwise the slopes
of the curves look quite similar.

The critical parameters of the pressure-time history probably consist of an initial
pressure, a critical pressure release rate, and a duration for which this release rate must be
maintained. To determine whether the higher initial pressure allowed a given pressure
release rate to be maintained for a longer duration , the release rate versus duration
relations were determined. These are shown in Figure B-2 for the initial pressures of
7,240 (two days of release rate testing for the average of 20 releases) and 7,930 kPa (ten
days of release rate testing for the average of 100 releases). The use of the lower pressure

(7,240 kPa) resulted in lower pressure release rates for all durations.

3.2  Large Apparatus Release Rate

The SHRP program [2] developed a large WHFT apparatus that produced similar,
but not exact, pressure-time histories. Calibration tests were run on both the original
WHEFT apparatus and the large apparatus. The pressure release rate results are shown in
Figure B-3. It can be clearly seen that the large chamber gave consistently low release
rates for an initial pressure of 7,930 kPa (one day of release rate testing for the average of

ten) for durations of up to about 0.07 sec.. Calibration tests were also run on the large
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Figure B-1. Pressure Release Histories for Original Apparatus at both 7,240 and

7,930 kPa Initial Pressures
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apparatus using an initial pressure of 8,270 kPa (two days of release rate testing for the
average of 20 releases) to determine whether this improved the pressure release rate. This
result is also shown in Figure B-3. Although the pressure release rate increased slightly, it
did not increase to the level of the release rate for the original apparatus at the standard
7,930 kPa initial pressure until the duration exceeded about 0.05 seconds.

Release rates for the large apparatus at higher initial pressures were analyzed, but
these were also low at short durations in comparison to the release rate of the original
chamber. This suggested that the large chamber configuration had reached the maximum

release rate possible with the existing fitting and valve configuration.

3.3 Effect of Aggregate in the Apparatus on Pressure Release Rate

Early in the preliminary testing stage of this work a question arose regarding the
possible effects of the presence of aggregate on the release rate. If there were no effect, the
initial calibration could be limited to one day of testing, and then the release rate could be
continuously monitored (and adjusted if necessary) throughout a WHET series.

To determine this effef:i, pressure-time ‘historics were recorded during actual
aggregate tests, and release rate curves were created from the results. The results of this
testing can be seen in Figures B-4 and B-5. The 95 percent confidence intervals for the
apparatus configurations are also plotted on the figures. As the figures show, the release
rates for both the large and original apparatus with and without aggregate were very close.
At a duration of 0.01 seconds, the release in the original apparatus decreased 4.7 percent
with the addition of the aggregate. The release rate for the large apparatus increased 6.3
percent at the 0.01 second time interval with the addition of the aggregate. Both these
variations seemed to be insignificant.

To aid in determining whether these results were in fact insignificant, 95 percent

confidence intervals were developed for each of the scenarios in question: the original
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apparatus with aggregate, the original apparatus without aggregate, the large apparatus
with aggregate, and the large apparatus without aggregate. The upper and lower bounds of
these confidence intervals can be seen on Figures B-4 and B-5. For the large apparatus,
the confidence intervals are very tight around each release rate average (with and without
aggregate). This indicatés that the difference between the two release rates is significant.
The release rate increased with the addition of aggregate in the large apparatus, whereas it
dpcrcased with the addition of aggregate in- the original apparatus. This indicates that
aggregate in the chamber has no consistent effect on release rate.

The confidence intervals for the original apparatus are not nearly as tight around
the average release rate as those for the large apparatus. In fact, the confidence intervals
overlap, indicating that there is no significant difference between the two scenarios. In
some respect the increased variability is surprising, because the release rates shown for
‘both the tests with and without aggregate are the -avcragc of ten days of testing.. This
difference in release rate variability between the large and original apparatus may be the
result of a difference in the pressure release valve. The large apparatus had a 9.5-mm ball
valve through which the chamber pressure was released. This type of valve had a 125-
mm long handle that allowed fast, smooth operation. The original apparatus had a 9.5-mm
plug valve for a pressure release valve. This valve had a short handle that was prone to
sticking and that wore out quickly from the repeated use that it was subjected to in this
research. Also, the lack of a long lever arm (no handle) on the plug valve seemed to lead
to a greater likelihood of operator-induced variability in the release rate . |

In general, the results of the testing and analysis revealed that it is not necessary to
have aggregate in the chamber to carry out the calibration procedure. What seemed to be
of more interest was the variability associated with the use of the plug valve, indicating
that steps should be taken to increase the reliability of the chamber by decreasing operator-

induced variability in the release rate.
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3.4  Operator Induced Release Rate Variability

As mentioned above, tests produced some concern regarding the effect of different
operators on the release rate of the original apparatus. To determine the significance of
operﬁtor—induccd release rate variability, release rate testing was conducted on the original
apparatus with aggregate in the chamber by two different operators. The two operators are
referred to as Operator A and Operator B. For the variability tests, each operator collected
- release rate data for ten days. . The release rates for each of the ten days were then
calculated and averaged. The averages, ﬂong with the 95 percent confidence interval,
were then plotted. The results of this can be seen on Figure B-6. The figure clearly shows
that the release rate for Operator B was signiﬁcant_ly below that for Operator A
(approximately 20 percent at a duration of 0.01 seconds). This indicated that aggregate
testing in the‘original apparatus should be conducted by the same operator and that the
apparatus should be calibrated separately for each operator if release rate has a significant

effect on HFL

3.5  Rubber Lining of Chamber

During-the course of this research, certain aggregate pieces tested in the original
apparatus were found to have been fractured in a manner that more resembled crushing in
compression than hydraulic fracture. Fractures causedr by the hydraulic fracture
mechanism are generally characterized by random and erratic fracture faces. It is easy to
imagine that this fracture pattern is the result of internal forces pushing outward on the
aggregate. Crushing in compression looks significantly different. The fracture pattern
originates at a point on the surface of the aggregate piece where it was in contact with the
apparatus lid. The fractures radiate outward from this point. Also, at the point of contact
between the aggregate and the lid, the aggregate piece exhibits a disfigurement that
resembles a dimple on a golf ball. The dimple is filled with finely crushed particles,

similar to sand, that used to be part of the composite aggregate piece. Flat planar pieces or
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elongates can also be broken in flexure. These pieces do not portray a radial fracture
pattern, but rather appear to be broken in bending. This type of fracturing is characterized
by smooth fracture planes.

The aggregate compression or bending failures are theorized to have occurred
when the apparatus chamber expanded and then contracted. The chamber could expand
upon pressurization, and the aggregate would settle into the newly created volume. When
the pressure was released, the chamber would contract back to its original dimensions,
placing compressive forces on the newly settled aggregate. It must be recognized,
however, that regardless of how high the compressive forces, aggregate can not be crushed
if the aggregate is not compressed beyond a critical strain value. The amount to which the
aggregate can be strained is dependent on the relative displacement of the apparatus lids.

To validate the theory that aggregate was being fractured by crushing and bending -
mechanisms, a structural analysis was completed on the original apparatus. In this
analysis, the relative displacement befween the apparatus lids was assumed to occur in two
ways: by stretching the bolts that held the apparatus lids together and by bending the lids
outward. The total relative dispiacement would be the sum of the two.

The displacement of the lids due to the bolt stretch is summarized by the following

equation:
& = PL/EA (Eq. B-1)
where: O is the magnitude of bolt stretch (in.)
P is the total force on the bolts (pounds)
Pis given by:
P = (mx?)/2)xq, (Eq. B-2)
where: r is the radius of plate upon which the load acts (in.)

Qo is the uniform distributed load (psi)

A is the total area of the bolts (in.%)
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A is given by:

A =nx(xd)4 (Eq. B-3)
where: n is the number of bolts |
d is the bolt diameter (in.)

The outward deflection of the chamber lids can be calculated on the basis of either
of two initial usuﬁptions. The first is that the lids' edge connection is a pin connection.
The second is that the lids' edge connection is a rigid connection. In reality, given that the
lids are constrained by sixteen bolts at their edge, the actual deflection of the lids will fall
somewhere between the above two deflections. Alr.hough the total deflection of the
apparatus will fall somewhere between that of a rigidly connected plate and a pin
connected plate, it will act more like a pin connected plaic. This is because the bolt holes
have a diameter larger than that of the bolt, and the area of contact between the boit head
and the apparatus lid is routed to form a smooth curving contact plane. The total relative
displacement between the lids is equal to twice the deflection of one of the lids because of
the distributed load. The maxiiﬁum deflections (the deflections at the center of the lid) for

the above assumptions are given by the following equations: [3]

Simply supported edge:

Wy = Ga /32D(B+V)/(1+V) + 1/2] (Eq. B-4)
Fixed edge: h

Wo = qea /64D : (Eq. B-5)
where: @ 1is the out of plane displacement at center of plate (in.)

a is the radius to connection (in.)
is Poisson’s Ratio (0.295 assumed for steel)
= Eh’/12(1-V) (Eq. B-6)

where: is Young’s Modulus (29x10¢ psi for steel)

o m U <

is the plate thickness (in.)
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The above equations assume that the distributed load is applied over the entire area
out to the connections. In the case of the original apparatus, the bolted connection
occurred at a radius of 152 mm. The load, however, was only applied to a radius of 133
mm. Also, given that the lids behave more like a pin-connected plate than a rigidly
Vconnccted plate, but that the pin-connected assumption would overestimate the actual
deflection, the 133-mm radius was used.

A summary of the relative displacement at the center of the lids is given in the

following table for a range of initial pressures.

Table B-1: Summary of Relative Displacements at Center of the Apparatus Lids

Apparatus Bolt Stretch Relative Relative Relative
Pressure Displacement | Displacement Displacement
Assuming Pin Assuming Range
Connection Rigid '
Connection
1,050 psi 9.05x10™ in. 0.057 in. 0.019 in. 0.020-0.058 in.
(7,240 kPa) | (2.30x10° mm) (1.46 mm) (0478 mm) | (0.501-1.48 mm)
1,150 psi 9.91x10” in. 0.063 in. 0.021 in. . 0.022-0.064 in.
(7,930 kPa) | (2.52x10° mm) (1.60 mm) (0.524 mm) | (0.549-1.62 mm)
1,250 psi 1.08x10™ in. 0.068 in. 0.022 in. 0.024-0.069 in
(8,620 kPa) | (2.74x10* mm) (1.73 mm) 0.567 mm) (0.597-1.76 mm)

As can be seen from the table, the maximum relative displacement can be as great
as 1.8 mm. This is enough to account for the unusual fracturing that occurred. To
nﬁitigate this situation, an 0.8-mm (1/32-in) neoprene pad was attached to' both the top and
bottom apparatus lids. This appeared to eliminate the majority of the non-hydraulic
fracturing that was occurring. The decrease in fracturing can be seen in the following
table, which shows percent fractures for 2 Michigan limestone both before and after the

neoprene pad was added to the apparatus.
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Table B-2: WHFT Percent Fracture Results for a Michigan Limestone, Before and After
Neoprene Pad was Attached

WHFT Percent Fracture Resuits for a Michigan Limestone

Chamber Configuration Before After
: Neoprene Pad | Neoprene Pad
Original Apparatus 7,930 kPa 7.44 2.41
Upgraded Original Apparatus 7,240 kPa Chamber 8.11 1.40
Pressure. 550 kPa Actuator Pressure

Table B-2 shows that the percent fracture was decreased substantially by the
addition of the neoprene pad. Although the majority of the irregular fracturing was
eliminated by the addition of the pad, an occasional fracture remained that appeared to be
suspect. However, no additional steps were taken to eliminate the remaining occasional

random fracture caused by the chamber expansion and contraction.

3.6 Preliminary WHFT Results

If the WHFT mechanism is in fact partly dependent upon the pressure release rate,
as suggested by previous work in which the reduced fracturing corresponded to the lower
release rate shown in Figure B-2, a low release rate for the large apparatus would result in
a smaller percentage of fracturing in the aggregate sample. To determine whether this
were the case, aggregate was tested in the large apparatus with an initial pressure of
8,270 kPa and in the original apparatus at the standard initial pressure of 7,930 kPa. The
aggregate testing conducted in the original apparatus was done by Operator B. The results
of the aggregate testing, in the form of percent fracture versus cycles, are shown in
Figure B-7. As can be seen on the figure, the percent fractures for the two scenarios were
nearly identical. In an attempt to explain this, release rate curves were calculated from the
pressure time-histories that were recorded during aggregate testing. The results of this
effort can be seen in Figure B-8. The figure shows that the release rate for the original

apparatus was not higher than that for the large apparatus but was approximately 8 percent
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apparatus was not higher than that for the large apparatus but was approximately 8 percent
lower (calculated for a 0.0! second duration). This would explain why the percent
fractures were similar. The slight increase in apparatus pressure from the original to the
large apparatus did not seem to have an effect on the final percent fracture, although the

large apparatus did have more fracturing for cycles 10 through 40.

! \ tus Modification and U i

In an attempt to test the hypothesis that release rate, release rate duration, and
initial pressun: were the key parameters in defining the WHFT, the two chambers, original
and large, were modified. The modifications were intended to either produce a range of
release rates and release rate durations, decrease release rate variability, or improve the
apparatus reliability.

Two primary modifications were made, one to the large apparatus and one to the
small apparatus. The modification to the large apparatus consisted of upgrading the
pressure release valve and associated piping by increasing the valve bore diameter and
piping diameter. The modification to the original apparatus consisted of upgradmg the
valve system by replacing the plug valve with a ball valve and attaching an electro-

pneumnatic actuator to the pressure release valve.,

4.1 Lal;ge Apparatus Modification

As mentioned above, the large apparatus appeared to be limited in terms of
achievable rclcasé rate by its fitting and valve configurations. To ihcrcase the release rates
in the large apparatus the fluid flow resistance was reduced by replacing the existing 9.5-
mm pressure release ball valve with a 19-mm ball vaive. Also, the associated piping was
increased from 9.5-mm to 13-mm in diameter. (This new large apparatus is hereafter
referred to as the "ﬁodiﬁcd large apparatus.") Calibration testing was then conducted on

the modified large apparatus at initial pressures of 7,930 and 8,270 kPa.
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4.2 Original Apparatus Modification

During testing with the original chamber, problems with maintenance of the
pressure-release valve were encountered. As mentioned earlier, this valve was a plug-type
valve with O-ring seals that frequently réquircd replacing. Also, operator-induced release
rate variability was a concern with the use of the plug valve. Therefore, the plug-type
valve was replaced with a ball-valve that haa a larger internal bore and better reliability.
Also, an electro-prieumatic actuator was added to the pressure release ball valve. The
purpose of this addition was primarily to decrease operator-induced release rate variability,
but it also had the effect of dramatically increasing the release rate. This increase was due
to the fact that the actuated valve was able to open much faster than a hand turned valve.
The original apparatus with the ball valve and electro-pneumatic actuator will be referred
to as the "upgraded original apparatus”.

The release rate of the upgraded original apparatus was varied by changing the
initial pressure and the input pressure to the pneumatic portion of the actuator. Calibration
testing was conducted on the upgraded original apparatus at initial pressures of 7,240 kPa

“chamber pressure and 480 kPa actuator input pressure (7,240 chamber pressure/480 kPa
actuator pressure}, then 7,240/550 kPa,l7,930/590 kPa, 8,620/550 kPa, and 8,620/620 kPa.
Release rate data were also collected during aggregate testing. They were collected to
verify the calibration results, as the original apparatus appeared to produce more variation,
with and without aggregate, than the large apparatus. Testing for variability between
operators was not conducted on the upgraded original apparatus, as the pressure release
valve was opened via an electronic switch, which was unlikely to operate differently on

the basis of the operator.

4.3  Aggregate Testing
Aggregate testing with the above conﬁgui-ations was also conducted. Testing in the

modified large apparatus consisted of a single specimen of at least 800 pieces for each
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initial pressure, 7,930 kPa and 8,270 kPa. Testing in the upgraded original chamber was
conducted at 7,240/550 kPa, 7,930/590 kPa, and 8,620/620 kPa. Testing at 7,240/550 kPa
consisted of four specimens; testing at 7,930/590 kPa consisted of three specimens; and
testing at 8,620/620 kPa consisted of two specimens. Each specimen consisted of .
approximately 200 aggregate pieces. The results of the replicate specimens were
combined for presentation of the results. Also, release rate data were collected during
aggregate testing for the upgraded original apparatus. This was done to verify that the

limited number of calibration runs was producing reliable release rate results.
Pressure Rel Rate Resul

5.1  Modified Large Apparatus Release Rate Results

The results of the modified large apparatus calibration tests, without aggregate, can
be seen in Figure B-9. The original apparatus release rate curve, with aggregate, is also
shown for comparison. Release rate testing for the large apparatus was not done, as
previous results showed that there was very little variation in release rate due to the
presence of aggregate in the chamber. As can be seen, the short duration release rates for
the modified large apparatus increased. The short duration release rate (calculated at 0.01
seconds) for the modified large apparatus was approximately 20 percent higher than the
short duration release rate for the large apparatus. Figure B-9 also shows that the release
rate versus duration curves for the modified large apparatus follow nearly identical paths at
short durations. 'T'his Suggests that the inaximum release rate attainable for this
conﬁguraﬁon, as limited by turbulent flow through the pressure release piping and valving,

was achieved.
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5.2  Upgraded Original Apparatus Release Rate Results
riginal Apparatys Calibration Rel Rate Resul

The release rate results for the upgraded original apparatus with an initial chamber
prcssuré of 7,240 kPa are shown in Figure B-10. The release rate curve for the original
apparatus with aggregate as tested b.y Operator B is also shown for comparison. Operator
B conducted the aggregate testing in the original apparatus. The figure shows that the
release rates for the upgraded original apparatus at 7,240/550 kPa and 7,240/480 kPa were
above those of the original apparatus for durations of less than approximately 0.065 to
0.07 seconds. 7

The release rate results for the upgraded original apparatus at 7,930/590 kPa are
shown on Figure B-11, along with the pressure release rate for the original apparatus with
aggregate at 7,930 kPa for comparison. As can be seen, the release rate for this scenario
was above that for the original apparatus at all durations.

The release rate results for the upgraded original apparatus with an initial chamber
pressure of 8,620 kPa are shown in Figure B-12. The prcssufe release rate curve for the
original apparatus with aggregate at the standard initial pressure is also shown for
comparson. The two initial conditions tested were 8,260/550 kPa and 8,260/620 kPa.
The release rates for these two conditions were higher than that for the original apparatus
for all durations shown.

In general, the upgraded original apparatus tended to have higher release rates.
This was probably due to the bore of the ball-valve, which was larger than that of the plug-
valve on the original apparatus, and to the small amount of time required to open the valve
because of the actuator. |

Furthermore, the rélcasc rates for the 7,240/550 kPa and 8,620/550 kPa initial
conditions were nearly the same for short durations, but for longer durations the 8,620/550

kPa condition maintained a faster release rate. This can be clearly seen on Figure B-13.
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This suggests that short duration release rates are governed primarily by the actuator
pressure, or how fast the valve is opened, and the duration for which a given release rate is
maintained above is governed by the initial chamber pressure.

| Figure B-14 shows the chamber configurations at which aggregate was tested,
along with the Operator B original dppa:atus with aggregate pressuré release rate curve for
comparison. The researchers determined that aggregate should be tested at these initial
conditions, 7,240/550 kPa, 7,930/590 kPa, and 8,260/620 kPa, because they produced a
wide range of short duration release rates aﬁd initial pressures, which were, theoretically,
primarily responsible for the WHFT fracture mechanism. It would have been interesting
to test aggregate at 8,620/550 kPa as well, as this would have given WHFT results for two
conditions with similar short duration release rates but different initial pressures.
Unfortunately, this was not practical because the lower actuator pressure, coupled with the
higher chamber pressure, caused the ball-valve to stick frequently, thereby limiting the

ability to achieve reproducible pressure releases.

ade iginal Apparatus with A ate Release Rate Resul

After the aggregate testing had been completed, release rate curves were produced
for each of the upgraded original apparatus configurations tested. The results of this effort
can be seen in Figures B-15, B-16, and B-17. The release rate curves for the calibration
runs are also shown on the figures for comparison. Also, 95 percent confidence intervals
for each configuration were calculated and plotted to aid in indicating significant
differences. Note that the calibration run release rate curves are the average of two or
three days of release rate testing (20 or 30 pressure releases), whereas the release rate
curves with aggregate are the average of ten or more days of release rate testing (100+
pressure releases).

Figure B-15 shows the pressure release rate results for the upgraded original

apparatus tested with aggregate at 7,240/550 kPa. The figure shows that the release rate
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with aggregate was higher for durations of less than approximately 0.035 seconds and was
approximately 10 to 20 percent higher at very short durations. The difference may be due
to the fact that the calibration test for this configuration was tested when the valve was
fairly new. As a result, the valve had more resistance to turning. After repeated use, such
as in aggregate testing, the valve may have turned more easily, thereby producing a faster
‘rclcase rate.

Figure B-16 shows the pressure release rate rcsuits for the upgraded original
apparatus tested with aggregate at 7.930/590 kPa, The average release rates for the
apparatus with and without aggregate conditions were much closer for this initial condition
than for the 7,240/550 initial condition. However, a significant amount of variability
appeared for the'tcsts performed without aggregate. This can be partly attributed to the
small number of calibration runs conducted. Also, during both calibration of the apparatus
and aggregate testing, the valve had a tendency to resist turning. This mayalso have
contributed to some of the véﬁabﬂity shown.

Figure B 17 shows ther release rate results for the upgraded original apparatus at
8,620/620 kPa. The curves show that the release rate for the condition without aggregate
was consistently higher.  The -difference between the two curves ranges from
approximately 5 to 10 percent at short durations. The curves also show that the variability
for these two curves is somewhat smaller than that for the two previous configurations
analyzed. Note that very little valve sticking was experienced at the 8,620/620 kPa
configuration.

For compaﬁson, Figure B;IS shows the average release rates with aggregate for the
original apparatus and all configurations of the upgraded original apparatus. These curves
were generated from the data collected during the WHFT testing, which will be discussed
later. The figure shows that the release rates for the upgraded original apparatus at

7,240/550 and 7,930/590 were nearly identical.
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In general, increasing the actuator pressure appears to decrease the variability in the
release rate curves. This makes sense, as a higher actuator pressure provides a greater
force with which to turn the valve. Furthermore, researchers noted during the testing that
an increase in the chamber pressure required an increase in the actuator pressure. This was
due to the fact that an increase in the charﬁbcr pressure provided greater confining stresses

on the ball valve, which, in turn, then required a greater force to open the valve.
] iabili
As indicated earlier in this work there was some concern regarding the magnitude
of release rate variability, particularly with the original apparatus configuration. This
concem led to the adoption of the upgraded original apparatus with the actuator. Two
cases were analyzed: 1) the release rate variability for a single day, and 2) the release rate

-variability for consecutive days. To quantify the release rate vanability, the coefficient of

variation was calculated. The coefficient of variation is defined as
COV = (o/u)x100 (Eq. B-7)

where: COV is theCoefficient of Variation
o is the Standard Deviation |
{ is the average of a single run (10 releases)

The coefficient of variation changes for a given mean and standard deviation.
Given that the mean and standard deviation are functions of the duration over which they
are calculated, the variability factor can also be calculated for various durations.

The coefficient of variation is convenient for analyzing variability, as it normalizes
the results on the basis of the average release rate. Obviously, an avci'age release rate of
100,000 kPa/sec with a standard deviation of + 20,000 kPa/sec is much more variable than
an average release rate of 200,000 kPa/sec with a standard deviation of + 20,000 kPa/sec.
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Also, if less than ten consecutive pressure releases were to be analyzed, the coefficient of
variation would increase because of increasing standard deviation with a smaller sample

size, thereby reflecting the uncertainty due to the small sample size.

6.1  Single Day Release Rate Variability

On any single day of testing some variaEility in pressure release rate will occur. A
typical day's testing is represented in Figure B-19. This figure shows the variation in
pressure release rate for a typical WHFT run in the original chamber at a 7,930-kPa initial .
chamber pressure. The figure shows that the release rate can vary by as much as 15
percent at very short durations. _

As noted earlier, one of the primary reasons for upgrading the original apparatus
was to decrease this variability. To determine whether the variability had been decreased,
the coefficient of variation was calculated for each of 10 days of WHFT testing in the
original apparatus by Operator B (7,930 kPa), and these were then averaged. This average
was then plotted against duration. The coefficient of variation was then calculated for
each of at least 10 days of WHEFT testing in the upgraded original apparatus at 7,240/550
kPa, 7,930/590 kPa, and 8,620/620 kPa, and then these were averaged. These averages
were also plotted against duration. The results can be seen in Figure B-20.

In Figure B-20, the coéfﬁcient of variation curves for the upgraded original
apparatus configurations for all durations is lower than the coefficient of variation curves
for the original apparatus. This indicates that the upgraded original apparatus was less
variable than the original apparatus. All of the curves show that the variability decreased
with longer durations. This is consistent with the data shown in Figure B-19. It is also
apparent from the curves in Figure B-20 that the variability of the upgraded original

apparatus decreased at a faster rate than that of the original apparatus. The curves for the
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upgraded - original apparatus also show a trend of decreased variability with increased
actuator pressure. This is consistent with the information shown in Figures B-15, B-16,

and B-17.

6.2  Day to Day Release Rate Variability

The day to day release rate variability was analyzed by determining how much the
average daily release rate changed frofn day to day. This was calculated by plotting the
average pressure release rate for the two scenarios (the average of ten days of WHFT
testing) and then calculating their 95 percent confidence intervals. The results of this
procedure can be seen in Figures B-21, B-22, and B-23. The bands corresponding to the
upper and lower bounds of the release rates were plotted by taking the mean and adding or
subtracting the calculated 95 percent confidence intervals. As Figure B-22 shows, the
band width for the original apparatus is smaller (approximately 25,000 kPa/sec. at a 0.01-
second duration) than that for the upgraded original apparatus at 7,930/590 kPa
(approximately 30,000 kPa/sec. at a 0.01 second duration). This result is not particularly
surprising, given that the pressure release valve tended to resist opening at this initial
condition. The band widths for the 95 percent confidence intervals for the two other
upgraded original apparatus configurations, 7,240/550 kPa and 8,620/620 kPa, are smaller
than the 95 percent confidence interval band width for the original apparatus at 7,930 kPa,
as tested by Operator B. |

These results led to the conclusion that variability was decreased by upgrading the
original apparatus. In addition to decreasing the variability, upgrading the apparatus
increased its durability (valve maintenance was substantially reduced) and provided much

greater control over the release rate (because of the electro-pneumatic actuator).
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7 HET Resul

7.1  Modified Large Apparatus Results

WHFT results for the modified large apparatus at initial chamber pressures of
7,930 kPa and 8,270 kPa are presented as pérccnt fracture versus number of cycles in
Figure B-24. Also shown in this ﬁgure, for comparison, are the WHFT results for the
original apparatus at 7,930 kPa and the large apparatus at 8,270 kPa. Fracturing produced
in the modified large apparatus at 8,270 kPa was higher than that produced in the original

apparatus and in the large apparatus at 8,270 kPa.

7.2  Upgraded Original Apparatus

WHEFT results for the upgraded original apparatus at initial conditions of 7,240/550
kPa, 7,930/590 kPa, and 8,620/620 kPa are presented as percent fracture versus number of
cycles in Figure B-25. The upgraded original apparatus at initial conditions of 7,240/550
kPa produced less fracturing than the original apparatus. The upgraded original apparatus
at initial conditions of 7,930/590 kPa produced more fracturing than the original apparatus,
and the upgraded original apparatus at 8,620/620 kPa produced almost the same amount of

fracturing as the original apparatus.

Anglysi

A comparison of the percent fractures shown in Figures B-24 and B-25 with the
release rates shown in Figures B-9 and B-18 suggests that there is no clear trend between
short duration release rate and percent fracture. Furthermore, comparing initial chamber
pressure to percent fracture does not show a clear trend, either. The release rates at
0.01 sec. duration and initial chamber pressures are summarized for the various WHFT
apparatus configurations and initial pressures in Table B-3, The percent fractures at 50

pressurization cycles, as well as the HFI, are also shown.
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Table B-3 Summary of Pressure Release Rates, Initial Chamber
Fracture Percentages.

Pressures, and

Apparatus Initial Release Rate Percent HFI
Configuration Pressure at Fractures
(kPa) 0.01 sec. After 50
(kPa/sec.) Cycles 7
Modified Large 8,270 211,700 45 66
Apparatus
Upgraded Original | 5 g53/590 319,100 3.5 71
Apparatus
Original 7,930 184,400 2.4 104
Apparatus : :

Large 8.270 183,300 2.4 104
Apparatus :
Upgraded Original | ¢ ¢ o 360,400 2.3 109

Apparatus
Upgraded Original | 5 54455 318,300 1.4 180
Apparatus -
Modified Large 7,930 213,600 1.2 206

Apparatus

Table B-3 shows no clear relationship between either release rate, initial pressure
or percent fracture. To determine whether the percent fracture is a function of release rate
and initial chamber pressure, the average release rate shown in Table B-3 was plotted
against the .corresponding initial chamber pressure. The corresponding percent fracture
was then written next to the plotted point. The result of this procedure can be seen in
Figure B-26, which appears to show an area of greater fracturing. This area is represented
on the graph by the hatch marks.

In general, it appears that increasing the release rate has a positive effect on the
percent fracture. Also, it appears that a chamber pressure in the range of 7,930 to 8,270
kPa is necessary to produce substantial fracturing. Release rates below approximately
210,000 kPa/second and pressures outside of the 7,930 to 8,270 kPa range produced very
little fracturing.

It is possible that low initial apparatus pressures did not produce

substantial fracturing because water was not forced deep encugh into the aggregate pores.
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"The length of flow path provided to produce internal hydraulic pressure is directly related

to the initial chamber pressure. If the flow path is not long enough, relative internal
pressures greater than the tensile strength of the aggregate will not be developed when
compressed air expands in the pore because of the chamber pressure release. High initial
pressures may limiit fracturing by causing too much air to be dissolved into the water. As
stat-ed earlier, water is able to hold more air in solution at higher absolute pressures.
Therefore, the higher the initial chamber pressure, the easier it is for the aggregate to
become saturated. If, by the time pressure is released, very little compressed gaseous air is
left to expand, the aggregate will not hydraulically fracture.

No apparatus configuration in this study produced an excessive amount of
fracturing (i.e., 20 percent to 30 percent), even though the short duration release rates
ranged from 180,000 kPa/sec. to 360,000 kPa/sec. This result does not necessarily mean
that there is no upper bound release rate that will cause non-D-cracking susceptible
aggregates to fracture. It simply indicates that an upper bound release rate was not

achieved in this study.

nclusion

The testing performed as a part of this research investigated various apparatus
configurations performing the WHFT procedure in an attempt to determine how to
calibrate the equipment to produce consistent results. The WHFT procedure was shown to
be somewhat sensitive to the magnitude of pressure release rates at short durations, and a
minimum rate of 210,000 kPa at a duration of 0.01 sec. was proved necessary to produce
significant fracturing. No upper bound pressure release rate that caused excessive
fracturing was identified, although one may exist. There also seemed to be a relationship
between high actuator pressures and low release rate variability for the upgraded original

apparatus, as the higher actuator pressures prevented the pressure release valve from
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sticking. Given this, and the evidence that higher release rates used in this study did not
skew the WHFT results, the researchers recommend that the actuator pressure be kept high
enough to limit the release rate variability. On each specific piece of equipment,
calibration tests will have to be run to determine the actuator pressure that will prevent
another pressure release valve from sticking closed.

The specified initial pressure of 7,930 kPa for the original WHFT apparatus falls
into the range of initial pressures that produced substantial fracturing for this aggregate. In
general, it appears that low initial prcssurés will not produce substantial fracturing, as
water is not forced deep enough into the aggregate pores. On the other hand, high initial
pressure also may not produce substantial fracturing, ag the aggregate sample may become
almost fully saturated. A maximum release rate and associated duration, as well as initial

pressure, that would avoid excessive fracturing were not determined.
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MTM XXX
Proposed Method of Test
for

Hydraulic Fracture of Coarse Aggregate

| SCOPE

1.1 This test method covers the resistance of aggregates to fraqulré under the
effect of internal pressure expelling water from aggregate pores. The procedure is
intended to assist in the identification of aggregates that cause deterioration in concrete
when exposed to repeated cycles of freezing and thawing (D-cracking).

1.2 This procedure may involve hazardous materials, operations, and equipment.
This procedure does not purport to address all of the safety problems associated with its
use. It is the responsibility of whoever uses this procedure to consult and establish
appropriate safety and health practices and determine the applicability of regulatory

limitations prior to use.

2. REFERENCED DOCUMENTS
2.1 AASHTQ Standards

T2 Sampling Aggregates

M92 Wire Cloth Sieves for Testing Purposes

M231  Weights and Balances Used in The Testing of Highway Materials
22 ASTM Standards |

C702  Method for Reducing Field Samples of Aggregate to Testing Size

D 3665 Practice for Random Sampling of Construction Materials
23 MTM Procedures

MTM 115Rapid Freezing in Air and Thawing in Water
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3. SIGNIFICANCE AND USE

31 As noted in the scope, the procedure described in this method is intended to
aid in the identification of D-cracking susceptible aggregates. Aggregates that exhibit a
high percentage of fracturing under repeated pressurization cycles are considered to be
more likely to cause D-cracking in field applications.

3.2 The relative short time (approximately eight working days) required for -
completion of this procedure makes it appropriate for use as a screening test to identify
questionable aggregates requiring additional (and more time consuming) testing (such as
MTM 115) prior to approval.

33 This method is sensitive to the size of the aggregate pieces, and may be
appropﬁatc for identifying maximum aggregate size reductions necessary to avoid
D-cracking.

34 This method is also sensitive to th;e number of non-durable particles in a
sample, and may be appropriate for determining the percentage of durable aggregate that
must be blended with non-durable aggregate in order to produce a blend with low enough

D-cracking potential to provide acceptable performance.

4, APPARATUS
4.1 Tumbling Apparatus:

4.1.1  The tumbling apparatus (hereafter referred to as the tumbler) shall consist of

a rubber drum for holding the sample and a motorized drive unit.
NOTE 1- A suitable tumbler is available cdmmcrcia]ly as a rock tumbler for polishing rocks.

Vdrious sizes are available.

4.1.2 | The rubber drum shall have inside dimensions of approximately 170 mm
(6-3/4 in.) diameter by 200 mm (8 in.) deep. The inside shall be faceted to assist in the
tumbling_ of the aggregate pieces. The drum shall have a removable cover to facilitate
placing the sample in the drum, and the cover should not interfere with the rotation of the

drum when in the motorized drive unit.




4.1.3  The motorized drive unit shall be capable of rotating the drum on its side at a
rate of 30 (£5) revolutions per minute.

4.2 Pressurization Apparatus:

4.2.1 The pressurization apparatus shall consist of a pressure chamber able to
‘ safely withstand operating pressures of 10,000 kPa (1500 psi), a compressed Nitrogen
source and adjustable préssurc regulator with gauge having an output capacity of up to
10,000 kPa (1500 psi), appropriate valves and fittings to permit filling with water and
draining along with pressurization/rapid pressure release, and a stand to permit a 135°
rdtation of the pressurization apparatus. | |

4.2.2  The inside of the chamber shall be suitable treated to prevent the physical
fracture of aggregates by the expansion and contraction of the chamber from

pressurization/pressure cycles.

NOTE 2 - For a cylindrical steel chamber with 25 mm-thick (1 in.) walls and having inside
dimensions of 254 mm (10 in.) diameter by 51 mm (2 in.) high, a neoprene rubber sheet with a thickness
of 0.8 mm (1/32 in.) glued to the inside ends of the chamber has proven sufficient. No treatment was
necessary for the inside wall of the cylinder.

NOTE 3 - Shop-built pressure chambers are not recommended due to the difficulty with obtaining
pressure-tight seals at the high pressures involved, as well as the hazards associated with high-pressures.
If a shop-built pressure chamber is used, it should be pressure-certified to provide a safety factor of at
least 510 1. '

423 The pressure chamber shall be fitted with necessary valves and fittings to
permit the application of pressure (pressure valve), release of pressure (pressure release
valve), filling with water (fill valve), and draining (drain valve). Additional valves and
fittings may be provided where appropriate by the equipment manufacturer in order to
achieve the necessary pressure-release rate. (Section 4.2.5)

424 A pressure regulator and gauge that attaches directly to a compressed
Nitrogen cylinder shall be provided. The regulator shall have a capacity of 10,000 kPa
(1500 psi). The gauge shall have a precision of 0.25% of full scale.
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4.2.5 The apparatus should be capable of producing a drop in pressure of at least
2,100 kPa (300 psi.) during a time interval of 0.01 second when the pressure release
valve is oﬁencd. This drop in pressure is termed the pressure release rate for a time
duration of 0.01 second. The procedure for measuring the pressure release rate is
described in Appendix A.

4.3  Drying Oven:

The drying oven should allow free circulation of air through the oven and
should be capable of maintaining a temperature of 110°C £5°C (230°F +9°F),

44 Balance: |

The balance should conform to the requirements of AASHTO M 231 for the
class of general purpose balance required for the principal sample mass of the sample

being tested.

5. SPECIAL SOLUTIONS REQUIRED

S.1° A solution of alkylalkoxysilane in water (referred to as silane solution) ié
used in Step 7.3 as part of the sample preparation.

5.2 Appropriate precautions in handling the silane solution should be observed.

NOTE 4 - An appropriate sifane solution is available commercially as Enviroseal 40 from Hydrozo,
Inc.

NOTE 5 - Some aggregates absorb water at a very rapid rate which prevents them from fracturing in
the following test procedure. The silane treatment described in Step 7.3 reduces the absorption rate by
effectively making the aggregates more hydrophobic. This treatment has been demonstrated to have no
effect on the hydraulic fracture performance of aggregates with slower absorption rates.

6. SAMPLES
6.1 Representative samples of aggregate sources should be obtained by
appropriate means and in accordance with accepted procedures such as AASHTO T 2

and ASTM C 702 and D 3665.



6.2 Samples will be divided into individual size ranges (step 7.1 below).
Appropriate size ranges may include passing the 32 mm (1 1/4 in.) but retained on the
19 mm (3/4 in.) sieves and passing the 19 mm (3/4 in.) but retained on the 12.5 mm
(1/2 in.) sieves.

6.3 Duplicate specimens may t;c run to obtain acceptable variability, and
sufficient material should be collected in- the initial sample to provide the nccéssary

number of particles in each desired size range. Preliminary work has indicated that

600-800 particles in a given size range is desirable.

7. PREPARATION OF TEST SAMPLE

7.1 Separate the sample into appropriate size ranges by sieving to rcfusai using
approved wire screens (AASHTO M 92). Individual specimens should contain sufficient
aggregate to fill the pressure chamber.,

7.2 The aggregate specimens should be thoroughly washed and dried to a
constant mass at a temperature of 110°C +5°C (230°F $9°F), and allowed to cool to

room temperature.

NOTE 6 - Adequate ventilation should be supplied for the following three steps. The use of a fume
hood may be appropriate.

7.3 Place the aggregate specimen in the silane solution making sure that all
aggregate pieces are covered. Allow the specimen to remain in the silane solution for
30 (x5) seconds.

7.4 Remove the specimen from the silane solution and allow the excess solution

to drain for five minutes.

NOTE 7 - Strainers suitable for immersing the aggregate in the silane solution and draining are
readily obtainable from restaurant supply sources.

NOTE 8 - The silane solution may be re-used if it is placed in a sealed container between uses. The
solution should be discarded if it begins to thicken.




7.5 Dry the specimen -to a constant mass at a temperature of

110°C £5°C (230°F £9°F), and allow to cool at room temperature for one hour.

8. PROCEDURE

8.1 Place enough of the specimen into the tumbler to fill it approximately half
way and tumble for 1 minute (+5 seconds). Separate out any pieces passing the 9.5 mm
(3/8 in.) siévc. | Repeat for the remainder of the specimen. Determine the mass to the
nearest gram and count the number of pieces retained on the 9.5 mm (3/8 in.) sieve,
Rccdrd these numbers as the initial mass and number of particles, m, and n,,
respectively.

8.2 Place the specimen into the prcssﬁrc chamber, and close the chamber as
dircctcd in the manufacturer's instructions. Rotate the apparatus from the filling
(horizontal} to the testing (vertical) position. |

8.3 Close the pressure valve and open the main valve on the Nitrogen tank. The
pressure regulator should be set to the pressure indicated on the calibration sheet

provided with the equipment,

NOTE ¢ - At this time a minimum presshré of 7,930 kPa (1150 psi.)should be used. Further work
may justify a lower pressure, but at present this should be the minimum pressure used.

8.4 Fill the pressure chamber with water in accordance with the manufacturers
instructions. Remove air bubbles from the chamber by pivoting the chamber
approximately 45° either side of the vertical position and tapping smartly with a rubber
mallet. After the chamber has been filled and the air bubbles removed, turn off the water
supply and close the fill, pressure release, and drain valves. Remove the drain line from
the end of the pressure release valve. This process should be completed in 2 minutes (+
5 seconds).

8.5 Pressurize the chamber for 5 minutes (5 seconds) by opening the pressure
valve. Adjust the pressure regulator as necessary to maintain the required pressure. At

about 4-3/4 minutes, close the pressure valve.
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8.6 After 5 minutes (£5 seconds) of pressurization, while wearing ear protection,
release the pressure by opening the pressure release valve as described in the equipment
manufacturer's instructions.

8.7 Refill the pressure chamber by re-attaching the drain line to the pressure
release valve, opening the fill valve, and turning on the water supply. Allow water to fill
for approximately 30 seconds, rotating the chamber approximately 45° either side of
vertical to remove any air bubbles in the chamber. Turn off the water supply, close the
fill and pressure release valves, and remove the drain line.

8.8 Re-pressurize the chamber after a tot.;a,l elapsed time of 1 minute (£5 seconds)
without pressure. Adjust the regulator as necessary to maintain the desired pressure.
This pressurization time is 2 minutes (5 seconds). At about 1-3/4 minutes, close the
pressure valve.

8.9 Release the pressure after 2 minutes (£5 seconds), while wearing ear
protection, by rapidly opening the pressure release valve (as in 8.6 above).

8.10  Repeat Steps 8.7 through 8.9 eight additional times for a total of ten
pressurization cycles. Rotate the pressure chamber back to horizontal for draining.

8.11  Tum off the valve on the Nitrogen bottle and open the drain valve. Drain the
water from the pressure chamber by slowly opening the pressure valve and allowing the
compressed gas in the line to force the water out of the chamber.

8.12  Unbolt the chamber and remove the specimen. Dry the specimen to a
constant mass at a temperature of 110°C +5°C (230°F £9°F), and allow it to cool at room
temperature for one hour.

8.13  Place enough of the specimen into the tumbler to fill it approximately half
way, and tumble for 1 minute (+5 seconds). Repeat with the remaining portion of the
specimen. Separate out any pieces passing the 9.5 mm (3/8 in.) sieve but retained on the
4.75 mm (No. 4) sieve. Determine the masses of both the +9.5 mm (3/8 in.) and

cumulative -9.5 mm, +4.75 mm (No. 4) sieve particles to the nearest gram. Record these
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- values as m; and md, respectively for the "i" number of pressurization cycles completed.
Count the number of pieces retained on the 9.5 mm (3/8 in.) sieve and record this number
as n;. Count the number of pieces passing the 9.5 mm (3/8 in.) sieve but retained on the

4.75 mm (No. 4) sieve and record the cumulative number as n4,.

8.14  Repeat Steps 8.2 through 8.13 for a total of 50 pressurization cycles.

9.  CALCULATIONS
9.1 Percentage Fracture - Calculate the percentage of fracturing after each ten

pressurization cycles as follows:

FP, = 100 x(n4,/2 + n, - ng)/n, (1)
where FP, is the percent fractures after "i" pressurization cyclcs,
nd, is the cumulative number of pieces passing the 9.5 mm (3/8 in.)

sieve but retained on the 4.75 mm (No. 4) sieve after "i

pressurization cycles,
n; is the number of pieces retained on the 9.5 mm (3/8 in.) sieve after

"1" pressurization cycles, and

n, is the initial number of pieces tested.
Report FP values to the nearest integer.
9.2 Hydraulic Fracture Index - Calculate the hydraulic fracture index (HFI) as

the number of cycles necessary to produce 5 percent fracturing by the following
methods:

If 5 percent fracturing is achieved in 50 or fewer cjrclcs, calculate the HFI as a

linear interpolation of the number of cycles that produced 5 percent fractures:
HFI = A +10 x[(10-FP,)/(FP, - FP,)] 2)

where A is the number of cycles just prior to achieving 5 percent fracturing,
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FP, is the percentage of fracturing just prior to achieving 5 percent
fracturing, and

FPg is the percentage of fracturing just after achieving 5 percent
fracturing.

If 5 percent fracturing is no achieved in 50 pressurization cycles, calculate

the HFI as an extrapolation from no fracturing at O cycles through the amount of -

fracturing at 50 cycles:
HFI = 50 x(5/FP,,)

where FPq, is the percentage of fracturing after 50 pressurization cycles.

Report HFI values to the nearest integer.

9.3 Percent Mass Loss - Determine the percent mass loss as follows:
ML; = (100/mg) X [m, - (m4; + m)] 3
where ML, is the percentage of mass loss after "i" cycles of pressurization,
m4, is the cumulative mass of the material passing the 9.5 mm

(3/8 in.) sieve but retained on the 4.75 mm (No. 4) sieve after "i"
pressurizatioﬁ bycles,

m; is the mass of the pieces retained on the 9.5 mm (3/8 in.) sieve after
"1" pressurization cycles, and

m, is the initial mass of the specimen tested,

Report ML values to the nearest integer.

NOTE 10 - When data from more than one specimen are combined for determining final results, the
raw data, mg, ng, m4;, n4;, m;, and n;, should be combined prior to calculation of ML, FP; and HFL

10. REPORT
10.1  The report shall include the following information and data:

10.2 Sample Identification:

102.1° Report the person or agency submitting the sample for testing.
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10.2.2  List the source or identifying code for the aggregate.
10.3  [Initial Specimen Size:
10.3.1 | Report the particle size range(s) tested as determined in Section 7 of this
proccdﬁrc.
10.3.2 Report the initial mass and initial number of particles as determined in Step
8.1 above.
10.4  Percentage Fracture
Report the percentage fracture after each series of ten pressurization cycles.
10.5 Percentage Mass Loss
Report the percentage mass loss after each series of ten pressurization cycles.
10.6 Hydraulir_: Fracture Index

Report the hydraulic fracture index for the specimen

NOTE 11 - A graph of fracture percentage versus number of cycles is often useful in presenting the
data.

NOTE 12 - Examples of a daily data sheet and a report form are shown in Appendix B.

11. PRECISION

11.1  Within-Laboratory Precision - The precision of results from a single
aggregate source appears to depend upon the number of pieces tested. Data is currently
being collected in order to determine the within-laboratory precision.

11.2  Between Laboratory Precision - Data is éurrcnﬂy being collected to

determine the between-laboratory precision.
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Hydraulic Fracture of Coarse Aggregate'

Appendix C1
Determination of Pressure Release Rate

1. PURPOSE
1.1 - -The purpose of this procedure is to determine the pressure release rate for the

Hydraulic Fracture Apparatus.
1.2 This procedure can also be used to determine the necessary chamber pressure

required to produce the specitied release rate.

2.  EQUIPMENT

2.1 Pressure Transducer Sysiem - The pressure transducer and associated power
supply and signal conditioning electronics should have linearity within 3 percent over the
range of 0 to the maximum pressure measured. The pressure transducer should be able to
be installed into one of the threaded connections in the pressure chamber.

22 Data Acquisition System - Equipment for digitally recording the output from

the pressure transducer system should have a sampling rate of at least 1,000 Hz.

3. PROCEDURE

3.1 Do not put an aggregate specimen into the pressure chamber, but otherwise
close the pressure chamber and fill it with water as described in Sections 8.2 through 8.4
in the test procedure.

3.2 Pressurize the chamber to the desired pressure as described in Section 8.5.

33 While releasing the pressure as described in Section 8.6, digitally record the
pressure-time history

3.4 Repeat the pressurization-pressure release as described in Sections 8.7

through 8.10 for a total of ten recordings of pressure-time histories.
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4. ANALYSIS

4.1 Determine the pressure release rate for a 0.01 second duration for each
pressure release by finding the largest pressure ditference for a 0.01-second time duration.
This may be accomplished by:

4.1.1  Starting at approximately the middle of the pressure-time data, determine the
pressure ditterence for a time duration of 0.01 second, and calculate the pressure release
rate.

4.1.2  Move one data point higher in pressure and re-calculate the pressure release
rate as described above. Continue until a clear trend in decreasing pressure release rates is
determined.

4.1.3  Starting again at the data point used in 4.1.1, above, this time move one data
point lower and calculate the pressure release rate for the 0.01 second duration. Continue
until a clear trend in decreasing pressure release rates is determined.

4.1.4  Sort the pressure release rates determined in 4.1.1 through 4.1.3 and
determine the greatest pressure release rate for a 0.01 second duration.

4.1.5  Repeat 4.1.1 through 4.1.4 for each pressure-time history recorded.

4.1 Average the ten maximum pressure release rates determined above, and report
this as the average pressure release rate for a 0.01 second duration for the chamber

configuration and input pressure tested.
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Appendix C2

Sample Daily Data Sheet
and

Results Summary Form
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Daily Data Sheet

Specimens Tested

Cc2-2

Specimen D Combined
Date Treated
initial mo, g
‘_ initial no
Date Pressurized
mid, g
m41Q, g
10 ML10
Cycles n10
nd10
FP10
-~ jDate Pressurized
: ' m20, g
md20, g
20 ML20
Cycles n20
n420
- FP20
-JDate Pressurized
m30, g
m430, g
30 ML30
Cycles n30
n430
FP30
‘IDate Pressurized
m40, g
m440, g
40 ML40
Cycles n40
n440
¥ FP40
Date Pressurized
i mb0, g
m450, g
50 ML50
1| Cycles ns0
n450
FP50
" Source: Submitted by: Tested by:
Date Received: Size: Description:
; Equipment Number: Location:
" Configuration: Chamber psi= ] m




Results Summary Form

Source: Submitted by: Tested by: Date:
Size Range: Inttial Mass: Initial # Particles:
Testing Cumulative Mass Mass Count Count % Mass Percent .
Date # of Cycles (+9.5 mm) {9.5t0 {+9.5 mm) {8.5t0 Loss Fractures
(0) 4.75 mm) 4.75 mm)
10
20
30
40
50
HFI=}
25 . .
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8 L} i 1 13 [}
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5 I : ------------------- -: --------- e e e e e mmmemomim o= o= o=
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0 10 20 30 40 50
Cycles
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Appendix D
Summary of Freeze-Thaw Durability test Results

This appendix contains a summary of all laboratory test results for the materials
tested in the freeze-thaw durability portion of this study, as well as a brief explanation of
the significance of the results. _ ,

Freeze-thaw testing was performed on aggregates from all sources investigated in
this study. The initial four aggregates, the control aggregates, were batched at the U of
M, and tested at U of M, U of Minn, and MDOT. The purpose of this test series was to
correlate the various testing machines at the different laboratories, as well as to determine
any effects from operator or laboratory variability. Batches 1 to 3 of the Marblehead,
Rockwood Pit #58-08, Drummond Pit #17-66, and Bundy Hill Pit #30-35 aggregates
were used for this correlative testing. It should be noted that the vacuum saturation back-
filling procedure used in making these batches was later found to be deficient. Thus, Pit
#358-08 and Marblehead Pit #93-01 had to be rebatched using an improved procedure to
get accurate expansion data. As far as correlating the testing sites, the original batches
were sufficient, because all beams tested had undergone the same treatment. The
expansion data used for these materials, though, was determined from later batches
(Rockwood Pit #58-08 batches 7 to 9, and Marblehead Pit #93-01 batches 5 to 7) using
the new vacuum saturation procedure. Rockwood Pit #58-08 batches 4 to 6 and
Marblehead Pit #93-01 batch 4 were not used in the analysis and have not been reported.
The difference in vacuum pressure was found not to have affected the Drummond Pit
#17-66 and Bundy Hill Pit #30-35 specimens, so these materials were not rebatched.

Testing of the control aggregates showed good correlation between the test sites
for all four aggregates, as shown in Table D-1. This indicates that variability between
testing machines and operators was not considerable for freeze-thaw beams made at the U
of M and tested at the U of M and elsewhere. In addition, because a range of aggregate
durabilities was covered, this correlative study showed that precision could be maintained
between labs for a large span of durabilities. The values obtained for the control
aggregates led to questions about the batching procedure, though, because the results for



5

Rockwood Pit #58-08 and Marblehead Pit #93-01 did not match MDOT’s database
values. For both of these marginal durability aggregates, it was found that degree of
saturation plays a major role in performance. The MTM procedure was modified to
ensure that vacuum pressure was not lost during backfilling with water in the vacuum
saturation procedure. This ensured a higher degree of saturation in the aggregates. When
tested for freeze-thaw durability using the new procedure, the expansion approached
MDOT’s database values. |

A recycled concrete aggregate from a paving project on Eastbound Interstate 96
(near Brighton, Michigan) further strengthened the evidence that the degree of saturation
may be a major factor in the freeze-thaw performance of an aggregate. The recycled
concrete aggregate is a highly poroﬁs material (absorption =5.26%). It was tested using
the original vacuum saturation procedure, where pressure was lost during backfilling, Of
the three batches tested, one batch met the new vacuum saturation procedure guidelines.
The other two aggregates lost roughly 0.5 in.hg. of vacuum pressure during backfilling,
This difference in pressure caused a significant difference in freeze-thaw expansion. The
batch saturated with the new procedure expanded roughly three times as much as the
other batches. For highly porous aggregates, it is believed that slight changes in vacuum
pressure can significantly vary the amount of water being forced into the aggregate pores.
This in turn affects the degree of saturation and freeze-thaw performance of the aggregate.

In addition to the initial four aggregates made at U of M and tested at various
laboratories, MDOT made and tested three batches of the Rockwood Pit #58-08 material
at it’s concrete laboratory. This allowed for a comparison of the batching procedures
between MDOT and U of M. These batches were used to pinpoint the problem with
 vacuum procedure, as well as to verify that the new procedure was effective. The data
from these batches is summarized in this appéndix as MDOT Rockwood Pit #58-08
batches 1 to 3. Once the correlation and refinement of batching and freeze-thaw methods
were complete, the next testing phase was started.

The second set of materials tested was a group of five aggregates. Chosen
because they span the range of durability, these aggregates included both natural gravels
and crushed stone. These aggregates included Bruce Mine Pit #95-10, Evergreen Pit




#52-78, Celotex Pit #07-20, France Silica Pit #93-03, and City Limits Pit #17-20. Three
batches were made for each aggregate source, and freeze-thaw testing was performed at
the U of M. Occasional batches were made with three extra beams that were sent to
MDOT for tesﬁng. This allowed for a regular spot-check of the freeze-thaw results
obtained by the U of M. This testing seciuence gave the bulk of the data to be cormrelated
to the WHFT procedure.

The final freeze-thaw testing phase included three aggregates from the medium
durability range (Qenniston Farms Pit #58-09, Michigan Foundation Pit #82-06, and
Maybee Pit #58-04). It had been observed that some medium duré,bility aggregates posed
difficuity for correlaﬁons between the WHFT and freeze-thaw methods. These aggregates
were tested to provide additional data to establish and refine such a correlation.
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Freeze-Thaw No.

UNIVERSITY OF MICHIGAN . Bruce Mine
MATERIALS DEPARTMENT Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE
Report on sample of Bruce Mine Pit #95-10
Date sampled
Source of material

Date received

Sampled from
Submitted by
Intended use

Quantity represented

Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 281 [IDeleterious Particles (gradation rangd 1" - 3/8" #4
Absorption (%) [[Soft Particles (%)
24 Hour Soak 0.35 "Chert {%)
Vacuum Saturation 0.92 Sum of Soft & Chert (%)
Crushed Material in sample (%)
Los Angeles Abrasion (% of wear) Unit Weight of Agg. (dry, loose, pcf) | 87.14
BATCH NUMBER
CONCRETE MIX DATA 1 2 3 Average
Date Made 3/21/95 3/23195 3/28/95
Slump (inches) B 2.5 2 2 2147
Unit weight of Concrete (pcf) 147.08 1484.72 151.68 149.49
Actual Cemeni Content (pcy) " 522 529 535 528 .82
Water-cement ratio by weight 0.42 0.45 0.47 0.45
Air Content (%) | 7.4 6.7 6.4 6.83
Compressive Sirength {psi) 7 days [ 3484 3727 3432 3548
28days || 3860 4483 4028 4124
Freeze-Thaw Durability Beam1 || 0.000 0.000 0.00%
(% Expansion per 100 cycles) Beam2 || 0.000 0.000 0.001
Beam3 |l 0.000 0.600 0.000
Average || 0.000 0.000 0.001 0.000

REMARKS:

TABLE D-2

Actual Value = -0.001, reported as 0.000.




UNIVERSITY OF MICHIGAN Freeze-Thaw No. ___Bundy Hill
MATERIALS DEPARTMENT Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 4/26/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample of Bundy Hill  Pit #30-35 §

Date sampled : Date received
Source of material .

Sampled from Quantity represented
Submitted by

Intended use Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity {dry basis) 262 [Deleterious Particles (gradation range) | 1" - 3/8" 4
Absorption (%) [iSoft Particles (%)
24 Hour Soak 1.01  J[Chert (%)
Vacuum Saturation 1.71  ISum of Soft & Chert (%)
Crushed Material in sample (%) i
Los Angeles Abrasion (% of wear) {{Unit Weight of Agg. (dry, loose, pef) | 104
BATCH NUMBER
CONCRETE MIX DATA 1 2 3 Average
Date Made 6/9/94 6/14/94 6/30/94 _
Siump (inches) 3 2.5 2.5 267
Unit weight of Concrete (pcf) 149.68 146.78 148.10 148.19
Actual Cement Content (pcy) 529 518 522 523.01
Water-cement ratio by weight - 0.44 0.44 0.44 0.44
Air Content (%) :l 6 7 6.3 6.43
Compressive Strength (psi) 7 days 3137 2781 3089 3002
28days | 4830 3073 4244 4049
Freeze-Thaw Durability Beami || 0.037 0.063 0.087
(% Expansion per 100 ¢ycles) Beam2 || 0.037 0.187* 0.078
U MICH Beam 3 0.048 0.056 1.118*
_ _ Average - 0.041 0.060 0.083 0.061 |
Freeze-Thaw Durabiity . Beam 1 0.057 0.050 0.056
(% Expansion per 100 cycies) Beam 2 0.046 0.059 0.047
B MDOT Beam 3 0.034 G.132* 0.036
5 ) Average 0.046 0.055 0.046 0.049 |
Freeze-Thaw Durability Beam 1 0.038 0.036 0.089
{% Expansion per 100 ¢ycles) Beam 2 0.023 0.066 0.112
U MINN Beam 3 0.138 0.095 0.066 _
Average 0.066 0.066 0.089 0.074 |

REMARKS: * Indicates outlier

TABLE D-3



UNIVERSITY OF MICHIGAN
MATERIALS DEPARTMENT

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample of Celotex

Pit #07-20

Freeze-Thaw No. Celotex
Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

Date sampled

Date received

Source of material

Sampled from

Quantity represented

Submitted by

Intended use

Specification

PROPERTIES OF COARSE AGGREGATE

Average:] 0.249

TABLE D-4

Bulk Specific Gravity (dry basis) 264 [iDeleterious Particles (gradation rangg 1" - 3/8"
Absorption (%) [iSoft Particles (%)
24 Hour Soak 2.33  liChert (%)
Vacuum Saturation 2.66 [iSum of Soft & Chert (%)
Crushed Material in sample (%) i
Los Angeles Abrasion (% of wear) liUnit Weight of Agg. (dry, loose, pcf) | 89.62
BATCH NUMBER
CONCRETE MIX DATA 1 2. 3 Average
Date Made 3/14/95 3/14/9 3/21/95
- Blump (inches) 2.5 2.25 3 2.58
Unit weight of Concrete (pcf) 141.84 145.50 143.54 143.63
Actual Cement Content (pcy) 508 520 516 514.687
Water-cement ratio by weight 0.46 0.47 0.43 0.46
Air Content (%) 8 6.3 7.5 7.27
Compressive Strength (psi) 7 days 3152 3657 3108 3306
28 days 3247 4007 3425 3560
Freeze-Thaw Durability Beami || 0.134 0.137 0.125
(% Expansion per 100 cycies) Beam2 || 0.159 0.146 0.358
Beam3 || 0.118 0.137 0.499*
Average || 0.137 0.140 0.241 0.173
REMARKS: * Indicates Qutlier Beams Tested at MDOT: 0.181
0.271
0.296




" UNIVERSITY OF MICHIGAN Freeze-Thaw No. City Limits
MATERIALS DEPARTMENT Joh No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample of City Limits Pit #17-20

Date sampled Date received
Source of material

Sampled from Quantity represented
Submitted by

intended use Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 2.68 Deleterious Particles (gradation rangq 1" - 3/8"
Absorption (%) Soft Particles (%)
24 Hour Soak 0.44 Chert (%)
Vacuum Saturation 0.87 Sum of Soft & Chert (%)
Crushed Material in sample (%)
Los Angeles Abrasion (% of wear) Unit Weight of Agg. (dry, loose, pcf) | 90.21
i BATCH NUMBER
CONCRETE MIX DATA | 1 2 3 Average
Date Made i 1/119/95 1/31/95 2/14/95
Slump (inches) 2.25 2 2 2.08
Unit weight of Concrete (pcf) 142 .96 141.82 141.82 142.20
Actual Cement Content (pcy) 508 506 508 506.82
Water-cement ratio by weight 0.50 047 047 0.48
Air Content (%) 8.5 8 8 8.17
Compressive Strength (psi) 7 days 2659 3119 3163 2980
28days JI 2883 4069 3570 3507
Freeze-Thaw Durability Beam1 || 0.000 0.001 0.000
(% Expansion per 100 cycles) Beam2 | 0.000 0.001 0.001
Beam3 | 0.000 0.001 0.003
Average | 0.000 0.001 0.001 0.001
REMARKS: Beams tested at MDOT: 0.000
0.000
0.000
Average: 0.000

* Actual Expansion negative (reported as 0.000)

TABLE D-5




UNIVERSITY OF MICHIGAN
MATERIALS DEPARTMENT

Report on sample of

Freeze-Thaw No.

D. Famns

Job No.

M-DOT Freeze-Thaw / WHFT

Lahoratory No, UM Concrete
Date 2/29/96
REPORT OF TEST

Denniston Farms Pit #58-09

FREEZE-THAW DURABILITY IN CONCRETE

Date sampled

Date received

Source of material

Sampled from

Quantity represented

Submitted by

Intended use

Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 2.57 'Qeieterious Particles (gradation rangd 1" - 3/8" #4
Absorption (%) Soft Particles (%)
24 Hour Soak 2.69 Chert (%)
Vacuum Saturation 3.86 Sum of Soft & Chert (%)
Crushed Material in sample (%) 4'
Los Angeles Abrasion (% of wear) Unit Weight of Agg. (dry, loose, pef) | 86.17
Ir BATCH NUMBER

CONCRETE MIX DATA 1 2 3 Average
Date Made '# 8/1/95 8/3/95 8/8/95
Slump (inches) 2.5 3 2 2.50
Unit weight of Concrete (pcf) | 145.40 143.88 144.28 144.52
Actual Cement Content (poy) 523 518 521 521.06
Water-cement ratio by weight 0.48 0.48 0.46 0.47
Air Content (%) 4% 6.1 6.9 6.5 6.50
Compressive Strength (psi) 7 days 1' 2811 2689 2872 2791

28days || 3741 3221 3455 3472
Freeze-Thaw Durability Beam1 |l 0.046 0.014 0.042
(% Expansion per 100 cycles) Beam2 | 0.045 0.030 0.038

Beam3 | 0.855 0.026 0.044

Average |i 0.049 0.023 0.041 0.028
REMARKS:

TABLE D-6




UNIVERSITY OF MICHIGAN
MATERIALS DEPARTMENT

Report on sample of

Drummond

Freeze-Thaw No.
Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 4/26/96
REPORT OF TEST

Drummond Pit #17-66

FREEZE-THAW DURABILITY IN CONCRETE

Date sampled

Date received

Source of material

- Sampled from Quantity represented
Submitted by
Intended use Specification
PROPERTIES OF COARSE AGGREGATE
Bulk Specific Gravity (dry basis) 2.74  [Deleterious Particles (gradation range} 1"-3/8" #4
Absorption (%) IISoft Particles (%)
24 Hour Soak 0.38  |iChert (%)
Vacuum Saturation 0.58 _ |ISum of Soft & Chert (%)
Crushed Material in sample {%) ]
Los Angeles Abrasion (% of wear) lunit Weight of Agg. (dry, loose, pcf) | 98
BATCH NUMBER

CONCRETE MIX DATA 1 2 3 Average
Date Made 6/14/94 6/30/94 7/12194
Slump (inches) 2 3 2.25 242
Unit weight of Concrete (pcf) 149.02 145.98 149.74 148.25
Actual Cement Content (pcy) 521 509 522 517.23
Water-cemnent ratio by weight 0.46 0.47 047 0.46
Air Content (%) 6.8 7.4 6.9 7.03
Compressive Sirength (psi) 7 days 3933 3611 3384 3643

28 days 4462 3808 3623 3964
Freeze-Thaw Durability Beam 1 0.000 0.000 0.001
(% Expansion per 100 cycles) Beam 2 0.000 0.002 0.001
U MICH Beam 3 0.000 0.001 0.000

Average 0.000 0.001 0.001 0.001
Freeze-Thaw Durability [Beam 1 0.000 0.000 0.001
(% BExpansion per 100 cycles) Beam 2 0.000 0.002 0.C01
MDOT Beam 3 0.000 0.002 0.001

Average 0.000 0.001 0.001 0.001
Freeze-Thaw Durability Beam 1 0.000 0.001 0.002
{% Expansion per 100 cycles) Beam 2 0.043* 0.000 0.002
U MINN Beam 3 0.007 0.000 0.006

Average 0.004 0.000 0.003 0.002

REMARKS: Negative dilations reported as 0.000

* Indicates Outlier

TABLE D-7




UNIVERSITY OF MICHIGAN Freeze-Thaw No.  Evergreen 52-78
MATERIALS DEPARTMENT Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE
Report on sample of . Evergreen Pit #52-78
Date sampled
o Source of material
Sampled from
Submitted by
intended use

Date received

Quantity represented

Specification

PROPERTIES OF COARSE AGGREGATE

Buik Specific Gravity (dry basis) 2.69 lIDeleterious Particles (gradation rangd 1" - 3/8" #4
Absorption (%) [ISoft Particles (%) -
24 Hour Soak 1.99 HChert (%)
Vacuum Saturation 2.14 Sum of Soft & Chert (%)
Crushed Material in sample (%) It
Los Angeles Abrasion (% of wear) {lUnit Weight of Agg. (dry, loose, pcf) | 96.64
_ i BATCH NUMBER
CONCRETE MIX DATA 1 2 3 Average
Date Made 2/16/95 2/16/95 2/28/95
Slump (inches) 2.75 3 2 2.58
Unit weight of Concrete (pcf) 146.70 147.92 146.02 146.88
Actual Cement Content (pcy) 515 521 517 517.61
Water-cement ratio by weight 0.49 0.48 0.44 0.47
Air Content (%) I 7 6.5 7.2 6.90
[
Compressive Strength (psi) 7 days | 2310 2587 3108 2668
28days | 3625 3410 4220 3752
Freeze-Thaw Durability Beam1 || 0.204 0.319 0.245
(% Expansion per 100 cycles) Beam2 | 0.297 0.288 0.259
Beam3 | 0.313 0.258 0.169
Average | 0.271 0.289 0.224 0.261 |
REMARKS: Beams Tested at MDOT. 0.310
0.373
0.308
Average: 0.330
TABLE D-8




UNIVERSITY OF MICHIGAN Freeze-Thaw No. France Stone 93-3
MATERIALS DEPARTMENT Job No. M-DOT Freeze Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample-of

France Stone Pit # 93-3

Date sampled Date received

Source of material

Sampled from Quantity represented

Submitted by

Intended use Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) | 262 [|Deleterious Parficies (gradation rangg 1" - 3/8"
Absorption (%) [[Soft Pasticles (%)
24 Hour Soak 2.39 |IChert (%)
Vacuum Saturation 3.36 |iSum of Soft & Chert (%)
Crushed Material in sample (%) |
Los Angeles Abrasion (% of wear) lUnit Weight of Agg. (dry, loose, pcf) | 87.83
I BATCH NUMBER

CONCRETE MIX DATA i 1 2 3 Average
Date Made I 4/21/95 4/21/95 4/21/85
Slump (inches) - i 3.00 2.25 2.50 2.58
Unit weight of Concrete (pcf) I 143.76 145.26 144.28 144.43
Actual Cement Content (pcy) H 513 519 514 515
Water-cement ratio by weight 0.47 0.46 0.48 0.47
Air Content (%) i 65 7.3 7.4 7.1
Compressive Strength (psi) 7 days 2891 3403 2682 2992

28 days 4253 4547 3725 4175
Freeze-Thaw Durability Beam1 || 0.003 0.013 0.002
(% Expansion per 100 cycles) Beam2 | 0.003 0.014 0.002

Beam3 || 0.002 0.008 0.005

Average || 0.003 0.012 0.003 0.006
REMARKS:

TABLE D-9




UNIVERSITY OF MICHIGAN
MATERIALS DEPARTMENT

Freeze-Thaw No.

Marblehead

Job No.

M-DOT Freeze-Thaw / WHFT

Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on-sample of

Marblehead Pit #93-01

Date sampled

Date received

Source of material

Sampled from

Quantity represented

Submitted by

Intended use

Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 2.49 |Deleterious Particles (gradation rangg 1" - 3/8"
Absorption (%) |iSoft Particles (%)
24 Hour Soak 3.28 |[Chert (%)
Vacuum Saturation 4.38 Sum of Soft & Chert (%)
Crushed Material in sample (%)
Los Angeles Abrasion (% of wear) |lUnit Weight of Agg. (dry, loose, pcf) | 88
BATCH NUMBER
CONCRETE MIX DATA 1 2 3 Average
Date Made 6/21/94 6/23/94 6/28/94
Slump {inches) 2 2.25 3 2.42
Unit weight of Concrete (pcf) “ 143.80 143.44 141.74 143.03
Actual Cement Content (pcy) 524 516 514 517.74
Water-cement ratio by weight | 0.45 0.54 0.47 0.48
Air Content (%) 6.3 6.3 7.5 6.70
Compressive Strength (psi) 7 days 3287 3263 3608 3386
" |28 days 4965 4694 4438 4699
Freeze-Thaw Durability Beam1 |l 0.043 0.052 0.043
(% Expansion per 100 cycles) Beam 2 0.048 0.042 0.041
U MICH Beam 3 0.082 0.068 0.085
: Average 0.058 0.054 0.056 0.056
Freeze-Thaw Durability Beam 1 0.039 0.038 0.058
(% Expansion per 100 cycles) Beam 2 0.044 0.063 0.056
MDOT Beam 3 0.059 0.058 0.095
Average 0.047 0.053 0.070 0.057
Freeze-Thaw Durability Beam 1 0.089 0.062 0.096
(% Expansion per 100 cycles) Beam?2 | 0.041 0.049 0.055
U MINN Beam3 | 0.063 0.071 0.042
Average || 0.064 0.061 0.064 0.063
TABLE D-10

D-14




UNIVERSITY OF MICHIGAN Freeze-Thaw No. Marblehead
MATERIALS DEPARTMENT Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST.

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample of Marblehead Pit #93-01

Date sampled Date received

Source of material

Sampled from Quantity represented
Submitted by
intended use Specification

PROPERTIES OF COARSE AGGREGATE

Buik Specific Gravity {dry basis) 2.49 "Deleterious Particles (gradation rangg 1" - 3/8" #4
Absorption (%) Soft Particles (%)
24 Hour Soak 3.28 lChert (%)
Vacuum Saturation 4.38 }Sum of Soft & Chert (%)
Crushed Material in sample (%) 1
Los Angeles Abrasion (% of wear) flUnit Weight of Agg. (dry, loose, pcf) | 38
il BATCH NUMBER
CONCRETE MIX DATA 5 6 7 Average
Date Made 3/30/95 3/30/95 4/6/95
Slump (inches) 2 2.5 2.25 2.25
Unit weight of Concrete (pcf) 144,72 143.96 144.06 144.25
Actual Cement Content (poy) 526 523 524 524 34
Water-cement ratio by weight 0.47 0.47 0.46 0.47
Air Content (%) 6.3 6.7 6.7 6.57
Compressive Strength (psi) 7 days 3245 2956 3423 3208
28 days 4103 3721 4639 4155
Freeze-Thaw Durability Beam 1 " 0.080 0.051 0.070
(% Expansion per 100 cycles) Beam 2 0.067 0.045 0.074
Beam3 | 0.074 0.052 0.064
Average || 0.074 0.049 0.070 0.064
REMARKS: Beams tested at MDOT: 0.076
0.070
0.099
Average: 0.082
TABLE B-11




UNIVERSITY OF MICHIGAN
MATERIALS DEPARTMENT

Maybee

Freeze-Thaw No.
Jobh No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sampie of Maybee

Pit #58-04

Date sampled

Date received

Source of material

Sampled from

Quantity represented

Submitted by

Intended use

Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) Deleterious Particies (gradation rangqd 1" - 3/8"
Absomption (%) Soft Particles (%)
24 Hour Soak 3.79 Chert (%)
Vacuum Saturation 5.31 Sum of Soft & Chert (%)
Crushed Material in sample (%)
Los Angeles Abrasion (% of wear) Unit Weight of Agg. (dry, loose, pcf) i 82.72
BATCH NUMBER

CONCRETE MIX DATA " 2 3 Average
Date Made 7/27!95 8/1/95 8/3/95
Slump (inches) 2 2 2147
Unit weight of Concrete (pcf) 141 90 142.32 143.48 142.57
Actual Cement Content (poy) 516 523 527 521.92
Water-cement ratio by weight 0.46 0.47 0.49
Air Content (%) 6 6.3 6.60
Compressive Strength (psi) 7 days 2633 2967 3237 2946

28 days 3471 3708 3838 3689
Freeze-Thaw Durability Beam1 | 0.040 0.043 0.053
(% Expansion per 100 cycles) Beam 2 0.037 0.034 0.055

Beam 3 ‘ll 0.044 0.037 0.057

Average 0.040 0.038 0.055 0.044
REMARKS:

TABLE D-12




UNIVERSITY OF MICHIGAN Freeze-Thaw No.  Michigan Foundation
MATERIALS DEPARTMENT Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample of
Date sampied
Source of material

Michigan Foundation Pit #82-06

Date received

Sampled from Quantity represented

Submitted by

intended use Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 242 jDeleterious Particles (gradation rangg 1" - 3/8" #4
Absorption (%) JiSoft Particles (%)
24 Hour Soak 4.63 iChert (%)
Vacuum Saturation 6.58 lISum of Soft & Chert (%)
Crushed Material in samgple (%)
Los Angeies Abrasion (% of wear) Unit Weight of Agg. (dry, loose, pcf) i 83.58
BATCH NUMBER
CONCRETE MIX DATA 1 2 3 Average
Date Made 7120/95 7/26/95 7/26/95
Slump {inches) ' 2 2.75 3 2.58
Unit weight of Concrete (pcf) 141.86 142.40 138.96 141.07
Actual Cement Content {pcy) 518 519 508 515.25
Water-cement ratio by weight 0.48 0.49 0.47 0.48
Air Content (%) 7.1 6.4 6.1 6.53
Compressive Strength (psi) 7 days 2388 2158 2681 2409 :
28 days 2098 3544 3390 3310 -
Freeze-Thaw Durability Beam1 || 0.060 0.065 0.092 !f
(% Expansion per 100 cycles) Beam2 |l 0.069 0.059 0.080 s
Beam3 |l 0.059 0.065 0.065
Average || 0.063 0.063 0.082 0.069
REMARKS:
TABLE D-13



UNIVERSITY OF MICHIGAN
MATERIALS DEPARTMENT

Report oh sample of

Freeze-Thaw No. Rockwood

Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 4/26/96

REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Rockwood Pit #58-08

Date sampled Date received
Source of material

Sampled from Quantity represented
' Submitted by

intended use Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 259 _|Deleterious Particles (gradation range] 1"-3/8" #4
Absorption (%) IISoft Particles (%)
24 Hour Soak 2.47 A’IChert (%)
Vacuum Saturation 3.39 Sum of Soft & Chert (%)
Crushed Material in sample (%) 1 '
Los Angeles Abrasion (% of wear) {iUnit Weight of Agg. (dry, loose, pcf) ! 87.83
BATCH NUMBER
CONCRETE MIX DATA 1 2 3 Average
Date Made 5/26/94 6/21/94 717194 :
Slump {nches) 3 2 3 267
Unit weight of Concrete (pcf) 144 24 142.06 142.80 143.03
Actual Cement Content (pcy) 516 508 512 511.80
Water-cement ratio by weight 0.49 0.50 0.47 0.49
Air Content (%) 6 7.6 7.4 7.00
Compressive Strength (psi) 7 days i 3876 2934 3111 3307
28days { 5211 4134 4005 4450
Freeze-Thaw Durability Beam 1 0.008 £.006 0.011
(% Expansion per 100 cycies) Beamn 2 0.048 0.020 0.015
UMICH Beam 3 0.034 0.020 0.014
_ Average 0.030 0.015 0.013 0.020
Freeze-Thaw Durability Beam 1 0.037 0.002 0.007
(% Expansion per 100 cycles) Beam 2 {.004 0.004 0.004
MDOT Beam 3 0.038 0.004 0.005
_ _ i} Average “ 0.026 0.003 0.005 0.012
Freeze-Thaw Durability Beam 1 0.039 0.022 0.008
(% Expansion per 100 cycles) Beam 2 0.038 0.010 0.011 |
U MINN Beam 3 “ 0.054 0.013 0.017
Average | 0.044 0.015 0.012 0.024
Remarks:
TABLE D-14




UNIVERSITY OF MICHIGAN Freeze-Thaw No. Rockwood 58-8
MATERIALS DEPARTMENT Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. UM Concrete
Date 2/29/96
o REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE
Report on sample of Rockwood Sione Pit #58-08
Date sampled
Source of material

Date received

Sampled from Quantity represenied
Submitted by
intended use Specification

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 2.59 Deleterious Particles (gradation rangg 1" - 3/8" #4
Absorption {%) Soft Particles (%)
24 Hour Soak 247 Chert (%) :
Vacuum Saturation 3.39 Sum of Soft & Chert (%)
Crushed Material in sampie (%)
Los Angeles Abrasion (% of wear) Unit Weight of Agg. (dry, loose, pcf) | 87.83
BATCH NUMBER

CONCRETE MIX DATA 7 8 9 Average
Date Made 1/19/95 1/24/95 1/31/95
Siump (inches) N 3 2 25 25
Unit weight of Concrete (pcf) 140.98 144 .84 142 54 142.79
Actuat Cement Content (pcy) 501 519 509 509.49
Water-cement ratio by weight 0.53 0.48 0.50 0.51
Air Content (%) 8.5 7.3 8 7.93
Compressive Strength (psh 7 days 2375 3472 3194 3014

28 days 3141 4586 3610 3779
Freeze-Thaw Durability Beam1 || =~ 0035 0.059 0.028
{% Expansion per 100 cycles) Beam 2 0.023 0.068 0.023

Beam 3 l' 0.022 0.067 0.030

Average 0.026 0.065 0.027 0.039
REMARKS:

TABLE D-15




MDOT Freeze-Thaw No. Rockwood
MATERIALS & TECHNOLOGY Job No. M-DOT Freeze-Thaw / WHFT
Laboratory No. MDOTM&T
Date ‘ 9/26/95
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sampie of  Rockwood Pit #58-08

Date sampted Date received

Source of matenal Rockwood stone from U of M for WHF 1 study

Sampied from Source Quantity represented
Submitted by W. Hansen
Intended use Specification Grade 6aa

PROPERTIES OF COARSE AGGREGATE

Bulk Specific Gravity (dry basis) 2.57 [lDeleterious Partictes (gradation rangd 1- - 3/8"
Absorption (%) liSoft Particles (%)
24 Hour Soak [iChert (%)
Vacuum Saturation 3,89 ijSum of Soft & Chert (%)
Crushed Material in sample (%) i
Los Angeles Abrasion (% of wear) Unit Weight of Agg. (dry. ioose. pcf) | 88.00
] BATCH NUMBER
CONCRETE MIX DATA it 1 2 3 Average
Date Made | 10713794 | 10/18/94 | 10/20/94
Siump (inches) i 25 2.25 3 2.58
Unit weight of Concrete (pcf) i 141.28 141.20 140.34 140.94
Actual Cement Content (pCy) i 508 508 503 505.00
Water-cement ratic by weight f 0.49 0.49 0.48 0.49
Air Content (%) I 69 7.5 7.6 7.33
i

Compressive Strength (psi) 7 days I 4180 3980 3780 3980

28days | 4980 4950 4570 4827
Freeze-Thaw Durability Beam 1 “ 0.015 0.017 0.035
(% Expansion per 100 cycles) Beam 2 0.024 0.029 0.019

Beam3 || 0.016 0.036 0.022

Average | 0018 0.027 0.025 0.023
REMARKS:

TABLE D-1l6




UNIVERSITY OF MICHIGAN Freeze-Thaw No. Recycled |-96
MATERIALS DEPARTMENT Job No. MCPA Recycled Concrete Project
Laboratory No. UM Concrete
Date 4/27/96
REPORT OF TEST

FREEZE-THAW DURABILITY IN CONCRETE

Report on sample of

Recycled | 96 at Brighton

Date sampled 9/15/94
Source of material Crushing plant-Milford
Sampled from Stockpile
Submitted by Phil Mohr
intended use WHFT Study
‘ PROPERTIES OF COARSE AGGREGATE
Bulk Specific Gravity (dry basis) I 2.35 :
Absorption (%) by
Vacuum Saturation 5.26
Unit Weight of Agg. (dry, loose, pcf) |  84.39
| BATCH NUMBER
CONCRETE MIX DATA f 1 2 3 Average
Date Made i 11410/94 | 11/15/84 | 11/22/94
Slump (inches) X 2 2.5 2.75 2.42
Unit weight of Concrete (pcf) l 141.82 141.02 140.60 141.15
Aciual Cement Content (pcy) <| 530 524 524 526
Water-cement ratio by weight [ 0.43 0.46 0.44 0.45
Air Content (%) I 62 6.6 8.2 7.0
Compressive Strength (psi) 7 days lr 4220 3435 3175 3610
28 days 4644 4416 4726 4585
Vacuum Pressure (in-hg)* I 280 28.6 274
Freeze-Thaw Durability Beam 1 0.025 0.107 0.032
(% Expansion per 100 cycles) Beam 2 0.023 0.063 0.038
Beam 3 0.021 0.083 0.039
Average 0.023 0.084 0.036 0.048
REMARKS: -
*MTM specifies 28.5+0.2 in-hg of vacuum pressure.
TABLE D-17




Appendix E

Summary of Washington Hydraulic Fracture Test Results




ViN _oot VN ool Iope AMIQEIREY VI 0000 VN (000 $a]aAD) QOT/AONENICT %)
NI INI9 0 oM TN NWA | DAPN g | omiodi
VIVA AVHIAZAAHA
1o %LGa i 68F ¥ 518z 05 | s6rlue
00 TG00 0 68 0 S18C oF | seialg
00 500 0 &8P 0 L1SE 0E | S6918
00 TR0 0 68F 0 L1 0Z__ | sGisik
+00s [ 00 k0’0 0 6ok i L18T 0t S6vi/e | se/ous 68F 8182 06 o511 zl [ 1
A %00 L 5P 23€ 68T 05 | s6/12/8
a0 %900 S 05F ZEE 687 OF | seR1/E
- 60 %b00 ¥ 5r S6L 968C 0E | t601/8
Z0 %100 z 05t gEl 668 02| Seisld
S0z |00 %000 i [T 0 0067 0 Sevie | seous 0sk 0062 06 0511 11 ! I
, 90 96190 L 09§ £6¥ L03TE 05 | Se/lL
<0 %850 9 095 Irx; o182 oF | Se/0%/L
00 %P5 0 [ 655 13T S8CE 0f | S6iLlL
70 G550 T 055 182 T16%E 0z SGIENL
o 10 %520 I 095 381 £'560E 01 SGIVL | seiLy 095 L'SOEE 06 0511 g 4 4
[ %L 0 9 505 LEP LLZE 05 SGiLTY
80 %050 3 ¥98 0T TSLTE o | s6/0z0
£0 S50 £ 08 ol VLITE 0 ) Se/ee/d
T0 %EED i 9% £80 TE8eE 0T | s6em
viz [ Do %0Z 0 0 795 D TI32E 01 $6/02/9 | So/L 295 $6TE 06 0s11 z ¥ z
s %P0 9 £95 $8°C LOLTE 05 | S&/lEfs
£0 %3ED £ £95 53 TOLIE o | 6L
£0 %PED £ £95 TlE CLETE 0F | s66ls
00 %LTO 4 o5 £6T 6 6Lt 0z SEILLIC
e [ 00 Y510 T 9% 16T LERTE 0l S6/TYS | SE/Li £9¢ 6'16TE 06 0811 1 d z
9H | samorlg 550" URS CLH 0156 K § - @ @ safokny | sl | peweRil meg )] (Cied) (1sd) ogumy | Jojeiadg | smemddy
01 g SSE moy) oy uli g p 015 | wigge Bunisa], A et SRR amssaL] AMEEL] apdureg 1537, W
sEupy B ol | plowaeg | sequiwyy
S)MSN 159, SUO[Ipuc,y Supsay, uopsuopuy aduneg
YVIVA TALIVEI DTN VIGAH

wHIE-0T/T (0T-66 M) SauLy sotug <1~ 9[qel,




V/IN 001 YN 001 Ioeg bm_aﬂ.._ﬂm V/N 0000 YiN 0000 591350 001/UORENICT %
Mo n YN 0N S0 Njen | INJen 10N U100
YLVOd MVHL-IZHANA
00 %L1'0 0 SIE 0 0862 oF S6/9/L
00 %EIQ 0 §IT 0 1867 or SO/S/L
00 %ELC 0 SIZ 0 1862 0f SG/E/L
00 %010 g SIT Q 86T 0z £6/67/9
+00¢§ 0’0 %E00 4] €12 0 v86% 0l $G/8T/9 SG/ET/D ST $86T 06 0511 90 { [
00 %b 10 0 ¢17 0 (4114 08 §6/9/L
00 %0L'0 ] S1Z 0 El6T o S6/S/L
00 %ol'o 0 ST 0 £160 0€ SG/EIL
0'Q EQD 0 £iz 0 S16z L4 §6/6T/9
+H)0S 0’0 %00 0 $1i7 D sler 01 S6/8C/9 S6/ET/D 512 9162 06 0511 50 1 L
Bl %El0 € 0 8LT 799C o5 S6/E/S
£1 %800 € 102 8LT £997 oF £6/T/S
2 %¥0'0 1 102 201 990L 0¢ SE/I0EH
00 YF00 0 007 0 L9097 0t S6/LTH
£F] 00 %000 Q- 00% 0 8067 01 S6/9TH $6/62/E 00T 8997 06 0511 0 I 1
£t %3ED Al 10z 41} 99T 05 SE/ES
07 %IE0 2 002 (453 0£9C 4,4 S6/T/S
0T WIE0 3 ot £33 0E9 0t SGHOER
§T %ST0 9 20¢ Y £EIT 14 S6/LLR
1L £o %000 1 S.m. 1 £49Z 01 $6/9TH7 S6/6T/E 002 THIT 06 0611 £0 [ 1
81 %0L°0 $ 86F L4 6082 0s $6/6L/9
$1 %E9'0 $ 86T jdd 6'78L¢ 4 S6/LTI
90 %850 £ 95z L'E £S8TE o€ $6/9T/9
0 %6£0 1 95T L0 LPETE 14 SG/ZT/2
[4:4] 00 %ZZ0 0 952 0 10€€ 01 S6/0L/9 S6/L1Y 95T £80EE 06 0511 £ 4 Z
90 isiddY) £ 29z 'l [§ 2833 Q5 S6/91/9
00 %LEQ 0 89T 0 1'81se oF Se6/EL/9
00 %EED 0 8%¢ 0 POIEE 0t SGILIO
00 %Lt0 0 89T 0 £ZEE " §6/5/9
Lt 00 %110 0 207 0 8'9TEE Ul S6/T/9 SGILIY 89T FOEEE 06 Q611 4 4 14
£1 %050 £ ¥T 101 L'THEE 05 S6/01/¢
60 YtV 0 € ELT 01 £'SPEE o S6/8/5
60 RPED £ £42 101 1433 0E S6/E/S
60 %BIEQ £ ELT 01 [ oz S6/1/S . .
¥6l 60 %kl £ ¥4 101 [ 2533 0l SG/8TH S6/LIY [4%4 9'00EE 06 0511 [ ¥ Z
[IH | saiapuLy §50°] WL G/ 01 66 M G54 mv 3 CES) seC] paieary, moy @ {15d) {isd) Bquny ] sopiady [ smenddy |
g SSEIY unory e WW/'p 0t g6 | WU g+ Bupysa, arg 18RIy SN QmEsIL] emssald ajduung 8L wIL
SEUY SEHN [enug plousjog  IaqumeEyn
£JasaY 389 ], suop[puc;y Jupsa I, wonewsoguy dursg

YILVA TN LOVHA OU'INVATAIR

oI=0F/E (OT-56 M) souIpy sonugg 7~ 9jqe],




12 Pz 13 LY ._Buamﬂmmn_waﬁ 5900 65070 6H00 6200 $3]947) 00 one{IT %)
L_Nwjn e N 10N 511N NNJon | DNJOD | 1oamN | SIU-othN
VIVA AVHL-AZIAHA
1% 0P 0 LT 018 gl £obbe 05 S6/51/0
8% 5L 0 a3 605 £01 L'ebbE 0F | Ceplp
9'1 WET0 Pl 20§ 19 T6hE 0OF S&E[/9
£1 %30 £ 205 66F 8PSrE 0z S6/Z1/9
L 90 2000 |4 80 &'l CTOPE 0 Se/ll/g S6/€/9 LOS SIE 06 0611 1S £ 4
LH | Saanjoesd 8507 WUy OIgE | g Gt G G SpAy | saeg [ permaif 0o @ (ixd) (xd) TequmN | iowesedy | smjereddy |
IS SR T Moy jumosy URLIC) p 016G | MO S5+ Bunsag, o eluy SSH BMESAL] amssaLg ojdumeg 153, FE N
e sEpy FUUL | plousjog  Jaqumyp
EJME3Y 53], SEEPIPUO;) Fupsa ], ropeuLoguy apdmmg

VLVA TANLOVEL OV INVEAAT

ub/€uT/T (S€-0€ M) 1Y Apung ;-7 ojqe.




80 %y10 £ 081 61 1£6C 05 £6/6/%
90 k10 14 081 6L°1 1E6T o S6/9/6
90 %110 [4 081 6L°1 TE6T 1} S6/5/C
90 %00 [ 081 6L1T 6L 0¢ S6/E/¢
008 00 25000 Q 081 0 LEGT 0t §6/T/¢ 10 081 LEGT 06 OSEL x4 1 1
71 %910 £ 181 I'l 8967 0% Sorely
30 SE1 0 £ 081 'l 6061, o b
90 %60°0 [4 081 SF0 1467 0g 611
90 %50°0 [4 081 S0 (7114 0z §6/017
O} £0 b0 1 08 L0 £L6T 01 S6/Liv G694 081 ¥L6T 06 0511 L 1 1
a1 %810 14 93 w1 THOE 0§ SGIELY
1 %110 £ 98 690 SOE Or SGTLY
80 266070 [ 981 8E0 SHOE 0F SO
£0 L0 0 981 0 LAOE (4 601
51 mw %e0'0 0 981 4] 8POE 0l So/LIY S6/9/ $81 5PUE 06 0511 £ 1 1
LT WLlD [4 631 LT £80E 0% S6/ELY
[44 WELO 0 621 0 980t Ot S6Z1
[ 44 %010 4] 621 0 LBOE 0E S6/11F
) %900 0 981 [ BR0E Gt G017
£6 §0 nx.wlo.o 0 981 0 880F 01 S6/LIY SO0 S8 0608 06 D511 [44 1 3
£t %610 2 781 IT°¢ EL6L 05 S6/ELY
't YELD 3 Rl 66T SL6T o SO
T %P1 0 9 181 LT SLET Of S6/lin
44 %110 9 §1 LL'T 96T 0L S6/0LY
St 'l @mﬁo. £ Bl 91’1 1862 01 mm...__..-..% S6/9% 081 [4:514 06 05Tl 1z 1 I
I'C %5C0 s EIT S8 695E [ 6119 ’
L1 %610 1Y (4t <8'l £1LSE or SH/ELD
61 2910 14 £1T SLL YILSE Ot L6rE19
L0 %800 i (414 s1°0 LILSE 0z S6/11/9 :
Ll 0'¢ %00 0 L1 0 m.mm.mm 01 S6/9T/S S6/01/S 112 36LSE 06 0511 A £ 14
69 %8BE0 Ll 91 16°8 & 1ZPE g S6/81/5
£E %P0 Zl 117 e L'8TFE 0,4 67178
[ X4 %P [0 € £1T €1 LEPE 0E S6/E1/S
00 %T10 0 olT 0 GEPE 0T S6L1/C
S 00 %900 0 [1]14 0 1'THPE 01 Se/11/¢ S6/01/5 01Z 83243 05 STl 15 £ Z
1iH | saanperg 85077 W[ porgs | wWager & (€)] BPky [ saeq | pawal), g (6)] sd) (sd) [ soqumy | Jopdg | smereddy
Woaseg SEEJA umoy ey UL GE Y 0166 | W GG Fumsa1 L1 Ta ey SERIA 2MIs2L] omssoL] odung 1|9, wal,
seT sEap poup | plouales  IqUEYD
s)msay y8a, suopIpuc;) Iupsa g, uopensiopay dureg
VIV THNLOVEL OIHIVAAdAH

wI-ub/€ (§€-0€ N [ITH Apung -4 9[qeL




£1 %ll'0 £ 161 £ $9TE s S6/01/L
£l %IL10 £ 161 £l SITE o SG/L/L
20 %L0'0 1 161 650 LIEE 113 S6/9/L
€0 %+0'0 [ 06 650 397¢ 0z SG/SIL

051 £0 %ab00 1 06 650 89TE 0l SG/E/L £6/8T/9 061 OLZE 06 0511 [43 1 I
00 %000 0 06 0 P8TE 0% S6/0UL
00 %000 0 061 0 PECE oF SO/LIL
o0 YEQ0 0 061 0 L8TE QE $6/9/L
[t %E0D 0 061 0 SHTE 0T S6/5/L

+H0§ g0 %%E0°0 0 061 0 S8TE 01 S6/E/L S6/RT/9 061 98CE 06 0511 1€ 1 [
|44 %600 4 £61 ST'1 STTE 0g S6/LIL
91 %500 4 61 STl 9TLE o £6/9/L
o1 %500 T Wl ST 9z OF S6IS/L
£0 Y00 1 061 o 87TE 0z SOML

611 £0 %6T0°0 1 061 A\l wmmM Of SGIE/L $6/88/9 061 6TTE 06 0511 GE 1 4
00 Y00 0 061 0 15T¢ 0% SGILIL
0o %900 4] 061 0 [4743 OF $6/9/L
[t1] oE0'0 0 061 0 £5TE 0E S6/S/L
00 YEG0 0 0561 ] ESTE 0T So/b/L

+H005 cwﬁ 9%600'0 ] 061 0 PETE 01 S6/E/L $6/37/9 061 PSTE 06 0511 65T 1 [
|54 WEL0 4 51 il [543 0o S6/9/L
|54 %S0 + 6l LUl £lie o S6/SIL
1T %El'0 ¥ 6l LT'] Fize 0t S6/b/L
1z %6600 4 61 - L'l F1%¢ 474 SG/EIL

611 c..w %900 i) 061 0 LITE 01 S&/6T/9 S6/LT/9 061 6IZE 06 0511 82 3 [
L8 %L10 14 ¥61 L501 (4333 05 S6/9/L
(4] %L10 154 £61 Leal 81€ oF SG/S/L
78 %P0 54 €61 LE0] EBIE 0t SG/b/L
[43 %E1'0 9 £61 voL 981E 0z SG/E/L )

67 ¥ %900 & 761 ZiT Ho1E 0l $6/6L/9 S6/LT/Y 061 B61E 06 0511 14 i 1
6E %L1'g 9 81 1£T LESTE 0$ $6/6/5
£t %E10 4 ¥31 91 GSTE oF S6/0/6
L'l %210 4 (411 Pe0 09T€ Ot S6/5/S
£0 %010 1 08! 90 192 o §6/E/C
9 £0 %P0 I 081 90 £9T¢ ol S6/TIS 10} 081 SOLE 06 0E11 o9t 1 1
IH | semoely 5507 UMIC/HO01C6 | - WWCet @ [€)) SO[AL) B pamALL, Unosy (&) (tsd) (rsd) oqunpy | dejeiadyy | smenddy
2013 SR oD nunay W g/ p 01 ¢E | UGG+ Bmsag, al=(] [enng SSE SMmssar] amssarn] opdureg a1, 5L
sEOpy SR [eB | piousiog  BqUEEYD
SIMSIY 93], FUOPIPUC)) TURsI], uoyenttojuy sdureg
VIVA TANEIVHA JI'TNVIAAH

(u02) , I-,t/€ (§€-0€ ) TIIH Apwmg 4~ 9Jqe L




'y %150 91 L6 16 +ITIE 05 S6/6/8
%4 %5P°0 o1 L61 1'6 £21g ar " §6/8/8
9t 6L (4 861 P60 ELTIE 13 £6/P/8
3 %000 11 161 o3¢ ¥IEIE 0T S6/E/8
9 820 %T00 [ 861 441 h.m..v_.m 01 £a/l/8 S6/8T/L L6l PoriE 06 0§11 £ 3 14
43 SLT'0 9 681 99'C '886T o5 56/8/8
61 %80°0 & L21 e L66T or S6/L/8
1 YL10 t LB1 L] 66T 0f S6/E/8
91 %P1 0 ¥ L8 Ll £E66T 0z S6/T/8
1 S0 %L00 1] L3 0 1'L66T 01 S6/1/8 S6/8T/L 981 76667 06 (34 14 8 T
L4 YLT0 9 8L [543 £0667 0% §6/8/8
£T Y%LZ 0 + 8L1 Lid1 6'T66T o S6/LA
It %be 0 0 8L1 0 L'S36T 43 SG/E/R
90 SLT0 0 LL1 0 8EGET 174 S6/T/R
83 50 .w\omm“o 0 W..m Ic N..woom 01 56/1/8 S6/8TIL 9L1 & 100E GG 0511 1 8 [4
9T %y10 9 6 249 437 [5Y SOIET/L
¥ %10 g (4 [ DEEE o SOET/L
i %300 & 16 (A4 CEEE Ot ST/
gl Y500 § 16 (44 EEEE 0z SGOTIL
56 L ! %900 0 b 0 LEEE 01 mm.‘m_b $6/9/L. 061 GEEE 06 0511 9F [ 1
e Y%bL0 ] 061 [483 35CE 05 - Se/EL/L
T %IT0 6 061 (43 65TE OF SHTLIL
L& Y810 - ] 06 e 0ote Of S&/11/L
00 24900 0 06 0 L9T¢ [i74 SG/OT/L
901 00 %900 0 06 0 L9TE 0L S6/LIL S6/9/L 061 69LE 06 0511 §€ 1 1
6E ANy 5 £61 Pt 8LTE 05 S6/IETIL
GE E 4N ] £61 9o 6LLE .4 S6ITUL
vE %IL0 L £61 BE'E 1828 3 SG/T1/L
S0 %00 4 061 30 S87E 0z SGOT/L
£Q 00 a&mwd 4] 061 0 98¢ ]} SolLiL S6/9/L 061 237¢ 06 0511 e 1 1
(43 %ELD 4] 051 S8 LOEE 0§ S6/E1/L
9T %EL'0 01 061 ZLL S0LE op S6/Tl/L
£l %I1LE0 g 061 IS'E EIEE 413 S6/11/L
il %900 )4 061 € SiEE 0T S6/01/L
6L £0 %L00 i 061 8L0 L1gE 01 S6/LIL SO/OIL 051 OZEE 06 0511 £f 1 |
14 | SemidBezg 880°] W 5P 01 6°6 W €6+ (6] @ BICAD | s pateal], Wmog @ (1sd) (1) laquinyy | aopedoy | smereddy
FIESSEY | SR Jmop mos wurgLp o g | uneggs Sunjsal A [esiTj SR amssary | omssary | sSpdumg 131 1891
SRR SSEIY L plowsjog  Iaqureyn
MY Jsa ], suoppuo.) FupEay, uopvuoyuy pdureg
VIV TNLOVEL JI'INVIAAT

(wod) ,1-,/€ (s£-0€ Nd) [I'H Apung -7 J]qe],




00 %610 0 SLE 0 [ 08 56/6/8
00 %900 0 £L1 1} ['000g o S6/8/8
00 %Ll'0 0 SL1 0 #'100€ Q€ $6/L/8
00 %010 0 SL1 0 TOE |4 SG/E/R
+H)0¢ 00 %600 -0 §L1 0 TTO0E 0l $6/T(8 S6/8T/L SL1 SO0E 06 0511 OF £ 6
LT %ET 0 [4 181 81 9EH6T g 56/8/8
'l %10 T 021 81 9662 o S6/LI%
I'l %210 4 081 81 FL66T Of S6/E/8
90 %120 4 6L 81 966T (4 $6//8
14} 00 %900 4] 6LI {} m.NoMm 01 S6/1/8 S6/8T/L 6L.1 L00E 06 0511 & L &
$'9 %190 0z L1 9£8 0667 05 £6/8/8
5% %950 0z 981 S¢'8 9'166C o §6/L/8
9 %Ieo 6l L81 0L 66T 0OE S6/E/8
LS %6800 il 181 s Ul6sT 07 SO/T/8
Ll Tt 60k 0 01 981 9E'E 1008 Ol S6/1/8 L&/RTIL 581 5'910€ 06 0511 3 L 6
- 0T %LED L 6L1 66" LLL0E 05 S5/8/8
L1 %EED g 6LL £9° EE10E 4 S6//8
L %620 9 6L1 £9°1 Y0 0 S6/E/8
80 %00 £ 641 Lo L'810€ 07 S6/T/8
8C1 30 %Cl'0 £ GL1 .mr. ] +'070€ 4] S6/1/8 SO/RT/L GL1 8FC0E 06 0511 £ L [
00 %9Z°0 4 981 8Tl 9'120€ 05 56/
00 %870 [4 981 3Tl L'1Z0E or S6/0/B8
00 WIT0 Z 981 871 §'2¢08 0 SG/E/R
£0 %91°0 1 981 70 L'ST0E 0z S6/0/8 .
0% §°0" %050 [ 981 0 anﬁw.m Of SG/1/3 SCI8TL 1 3¢4 2167 06 0511 o L [
¢ WEF0 El £81 86F 6'PE6L 0% 55/6/8
£ WLED L £81 x4 6662 o $6/8/8
¥l %870 £ €81 630 S'¢00€ 0g S6/L/8
S0 %L30 [4 781 ] C'9B6C o7 £6/E/8
0L 00 %050 0 81 0 61662 01 $6/C/8 S6/8E/L [4:11 6'ZI0E 06 0§11 13 ] Z
6l %P0 € 681 $30 000¢ 0¢ $6/6/8
£ %610 3 681 610 1'Z00E tid £6/8/8
80 %910 [ 281 510 L1'E00E 0E £6/4/8
£0 %9L0 1 LBl 610 8'pR6T 07 S6/E/8
el 00 %TE0 0 L8l 0 $2662 ol S6/T/8 S6/8T/L £81 800€ 06 051l ¥ 8 4
TH | somioety 5507 UROGPOICE | UGG @ ® Spi) | saeg | pawsi wmog ()] (i) (sd) [ mequmny | Jondy | smerddy
Wadadg SSBIN Moy flinle} WP 015 | W 664 Hupsay, 2w {enng SER[AN amssald BINSSAL] opdueg 152 1§91,
SEUpL ST lenvg ploWB[Og  1qUEY)
EJINS3Y J52 ], SUOPFPRe) Supsa ] uopeuitojuy spdueg
VIVA THNIOVHA OrINnvVHaAlL

(Quo) , 1-,+/€ (S£-0€ 1d) IH Apung -7 9[qe],




1z T 0g i 1oed Anfiqemdy <900 _6500 6F0°0 6200 T S) S:Eugﬁﬁ_
o n e n 10 ST : mapn | men 1A | IO
VIVA AVHI-AZAAHA
9 %850 0 181 0 93508 [ S6/LiG
90 %250 0 181 0 TOLOE o $6/9/6
00 Slb0 0 081 0 TLOE i3 $6/5/6
00 %IP 0 0 081 0 PELOE 07 $6/1/6
o5t 90 %LO0 0 181 0 [ tR0€ 0l SE/TE/R | Se/LT/R 081 $980E 06 0511 9t 2 6
Lt %120 z Z8[ 530 9'LI0E 05 $6/L16
L1 %OC 0 T T8l 53D T§I0E [ S6/LI6
¥l %916 1 Z8[ 90 9610 0f $6/9/6
30 %600 I 18 90 L1208 177 $6/5/6
sl o0 %500 0 18 0 VP ECOE [ SG/1E/R |  $6/07/8 081 &¥T0E 06 0sit 4 ¥ &
00 SPT0 0 081 0 TeTE 0% $6/8/6 '
00 LT 0 0 081 [} 8°TLLE 2 $6/LIG
00 %210 0 081 0 VEE 0t S6/9/6
60 %10 0 081 [} S2LE [i4 $6/5/6
ARI 0% %010 0 081 0 9OTTE il S6/1E/8 | 61073 081 6'622€ 06 0511 ¥l + 6
80t %81 ¥ 6Ll 8781 ¥601E 05 $6/3/6
76 EATN 3 6L1 o%Ll &1L or S6ILIG
8L %80 (3 £81 316 £8ZIE 0f $6/9/6
0% %0L0 ¥l (3 9 POETE [ S6/5/6
[ird ¥ %LS 0 11 6L1 - 9'¢ £IrIE ot c6/1E/8 | so0Ts 08[ $oLE 06 0s1I £l ¥ z
20 %20 £ 081 ebl $'6ORZ 05 S6ILIG
g0 %20 3 081 el'l 99087 o S6/9/6
g0 %LL'D £ 081 gl'l ¥'393¢ 0 $6/5/6
20 %LI0 € 081 £l £ 18T [ C6/1/6
00F 30 %Ir0 3 031 [} L°3L8T 0l s6/1¢/2 | s6/02/8 031 61682 06 011 zi 4 4
[ %820 ¥ 181 €60 (R 05 C6/B/6 ,
80 %PT0 i 081 €0 6S6IE | OF SGILI6
59 %910 0 081 0 L'861% 0F [
00 %10 0 6L1 0 S00LE (3 S6/5/6
ZIil 00 %500 0 6L1 0 rioze a1 s6/1e/3 | serozs 6L1 6'E0ZE 06 ostl it ¥ 4
LI | samioery 5507 WG/ 01 6°6 U C'6+ ()] [6)) SR [ seleCT Patesl], wmoy @ (tad) (isd} taqump | Jojeledg | snjereddy
plicLCr | SSEPY mo) o)y uu g | Wwuggy Fmsa], awcg ety SSE emssaly amssald ojdurng s3], 191
ssUp SSEP fetifug plouajpg  laqumyy
S)MsIY 953 ], suenpuo;) Suysay uopvuiIopy pduey
YIVA HYNLIVEL DFINVEJAH

(uoo) ,1-,b/€ (S€-0€ Nd) NH Apung v~ 2|81




E-10

VN z Vil 7 Tojoud AiqeIngt Wi 102D v £610 £2{a0) 00T /U0NENd %
NWJo N mrn 1o S[U-I0CTIA NN Jo 1 mion paiy SII-190W
YLV AVHL-AZATHA
1T %050 Ll 208 899 6208 0§ S6/TL/8
¥l %bP0 o1 - w0e LEY EEOE or £6/12/8
¢l %LED 0 105 LEY SE0E 0% £6/81/3
B0 %570 9 108 EE OvOE 0z S6/L1/8
GIL 0 %910 0 70§ 4] 9F0E 0l £6/91/8 S6/51/8 008 150€ 06 0811 4] 1 1
£7 Y £Z : 00§ o8¢ LLLT 05 S6/CT/8
| X4 %10 £C 66k 6E'S 8LLT L4 S6/1T/8
1T %iF0 £C 66Y GECT BLLT € £6/31/2
61 %IED 61 - D0g 16 L8LT 0T S6/L1/8
601 60 kY 5 . 005 nmm .._.mmhn 0l S6/91/8 $6/51/8 00§ 5087 06 0$11 11 ] I
61 %9L0 ¥ LLS SUEL C'9RTE 0 Se/El/L
Al %L 1z LLS [ ULBZE 4 S6/L1/L
'l %Il G 81 LLS 901 Z'06TE 0f S6/9/L
0 %lb 0 ) $LS 1’6 L'66TE 0T S6/6L/9
i£1 8’0 %[0 [ LG EE'S 6'80EE 0l S6/LTI9 S6/5/1 LG FCEE 06 0%11 £ ¥ [4
TE %L80 1€ 31¢ 66L1 L'35TE 05 SG/6T/9
- T'E %LL0 ¥ 125 6Ts1 SHoTE 44 S6/LE/9
[44 %90 Ll 149 LEDT PLTE 0f S6/92/9
gl %8£°0 £l 0zZ6 LLL TCRTE 07 S6/CL9
3L LAY %EE'0 [4 815 51'1 £E6LE Ol S5/0T/9 $6/6/% L1% ¥'SOEE 05 11 [4 ¥ 4
ST %SL 6¢ LS SLOL VZETE 0s S6/TT/S
§1 %El'] 1T OLS LE6 SPELE 14 $6/61/8 '
I't %80°1 Ll . 0L 188 §OELE o€ S6/L1/S
80 %696'0 sl 695 P98 B'0PTE 0z £e/S1/6
66 60 %900 Zl ILS b Y OLE 0f S6/C1/S S6/5iP TLS 508TE 06 051l 1 4 [
I4H [sampei] 550 Ui polgE | W §6E @ ® 84D | seleg | poreRil ey @ Gd) (sd) taqumpy | sopEadg) | smumddy
Wadkag SEEJN nmo med Ui G/ p 0] §'6 | W §'G+ Bunsa [, ] [enug BSEJA amssal] amssaL] apdureg 3], 153},
ssujy Tsupy reny plowsjos  JaquiEy)
E)Msay )83 ], SUopjpuc)) Supsa] ’ uopruLejuy sdwes
VIVA TN LIV OFINVEAdAH

JHIE~T/T (9€-L 1) X910]9)) (¢~ 9[qe],




VIN [/ Y/ 4 Toe Aigemg V/N 1020 /N £61°0 Ea{2AD QOT/IONENIA %
— gyt —
NWen men 10N (IO Nwon | mion OO | e
: VIVAMVHL-AZATHA
6 %t 0 : 31 T 638G BS6L 0% £6/6T/9
3 %LEQ 81 PoT 689 0967 o $6/8E/9
6€ %PED 81 T 689 1967 OF S6/LTI9
33 S8T0 oL S0T Ls 957 0T $6/97/9
il K2 %P0 Sl 90T (14 9967 ol S6/ET/0 | SE/TL9 £0T 3L6T 06 0T 9 I !
£0 %H0E0 0 €07 0 656¢ 0g $6/6L/9
<0 %re0 0 07 0 1962 or 56/32/9
00 %020 [ S0 0 Z96L (i3 S6ILT/S
0 %EL0 1] SOZ 0 ¥a6T 0z $6/92/9
+05 | 00 %L0"0 0 SO 0 996 ] S6/ET/9 | S6/TE/9 SOT 8967 06 0511 $ 1 1
0z %91°0 z £0T EP'e £8LT 0§ S61/8
sl %IT0 z [ 1 E8LT oF S6I0HS
30 %ELQ I 102 0 98LT [ $6/5/S
g0 %600 3 10T L] LBLT 0T £6/8/¢
£zl 00 Y00 [i] 007 0 68LT 01 56/9/5 S$6/E/6 002 Q6LT 06 usil 4 1 1
53 %EED 9 [ T 8587 0s S6/91/5
£E %it0 ¢ P07 454 6987 or £6/01/5
5T %810 t €07 %l £982 3 $6/6/S
21 2910 £ 027 Wl o8t 02 S6/8/5
1L 01 ZLO'0 [ (A 0 2087 ol $6/9/6 S6/E/S 00Z OL3T Q6 0511 £ t [
53 %8F'0 €1 EET ¥6's £69TE 0% S6/61/9
- 43 %LE0 6 €T - Ty LPIZE 1,4 §6/91/9
[ %9E0 L OEZ 9'E PSLTE (i3 S6/1/9
21 2920 ¥ 44 60T £0828 114 Se/clo
iy <1 %120 ] 1154 0 3'ERZE 01 $6/L/9 SE/S/Y 122 162E 06 OSET £ ¥ z
oF 6b0 £1 PET £9'9 S6TLE 0§ $6/61/9
St 9EED I ££T £6'6 L'GETE or ] $6M1/9 .
6E Y%HETQ [i]1 P 9Ty YOvEE O S6/E1/9 ,
St L0 8 PEC 6L EPTE 14 SE/L19
$¢ 0% %000 g ee P2l Tosze 0l S6/CT/S SE/SH )4 LTETE 06 0511 z 4 4
. 0'E %190 8 LET B4 1'7LTE 0 £6/01/¢
. [ %bs0 2 LE2 sth YhiTE op 56/8/5
[ X4 Soth'0 9 9E¢ T '0BCE 0g £6/t/e
L1 %LED 9 SET 44 TTRIE [ £6/1/S
8 90 %El0 1 SET LS0 [4:74% 01 S6/8TH S6/Ev VvET 9'96T¢ 06 0511 E 4 4
LIH [smpeni]  ssog WG/ p0ige | URUGGH @ @ k) | sewd | pamarl jmog @ (1sd) (red) rqump | Jojiad) | snjereddy |
Usdts g s5E : jmeyy oYy Qnn gfp 0} CG | W GG Bunso L, Ere fering ssRp AMSEIL] omsEAly a[dumg ®L 1sa]
ssEpy A L plousjog  iequimy
S)MEAY 359, suopypue;) Supsay, uopsuLioyuy ydug
VIV TERLOVEL DFINVEAAH

nT=ut/€ (9E-L 3 X019 9-F 9[qeL

E-11




V/N 86 ViN £6 3o MFiqeing yiN 1000 V/N .n.oo.will £3]340) QOT/UOTR[ICT %
NINJON) m..&.ﬁo n e Y- NHPN ion 0N NY-10TN
YIVA MAVHL AZAHEA

3¢ %8F0 - OES 80 TCIE 43 S6/5/6
£0 %8E'Q ¢ 0£g 617 LeIE o $6/vT/8
£0 %80 & (747 61T OEIE 0g S6/ET/8
£0 %LT0 1 9T8 61T f2113 0 $6/22/8

133 70 %010 T 0ES 95'0 LELE 01 S6/12/8 $6/51/8 O£ 5413 06 051t 4 I 1
§0 %980 L [ 86'¢ STOE 0s $6/6/6
£0 %EED H 7143 £6'C 8708 oF S6/vT/3
i %L1 £ 6¥S gl FEQE 3 S6/ET/8
Z0 WELD [4 05s 60 9L0E 14 S6/TL/8

+H30% c...w %E00 0 0SS 0 0F0E 1]} $6/1T/8 S6/51/8 1 [0 06 0§1E £l L 1
LT %Ll 0 1Z 8% (41 §'80TE 0& S6/0T/L
61 %0T0- Ll e 11’6 EOLZE 14 S6/oliL
£1 Yl [4] 1523 569 {'182¢ 0% SGILUL
Lo %P0 Tl e §¢'9 £85¢¢ 07 S6/EL/L

6 hdY WD 8 Ths £0°¢ £E92E 01 S6/1IAL mm@..w LY 8TLTE 06 05LL 1 i 4
iZ %T0'1 T 8 588 Gelte 05 S6/01/L
¥l %20 0z ap 'L | 3443 1,4 £6/6T/9
['t %95°0 1 Lap 4 L'SETE 0F £6/3T/9
0 %980 9 sap 83°€ v 0T SEILLD

[44\ 00 Sll0 14 $3F LA T'05TE 01 $6/ZT/9 S6/51 L3P G'LSTE 06 0511 1 4 14
£7 %L0'T 1€ 9ES TTLT [444% ¢ S6/ET/C
61 Y%Z0'T j4 LES STEL [ K40 oF SG6/TT/E
&'l %06'0 91 6ES §T6 BLETE 0ot S6/61/S
G0 %6C0 ¥ (423 L1 IERTE ;4 S6ILLE

301 [44] %600 ¥ 8ES Lt [§4:74% 01 S6/C1E S6/5H 685 L'96ZE 06 0611 [ ¥ [4

T i ESTNCE 560 WUCLp0)g6 | URH GG+ & [©)] saA) | sawc] | peear], wmaed @ 0sd) G=d) qunp | Jopmdg [ smoreddy
juadiag SSE] unoy o) WIS/ H OIS | W gst Sunsa], -l la Ll g sSRy omssal] omssard ajdurg 159, 1]
S58jY SERP [enrug plowojog  Iequieysy
SHNSIY I53 ], SUOPIPUOY) Sups Y, uopmusopuy demey
VIVA TENLOVES DFIOVAAAH

WBIEW T/ (0Z-L1 1) SIWET A1) (-7 9198

E-12



ViIN 26 V/IN £G Jojoe,] Ayijsqrmey IS.Z 1000 d_...ﬁ 000 91940 0O 1/UCTBNIT %;
N ion o n 10N SN NINJo 0 mjen od eI
VIVA AVHL-AZATYE
Ly %LE0 51 144 L9 961€ 0§ SG/ST/9
¥ %5T0 Tl 6T L3y 00Z€ or S6HL9
6T %070 L BT ST POZE Ot S6/ET/9
YT %EL'D § 87T 191 LOTE 4 S6/LTR
i+ oM 600 £ ...NIN 1 GOTE 01 $6/1T/9 56/08/9 §TT £1CE 06 0511 9 { 1
1 V6T ¢ ¥ 1Z¢ 861 i01E 95 S6/5T/9
'l %90 ¥ 1z 86 WIE o S6VCIo
Lo %IT0 1 1zZ 50 §01E 0f S6/eTY
L9 %k10 1 ¢4 50 101 07 S6/TL
£81 L0 %110 1 ¥4 Mo 201€ 0L $6/1%/9 $6/0T/9 0zt ZI1E 06 0511 1 L 1
£F %L¥'0 1 102 7L PL6e 05 S6/1LT
33 %Ir0 01 102 689 9T6T W S6/0TH
§1 %i€0 4 10¢ L6 PEGL 0E $6/61/%
£0 %PI0 [ 00T 160 0b6g o 56/31%
LL £ h %E0'0 1 002 <0 Y6 01 mm..m.w? S6/6T/E 00T 5474 06 0S11 4 1 1
£1 %8P0 L 66l 83 ETLT 05 S6/1TH
£0 %Lv'0 ¥ 661 81t STLT o S6HTH
£0 %P0 £ 661 - ¥E'C LTUT 0g Se/61r
o0 %L00 0 00 0 6ELT oz $6/81F
002 00 2400°0 0 00T 0 254 [4]3 S6/L1Y SO/6TIE 00T [+LT 06 0511 £ 1 L
) L9 WLE'0 - 61 1T 6LL R'85ZE 05 S6/T09
Ldd %190 S1 81T £€9 £0LTE 14 S6/1T/9
L33 %150 £l 81T Lovy [4Tk4Y 0 S6/61/9
o'l %EED L 14 65°C LE8%% 0T $6/71/9
£ Tl %010 & 9T 4 v._almm 01 S6/TH9 SG/5/Y 917 '96TE 06 0§11 £ i 4
9 %0L'0 ¥l 544 9801 E'3ELE 0% £6/91/9
[§4 %L50 4] 127 oL Poze o S6fr1
[43 %Es0 4 61t 9L6 43 0t Se/El
0E YLE0 6 144 154 TO5ZE 4 SB/L/D
£6 T0 WLl'0 1 EIN 9t0 E£'89ZE 0l n@ﬂ.m. £6/6/% 81T LTLTE 05 0511 4 4 7
GE %ST 1 (44 j§¥4 ViN GECTE 0s S6/01/6
9T 2001 H OEL VIN £asce oy S6/8/5
€1 %660 Zl [H34 ¥/IN ToE [ SG/E/S
60" %9L0 8 [x44 YIN 9'697E 0z S6/1/S
9 (4 %850 $ 0ET ViN L'SLTE o S6/80/% 56/%/v £ET LY6LE 06 0s11 1 4 4
I9H | smmgoeag 0] W ¢/ O1§°6 URK GG @ ® 50A) | sam(] poaL], wney (6] {i5d) )] Joqumpy | Jotsidpy | smimreddy
W04 SO wmog amoy WGP 0y §'6 | WAH GG+ Bunsal, aeQg 18RIy ssupy amssay] | emssaty | opduwmg 159, 1’31
B2 ST jen plowsjog  Iaqumy>
B[S J53 ], suopfpuo;) Supsa ], uopwuryogu] apdweg
VIVAd TNLOVEA OI'IOVIAAH

uTub/€ (0T-L1 W) ST 1) (8- 9]qe],

E-13



YiN VIN Vi 09 301553 RG] ViN ViN ViN 020 £31247) DOL/HONENT %
NS 1) TR0 (1 O SIT0aN NAJOT | BNIO | 00N | SWHoaN
YIVA AVHI-AZAYHA
90 4820 t tos i [T 0c | ceiol/g
£0 e 0 £ 105 780 SILL (i CE/6/R
£0 %Ll0 i 108 510 08LT 0E ]
£0 %10 i 105 o 18t 0z SEIL/R
Ly [ €0 %010 T 105 310 T8LL 01 ToEm | 5608 008 81T 06 0§11 z1 1 1
c0 %LLD £ 108 260 96T 05 | seioT/8
) %b L0 £ 005 760 it firs S6/6/8
. 0 %500 i 005 L10 OR6L [ S6/878
0 %500 i 005 L0 0867 ({4 S6/L8
o0s [ 00 %000 0 008 0 tH67 ol ToL/8 | S6L/m 005 7867 06 0511 11 ! I
1l %950 9 §ib L6 £52% 05 So/vi8
01 %050 S SLb TE LT o 618
[ 6Tk 0 v SLp 91 95T 0f | GolLTiL
ol %IL0 £ oi¥ 980 $SE3C 07| S6IOTIL
L5z | €0 Pl 0 T sty 310 5 1pae oF | SemuiL | sevin £Lb £5PRT 06 051t £ # z
0T 95050 o7 oS 387 TolE 05 | SolleL
91 %PED i 5P% 867 ELIE [ T
60 EE 1- il W 86 §oCIE Of | S6/9eiL
90 %R 7 e 1N 06T 0% | SVl
v 5 TELD B The 280 TisiE o1 | seei | sewln St 1'981¢ 06 0§11 4 3 z
T %190 4 b6 108l 1'6L82 [ S6/T/8
o1 FHES T 91 Yor o6 GRsL o 56/1/8 :
£ %IE0 10 Sor 555 B PO 0f | SerieL
[0} %600 3 Cab 3 Yo6e 02| semeiL
zil c0 %500 £ S6r 601 1062 0L | S6meil | semwlL b5y 36067 06 011 1 g z
TaH | samjpoeLy $607] VW Cp0iCE | WS G @ €] SOpAD | BRIECI | POWOIL wmoy —® (=) (=d) aqumpy | fomiedp | snjereddy
g SERp nmoyy WneD U G 0166 { WU GG+ Buyysag, | ey SR amssald mEsa] ajdueg 158 1891
Sevp ssupy Fawg | promojos | saquumgy
ENjE Jsa ], SUORIPUO.) Jupsay, uopeuniopuy apdureg
VIVA TANLOVIS OV INVHAAH

WP/ET/T (60-8S Md) Swwre,] UOSIIUA(] :6-7 ]qBL

E-14



ViN YN Vi 09 10ey AN[Iqem] Y/ /N YIN 0200 SA[340) 00 [ UOTIBII(T %4
NN 1 i n 100 EEE NAPO | TRJe0 | 9N | IO
YIVA AVHL-AZAdd4
£1 24610 1 0T 6l'L 6957 0% SHTI8
£0 %610 [ 102 0 0L5T 4 SE/1/8
[y %T1'0 [} 00T [ TLST 0f S6/1E/L
00 %10 0 00T 0 LSt 0z S6/8T/L
00T 00 Y00 0 00T 2 FLET 0f S6/LEIL $6/ST/L, 00T SLST 06 0511 L4 1 I
51 %0 4 [ 3 [2:d] 36T 0% S6/C/8
sl %810 [4 0L o £86T 0 $6/1/8
o'l %b10 [4 10T o 96T 0F S6/0E/L
£0 %llo 1 00T by L8ST 07 S6/8T/L
LO1 £0 L00 1 00T S0 REST 01 SG/LTIL C6ISTIL 00T 06T 06 0511 £ | I
[ - %00 14 50T 0% SEOT 05 S6/LTIL
Lo WITO £ 0T ¢E 6£9C OF $6/9TiL
0 2610 0 907 0 19 0E S6/5TIL
00 %110 0 50T 0 154504 0z S6/PTIL
96T 00 %800 0 $0T 0 HOT [ Sertt/L. | S6/LTIL S0T BY9T 06 051 T 1 L
L1 S%ET0 £ g T8 T OTLT [ S6ILLIL
o'l %LL0 [ 607 a4 T 14 C619EIL
'l %S0 0 [§H 0 STLT 0g C6/ETIL
i %110 0 11T 0 LT 0T 6T/ Lo
61 50 %P0'0 0 60T 0 mm G 01 S&/TTL S6/1T/L, 307 6TLT 06 0611 1 1 3 —
k4 %or'0 [4! 05T £9°9 SEQLE 0% $6/9%/L I
- 6T k0 3 B¥T o 9318 44 S6/STIL M
91 %4EE'0 14 LT B6'L V'T6LE 0t SO/PTIL
11 25070 £ [54 1 G'951E 0¢ S6/TIL
95 20 L0 [4 ST ST'1 E'T0ZE 01 £6/61/L S6/7i/L ¥ 8HOE 05 0611 £ )4 4
8l SET'T s G¥C 851 G'B60E 0% S6/LTIL
'l %P1l £ [:1.04 97’1 [44413 oF S6/9TIL
01 Y%EED £ 54 990 [§:1413 QE S6/STIL
20 %LT0 L L4 99°0 TOEIE [ S6TIL
r.h...m 4 90 T10 1 144 900 . GPELE 01 1 Qonm.ﬁ SOMNVEIL [h 4 T'GEIE 06 0511 [4 |4 [
01 WIE0 £ 24 621 £080€ 0g S6/61/L
o1 2820 £ 1T 62’1 9'130¢ o $6/8LIL
%0 %EC0 £ o a6zl £ T20E e SHIL1SL
80 %L1'0 4 e 690 L5308 0z S6/91/L
174 ] %600 Z o 690 O'880E ol oSl SepLiL (124 £1608 06 o5l 1 £ T
LT | semgorig 50 Al Lh 016G UL §'5 4 (3) a £9]0AD) [E el Ppaiear], nogy @) (1sd) (zd) TequmpN | Joeledy | smerddy
Ul SSEN oy o) w G p 0166 | wwr gig4 funsag, a8 1enL SSRIY amssal amstal] ajdweg w3 LA
. S SSepY 1R prouajog JaqUIBLD
5)MSY 53], suopfpue)) dupsay, uopsuexogu] apdweg
YLVA TANLOVHA DI'INVHAAH

wI=ab/€ (60-8S 1) sume] UosIUUS(T :0T-H 9[qeL,




56 86 865 68 064 ﬂm:n_ﬁ_.__n— 2000 1000 1000 $000 SIPED 00 L/IOHETICT %
NN Jo N men oqn S[H-10(IN NI JO N men 1ogw ST-IeCN
VIVAd MVHL-AZAZYA
¢ %0 141 189 Elad! G'PISE 0s S6b/IS
[0 %LED 11 189 4! GPOSE ar $6/8CHF
10 %P0 L 3% 1ol 6°605E 1}3 S6/STH
re %Ll0 L 3% 101 LOISE 0z S6vii
+00% 10 %800 . a9 (83 8ISt 01 $6/12/ SO/0E/E L3S GHISE 06 oIt 4 & 4
LH | somjoety 507 WHGHOISE [ WHIGEt ® @ Bphy | TsEEG | pewery Rmog (C)] (1sd) (1sd) Jequmpy | tofessd(y | smyeseddy
judaIad ST uneg umnoy W g 0156 | Wl 66+ Bujisa], aeg et S5RIN MSEAL] Do A | ojdurg LY s
s ssapy leny plousjog  JaquEy)
SIMsY 383, suopppuo) dugsay, uopwIoyuy sjdueg
VIVO TANLOVEL DT TOVHAGAR

WP/E-uT/1 (99-L1 1) puounmrq :[ [ 2198

E-16



wI=ub/€ (99-L1 3d) puownu( 7 1~H 9]qeL,

£6 86 86 (5] Jojsuy AtfjIqengg 000 1000 1000 S00°0 019473 00 [ MONEfIT %) _
e jvavn i
NPLJO _INIO0 19001 2y NWPN | INIo0 | og T Iean
VIVAO MVHL-AZA3HI
L0 %10 1 11Z 890 000E 0% S6/TTIL
Lo %10 I 11T 890 100E 14 SGIITIL
50 %010 Q 11z 0 TO0E 0f E60T/L
50 00 [ 112 1} PO0E 07 G6/61/L
05 00 %£0'0 4 01t 1} FOOE 0l S6/81/L SGPT/IL [1]%4 SO0E 06 0510 131 1 1
£0 %el0 [ 00T 86°1 00LT 05 SG6/ T,
<0 %610 Z 00T 36'1 O0LT OF $6/1TIL
$0 %110 0 102 0 £0LT 0g S6/0T/L
. £0 %P0 0 10T 0 SOLE 0T S6/61/L )
005 00 %00'0 0 00T 1] _mo&w 01 S6/BL/L £6rb1/L 007 S04 06 0E11 ] 1 1
jA %Ll'0 14 314 [ §HSE |53 sovinr
't %P1 0 14 [4:04 [ TO05E or 6/ 1T
0q %Ll0 T 08t £0 ELOSE Ot 56814
o %300 1] 11:14 0 1'605¢ 0T S6/0E/€
9Ll Lo %H'0 0 6LT )] LOLSE 4] S6/6T/E S6I6T/E i8¢ [4433 06 sl [4 by [
LiH | seimowsd §507] wugly o e URH GG ) & A | seeg patear] mo) ® (isdy (isd) Toquiny [ Jomeisdl | snyareddy
uzaag ssepy - wmeD mop umgporgE | wngiss Bunsa]. steq [enu SSE amssax] | amesold | sidumg | sag w’IL
B BSE , LA plouses  Rqumty
S)Msay 352 SUOPIPUD;) Suysa ], uopeuLIoyuy Ajdung
Yivd MNLOVEA OV INVEIAN

E-17



WP/ T (8L-TS 1) usaIdIony (£ 1-H 9[qEL

Vi 4 YN 61 1008 4 AR V/N 1920 VN 5900 o 5934 GO [/UoUE[TCT %
NNjon Wien o M-I NI Jon mien 100 -]
VIV AVHL-AZATEA
Ll %000 L e wr 901€ 0 £6/91/3
bl %10 < 234 5T OITE oy S6/51/8
F'l ALY 19 L34 5T OIIE 0o S6/v1/8
Lo W10 4 (412 kL0 (4§13 44 $6/11/8
051 L0 ,_n- 0 Z 75k YL 0 STLE 01 £6/01/8 56/01/8 05t LIIE 06 051t 49 1 1
L'l Lo L4 9Ly 1'T StlE a5 56/91/8
UL %610 L4 £Ly 1T LEIE op Y6/51/8
ot %lL10 £ £Lp &1 8EIE [1)3 S6/P1/8
Q %510 4 oLy 8T1 GEIE 1[4 S6/11/8
Lyl bl faho.o Z va 871 IPIE 01 C5/01/8 S5/6/8 0Ly Sh1g 06 0511 [T [ [
£ %930 4! 8T 8’9 [R2%4) 05 S6iPL/L
I %580 zl 86 LEY [35747 oF S6IELL
60 %190 ] RTS ¥5E FSLEE of S6/0L/L
50 %8P0 § 8T¢ £T 18C¢ 0z SG/O/L
G831 90 %0E'Q ¥ 1149 .w.._n.— V'LBTE 01 £6/62/9 S/l 149 6'R6TE 06 0§11 £ ¥ Z
'l %8LD 6 £0§ LE? LELE 05 56/6T/9
1T Yokl 0 L 05 LV'E GECE op 56/30/9
50 Ybs0 g 208 8kl SLPTE 0¢ S6ILTO
6570 %5h'0 < Tos 't b'05CE 0T S6/9Z/9 .
Im: 50 %10 [ Npm m.md 6'197E 01 S6/TZ/0 So/L/Y 006 L'997E 06 OSEL z ¥ [
b'E %3L0 53 LT 9T'81 L85TE 0F S6/TLS
[§4 %L90 TE 9T TSt T 59CE oy S6/8/6
44 %bG'0 LT 9ce Vil 9ILEE 0f SO6/E/G
L1 %PLO 0T LTS hdly! 8.%€ 174 s6/1/5
£L [ beTE ) 91 ;143 VIN £06CE of S6/8%/ SEILI 875 Z0EE 06 051 [ 4 Z
131 | sarmaezg s8] WuCLpoIgs | umICET @ @ SN T pamar], oYy @ - {wd) (1=d) Toqumal | oimssdy | srgureddy
fLiTER SEEN e oD uwrgsp oy 6 | w ghg4 Funisag ;8 LI FEEY amssakg amssald apdumeg 189 FEER
sSupy ESEpL 181 plousies  Iaqumey)
. FIMENY J5a L suoppuoy Supsa], uopenLojuy spdumg
VIVE TENLLIVIL OVINVEAAH

E-18



nI=u /€ (8L~TS Nd) usa1B19ag 14~ 91QeL,

VN 4 VIN 51 Topeg Aijqeng ViN 192°0 W/N 6900 SI[PAD 00 | MORBIICT %
NINJe N o0 VAN EIIRCEi;] : NGO | wion WaW__ | SHeaN
VILVAd MVHI-AZAMA
e %E1D ¢ €8 PIE SEOE 0¢ 61T
6 %E1 0 ¢ i) PL'E CEOE [il2 $6/5%/5
[ %El0 ¢ 08 PTE SEQE 3 SG/ETS
90 %O 4 08 ST 1 GEOE [ $6/22/9
|28 00 %000 i 08 i THOE [l S6/1TH | S6/02/0 031 THOE 06 0511 ¥ 1 1
ED %0 1 081 zZ0 OIZE 08 £6/LT/0
£0 %Z10 i 081 A Tize o $6/90/9
£0 10 i [ TZ0 iiee OF S6/EL/9
£0 %300 1 081 0 ElzE oL $6/22/9
+00s { 700 %000 0 081 i} CITE ol S6/1¢/9 | s6/02/9 021 g1z€ 06 oSl £ 1 [
6T %IT0 0 081 0 8L87 05 S6/8/9
(34 %IC 0 ] 6L i} 88T oF SaILID
[§ %ITO 0 Ll 0 8I8C (i3 $6/1/8
1 %# 10 0 [ [} 0882 0T S6/0E/S
88 50 %00 [i of 4 7387 i S6/005 | S6/ETiS SLT v88Z 06 0511 z 1 [
60 %S0 £ st 90'1 $OIE 05 S6/8/9
60 %61 0 £ L 90T 901E o SEILie
90 %IC0 z SLl SEQ 90[E £ SG/1E/5
90 %ZL0 z Sii SEQ 691€ 07 SB/0E/S
z6z | o0 %500 z Si <ED LIE 01 £6/92/5 | S6/ET/S S £L1E 06 0§11 I ] 1
59 %IZ 1 81 707 §7'9 vreE 0% S6/v1/L
87 (AN 6 661 EEE 6 8PZE oF SGITIIL
01 %l [ 9 61 §IT 9'I5TE 3 S6/TLL
o'l VL0 9 £61 [ PECLE 0z Sa/0lL .
9 0% 9510 v 002 th'1 9¥IzE ]l SE/L SG/L 861 9082 06 0511 £ ¥ z
9§ %80' 3 68 SES SY6TE 0§ £6/61/9
£F %507 9 g8 9L, EL6LE o S6/5179
LE %EQ’ 9 i3 VoL 86TE of SG/TLS
5% %60 Ti 881 ESP SPOEE [ S6/LIO
oy 51 %510 ) 281 £ 3 a $6/2/9 S6/Liy 881 ObEE 06 051 z t T
0% VN Tl o0z VIN ViN 0s S6/ET/S
05 v ]l 50T ViN VN oF S6/61/C
43 %Ir 0 ) 90z 589 798zE [0 SE/LI/S
0% %D v £0C o TE62E [i74 Se/EL
0§ z0 %S00 1 107 IEe STOEE 01 SGRRUS | seiLi 108 990EE 06 011 [ 4 Z
I4H | samomty sty WHCLY Ol GE | WH gt & T ® E S pewmRI oy @ () (isd) sequmy | “xovesedpy | smppreddy
ot sERpy wnep wmag LWL polgs | U gst Bunsag eq 183uT ESE amssary | emssarg | opdumg | so /3L
SSEY ESEpy TOHRT | plousiog  saqumyp
B)NSY 383 ], sHop|puo.) Jupsagy, wopsuLIafuy ajdueg
VIVA TNLIVEL TINVIAAH

E-19



VIN [4 VN 61 | tomeg Aiiqemey VN 1920 Wi G900 5a[OAD) DOT/UOHBTHT %)
NRHIon e 100N oﬁ.ﬁ% . NI miier 3OO A0
YIVAd AVHI-TZHTHA
LTl %040 43 414 ¥T8l £35¢ 0$ 96/£1/01
£8 %000 9 EIT v 969¢ oF 96/C1/01
69 %050 ¥ 11z 0L £0LE 0E 96/11/01
(4 YOE'Q 1 LoT VES [411% 0T 96/01/01
£T 51 %200 9 $0T 68°% LiLE 1] 96/6/01 96/L10L $0T mﬁlh. 06 0511 & 4 4
001 %060 114 481 711 EEGT 0g 96/€1/0
68 %060 81 L81 slol 962 oF 96/21/0
8¢ 0L 0 £l 18 003 (414 0t 96/11/0
6¢ %090 9 b 85°C 96T V(4 36/01/01
9t I't %050 & £l 58T ZLET ) 06/6/01 S6/L/01 081 ZL6E 06 0511 ¥ 4 4
9E %0r'Q L £ o'y yeoe 0% go/e!
8¢ YOED 9 81 LGE STOE oF 96/¢/
° 61 %0EQ £ (4 EET LI0E QOE 96/1/
61 Y0ED £ 8 EE'L 8C0E T 6/1E01
69 90 %010 14 03 3’0 nmohu 01 S6/08/01 | 96/8T/01 031 GEQT 0ct [£30 H ¥ 14
b9 %080 17 181 ElL 96T 0§ 96/e/11
&) %0L0 17 181 ALl 5962 or 96/T/11
L9 %090 91 ral L 1462 0E 96/l/11
Py %090 91 081 £G4 6967 oz 96/1E/0
|34 [44 %090 11 Z31 € SL6T Ol $6/0E/0 96/8¢/01 031 9567 051 0511 Y |4 [
£E %0r0 |4 ¥ §9'T GEOE 0g e/l
144 %0EQ [4 £8 150 ZhOE o £6/E1/11
90 %40E0 0 18 000 Zhot OF 611
00 %400 0 081 000 PHOE 0T S6/01/11
9L 00 %0T0 .w 081 00 9b0E 01 S6/6/T1 VIN 031 TSOE 06 0511 I 1 1
18 %050 62 081 8ol LLIE [BY Se/k1/
gL %050 14 081 €0t 811E o Se/El/
8L Y0F0 8T 081 $£'01 0Zig 0t S6/Zl!
19 %0F0 14 181 1€L 2413 0z S6/01/11
§ L9 $0E0 0T 31 1£L 3413 [ui] £6/6/11 V/N 031 EPIE 06 0511 H 1 1
59 %050 Il L8 €87 8IZE 0s S6/P1/11
Ly 2080 - 5 98 £EE 12¢€ op S6/EL
80 %OE'0 1 181 8E'l 6ZTE 13 56/71/
1'l %080 0 (4] 00'g CELE 0T £6/01/
14 00 YOT0 0 081 000 EETE 01 S6/6/11 VIN 081 OFCE 06 0stl D I 1
T9H | somerg sE0'f WgpoIcE | WMICET ] @ opiy | sneg pejRIL, umoy @ (isd) (=d) Joqumy | Jojesdp | smereddy
LN S5 me) nmoy UWWSLEO1g6 | MM 56+ Smea, 78g [EnmRg TR amssayg | emssarg | ejdurg |1 1L,
sEB s fennyg plowig  lequmy)
s)msay 383 [, suopipuo)) Supsay, uopeuLIojuy sjdureg
Vivad TdNLOVHEL DI'TOVHAAH

(uoa) ,1-, /¢ (8£-7€ M) USABIIAY p1-H O[qEL

E-20



E-21

Vi [ /R &1 107083 ANIGEMCT v 1520 VN €900 £3[oA) 00 [ /JOHEILT %
NIJe 11 TIon 1ogn A0 NAJOn | TNION | ©an | Sliean
VIVQE MYHL-AZTT0A
3 %0E0 3 ¥iz [ SIPE 05 [ 9sEl
9% 1 %OE0 L ViE CE OZFE or__| 9&iio
&2 %000 v Vit Vi1 ETVE 08| 9e/iiio
¥l %00 0 £z 0 iThe 0z __| seotol .
9 [ o7 %010 i It 0 EEVE ol Se/6/01 ] _9sitiot 01g £E2E 06 0511 9 b 6
b9 2000 Ll £81 V6L 081€ 05 | 98/£101
8 V0L 0 i 781 V6L 181¢€ oF | 962101
TE %000 ol 181 6t BRIE 0E__| 96/11/01
i1 Tor 0 v 081 05 S6IE 0z | s6/0101
i£ 90 SH0ED v 6L1 051 51E o1 G8/8/0L | 96/L/01 081 LIZE 08 G5t b 2 6
£901 %050 £C 181 gL 0l ZIO0E 3 O/5/11
o8 %0rQ 5l P 988 it or | 6L
8 %0F 0 81 581 618 T0E 0| o6/l
[ %070 il PRl oET 208 0C__| 96/1E/01
61 £t %0EO ¥ VRl G6EC SE0E or_| o608/t | 96/82/01 081 8€0€ 001 0511 a ¥ 6
53 %40ED 8 b8l 667 EhLT [ 9G/ENT
(54 %0E0 ] 3 661 LT oF | Serill
6E PR B 7] 66T oFLT OF 96/T/11
GE %0E0 ] 8 56T ST 0| os/1e01
is T¢ R, H £81 260 VLT 0l | 96RE0T | 96/8%/01 081 64T 001 0511 o v 6
TiH | sempsaig 550 WAL p 0356 | ES 6t @ @ spky | seeq poiBalg, witiop @ {1sd) (isd) Tequey [ ojerdg | sroereddy
FU= R | STEY nmey) umos WW L0 66 | unn g+ Funsag, neq Brug ssEp| amssasL] amssalg spdnmg 8L ji=14
SSEp ssEp U | plowiog  qumi)
S)mEY 153 L SHOpIpUo) Juyysa], wopeuLiofuy ajdumg
VIVA TENIOVHA OUINVEAAH

(Ju02) , 1-~,¥/€ (8L-T¢ 1) UsaIBIoAy :¢1-7 9[qRL




VN 98 /N 98 Towed ATIqEmCL YiN 9000 V/N 9000 5919403 001 /UOTIBICT %
NP0 11 oo OO Y10 NWgen | mien 1o { SO
’ VIVA MYHL-AZHHHA
z0 %970 z 08t 90 H06C [ 8T6YE
A1) %ICD z 08¢ 9£D 67 oF LIGYE
4] %610 T o8t 950 906¢ i3 9ZoFE
z0 %ZL0 4 0¥ 950 806¢ [ STGhE
+005 |00 %100 [ 03 0 0l6z | of TTEHE LE26bE 03t ZI6Z 06 0511 4 [ 1
0 %310 0 208 0 SELT 08 8TEVE
¥0 %920 0 208 0 EELT o £ToPE
¥ %810 0 TS 0 SELT 0f 9T6FE
70 %S10 0 zos 0 9ELT 07 STOVE
008 [ 20 %LOC [} 105 0 8EL7 ot ZT6PE 126+E 00§ OviT 06 0Stl 11 L 1
$0 %LT L v ¥19 6rE G E66L 0 wIGFE
9 %00'1 £ §i9 k44 TEOOE oF TI6FE
¥ %610 £ ¥ [F44 L'600E 0 L06PE
T0 %L50 [ €19 z $910E [ S06FE
4008 [ 0D %TF 0 z 4[] z 1208 [ S069E T68bE £19 5'5E0E 06 0511 £ ¥ z
£0 %o ¥ 919 8Ll 6TL0E 05 TI6HE i
70 %LED 4 919 790 BLTOE o 16kt
o %LTO i 919 110 96Z0E [ B06HE
1§ %6610 { 519 Lo ETEOE 0z S06YE
+005 | 00 %Z1 [ 919 ] S PEOE [ PO6VE TO8PE 919 8E0F 06 0511 z 3 4
z0 %EPO 0 109 0 S'RO0E 0$ 116pE
00 %BED 0 009 0 OL0E oF 306FE
00 Lz [ 009 0 TELOE 0F 906PE
00 %E2 0 ¢ 009 0 PrI0E 0T vOabE
+00s [ 00 %510 0 009 0 LI0E o1 T06FE 268YE 009 §'1Z0¢ 06 0511 1 € Z
14 | samgoerg s50] UM G P NG U §'6+ @ @ spAy | seedg psiealy, amer) @ (ed) (ied) Joquy | Iojiedgy | smemeddy
Jusasg SSE oy unoy W /b 0168 | WAL GG+ Bunsa], e ferjruy 5B AmssaL] AMSE3L] ojdung fi-A ) L
ssupy SEBpY [emaut plowjeg  mgumED
S)nsayy jea ] suoppuo)) dupsa], uopswaoyuy apduneg
VIVA TNLOVEL DUINVHAAH

wP/EuT/T (€-€6 Nd) 2UOIS 20UBLY (ST~ JQBL,

E-22



VN 98 /N o8 101384 Afjiqemc] YA 900°0 VL 9000 £a[34) QO T/ i
NWLe N 100 aIg-1003 NMIOO | IWIon | 190 | SIBeal
) VIV AVHI-AZAATHA
00 %570 i [543 0 149¢ [ SEbiL
70 %SZ0 0 541 D 9T [ S6/EL
00 %610 0 571 0 POt 0E | 56629
0D %610 0 Y 0 i3 07 | s6i800
+005 [~ 00 2800 0 $7% 0 ovor oL | c&iizin | semem 2z 8O7 06 08Tl 9 | I
¥ %eE G 0 [ 0 L18E [ SE/L
00 %%C0 [ 47 0 I8¢ 0% o/
00 | %izD D 57T i 74 0F | So6e/
00 %Fi D 0 7 0 Tese 07| S/t
+0s |00 PATE) 0 544 [ EZ8¢ ol | &gt | seicto 57z 9787 06 0511 g | t
70 %9L0 1 0ig W'l §75e 05 | teres
Zo %E[0 T 0I% Tl £T5¢ 0 | Sei8i/s
00 vE0l0 [ 01z 0 625¢ 06| SBILI/S
g0 %800 0 ic 0 1552 0T | <6915
+05 |50 %00 0 [FIiA 0 ZEsT o $6/01/S | se/8/s 01z EEST 06 0511 4 ! 1
i r—
zo %ELO 1 ol To 95E 0§ | seres
z0 %610 1 01z 70 £95¢C OF | s68I
70 %510 i it 70 9057 OF | Sl
00 00 0 oiz 0 6067 07| sems ™
+00S {00 5000 0 [t i 0I5t of 1 S8ois | semss 0iz 0L5T 06 osit £ I I ™~
9 %P0 3 152 L0 $G60E 05 | Se/ETiL |
i} UhE 0 [ 55% - 6L0 L8608 OF | S6/IZ/ =
v e 0 4 52 60 ' 660E 0f | SeziL
20 ST 0 i £5¢ 120 2701t 0z__ 1 celeliL
6 40 B0 i 373 70 L0IE ol 1"S6Ri | seou £57 g0llg 06 0§11 £ ¥ z
20 %IE0 1 95T o LS80E 05 | SeoTlL
Z0 %9T0 1 567 10 ELJ0E 0| Se/6ijt _
00 %00 0 95T 0 T680E [(HNE
00 %10 0 957 0 € 160E 02| SeLIL ,
+005 [ 00 %300 i %7 i EZ60E ol [ SeMIZ | seouL 957 $°560€ 06 o511 z £ 4
¥ %0 8 5¢ 63°E TFLOE 0s | szt
¥e %OE 0 g 473 59E $OL0E Gb | Coi0z/L
81 %OE 0 3 5t &1 8°080F 0f | S6/61/L
¥l %IT0 £ 474 650 PYR0E 02 T emii
01 ) %010 T 05 $10 ¥BE0E o1 | S6TE | senolL 052 01608 06 og Tl [ £ T
TdH | seaioeny C WG p0ICE | WS e ® @ SP0k) | somg | powearr Wmag @ {15y (sd)  Fiequn | Tojesedp | sereddy
FULCT-F | L | nmoy wmey W GLb ol 56 | unu gg+ Hunsag e |enapag SERTY amssald amssalg sldumg 1sa], 1521
seepy SR Pup | plousios  Saqumyy
s)msay sa, suopjpuo; Supgsay, uopjencioyuy sidureg
VIVA DA EIVEL JTINVETGAH

wI=ub/€ (€-€6 Nd) SUOIG oURL] 19T~ 9]qR],




o 54 %3 il Wi 1 e 1900 1500 6500 500 (2 001 AOTENG %4
i — e e e
G 0 OaN SI- O NNISN | NN | WaH | SI-oaA
— T T . I o LTV
VIV AVHLI-TZATd

0 %S0 i 65 W0 SGLOE | 05 ] Seim
0 PATEY 16§ i VI80E | oF | serel’
] o 166 Yo STHOE | OF | S6ZI%
10 S0 16¢ o yS30E | 0L | S&im

| +00s [0 %900 0 68 g v'880€ | OL I S&/8T% | S&U/ 165 POG0E 05 ost1 1 9 z
T0 %10 0 585 0 690 05 | semis
70 VT 0 185 ) pSLIE | oF | sec
70 wrLe 0 T 0 Tosic | ot | saisiw
0 600 [}] <35 0 L21E [+ Ser

+0% B14] “ikl'0 0 18s [1] tAc 11y [} S&/ Tk SG6/OL/E ¥ES |PEIE 05 [l | < 4

- E i G2 WNISLPOISE | UAlSGr & @ | S60 | ona | pasl [ o) ® ()] ) | mquny | Jomsdg | sseddy |
g semy oy nmoy ww sgporgs | wmgss sy | amg rnm = sy | amemyg | odung w91 L]
s st Eong | prowes | mquwgp
amEIY 199 soRIpUo)) Supiea], uopwuLiojuy ajdurey

Viva FanLovid OImvadin

WwP1E=T/1 (186 Nd) PESURIQIEIN (L 1-F 21QeL

E-24




oT=u¥/€ (1-£6 11d) PEOYRIQIEN :R[-T 2qE],

[ 54 (53 i 301083 ZN{LqRInG] 1900 1500 6500 5100 CESHILEERE B
—— - st ———
N300 RI% 100N SN - NAION 1 INIOTL | oA 1 OIU-1oA
YIVAd MYHL-AZTTHA
) Ve 0 i [k PO 009% 05| St
T0 wIzo oi ] 69T o | s&/1eh
70 %Llg oIt 50 09T o | Semei
o0 VL l'G i [H o ST 0z | SEi6l/E
+00¢ {50 V800 ) T 2 5092 ol | S5y | ssiLis oIz 109t 06 [l pl 1 1
00 V610 0 oIT 0 T65T 05| S6IVTb
00 Tl 0 [ oIz 0 WL oF_ | SHITh
00 S0 g oIT 0 €657 0f | S6000%
00 %0 ] [¥d i V65T o T semin
+00s [0 b0 0 olz [0 9657 ol | sasind | seiLiw 01z £652 06 0§11 £l t {
B0 %Lt 0 T oFe 6 TTO0E | 05 | SGOEE
€1 %SL0 £ 3 ZE CP90E | 0v | Ce/6TE
00 GET0 0 3 d SO0E_ [ Of | S6rCE
70 %610 g 574 0 LIS0E |02 | eeici :
65z |00 ViELD B 6Ez 0 690 | DL | S6I0TE | S6/0TE 6EC SEL0E_ 06 os11 3 £ z
zo YO0 [ e 910 TSEIE | 05 | SSRTE
70 ViETO 1 £ 970 FOPTE | OF ) SHEDE
w0 LG 2 B 0 CTrlE | OF | S6RTR
00 %910 0 374 [i} g 0f SHTE
+00¢ [0 IR _fre ] vOIE |01 | seo0t | sen £re SerIE 06 ost1 A z
L | somiomnag =0 Whi G, poigs | GABEEY ® ® [ =po | =ma | pweiL [ ey & (&) (sd) | BqunN | sommdy | someddy
wastag SRy oy wmoyy W 7 POl SE | W g g fmeay | oy ennu SR | emssay | emsaig | adweg | s WL
s SEIp pung | plowpog | ssqumyn
Fjmsay ysa g, suopypuo;y Jupsay, nopsuLiop apdureg
VIVA RNLOVEI DIFHIVHAAH

E-25



Vil VN VN it 30103 RnjiGRnCl Wi Vi VN 500 TP 00 Lol B{ICE %)
MO 1 0 N o B NN | Ten | BaA | SN
VIVd MVHL-IZd344
Z0 %190 0 o 0 toLL 05| SR8
Zo s 0 0 & 0 SOLT ov | SercizE
Z0 080 ) £ 0 9917 0E | Sewifd
90 Teb 0 ] b 0 BOL2 A T
+005 [ 0% SZE0 3 53 ) 1754 ot | enie | semis ogp 087 06 0§11 zl { 1
00 0L 0 0 Ot ) £89C 0| s6P178
50 %290 0 oSt ) 357 o | secie
0 %950 0 0S¥ 0 135C o T
00 %50 0 o5r 0 3392 o | sen
+008 [~0%9 %0 0 ocP 0 065¢C 01 [ sentz | serers os¥ w0LL 06 0511 1 | 1
00 %S0 1 z AT ST TI00E | 05 | S6/%8
00 V6260 3 815 ST €500 | o | s
70 %L z s o S600E | O | Serss
) %90 7 0zs ST FI0t 0C | SemiE
+00¢ ["00 90 0 523 i) Tiog |01 SetE | senliL 0zs PYEOE 06 0811 £ b z
50 %101 £ 815 580 T166C | 05 ] S6/3/%
ol %E80 z &it 0 Tisee | v | Seiiss
ol RE0 z &I¢ ro oI0E | OF | Seieis
ol Sl z 61¢ 0 COOE 0| S6w
o8z | &0 Yalr0 [ s1¢ 910 Ta00E |01 | se 1 seiLiiL SIS 17208 06 o511 z v z
50 eEPO 3 15 Tt ToLez | 05 | scwia
vo ) v 055 o 6L o | 6728
70 %8T0 z 055 %50 Tiier | 0c | ceiii
00 Val0 0 055 0 1085 | 0f | SeNin
stz | 50 %800 ] 055 0 Fe8ec |01 1 S6/8TL | seLuL 05§ 19862 06 ast1 1 £ z
TaH | samioeid %07 UG F OIS | WIS 6t ® I BT GO T TN T ® (sd) Tod) | BQUEN | oRBdg | semddy |
mang SRy wnog wmo) un g pors's | wmgge funsa] g ety SR amssaLy amssard | opdumg 1531 1831
s ST po | prowsjeg  saqumgy
SIMsY J52 suopypuo;) Supgsa g, wopnuaoyuy apdueg
Vivd THNLVE OV INVEUAH

JHIE- T (P0-8 M) 39qLepy (61-3 J1qeL

E-26



VIN TN VN Lz TovRd ANNGEme V/N VIN YN £50°0 S0 00 LTI 77
Ii¥ o ———— s
NP e n 10T ST NN | nen VAW | ely-ioai
VIVA MVHL-IZATHA
80 %LED L 10¢ ECO gisy 05 Z16¥E
20 %0E 0 1 1ot €20 LI9Z o 116FE
80 %IT0 1 10t £T0 219¢ (43 BOGHE
<0 %610 0 [ [ 029C [it4 L06VE
EEE g0 %500 0 [\ 0 €297 0} P06FE SOGKE 007 sL9¢ 06 os1( ¥ 1 L
50 %LEC [4 i 650 st [i9 CI6hE -
£0 %620 T 00% €50 THT o Li6re
£0 %0 ] 00T 3 ] 131,74 43 806HE
00 26910 [i] [ 0 ST [if4 LOGVE
005 0’0 %300 0 00T [} g5 ol S06HE SOGVE 00T 9552 06 0s11 £ 1 1N
00 %Ir0 0 007 0 B99Z 05 Tl6vE
60 e 0 0F ] OL9% o TI6HE
00 %0E 0 [ [ [ L9 OF S6ATIL
00 %I O 0 00t 0 €9 [H SGILETIL
+00¢ [ o0 %10 0 007 0 907 ot SERTIL | S6/STL 00T 6197 06 st z 1 1
50 %9E 0 T 002 660 €97 [ S6/1/8
£0 %62 0 1 00z 610 SWT | ob | seriei |
[ 9920 0 [ 0 _ OboL 0F SG/RTL
00 %5610 ¢ [ 0 SOt 07 SGILTIL
005 00 %110 0 00Z 0 0592 [T} ST | Se/sTL 007 £597 06 osLl 1 t t
o7 Y0E'T 13 14 3L 3,03 05 Sorb/3
0 Wil 1 T 62 990 L6b0E o S6/2i8
v %060 T 6TT 990 19508 0f S6ILTIL
Yo %E90 T 62T %0 £ PO0¢ 0z SERTIL
21 Y0 %St O z [ 950 UELOE [ S6/STIL | SELUL 622 $ VA0S 06 0511 £ ¥ z
90 %660 1 333 £8°0 P'9667 05 S6/T/%
0 55060 1 L £80 1'666C oF S6/1/8
00 595 0 0 TEL 0 ToloE 0f S6/90/L
00 Y%Lt 0 [ TEC 0 ¥ LI0E oz S6ISTIL
L8 00 %810 [ (433 0 5'TZ0¢ o1 S6IVTIL | SOLUL 434 TLIOE 06 0511 z 4 z
81 %550 ¥ [543 SO'E €206 05 S6/VTil
60 %EP0 [ 474 ] &067 o ST
Yo YbED [ veL [ Lil6g (3 S6/ILIL
¥0 %EC 0 0 Vit 0 T¥i6t 07 S6/0L/L
6t [ F0 %EL0 0 ¥ [ TLI6C ol S6I61/L | Se/LlL 144 $1762 06 051l L £ z
13H | meeg o WRISLpOI56 | WRBG G 6] @ | BP0 | sed | pewal, [ wmoo (6] (nd) od) | ToquinN | Jomssdg | sniervddy
plicoIER SSEIY ‘a_-._._._.OU oy Wit ¢ M £6 i C64 UEHW..V.H. Aeg _ﬂ._u_.—._._ Ly Oh—._wmu.-ﬂ— SMESRL] D_Em 98l 2]
sy Esely Jenuy plousiog  JequuEsy
s)[usaYy )53 ], suoppuo) Jupsay, uopeutiopu] ajfurg

YIVQ TENLOVHA OTINVHAAH

o1=uF/€ (F0-8¢ Nd) 92q4epy :07-4 298 L

E-27



WP/€-,T/1 (90-78 11d) uonepunog wedmon (1z-9 9[qeL

YIN [£4 Wi 0F Iowe,f AYfjiqeing Y/ £00°0 YN 300 SS[0AD OO /UONR]IC] .x.m
o B ————_— —
Nwen PN oan YOI NKWen men oai S0
VIVAd MVHL-TZI3UA
L0 %I8°0 3 144 6l'E ££92 05 S6/61/8
90 %P0 § ogr 6'1 6E9T o S6/P1/8
10 %l¥O £ 6l 'l oz ot §6/11/8
10 Jobt0 1 (144 50°1 BhOT 0z $6/01/8
05E 90 u\am.c ..._- Ot 1] #5927 01 S6/6/8 S6/8/8 (344 2697 06 (£ 4] i 1
Tt %661°1 £C [, &1l vhiT [ S6/SU/8 .
0z %iH 0 sl 13 ECL [T314 aor SeFLE |
¥l %665 0 0l 1zd 65 89L¢ 0f S6ITUE
10 S50 1 144 £20 6LLT 0Z $6/01/8
|_8L 00 %810 . 0 14 4 0 ¥8LT 01 $6/6/3 S6/8/8 (1744 68LT 06 0511 51 1 1
[ x4 YEE] 0l [14) £9 0L 0¢ SG/2/8
§1 %S0T L L1§ Los 19508 oF S6/L/8
60 %L80 3 §15 65 v PTo0E 0g S6/¥/8
50 %EY 0 3 (413 e TLLOE 0z S6/E/8
L1 t 0 SLSEDQ 1 __m 9t'E 5|80 0l $6/C/8 SGTT/L 131y 8 E60E 06 OS] £ 14 Z
5T %91 LE 05 968 ¥S10E 05 56/8/8
07 %L1 Pl €05 b B'OEOE o S6/L/8
[ %980 8 413 £E8'E GHHOE 0F £6/5/8
80 £9°0 ] 105 667 §TS0E 0z $6/v/8
001 0 %50 9 66P (% $90€ 01 S6/0/8 | sexliL 00§ 1108 06 0511 z ¥ Z
0 Yl | 9 88r 313 §L66T 05 6/
0 %el'l |4 06k [ THO0E or S6/t/8
o %90°[ z (53 90 6'900E 0g $6/1/8
I'o %Z60 o6k £0 g110€ 0 SG/1E/L
| +008 10 %950 05k £0 9'610E [ sepuL | serzit 06t §'6E0E 06 0511 I 3 4
LI [ semoed 5601 GMICLYOICE [ UGGk (9] RPAY | srd | pewall | nen o | D) sy | JoGUmN | Zoieied | smyereddy
Wwad sy rmay wnop W g2b 0L EG | WS+ Busay, aegy {snm sy omssorf | emssa | ojdweg LA LA
svEpy ESEjy P | pouwpg | saqumg)
fMSIY 18IL suopjpue)) Supsa g, uopwusioju] 2jdureg
YIVA THNLIVHL DI TNVHGAH

E-28



. e Eq‘ o
VN 44 WIN L....I._.l... R Aljiqemy] YN £90°0
Mo N o n [Zeg] _ IO AN | RPN
’ YIVAd AVHL-AZAd8A
81l b4dY z Wl £0 BEST 05 S6/2/8
(4! %8E'0 1 141 £20 6E5T oF S6/18
50 %IED 0 L0 0 ) 1474 0E SG/LENL
90 %910 0 1Ll 0 ST 1[4 SGIOE/L
441 90 %910 0 1L1 0 5474 Gl S6/BT/L S&/STIL (/4] [0 06 0§11 ¥ 1 [
8t %bl 0 6 (44 114 4 261 05 S8
6T %150 9 [41] G60'E £05¢ o S6/1/8
60 %PE0 1 il 80 0152 0t $6/1E/L
60 %Ll 0 1 1Ll 80 EIsT 0T SG/OE/L
59 00 %010 0 ﬁ._ 4] mm”m 0l ma_.wm.m. S6/ST/L L1 (1§74 06 0511 |4 1 1
¥T %%85°0 9 1Ll K3 95T 0% S6I1E/L
£0 %0 { OL! €01 6957 o SG/BTIL
00 SSEQ 9 0Ll : 0 ELST [1;3 S6ILTIL
09 %610 ( 0Ll 4] [ 7114 o7 $6/5TIL
901 o0 %480°0 { 0L1 0 0882 0l $6/STIL S6/1T/L 0L1 n..mMn 06 051 £ 1 1
97 %Br'0 £ £l Tl FOST 08 | $e/1Eh |
T %EV'0 [ ELI £L0 965C or S6/8¢/L
%4 %EE0 ] ELT Ly G65¢C Ot S6/LTIL
§1 %L10 i [43] LE'O £09¢ 0 S6/9T/L
t6 60 Y010 i TLL it 00z 01 sefsit | sonzi oLl 809T 06 0811 [4 [ [
L'E %L60 1] 0IZ X O'TE0E 0§ S6/ETIL
(4 %0L0 £ 112 68 9 EIE or $6/1T/L
L %E90 £ 4 98T RED 0F $6/0L/L
£ %IED £ it 98z 6S0E oz SGIGTIL
08 L %510 4t 8T S THE ot SeigliL | sswuL 60T 6 890E 06 0§11 14 ¥ 4
9% Y0L0 2 00T 6% GEL6T [ S6/0TIL
¥F %090 L 00z 9% TLL6T or $6/61/1.
¥r %25 0 L 00% 9c ¢6L6T [ S6/1IL
|4 %P0 9 00T Fdd 6TRSC 14 S6ILVL
143 L'E %TL 0 |4 661 9T +'[66T 0f S6/PLIL 6011 £61 SL000E 06 st £ £ z
§E %0L'0 8 £0C 8E §6567 0 Se/ielL
£ 5850 2 £0Z 69°€ TEPGL o S6/61/L
€1 1. %050 £ 10z b e 6906 0f S6/31/L
00 YHIED 0 00t 0 SPS6L 0z SerLliL
iL 0 %170 0 00¢ 0 856¢ ol S6ISI/L $61/L 00T 1996T 06 0s11 14 £ [4
190 | omisig o1 WAICL 0156 | GRis6r ® € T SR T B T ® =0 ) | PquiN | JoWisd0 | sramady |
ey I nmop Wned U Cpp ol g's | Ui 6 funs amg {enmy Lo ] omsml] | amssayg | afdumg ] =]
ey ssEy EARy | ploudog  RquEd)
BusIY 3], suopjpuoy Jupsay, uopsurapuy apdues
VIVA JA110vVEd OTINVHA AT

uI=ub/€ (90-78 N1d) uonepunog ueSyou :zz-9 SIqeL

E-29




ViRl Lt VN 3 Teed MigEmg Vi 5E00 ViR 6500 SIOAD 00 LFEGHENCT ,\o_
NIAUR 11 TN3° 0 O SR NAPN | TNJON | ©dN__| SIb-oan
VIVA MYH1-AZ3344
T Ylt 0 b 1ot ire Tose 05 | SRt
o1 VeFE0 A 10 o T08Z oF | S651E
F0 %500 1 10z 6L0 2087 0f | S6PLE
50 520 i Toz [} [ H 0 | SGEVE
ot [T Ykl 0 0 162 ] 018z Ol | S6RVE | senliE 00z 182 58 osii 7 z !
0L VolF0 81 0T 798 LbLT 0§ | SGOVE
0c %ir 0 (] £0T icp [i1963 oY | seisiE
e %500 7 Yoz 561 1517 oF [ el
£E %910 5 [ 51 [TTF 0 | SR
o [0t %010 ¥ 0L T Z9LL 01 | serzle | selue 00z 91T <8 0511 o z 1
0F %SED ¥ 00 197 1950 05 [ S5O0/t
0% TIE0 v 207 57 59C 6 | SeisiiE
51 VL0 ¥ i 157 1252 0f | Seivie
30 %110 £ 00T ¥ ¥L0T 0z | S6EUE
szt [ 00 %00 0 00% 0 L5 ol [ sezie | seue 00z 6157 58 o5t sv z t
TE SGrE O 6 AT oF {ITH 05 | SG/OLH
3 %920 ] 1t st SZI8z o | SRUF
3 %IZD 8 it 5% Tvisz | o0f | <emmw
1% %910 i iz et seit | o¢_ | semer |
| u 750 %0L0 2 T 1 Vaiee | 01 [ selewe | seleeiE #IZ 78z 06 o511 c | z
14H | sosmosig S50 gLy 01 66 W §'64- (@) @ | BP0 | wwd | peet], nmogy ) (1d) (sd) Tequn | 1olelady | smieleddy
JCEIER | 22975] wmoy nmoy WG b 0166 | W ¢4 Bumsa) B Te fena SSRI emssay amsea1g ajdureg 53], 1531,
sy sEpy Eaw] | plousjog  1aqureyy
s)usay IR ], Fuonfpuo)) Juysay, uopveiTopuy sdueg
VIVA INIDVH DI IIVAAAR

wI=ab/E (8-85 Md) POOMNOOY 1€Z-H J[qBL

E-30



0T %5C0 t 0t £ LLST 05 $6/1E/6
01 %IL0 T 10T I'l 89T OF $6/0T/6
S0 %510 [4 00T I'l 0892 0F £6/61/6
§0 %510 [4 000 'l 0897 [i4 S6/SH6
STL 50 %00 [4 007 1l 139 01 S6/ELI6 So/TL/6 002 $89 06 0§11 St 1 1
20 R ALY £ 00T 20 165 0s $6/1T/6
30 %P0 t 00T 30 {374 or $6/07/6
30 %910 £ 00T 80 €65T 0f E661/6
30 %10 06t 80 b6St [\ §6/5 16
£ 00 %8300 0 00T 0 9657 0l $6/E1/6 $6T/6 007 8652 06 0g11 44 1 1
30 %080 £ 00t 41 SPLT 0§ $6/17/6
30 %LrO £ 00T ' LT o $6/0%/6
80 %EL0 £ £ (1754 O $6/6E/6
£0 %F1'0 [ 00T 0 95LT 0z S6i5L6
£LE 00 %110 0 00T 0 LSLT [ SG/EE/6 S6L1/6 00T 09LT 06 0611 14 1 1
£1 %P0 5 00 1't 1344 0s $6/1/6
80 %8B0 [ 00T 91 SEST oP $6:0C/6
80 %820 E 00T 9l BEST Of S6/61/6
£0 %OT 0 00T 90 1792 (4 $6/51/6
0z £0 LAY 00T 90 ZHIT 01 S6/E1/6 S6Tli6 00T L¥OT 06 0511 [44 1 1
§1 %LE0 ¥ 10 4 S09¢ [ S6/12/6
£l %0 £ 10¢ 80 o9t oF £6/02/6
£1 %l 0 £ 10¢ 80 019¢ 43 $6/61/6
o'l %ELD [4 102 £0 019¢ 0z SE6/51/6 .
51 00 %800 [1] 200 0 [ 174 [} sl | S6T6 002 192 06 0¢1( Iy { [
I4H | smosig s807] WWELE0IC6 URLL GG+ ) @ BPAY | wra paaL], ) [6)) (1sd) (sd) laqump | Iojex SIS Rady
IICES LR ¢ SsE nmog 1moo W GLp 0166 | unugse Bugsa], areq] 1enn sTRpy amssar] | amsssad § adung 1521, 3]
SSUN SERRY TeRuE plousjog  JaquiByn
SIMSIY J8aL, sucpipuo)) Sugsay uopewropuy spdureg
VLVQ AN LIVHEA DI'INVEaAl

w1 T-ab/E (8-8¢ M) poomyo0y :7-q SiqeL

E-31



(u00) ,b/1 1-.4/€ (8-85 1) POOMO0Y :$2-T 2198,

ViN LE VIR BE Bsu.m\b«n:uﬁhﬁ Y/N 500 YN SE0°0 82040 00 F/uohe(ig %)
P fve——u
NPLIO N e n 190N AN NWien Nien 1000 O
=4 IR Ty = e ==
VIVa AVHI-AZATHA ’
Ll %rE0 3 [ 91 8097 (3 S6/12/6
Ll %0T0 [ 112 9t 699T oF S50TI6
Ll %91°0 £ [t 91 0L9t 0f $6/61/6
Lo k4NY £ 01T 80 Lot [\ S6i81/6
051 L0 %00 £ oif 0 +L9T o1 So/vl/e | S&ETG 00T P13E S8 0§11 08 [ |
S0 %EED T 00t 0 1LLT [ S6/12/6
£0 %P0 1 00T Fo YiLT 04 $6/0C/6
£0 %0Z0 1 00t ¥o SLIT 0F $6/61/6
£0 %EID I (L Yo LLIT oz §6:81/6
08 00 %L0°0 0 00T 0 6LLT 0l Al S6/EL/6 00T 1842 06 051 124 [ 1
ovenre —— i —
[ %IE0 14 0T 'l 09T 0§ $6/1t/6
£0 2%9T0 1 00T £0 oSt or $6/0T/6
£0 %80 1 00T £0 Fost OF §6/61/6
£0 %810 i 00T £0 95T L4 S6/81/6
191 0Q %10 0 00 0 206 01 S6b1/6 HEELG 002 6957 05 0511 14 1 [
£0 HsT0 1 00T 90 3014 05 S6/1T/6
£Q %610 1 00T 90 S98C O S6/0T/6
£0 Y510 1 00t 90 S9BC 0g §6r31/6
£0 %810 i [t 90 9937 07 $6/51/6
+005 £0 %:80°0 1 002 ¥0 BOST 01 £6/r 16 $6.Z1/6 007 18T 06 0511 Ly 1 1
LT %ETO § 0T I'E L9z (3 S6/12/6
(44 2810 5 £0L 13 LT 4 SG/0T/6
1 %510 £ 0T 6l ¥iol ;3 56/81/6
[l %660°0 Z [ 91 9.9 07 $6/51/6
16 &0 %00 — 1] ﬁumon 0 6L9T 0f nmﬁ_a $6.21/5 102 089C 06 0511 i d nw\ 1
LH | semuoelg s$o] W G p 01 S'E URIL §°6+ ) @ RPED | R pateai], 1o —@ (~d) (tsd) rquny | s00xlo | smerddy
1Ry sSEy " wmap 1mes WL G/ P OIS | una gy Bunisay, A8 fenng SSE amssald | amssaty | ojdureg 1550, 1’21
s ssely Teznug plouojog  1aquiey)
S)MsIY I8 ], suoppuo,) Supsay, uopeuriopuy jdueg
YiIvd TINLIVES ITNVHAAH ‘

E~-32



50 %05 0 z 081 Tl Te6C_ ] 05 ] Se/500
90 %Eb0 z 08l [ veee | oF | <61zl
50 %0E0 z 081 iz 8657 N
50 &1 0 3 081 it Trez 0t | Szt
osv [ 50 %ELO 3 o8l Iz EreT ol [%eifem | 1n 081 BP6T 06 0511 9 1 {
Tl %090 v 81 SOt S3LL 05| SGI8L/9
Iy %ECD b 181 5ol BT | v | szl
Al %Ev0 v 180 SO 06t |_OF | seiezm
80 %LZ0 ] 18] 510 s6iz_ | oz | senid
ost [ 70 %910 ] 181 S0 $612 0| senzh | 1n 081 £082 06 0511 s 1 t
Tl %E5 0 3 181 660 oL6T T T
Tt S%LF0 3 181 660 SL6C v | S6RTL
Tt %EED z 181 660 T867 0f | Sewii
90 %ECO ] 3 ) 986z 0| Serin
stz {50 %ET0 0 i8] B VT2 o | ssioz | Ln 081 £662 06 0511 ¥ | 1
43 56960 v 28l S SVRL 05 | SGOUL
&l %9L0 3 i 8L S58¢ ob_ | SGISTL
il %850 £ w1 BT 098 | 0f | Seritii
Tl %IEC z Z80 560 98| 0z | Sainen
gl 759 %IZ0 0 131 0 s | o1 | seozn | sevin 081 8L8T 06 oSt £ 1 i
6T %€ 0 v €L1 €90 " TO8T 05| semess
3 %6E0 3 i ] 68 o | Seictss
Zi %050 4 il 3L 0057 0f | seress
0 %10 B oLl D 5067 0z | Seris
s8¢ {60 5500 0 oLl 0 80610l | Seitis | sersis oLl 016z 06 0§11 z | !
5 %90 s 28l Tt TL8T 05| s6ievs
£F %<0 ¢ i3l e RTH ov | seizzic
37 %SE0 z o8] &0 ZH 0f | s681%
Tl %IZ0 0 3L i 1987 0| seLls
z o0 %00 0 oLl ] Teec_ | 01 | seles | semss 9Ll £687 06 oSt 1 | 1
LIH | somueiy w0 WU CIpOIGE | OGS 6r ® @ | ®PO | SR ] Pl | mmog ] (d) Usd) [ oquny [ somisdy | semeddy |
JUELTER sSRRY moy 1no) unu i po1§s | uno gy futisa e [enRg ESRjy amrsary | amssayg | ojdumg 5oL 1881
sy seupy FawL | powjs | squiys
BsaYy 159, suoppuo)) Juysa ], wopmuiogu) spdureg
YIVA THNIIVYHA DT HIVEA AN

o [=u¥/€ QUOISpUBS pue sywojo(] 5z~ 2Iqe],

E-33



¥4 %660 6t 6L1 ] ossg | o5 | seioes )
96 %8R0 34 Lil 58 $587 oy SG/L1D
¥o SEL'0 vl oLl [434 €982 0F $6/019
SE %S850 9 SL1 |4k4 1282 0T S6i519
5T 0T %150 1 $L1 L&) | 7314 01 $6iv19 1n (41 GBET 06 0511 9 1 [
P %180 e 03 £LS0L 29827 (43 $6/07/9
Gl %IL0 62 8L [y ] S98T oF $6/L19
£1 %%E90 [1 5 8L (413 OLRT ot $6/91/9
S0l %5980 tZ 3L 89 £L80 (4 S6/519
9 3 %SE0 L 3L1 (413 (4114 01 LIt/ 10 Ll 9G8T 06 0STE & 1 1
it %01 i ril 9582 (1414 G 56/ 1T/
oz %060 59 981 SYEL [4514 oy £6:0E/5
607 %el0 ~ 45 £81 (114 §958T 0f S6OUS
691 %kS0 14 [£1) 651 ¥isg 0 S6/FLS :
§ L6 %370 14 181 IL'S 165 01 S6/ELIS $6/6/5 SL[ 09T 06 051t 4 1 1
G9¢ %E60 89 281 (A4 887 0§ S6/1Li5
L %80 £9 £81 1077 F6LT oF SGI0EH
691 %190 [44 151 6591 S08C 0f $6:9%/5
6¥l Yot 0 8€ [4]] 9zl V18T 0T SEHTIS
9 Blo.m W0 174 Ll 144 ST8% [T} SGIET/S $6/6/5 CLE GERT 06 OS1L 1 1 I
LH [ ssimei o] UMISIBOIGE | MRUG Y B SN s i s gi) (T Ge) [ PAEN | onisdg | memday
FUCEIEE Y sy wmog wne) URL ¢ pO1gG | unug e Bunss] g [e13uy Ly o amssag amssaLg adumg 189 WL
oy sw)y P | pousiog | maquimyy
NS 363, soppuo)) Jupsa], uopwusojuy apdureg
YIVA THNIDVHA OTINVHAAH

w[ub/E SUOISIIS puB SMMuojoq :92-F 9jqu

E-34



56l %18 0 o 881 81 L] 169% 05 | SENIR
Tt %bE0 6t 831 Lvl CTE oF | Seem
Trl Sz o7 881 By FaTE2 ot | S
v6 W10 3 ¥ K] iz 0| $6918

L vL 54600 %l 7 FF (752 or_[ses19 | 1n 9Ll Tz 06 0§11 9 1 1
Ll HIL0 &t 961 366 OLLT 05 | S6ILTH
Tzl %170 51 06l 59 WLIT o | 561009
Tl k] o1 53l 53 8L ot | SeiLin
To %S0 s 31 6t [TIF3 T T

£1 X3 500 z 081 HE 1812 ol [ Se515 | 1n oLl 9Lz 06 o511 g I 1
g YL 0 it £6] A Z36L 05 | Sek10
52 %610 0 73] vs 36T o | S6rI
¥ %510 ] 881 Ve 6362 ot | seam
5 %900 ] 88 7T £667 oz | seio

5 £C %900 3 [ CH ve6L ol | termd ] cengss 031 1667 06 0511 z L 1
% SIED 3 6l 85 1 OE0t 05 | o1
51 ETO iz 881 7£0 TH0E o | SeEld
Tol %90 T 8l i SE0E of | S6/em
€9 vl 0 i 81 3T THOE W | Sein

51 3 %300 6 T80 Tt SYOE ol e 081 1SOE 06 osit 1 [ 1

T30 | somouig w0 UMIClpoIgg | GREEGr ()] ) 1T T T ) )] sy (sd)~ | Rqumy | lomiad | munddy
a_._uUhD&. Mn—.z ._.EOU .—.S._OU wnit ﬂhv 4] W.m uu hm.—. g.._._uB.H. aEeq dm_—._._u.— g.ﬁ Oh.._rdﬂ.-ah DH-.BE u_&gn «mu.ﬁ awuH.
sRR sTRLy poer | pouwsios | mqueyp
By WA, suopypuo;) Jupsag, uopeuLiap) ajdung
ViIVa TANLOVEL OI'INVEAdATR

oI=ub/€ S[BYS pue SWIO[O( :LZ-F S[qeL

E-35



E-36

6l %6t 0 8t %1 5191 LIS 05| Seron9
EST %I¥'0 6 €61 8911 TT8T (i SE/EL/S
TTl S0 [ g6l 60°L O£8T 0f S6ITT/9
£ %LCO 51 181 LE's PERL [if4 S6/12/9
6 8¢ SLELD 6 951 97T b3t il $6/02/9 L0 081 L3T 06 0§11 9 [ !
(¥ %89°0 15 £61 P9Z PEOE [ $6/92/9
¥z 96990 6F ¥ 3LPT 9F0F or SG/ET/Y
81 e 0 13 18 LLTT 0E 0F SEIZEI
68 %SE0 91 281 £8 790t 0z S6/129
1 [ ¥4 96110 G z81 697 SLOE 01 S6/0T/9 In 081 130€ 06 0511 3 1 !
6El %IEQ 13 [ 8101 2582 0 $6/07/9
611 %I 8 381 TLL BS8C o $6/91/9
88 %EL0 £l CR1 9c'g £982 0 RTE
YL %LOC 01 VAl Ti¥ 9982 (74 S6/b1/9
] LS %900 3 231 vE L987 01 S6/ELD | G6/3/9 91 7487 06 051t (4 1 1
B $81 %lb'0 I¥ 481 . 19507 820E 05 £6/02/9
281 %EF 0 [ 681 vo 8L T€0E O $6/91/9
9T %6C 0 [$3 [ Tl LEOE 0f 565119
I'6 %LL0 %4 031 1Tl 9F0E 0z S6/71/9
L 6 t EF %00 1 03] 605 [0 0l SGIEL/9 | 6/8/9 9Ll £90€ 06 0511 1 1 i
T4H | semoeig 850°] Wl G 0156 Ul G- E)] ® Py | saEg patean], JUROD [6) (=d) (1=d) Jaquni | Joleiedg | smenddy
waatag sy wmeg oD W ELpoIgs | wm g6+ Bunsa L oeg LI | ssEpy emssalf | amssaid | opdumg s3], a1
3252 BRI ey plowajog Toqumy
SMEIY 159 ], suoppuo) Supsay, uopeuLoy sydursgy
i VIVA BHNLDVHEL DT'INVHAAHR

. o T~uP/€ SUCISHOTARL) pue 2)wojo 82~ JqBL




X4 bl s [4:4] 61 w.%m.m 0§ SGIET/L
5T %6t 0 § sl 6L fL6T o 6T
$T %BE'0 5 (41 61 - b6t 0t S6/11L
5T %0 § 781 61 SLLGT 14 SG/LIL
001 1’1 th_ 0 Y] 781 0 £ 186C 01 S6/5/L ViN 081 IPR6T 0¢1 0501 14 £ [
(44 %6L0 9 13t 39T 28908 0s SGIEL/L
¥l %8L0 £ 81 761 S'690E oF S6/LIL
I'l %o T 181 Ll 6FLOE OF S6I01/L
80 %ELD i 181 99 §SLOE 0T S6/LIL
Ell m.d %6900 I 131 90 w..m..hcm 01 SG6//L ViN 081 1°080¢ 051 0511 |3 L4 4
£0 %L10 1 081 EEl 0782 Q¢ SGILLY
00 %10 0 081 0 [4414 o $6/91/9
00 %110 0 081 0 £T8T 0F 6619
00 %00 081 0 FI8L [ SeivLiy
+00§ [ 00 %l00 ] 081 i} 413 ol S6/E[/9 1n 031 9Z8T 06 0511 ] 1 1
90 %EIT [ 081 ¢ 2067 [i}3 SGIL1/Y
00 U ] 081 0 £96T oF $61/9
00 %010 0 08l 0 962 0f S6/51/2
00 %L00 0 081 0 6T 0T S6/b1/9
008 | 0D %E0'0 i 081 [ 96T 0l S6/E1/Y 1n 081 9967 06 o1l S 1 1
i) %¥10 0 081 0 6987 08 SeILl/9
o0'Q %000 0 081 0 OL8C 14 679119
00 %000 0 08 0 0L8T 0t S6/S1/9
00 %E00 0 [ 0 [44.14 0T sevl/e
+00§ 00 %ED'D 0 081 0 [44.14 0l SG/EN/9 56/8/9 081 £L48T 06 0511t [ 1 L
00 %bl'0 0 081 0 1887 0§ S6/LL9
00 %oI'0 0 081 ¢ 788L o $6/91/9
oo %L0'0 0 o3l 0 £88¢C 0f 56/51/9
[ %£00 0 03l 0 [£114 [ir4 S6/71/9
4005 [ 00 %E00 0 [ 0 ¥33T ot sorelg | s6/89 081 £982 06 0511 | 1 1
11 | saanoarg o WG b OGS | WIS Gr & @) ] ®pio | =req | Pl | mon ® ()] Usd)™ | qunN | Jowmdo | miamddy |
WY SR nog L) iy o1gs | urn gig+ Bunsag arg Tenm sy amssald | emssayg | spdumg war WL
SR ssepy [extruy Ploudjog  Jequnyy
sy )}, suopjpuoy) dupsay, uopeuuoye] ydwmeg
VLVA RINLVHE DFINVHAOAR

wl=a b/t UIYD) pus Snwo[o(] (62-H JAqel,

E-37



Appendix F

Supplementary Data Summary Tables

Note: Data presented in this appendix were used in the preliminary stages of the study to
determine appropriate release rates, sample sizes and to calibrate equipment. The were
not used in any of the analysis described in the report because they do not represent the
results of the “standard” test procedure. These data should be used for analysis only with
extreme caution and consideration of the conditions of each specific test.
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