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-Important Notice-

You have been provided with a software security dongle, which enables you to
use the RHEA™ software on your computer. The dongle should be considered
as a very valuable device that is not easily replaced. This ensures copy
protection of the software and restricts use to authorized users. It protects our

software against software theft.

A high replacement fee is charged if this device is lost and/or stolen. We advise

that you insure the dongle for the value of the software.

Please make sure that you connect the dongle to your parallel port before

running the software.
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Introduction

Thank you for obtaining a copy of the RHEA™ software. The RHEA™ software is a rapid user-friendly
method to analyze data from frequency sweep, relaxation or creep experiments to determine a wide range

of visco-elastic properties that are used in specifications.

RHEA™ has been specifically developed for engineers working in rheology needing a rapid analysis
procedure. Master-curves of stiffness or compliance information in either time or frequency domain are
generated from dynamic or creep data. For example, in the asphalt industry, the Superpave specification
and mixture design process involves the collection of dynamic data for both binder and mixture
specifications. In the plastics industry, dynamic mechanical data is used for understanding the complex
behavior of polymers over a wide range of frequencies/times. The RHEA™ software allows users to

rapidly inspect the quality of data and to develop the interrelationships with ease.

RHEA™ converts dynamic mechanical data (G', G" vs. o) from the frequency domain to the time domain,

G(t) and J(t) and vice-versa.

FUNCTIONALITY INCLUDES THE FOLLOWING

OSCILLATION EXPERIMENTS
G, G",G*5 <+— G(t) «—> J)

TIME DOMAIN EXPERIMENTS

Stress Relaxation/Creep Experiments

G(t) «—» J(t) «—>» G, G", G*§

Creep Compliance - Indirect Tension etc.

D() «—» E() «—» E',E",E* 3§

Creep Compliance experiment - expressed as apparent stiffness (Bending Beam Rheometer)

S(t) «— D() «— E,E" E* 3

The shifted master curves are fitted using a modified non-linear Marquadt-Levenburg least squares
optimization. This is followed by a numerical analysis calculating the discrete relaxation and retardation

spectra (Baumgaertel and Winter, 1989). The software numerically optimizes the number of

RHEA Manual.doc Page 1 July 2011
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relaxation/retardation modes used in the analysis. A maximum of 32 relaxation modes can be calculated
for the data sets.

This program has been developed as a general tool for performing rheological analysis of a wide variety of
materials that behave according to linear visco-elastic theory.

This manual provides a functional explanation of the programs working and does not explain the
background research. Reference sources are given for the technical papers, which this software is
based upon.

RHEA Manual.doc Page 2 July 2011
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Agreement

The software is sold subject to the stipulations as indicated below.

Disclaimer
The licensed software is sold “as is” and without any warranties, either expressed or implied, as to

performance, accuracy, reliability or suitability for any purpose. The developers of this software may have
made statements about this software, either in person or in print. Any such statements do not constitute
warranties and shall not be relied on by the user in deciding weather to acquire or use this program.
Because of the diversity of conditions and hardware under which this program may be used, no warranty of
fitness for a particular purpose is offered. The user is advised to become familiar with the underlying
concepts, assumptions and limitations of this calculation procedure, and to test the program thoroughly to
determine the extent to which it can be relied upon. The entire risk as to the applicability, results and
performance of this software is assumed by the user. Any liability of the developers will be limited
exclusively to product replacement or refund of the purchase price, excluding shipping and handling. The
developers of this software shall not be liable for any direct, indirect, consequential, or incidental damages
(including damages for loss of business information, and the like) arising out of any claim regarding the use

of or inability to use the licensed software.

RHEA™ License Agreement
The owner of the copyright in RHEA™ grants the registered owner of the program a non-exclusive, non-

transferable worldwide right and license to use and display the licensed software. The software is hardware
protected and this license allows only a single user on a single machine. In addition, this does not allow the
registered owner to sell or otherwise release the software to third parties. The RHEA™ software system
and manual are copyrighted and proprietary materials. The use of RHEA™ shall be acknowledged in all
resulting publications, including but not limited to technical papers and consulting reports. No subroutine(s)
shall be extracted from the program, in total or in part, for use in another program. The registered owner
shall not adapt, translate, reverse engineer, decompile, disassemble, or create derivative works based on the
licensed software. The program will not be used, in total or in part, in the development of a new program,
to be distributed under a different name, except with the explicit and written permission of the owner of the

copyright.

RHEA Manual.doc Page 3 July 2011
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Setup

The setup operation for RHEA™ makes use of a setup executable file. In addition, a hardware driver is

required for the software protection device (dongle/hardware key).

Installing the Software

The RHEA™ software will normally be downloaded from Abatech's web site as a ZIP file (Internet site

http://www.abatech.com/RheaFile.htm). The user should unzip the files to a temporary directory for install

purposes. The user then runs setup.exe located in the temporary directory. The setup program then asks a
few simple questions relating to the location on the computer that you wish to install the files to. RHEA™

must be installed on a local drive rather than on a network drive.

Note: Should the user wish to remove the program at a later date the user is strongly

advised to use the Add/Remove Programs utility located in the Control Panel.

Abatech updates the software by providing downloadable files on its web site - please ensure that you have
checked the web site for the most up-to-date version of the software. Updates are provided as a patch file
that should be unzipped to a temporary location. A readme.txt file will contain specific instructions to

complete the update.

Software Security

The RHEA™ software is copy protected using SafeNet protection systems with the use of a
dongle/hardware key. The dongle must be fixed to the parallel printer port of the machine before the
software is started and must remain in place during software use. If you have downloaded this manual and
software from our web location you can request the dongle from the technical support team when placing

your order for the software.

Windows NT/2000 Users
The software has been prepared to operate on Windows 95, Windows 98, Windows NT, XP and Windows

2000, Vista. However, users with Windows NT, Windows 2000, XP and Vista will require a special file

not located on the install disk to avoid receiving an "Error 12" message.

This file "NTDongleFix.zip" provides this driver for older versions of Windows whereas “SSD5411-
32bit.zip” provides a more up to date driver for the newer operating systems. These files may be

downloaded from http://www.abatech.com/RheaFile.htm or can be obtained from our technical support

RHEA Manual.doc Page 4 July 2011
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team or from the SafeNet web site. Instructions are provided with the zip files for installation of this driver.
If successfully installed, 'Error 12' message will not be displayed. The same setup program can be used to

remove the drivers if desired.

RHEA Manual.doc Page 5 July 2011
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Analysis in RHEA

Shifting

The analysis in RHEA makes use of shifting procedures defined by Gordon and Shaw (1994) shifting

method. This method consists of steps as follows:

0o 0 0 o

of time / frequency covered by the isotherm pair

Determine an initial estimate of the shift using WLF parameters and standard constants

Refine the fit by using a pairwise shifting technique and straight lines representing each data set
Further refine the fit using pairwise shifting with a polynomial representing the data being shifted

The order of the polynomial is an empirical function of the number of data points and the decades

a This gives shift factors for each successive pair, which are summed from zero at the lowest

temperature to obtain a distribution of shifts with temperature above the lowest

Q The shift at Ty is interpolated and subtracted from every temperature’s shift factor, causing T to

become the origin of the shift factors

An example of the shift factor development according to this method is shown in Figure 1.

45
4.0 1
3.5
[ 4
% 3.01 ﬁ%
- - Shift =-1.31-1.04=2.35
i
o -8 ghift =.2.35.1.04=-3.39
S 25 -
O —
N Shift =-3.39-1.15=-4.54
2.0 4
—+—All Isotherms
-t -- Shifted 10 C
151 ---(F-- Shifted 20 C
- O  Shifted 30 C
---@ -- Shifted 40 C
1.0

4.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 1.0
Log Frequency, radsisec

Figure 1: Example of pairwise shift for E' data for dynamic modulus data

2.0

3.0
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After 1st estimate of the shift is made the polynomial expression is optimized using nonlinear techniques.
The shift factors are developed by considering the pairwise shift starting from coldest temperature
isotherm. For data consisting of loss and storage modulus the shifting is done for both components of
modulus and then averaged to produce the final shift. When only a single component is available (i.e. G*,

D(t), S(t), etc.) then the shift is only performed one time.

The goodness of the shift produced depends upon the data quality obtained, in particular 1) the number and
spacing of data points in each isotherm of data, and 2) the quality of the data with respect to the phase angle

collection.

The number and spacing of data points within each isotherm is recommended to be a minimum of 4 to 5
equally spaced points on a logarithmic scale and a maximum of 10 points. This type of sampling scheme
ensures that the polynomial fitted to the data in the shifting process is weighted appropriately. If data sets

contain large gaps then this may result in a shifting error.

Phase angle data is the most problematic of rheological measurements since calibration standards (Velanker
and Giles, 2007). The phase angle measurement relies on good measurements and can be effected by
compliance and many other issues. In particular, we have noted that in asphalt mixture work that the phase
angle measured is often substandard. Consequently, the software provides an alternate method of shifting
for materials collected in dynamic testing in that data can be exported to complex modulus alone, the data
file re-read and data shifted using a single shift of complex modulus. Various model parameters are then

computed on the shifted modulus values.

Models

Prony Series and Functional Forms
After the data has been shifted various model fits are attempted and applied. These included

relaxation/retardation spectra (often referenced as Prony series) and functional forms such as the
Christensen-Anderson model (1992) (applied to visco-elastic liquid formulation for asphalt binder and
other materials) and the standard and generalized logistic functions (applied to visco-elastic solid
formulation for mixtures and other materials) (Verhulst, 1838; Richards, 1959). The Christensen-Anderson
model is applied to asphalt binders (bitumen) that generally contain no modification although it has also
been applied with success to filled materials. Filled asphalt materials are generally better characterized by
visco-elastic solid models and in this can the Verhulst of Richards models are fitted. The Verhulst model
has been implemented in pavement design systems and has a long history of usage for asphalt materials

referred to as the Witczak model. The user has some choices over the model fitting in that the user can

RHEA Manual.doc Page 7 July 2011
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specify an analysis assuming a visco-elastic solid model or liquid model. Generally, RHEA will determine
which fitting method is better for the data set. It should be noted that most data sets can be analyzed as a
visco-elastic liquid whereas fewer data sets generally can be forced to follow solid models unless the data

shows a solid type asymptote at both end of the master curve.

The discrete spectrum fit uses the method developed by Baumgaertel and Winter (1989) for fitting visco-
elastic solid or liquid retardation and relaxation models. The algorithm for fitting the discrete spectrum to
the data set requires a given number of points per decade — typically 4 to 5. Consequently in order to
generate a well condition discrete spectra calculation the data is smoothed and data points are determined
which provide input into the DS calculation. If excessive data points exist — these are the reduced whereas
if insufficient data exists extra points are interpolated to allow the calculation to take place. This is termed

“smoothed interpolated MC” and is shown in one of the listings.

MEPDG Mastercurve
An alternate option is provided in RHEA which has been developed specifically for the hot-mix asphalt

industry — which is the analysis of parameters associated with Mechanistic Empirical Pavement Design
Guide. The master curve is of the Verhulst format with the exception that an E* function is provided as a
function of time using an approximate empirical relationship adopted in that method. The shift factor is

expressed in a polynomial form with this model.

RHEA Manual.doc Page 8 July 2011
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RHEA™ File System

Automatic File Recognition
The RHEA™ software file reader can automatically read and view different data files. The files must be

ASCII data files and currently we have tested the software with data collected on the following:

Anton Paar

ATS Rheosystems

Bohlin (DSR) (now Malvern)
Cannon (BBR)

Cox and Son (SST)
Interlaken (SST)

Malvern (DSR)

Rheometrics (DSR)

TA Instruments (DSR)

and others

0o 00000000 D

The data file format used by the software follows the conventions proposed by Gordon and Shaw (1994)
(and further developed within this software) and in practice any rheological data can be handled by the
RHEA™ software. In the current version of the software five file readers are provided - 1) Bohlin, 2)
Interlaken, 3) Interlaken (SST), 4) TA Instruments DSR (Format specific) and Cox and Son (SST). In
addition, the use may make a data file using any suitable ASCII text editor. File import options with these

data files are discussed in Appendix A.

Run File Data format

The *.ttd run file is an ASCII text file that can be developed with any editor program. The format of the
data file is based the formats proposed by Gordon and Shaw (1994). This format has been extended to
allow different experimental conditions to be used and different test types. The format of the file is
indicated below.

RHEA Manual.doc Page 9 July 2011
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Format of data file.

Line 1 Description. Any text, on 1 line.

ine 2. Thirteen items as follows:
N if natural data or L if logl0O data
ni = Number of isotherms
Tref = Reference temperature °C.
Glassy temperature °C
Apply density correction: Use 1
Expansion coefficients available: Use 1
Expansion coefficient below glassy temperature.
Expansion coefficient above glassy temperature.
Density at 25°C
0 = Binder, 1 = Mix
H for Hz or R for rad/sec if frequency domain. S = seconds if time domain.
G = shear, E = tension or bending, J or D if compliance rather than stiffness,
S for apparent stiffness (1/Compliance).
Units - eg Pa, kPa, MPa, psi etc.
F to enforce analysis as (F)luid; R - let (R)hea decide
Wx Tolerance (decades) for "Wild" shift
Yx Specify a Glass(y) Modulus

O©CO~NOURWNRIC

Isotherm commences; 2 items as follows:
Temperature of isotherm, ascending.

nt = Number of times / frequencies.

0 = rejected, 1 = selected.

ines 4 to (3+nt). nt lines, isotherm data points, 3 items / line, as follows
Time or Frequency, ascending.
Modulus or Compliance if time domain.
Storage modulus if frequency domain.
1 (Transient) Loss modulus (Dynamic)
4 0 = point rejected, 1 = point selected
For each isotherm, repeat, as from line 3.

Isotherms must be in ascending order of temperature.

Time or Frequency must be in ascending order within Isotherms.

IT Indirect Tensile Test (IDT) data is input, Tref must be Temperature of
coldest isotherm (because a power fit is used for compliance data). Also, in
the case of IDT data, the number of data points must be the same in each
isotherm.

G* can be entered alone with a calculation of phase angle.

Does not allow Phase Angle to be input at present, and Shifting cannot be
performed on basis of Phase Angle, at present.

maximum of 24 isotherms allowed - or - 300 data points.

The example below is a listing from a typical data file — seven isotherms of data.

Area 1 - RTFOT residue
L 7 25 -201 1 .0002 .00017 1.02 0 H G Pa
5.000 20 1

-9.9986973e-01 7.0286119e+00 7.0182427e+00 1
-8.9469424e-01 7.0815633e+00 7.0601688e+00 1
-7.8933376e-01 7.1400050e+00 7.1066328e+00 1
-6.8394574e-01 7.1927068e+00 7.1480162e+00 1
-5.7864290e-01 7.2454386e+00 7.1922328e+00 1
-4.7324731e-01 7.2960726e+00 7.2341375e+00 1
-3.6797823e-01 7.3491804e+00 7.2682971e+00 1
-2.6244957e-01 7.3955535e+00 7.3053944e+00 1
-1.5735332e-01 7.4471580e+00 7.3458049e+00 1
-5.1797385e-02 7.4925369e+00 7.3841921e+00 1
5.3884790e-02 7.5378946e+00 7.4144218e+00 1
1.5905560e-01 7.5826655e+00 7.4473131e+00 1
RHEA Manual.doc Page 10 July 2011
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2.6493582e-01 7.6256211e+00 7.4794025e+00 1
3.6992055e-01 7.6704871e+00 7.5157679e+00 1
4.7712125e-01 7.7093209e+00 7.5473685e+00 1
5.7949778e-01 7.7494735e+00 7.5754534e+00 1
6.8472870e-01 7.7878004e+00 7.6045176e+00 1
7.9588002e-01 7.8288467e+00 7.6342555e+00 1
8.9733563e-01 7.8633942e+00 7.6628050e+00 0
1.0000000e+00 7.8982094e+00 7.6845940e+00 0

15.000 20 1
-9.9986973e-01 6.1409164e+00 6.2968187e+00 1
-8.9469424e-01 6.2108534e+00 6.3576300e+00 1
-7.8933376e-01 6.2858273e+00 6.4227375e+00 1
-6.8394574e-01 6.3525877e+00 6.4794601e+00 1
-5.7864290e-01 6.4217355e+00 6.5385737e+00 1
-4.7324731e-01 6.4917678e+00 6.5968389e+00 1
-3.6797823e-01 6.5581924e+00 6.6545231e+00 1
-2.6244957e-01 6.6250139e+00 6.7099057e+00 1
-1.5735332e-01 6.6901961e+00 6.7640117e+00 1
-5.1797385e-02 6.7536214e+00 6.8164335e+00 1
5.3884790e-02 6.8183777e+00 6.8693491e+00 1
1.5905560e-01 6.8799899e+00 6.9200555e+00 1
2.6493582e-01 6.9417399e+00 6.9715124e+00 1
3.6992055e-01 7.0011710e+00 7.0198222e+00 1
4.7712125e-01 7.0606223e+00 7.0663632e+00 1
5.7949778e-01 7.1182647e+00 7.1124374e+00 1
6.8472870e-01 7.1740016e+00 7.1576985e+00 1
7.9588002e-01 7.2305000e+00 7.2033593e+00 1
8.9733563e-01 7.2816923e+00 7.2441286e+00 1
1.0000000e+00 7.3324789e+00 7.2839567e+00 1
30.000 20 1
-9.9986973e-01 4.9135437e+00 5.1511859e+00 1
-8.9469424e-01 4.9730770e+00 5.2140752e+00 1
-7.8933376e-01 5.0333031e+00 5.2801229e+00 1
-6.8394574e-01 5.0999222e+00 5.3476227e+00 1
-5.7864290e-01 5.1531133e+00 5.4086469e+00 1
-4.7324731e-01 5.2170099e+00 5.4734724e+00 1
-3.6797823e-01 5.2829392e+00 5.5408298e+00 1
-2.6244957e-01 5.3446869e+00 5.6057574e+00 1
-1.5735332e-01 5.4094089e+00 5.6727073e+00 1
-5.1797385e-02 5.4751916e+00 5.7407179e+00 1
5.3884790e-02 5.5566160e+00 5.8158566e+00 1
1.5905560e-01 5.6377298e+00 5.8916824e+00 1
2.6493582e-01 5.7179949e+00 5.9654134e+00 1
3.6992055e-01 5.7969557e+00 6.0371874e+00 1
4.7712125e-01 5.8754953e+00 6.1083959e+00 1
5.7949778e-01 5.9528312e+00 6.1761781le+00 1
6.8472870e-01 6.0323770e+00 6.2467201e+00 1
7.9588002e-01 6.1151444e+00 6.3201671e+00 1
8.9733563e-01 6.1907238e+00 6.3857492e+00 1
1.0000000e+00 6.2649594e+00 6.4499718e+00 1
45.000 20 1
-9.9986973e-01 4.0044074e+00 4.2358061e+00 1
-8.9469424e-01 4.0612639e+00 4.3019627e+00 1
-7.8933376e-01 4.1365303e+00 4.3686959e+00 1
-6.8394574e-01 4.1866456e+00 4.4370050e+00 1
-5.7864290e-01 4.2487087e+00 4.5059229e+00 1
-4.7324731e-01 4.3174156e+00 4.5797836e+00 1
-3.6797823e-01 4.3855527e+00 4.6499771e+00 1
-2.6244957e-01 4.4583659e+00 4.7225681le+00 1
-1.5735332e-01 4.5188428e+00 4.7896089e+00 1
-5.1797385e-02 4.5591043e+00 4.8644517e+00 1
5.3884790e-02 4.6435119e+00 4.9312697e+00 1
1.5905560e-01 4.7000630e+00 5.0016039e+00 1
2.6493582e-01 4.7683939e+00 5.0690758e+00 1
3.6992055e-01 4.8414471e+00 5.1460970e+00 1
4.7712125e-01 4.9121795e+00 5.2103185e+00 1
5.7949778e-01 4.9725777e+00 5.2786393e+00 1
6.8472870e-01 5.0504958e+00 5.3503643e+00 1
7.9588002e-01 5.1264237e+00 5.4248490e+00 1
8.9733563e-01 5.1950136e+00 5.4922015e+00 1
1.0000000e+00 5.2677817e+00 5.5562301e+00 1
60.000 20 1
-9.9986973e-01 3.2378955e+00 3.4834732e+00 1
-8.9469424e-01 3.2940251e+00 3.5520352e+00 1
-7.8933376e-01 3.3839948e+00 3.6280618e+00 1
-6.8394574e-01 3.4285073e+00 3.6885800e+00 1
-5.7864290e-01 3.4976206e+00 3.7641163e+00 1
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L T T B |
uquUuRrbDWR

HoNoud wh

HoNoaoud wh

-8
-7
-6
-5
-4.
-3
-2
-1
-5
5

.7324731e-01
.6797823e-01
.6244957e-01
.5735332e-01
.1797385e-02
.3884790e-02
1.5905560e-01
.6493582e-01
.6992055e-01
.7712125e-01
.7949778e-01
.8472870e-01
.9588002e-01
.9733563e-01
.0000000e+00
75.000 20 1

-9.
.9469424e-01
.8933376e-01
.8394574e-01
.7864290e-01
.7324731e-01
.6797823e-01
.6244957e-01
.5735332e-01
.1797385e-02
.3884790e-02
1.5905560e-01
.6493582e-01
.6992055e-01
.7712125e-01
.7949778e-01
.8472870e-01
.9588002e-01
.9733563e-01
.0000000e+00
90.000 20 1

-9.

9986973e-01

9986973e-01

.9469424e-01
.8933376e-01
.8394574e-01
.7864290e-01

7324731e-01

.6797823e-01
.6244957e-01
.5735332e-01
.1797385e-02
.3884790e-02

1.5905560e-01
.6493582e-01
.6992055e-01
.7712125e-01
.7949778e-01
.8472870e-01
.9588002e-01
.9733563e-01

1.
Rhea time - Temperature data e:\acb6b3078 geoff rowelacb6b3078rtfo.ttd
File created 1/17/2008 9:32:22 AM
Isotherm details:

ONoauldkd WwWN

0000000e+00

BB AROLLLUWLWLWWW

WWWWWWWWWWWWwWwhdDNdNNMNNDNDNDN

WWWWNNNMNMNNMNNDNOMNMNNMMNMMNNRRRBER

.5648199e+00
.6219444e+00
.6881973e+00
.7498368e+00
.8196032e+00
.8877635e+00
.9471935e+00
.0181594e+00
.0806626e+00
.1417632e+00
.2129596e+00
.2785021e+00
.3452168e+00
.4052951e+00
.4736621e+00

.5086240e+00
.5772849e+00
.6643599e+00
.7279558e+00
.8075824e+00
.8841664e+00
.9494193e+00
.0449707e+00
.1020219e+00
.1397217e+00
.2461784e+00
.3000082e+00
.3795049e+00
.4416166e+00
.5119368e+00
.5776986e+00
.6386989e+00
.7137089e+00
.7804037e+00
.8423845e+00

.6795369e+00
.7827592e+00
.8867388e+00
.9863596e+00
.0769316e+00
.1510019e+00
.2508590e+00
.3125370e+00
.4122253e+00
.5215695e+00
.6035016e+00
.6872524e+00
.7725051e+00
.8477454e+00
.9208743e+00
.9896545e+00
.0713664e+00
.1485718e+00
.2217793e+00
.2849493e+00

BB RBRABROLLWW

BEREAWLWLWLWLWLWWLWWLWWLWWWWWWWWDNDNN

WWWWWWWWWWhDNNMNDNNMDNDNDN

.8239565e+00
.8972146e+00
.9636131e+00
.0332226e+00
.1055442e+00
.1774499e+00
.2465232e+00
.3135298e+00
.3901576e+00
.4564723e+00
.5291222e+00
.5991623e+00
.6749713e+00
.7440817e+00
.8154051e+00

.8521200e+00
.9309338e+00
.9907738e+00
.0736450e+00
.1415438e+00
.2130128e+00
.2782276e+00
.3548956e+00
.4266414e+00
.4892974e+00
.5656471e+00
.6351820e+00
.7090748e+00
.7752390e+00
.8495300e+00
.9191670e+00
.9858125e+00
.0629203e+00
.1289805e+00
.1956229e+00

.2418950e+00
.3174574e+00
.4094259e+00
.4909132e+00
.5743438e+00
.6390280e+00
.7244807e+00
.8080556e+00
.8834797e+00
.9712712e+00
.0506890e+00
.1289805e+00
.2034137e+00
.2753574e+00
.3432116e+00
.4070338e+00
.4879157e+00
.5596553e+00
.6349103e+00

7014212e+00

RPRRHERRERRERRERRERRR

RRRHERHERPRRERHERRERBRRERBRRERRBR

RRRHERHERPRRERHERRERBRRERBRRERBRRBR

Temp . Points Data
Number C used source
1 5.0 11111111111111111111 e:\...\acb6b3078 rtfo 8mm.dow\T5.0
2 15.0 11111111111111111111 e:\...\acb6b3078 rtfo 8mm.dow\T1l5.0
3 30.0 11111111111111111111 e:\...\acb6b3078 rtfo 8mm.dow\T30.0
4 45.0 11111111111111111111 e:\...\acb6b3078 rtfo residue.dow\T45.0
5 60.0 11111111111111111111 e:\...\acb6b3078 rtfo residue.dow\T60.0
6 75.0 11111111111111111111 e:\...\acb6b3078 rtfo residue.dow\T75.0
7 90.0 11111111111111111111 e:\...\acb6b3078 rtfo residue.dow\T90.0
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Running the Software
When the software is started either the file-handling window (Appendix A) will be displayed on the main

analysis window. If the file handling window is displayed the user selects the = button on the menu bar

or uses the File menu on the Toolbar to switch to time-temperature superposition to run the analysis. When

in t-T mode the user then selects the *.ttd file using the file menu of the file button. The default directory

will be that most recently used to save data. Once a data set is opened the software automatically performs

the calculation of the relaxation spectra and activates the graphing buttons that are applicable for the type of

data as illustrated below, see Figure 2.

7 Rheology Analysis - C:\Users\GMR \Desktop\Rheology Data\Orginal DSR.ttd

File Edit View Folders Options Help

2| B BlEezlElEElE bl glel=n N lelklel L] < el 2] &

l_l‘U1|35

1e9

[otemoraph|  oample /10 Orgmal D5R

1ed |

1.7

Teb |

Stewgge Maakiles s Loss Maokalss fsothamns

S e i

&C

18°C

o
il

A0

A _/—T =

e

Tool tips are displayed for each graph by
placing the mouse over the appropriate

button

Figure 2: Graphic buttons and tool tips - main analysis window

Nomenclature

Different publications use different terminology and nomenclature for graphics. After review, this software

has adopted the following:

G* complex shear modulus

G' storage shear modulus

G" loss shear modulus

G(b) creep shear relaxation modulus

J(t) creep shear compliance

E* complex extensional modulus

E' storage extensional modulus
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E" loss extensional modulus
E(t) creep extension relaxation modulus
D(t) creep extension compliance

S(t) stiffness - bending beam rheometer

Ai relaxation time

o] relaxation strength
Aj retardation time

Ci retardation strength
ar shift factor

Basic Graphic Plots

In the example illustrated below (Figure 3) a file has been read into the software which contains dynamic
data. All dynamic graphs have become active (except one used for asphalt mix master curve — solid

behavior) since the data can be analyzed according to visco-elastic principles.

The data set shown consists of five isotherms of data ranging from 5°C to 90°C

Sampie 10 Orgindl 5K
Add ¢ Remove |sm, Stvzge Mockats ard Loss Mogalis [sotemns

ttd orginal der
M ot

Tegl| ~= T8
1e7 el g5

Tef || 1ERE _.—/"’_._/_.’_.-/_.-/_t A
ERSES— J-rr_.___.__.-— 30T

1es

—e——*C0"[

45T 'F*:_‘,r—-f""" L

163 BT

—— 30T
75T W V
B y ===2

1 Legend

1e2

Ohserved Data Points [
Storage Modulus
Lozg Modulus

|
o0 iR] 1 10 100

Frequency, Hz

Figure 3: Isotherms collected for asphaltic binder sample, 5°C to 90°C
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Automatic plots are generated for each graph - see examples below (Figure 4 to Figure 16). The graphs

provided are as follows:

© 0o N o g~ w DN PR

L o el =
A W N B O

15.
16.

Isotherms - format as measured data.

G' Pairwise shift

G" Pairwise shift

Transient Modulus Stiffness Master Curve Graph (for this data example - G(t) versus t)

Transient Compliance Master Curve Graph (for this data example J(t) versus t)

Storage and Loss Modulus Master Curve Graph (for this example G' and G" versus frequency)
Complex Modulus and Phase Lag Master Curve Graph (for this example G* and & versus frequency)
Viscosity Master Curve Graph

G™* versus 4 - Black space

. Dobson Master Curve Graph

. Frequency vs. Temperature (area of interpolation obtainable)

. Isochrone Graphs

. Oberst Analysis Graph

. MEPDG (Mechanistic-Empirical Pavement Design Guide Master Curve Graph — only applicable to

materials with VE-solid behavior — not this example)
Arrhenius shift factors
WLF shift factors

The relaxation times are plotted on the master curve and the black space plots. The shifting parameters are
plotted in the Arrhenius and WLF form
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Figure 5: G" Pairwise shifts
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Sampie 17 Orginal TSR

1ed
L Mastercurve Tref = 2810
1e8
1ed
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e
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e
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Frequency, Hz
Figure 6: Master curve of G' and G™ for asphaltic binder sample
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Figure 7: Master curve of G* and & for asphaltic binder sample
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Figure 8: Complex Viscosity MC from Dynamic Data
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Figure 9: ""Black’s space™ (Phase Angle vs. G*) for asphaltic binder sample
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Figure 10: Dobson Master Curve Graph — plots 1+tan(8) vs. G*
RHEA Manual.doc Page 19 July 2011

Copyright © 2000-20011 by Abatech Inc., Blooming Glen, PA



RHEA™ - Rheology Analysis

" G", Pa

L]

1e12 Sampie 10 Orginal OSR
Accessiie reqgron in Frequency v5. Temperarure
Legend
— |zOtherms
Mastercurve at Tmin 18
1e8 Mastercurve at Tmax
Minimum frequency
Maximum frequency
Fled
Ted
=
T =
)
g S
c —
o 1
E E
g 1 |5 |15 |30 |45 |ED |?5 90 i
['H
Fle-4
Ted
H1e-8
1el
L1e12
1el2
1] 10 20 30 40 50 [=11] 70 80 a0 100

Temperature [C)

Figure 11: Data collected and range over which data can be interpolated from look up feature
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Figure 12: Simulated Isochrones from isothermal data — Isochrones can be choice of 4 different
parameter sets

RHEA Manual.doc Page 20 July 2011

Copyright © 2000-20011 by Abatech Inc., Blooming Glen, PA



RHEA™ - Rheology Analysis

abatech

1e0

Sampie 10 Orginal OSR

Swrdzied Ohest Bagm Damping Feguency 00 He

/\\

e

—

System Loss Factor
o
ra

Te-3
/ Simulated Oberst Beam Damping
J Test frequency, Hz = 400
Thickness ratio H1 /{H=1.4
Beam Modulus, GPa = 40
Max System Loss Factor =0.3381
at Temperature = -14°C
1 B_£}2DD -160 120 a0 -40 0 40 an
Temperature, C
Figure 13: Simulated Oberst Beam Damping Properties
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Figure 14: AASHTO MEPDG Master Curve Data - taken from Mixture data set developed by CAIT

at Rutgers University, NJ
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Figure 16: Nonlinear WLF Fitting Parameters
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Look up feature

A critical aspect of rheology and analysis of data is to allow rapid estimation of visco-elastic properties at
temperatures and frequencies other that those at which the data is collected. A look up feature is provided

that enables time and frequency domain properties to be estimated for the active data set, see Figure 17.
The user enters the required frequency, temperature and time and activates the run button.

All common visco-elastic properties are immediately displayed for the stipulated conditions.

Rheology Analysis - CG\Users\GMR\Desktop\Rheology Data\Orginal DSR.ttd
File Edit View Folders Options Help

2| = 2HEB el

=10l x|
Elzle] ] SN N B sl LN & el 2] &)
1e8 Sample /57 Orgindl 57
Bl =T — - gy .
e el el e e Masteroieve Trer = ST
‘\\ -.\\ \‘\ \\‘ \\\ \,\\ \‘\\ \‘\ \\\ \\‘ .
167 A T L N A
ol T - == = Lo L
L IS
" File Edit
a6 I‘. Froperty Symbol Walue
. R elaxation Modulus G 3375780351 97823+ 05
L "‘ | Creep Compliance JIt) 4 2394732207 386806
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Advance Graphing

RHEA™ users can make use of advance graphing features to develop sophisticated graphic plots. This
utility can be activated from an additional button provided on the menu bar as illustrated below. The

graphic utility contains its own help menu and pop-up features for various part of the graph.

When this button is activated the program sends the contents of the active graph to the graphing application

without interfering with the calculation in RHEA™. This feature is available for nine of the thirteen

automatic graphs. The user can then save the "graph data" -or- "graph data and graph format". Once

multiple data sets have been saved the user can then superimpose data sets of the same kind using the

superimpose item on the Edit menu

Each feature of the graph can be changed by activating the "2D Chart Control Properties" dialog with a
right mouse click. The general box is illustrated below in Figure 18 with the advanced graphing activated
for a master plot of complex modulus and phase angle. However, if you activate this dialog box when the
mouse is located over a graphic feature - a limited box relating only to that item or feature will be

displayed.
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Figure 18: Advanced graphing controls
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After several data sets have been superimposed it is possible to change styles and edit the default text that
has been posted to the various dialog boxes to develop complex graphs as illustrated below. Detailed

information is provided in the HELP file.

In addition, to the graphics capabilities of RHEA™ it is possible to copy the graphics into other
applications as either enhanced meta files or bitmap formats. The meta file format can be converted into

other formats by the user if other installed software supports this format (for example Power Point).

Isotherm Contributions

A feature is provided to allow the user to rapidly view the contributions that an individual isotherm has in
the master curve by using a separate symbol and color for each isotherm. This feature is available for most

of the plot formats and is activated by placing the mouse over a master curve graph and using the "right

click.”
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1e8 Sampie 17 Orginal 5K a0
*
w3 Mastarruve Trelf =280 -
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Figure 19: Separate symbol and color for each isotherm
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Examples

Estimation of binder property

A binder sample has been collected and tested at temperatures illustrated below. The user wants to

determine the SHRP intermediate binder property at various temperatures associated with the fatigue
specification, i.e., 10, 13, 16, 19, 22, 25 and 28°C (at 10 radians/second).

- Sample 101
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SEWEge Wodiiiss Fid L oss Mootitss (someins
—234°C
Te? [ 8155°C
F__,;—_;-ﬁ"“"”r 97170
E mﬁﬁ# .,
166 156E = 27T
= — |
165 z-.sw:-’/"//ré /,.f"’" —4399T
35.995&{#/% G
g =55 ¢
S 1ot 33 ?EAAﬂSE o
q F
? - %/ﬁ//f B41°T
163 B1°T g sl
55.2°c7 7
BL1°C /
1el y e
L d
1e egen Ohserved Data Points
= Storage Modulus
= Loss Modulus
190 5 0. 01 ] 10
Frequency, Hz
Figure 20. Isotherms of binder stiffness ranging from 9.4 to 33.9°C
Using the look-up feature the user obtains properties at the desired temperatures.
Temperature, °C ~ G*sind (kPa)
10 20,049
13 14,821
16 10,919
19 7,797
22 5,478
25 3,702
28 2,442
Note: G*sino = G"
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This information is then graphed (using other software such as EXCEL) to allow the user to investigate the

sensitivity of this binder to this specification parameter with temperature. The maximum allowed value in

the specification is 5,000 kPa.

25,000
G" =-1.0772 T3 +103.83 T2 - 3669.3 T + 47412
20,000 4 R2=1
< 15,000 -
o
3
® 10,000 -
5,000 \‘\‘
0 T T T T T T
10 13 16 19 22 25 28 31
Temperature (C)

Figure 21. Relationship between G' (kPa) and temperature (°C)

In this example the effect of the binder temperature on the specification parameter can be clearly obtained.

The binder meets requirements at 25°C and above while at other temperatures it fails the test requirement.

Visco-elastic information for advanced pavement design

Engineers designing pavement structures use visco-elastic pavement design. Several methods of design
exist which require data in the form of relaxation and retardation spectra (Rowe et. al, 1995; Huang 1993).
The RHEA™ software presents this information based upon the data set collected in formats that can be

used in the referenced methods.
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Computed Discrete Relaxation Spectrum, T ref. = 25
Mode Mode Mode
Munber Strength Felaxation
Pa Time, sec.
1 8.12705439384514+07 2.459212592453454e-04
4 1.70127432014049e+07  3.597970933325070e-03
3 6.7360105372873580e+06 3.038291475158544e-02
4 2.13791410305040e+06 2.12195442188835e-01
5 6.37674927243552e+05 1.42107270543801e+00
[ 1.51941573692758%e+05  9.46090254419173e+00
7 3.6998505363135%e+04 5.58567219750625%e+01
g 7.29567886285001e+03 4.08045710463636e+02
9 8.14379247953581e+02  3.12477822225816e+03
10 3.5819174056752580e+01  4.2093025580645%e+04

Fit rms error = 4.11%

Computed Discrete Retardation Jpectrum

Mode Mode Mode
Hunber Compliatce Retardation
1/Pa Time, sec.
1 1.97090334372017e-08 §.86011342720260e-04
2 3.90924379771240e-08 1.00779012139736e-02
3 1.099095355909748e-07 8.85577792533036e-02
4 3.32737443612650e-07 6.7608543005250%e-01
5 1.11341340000354e-06 5.20806993735751e+00
& 3.70843199343765e-06 3.55143463696058e+01
7 1.52117974810042e-05 2.67616207528788e+02
g 6.04327254481357e-05 2.42373943233802e+03
E 4,207731565840606e-04  3.67479176004054e+04
Instantaneous Compliance = 9.25994731007561e-0%9
Steady Shear Viscosity = 7.78247581979702e+07

NE. Results walid only within the range of reduced time
or frecquency covered by the computed mastercurwe. _:J

| d41MB037 - thea softwaretdatahdowsmplhprisac3Chtfat | Dynamic Test  |[4/28/00 | 315 PM 4

Figure 22: Relaxation and Retardation Spectrum

Frequency Sweep at Constant Height
The frequency sweep test at constant height is used for permanent deformation and fatigue cracking

analysis in the Superpave procedures (The Asphalt Institute, SP-2, 1996). A repeated shearing load is
applied to the specimen to achieve a shear strain of 0.05%. The test is carried out over a range of
frequencies, 10 to 0.01 Hz.
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The data is prepared in the format illustrated earlier resulting in isotherms of stiffness. In the Superpave

specification stiffness information is required at temperatures which are site dependent for the intermediate

analysis level (Te#(PD) and Te(FC))* or for the complete analysis at 4, 20 and 40°C.
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Frequency, rad/zec

Figure 23: Frequency sweep test at constant height, isotherms, asphalt mixture results

Cominsky (1994) proposed the following relationship for Tex(FC):

T, (FC) = 0.8(MAPT) — 2.7

! Ter(FC) is the single temperature at which an equal amount of fatigue damage would occur to that measured by considering each

season separately throughout the year. T.(PD) is the single temperature at which the predicted permanent deformation would be

identical to that predicted by a multiple temperature analysis.
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MAPT is defined as the mean annual pavement temperature. For a particular location the MAPT is
estimated as follows:

"The temperature for the Tacoma area in the SHRP 10-year database is illustrated below. Using this data the

effective temperature for pavement design can be determined to be 10.2°C (50.4°F)."

Month t min t max __ std.t min std.t max MMAT std. Mean Pave Temp
Jan 11 7.8 4 35 45 3.8 8.3
Feb 2.4 10.2 3.1 2.9 6.3 3.0 104
Mar 3.2 12.2 2.9 34 7.7 3.2 12.0
Apr 4.9 15.2 2.9 4.1 10.1 35 14.7
May 7.6 18.8 2.3 4 13.2 3.2 18.4
Jun 10 21.2 24 4 15.6 3.2 21.1
Jul 12.2 24.5 1.9 3.8 18.4 2.9 24.3
Aug 12.8 24.7 19 4.1 18.8 3.0 24.7
Sep 10.9 21.6 2.1 4.1 16.3 3.1 21.9
Oct 7.5 16.6 2.9 3.8 12.1 34 17.0
Nov 3.9 11.3 3.6 3.2 7.6 34 11.9
Dec 2.2 8.6 4 3.7 5.4 3.9 9.4

AAPT = 16.2

Teff (FC)  10.239667

Note:  All data in degrees Celsius.
Record period was 1971 to 1981.
Latitude 47.25 degrees North, 122.43 degrees W, Elevation 82.33 meters.
Weather station reference - Tacoma WB City WA8286

By setting the reference temperature to 10.2°C the properties at this pavement design temperature are

determined. The graphs below illustrate the various results.
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Figure 24: Frequency sweep test at constant height, G and G and fitted curves
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Figure 25: Frequency sweep test at constant height, G* and phase angle and fitted curves
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Figure 26: Frequency sweep test at constant height, Black Space plot
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By inspection of the graphics it can be noted that at the highest temperature tested (40°C) (i.e. at the lowest

frequencies) some non-linear visco-elastic behavior is occurring. The user has two options for improving

the data analysis in this region, as follows:

1. Fit functional model to data before performing the analysis of the relaxation and retardation spectra.

2. Remove data set at high temperature, which appears to be the cause of the problem.

In this example we have opted for solution number 2 which gives the following black space diagram.
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Figure 27: Frequency sweep test at constant height, Black space plot with one isotherm removed

This solution improves the appearance of the results. However, users must be cautioned that the analysis
will only be as good as the collection of the original data. For asphalt mixtures non-linear behavior does

occur and this becomes more significant as temperatures are increased.

Combination of BBR and DSR data sets

The Superpave binder specifications make use of two test devices for determining binder rheology; the
Bending Beam Rheometer and the Dynamic Shear Rheometer. The BBR measures low temperature
stiffness in the time domain while the DSR measures stiffness over a range of frequencies at higher
temperatures. The RHEA™ software enables engineers and asphalt technologists to combine the data and
represent it in either the time or frequency domain. The example shown below is test data recorded from
Lamont test section 1. Figure 18 illustrates the G', G" versus frequency plot while Figure 19 illustrates the

transformation to G(t).
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Combined Master Curves, Lamont Test Section 1
80/100B Boundary Lake, Esso Port Moody RTFO Residue
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Figure 28: G', G™ versus frequency - BBR and DSR combined data set, Lamont Section 1
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Figure 29: G(t) from combined data set, Lamont Section 1
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Performing the combination

Summary of Procedure

1. The BBR data is fitted with the CA, CAS and CAM model (Rowe et al., 1999) and the software
determines the fit with the lowest error. This master-curve is adopted.
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2. Hopkins and Hamming method is used to convert the master curve to the relaxation modulus E(t).

3. The E(t) data is then fitted with a CAM model using the Glassy modulus determined from the previous
fitting. This gives a function which describes a E(t) fit.

4. The discrete spectra is calculated for the E(t) fitted function.
The reciprocal of the observed times are the substituted into the function to estimate the E', E" data
points.

6. The data points are shifted using the original shift values obtained along with a reverse density
correction to obtain dynamic isotherms corresponding to the original data.

7. Extensional data is then output to a data file converting to G in the process with an optional Poisson's
ratio (default is set at 0.5).

Steps in the Performing the Analysis
The user should develop a BBR data set in the normal manner. The example illustrated below is the data

obtained for the Lamont study (Rowe et al., 2000) which contains five isotherms.

Sampie [0 Hbbr rffe
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\?\\\\;}Nm
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Legend Ohserved Data Points
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I
1ol 10 100 1000

i, sec

Figure 30: Isotherms of Stiffness from the BBR

The user should display the graph with the conversion to the dynamic form and use the right mouse to bring

up the menu as shown. The "Pseudo Points" can be shown and then saved as an isotherm in a separate file.

[Note - the graphical representation states G' and G" - however - the data is E' and E" - we will be altering

the axis in the next release].
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Figure 31: Calculated Dynamic Properties for a BBR Data Set

When saving the data the dialog box as illustrated is obtained. The user is prompted with a file name which

has the extension "-pp.ttd" which indicates pseudo points output. The user can also change the default

value of 0.5 for the Poisson's ratio at this stage. The data is then stored as equivalent DSR data sets for

each of the temperatures in the BBR data files.
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Figure 32: Saving BBR Time Domain data as a Frequency Sweep

After the data has been saved in this manner the next step is to combine the two files. This is achieved by

using the file menu and selecting the two data files. The file merge windows are illustrated below for the
example used.

It is important at this stage to review the material properties being used for the time-temperature shifting.
In particular check the density, T and Tqas information since this all effects shifting. The default
information is taken as a simple average of the information in the data files.
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Data Sets - BBR+DSR
Two data sets - combined are given in Appendix B. One of these data sets shifts automatically while the

Figure 33: Steps in merging two Dynamic Data Files

second requires some data removal to obtain the shift. The reason for this is that in these example the DSR

data collected has included some spurious results as evident in the Black space plots. This data needs to be

carefully inspected with the bad data removed. The data points which been excluded from the analysis are

indicated by the lighter shading in the plot of G* and 5 versus frequency. In the data sets these are the data

items followed by a zero - see Appendix B.
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& 1e2
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Legend
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Frequency, rad/sec

1000

Figure 34: Lamont 4 Isotherms Illustrating DSR Data removed for shifting
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Figure 35: Lamont 4, Plot of G* and 8 versus frequency - light shaded data removed
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gy Analy abatech

Getting Help

Abatech is dedicated to providing you with sufficient support for your software problems. All problems
experienced may not be resolved immediately. However, we will endeavor to respond to user needs in a

timely manner. Our web page, www.abatech.com, will contain necessary fixes and updates to programs

and associated documentation as development of the product progresses. Also, you can contact us by e-

mail, phone and fax at the following:

E-mail growe@abetech.com
Fax (772) 679-2464
Phone (215) 258-3640

We ask that you adequately document any problem that you experience so that our development team has a

complete understanding of the nature of the problem to assist with a quick resolution.
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Introduction
When starting the software in file reader mode the user may or may not set data files depending upon the

default data file type selected in the “Data Format” dialog box. Different file extensions are used to denote
differing test equipment and data format. RHEA can read data formats automatically from many
equipments provided they are saved in the correct formats. We will be developing other formats as

example data becomes available. Current formats are as follows:

Manufacture Extension Notes

Malvern (formally Bohlin) *.d?w Several file formats as discussed
below.

Interlaken *.ion

Alpha-Technologies *.rpa Data output from RPA 2000
device.

TA Rheology *.prn Dynamic data which must be
output using a predefined format.

IPC Asphalt Performance *.cov Dynamic data from IPC device

Tester (formally known as the saved in comma separated ASCII

simple performance tester) file format.

The selection of the file format is made via the dialog box as shown in Figure A 1.

@ Bohlin Data - c\abatech software\rhea\example files\ binders\ bohlin raw data

File View Folders Help

] - = J72 - = =
ilnl IF.SweepJ AP J Iillillil il EI EI
|”.|:|?w;“.|:u:t | Contents
9 c:h. sbinders\bohlin g
= B d50.dow 16
----- & T700
----- & TEOO
----- & T450
[=]- .| d50r. dows 1eh
----- O T70.0
----- O TEOO
----- O T44.9 |
=By d70.dow Ted L
----- o T70.0 / !
----- o 600 40T /
O T45.0 | -/l»"fr{
=B d70n dow g1 e =

Figure A 1: Selection of data format
Bohlin (also Malvern) Files

These are the standard format data files produced by Bohlin Instruments with their rheometers. When the

software is started the user can use the browse facility to locate a directory containing the D?W files.
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The RHEA™ software file reader can automatically read and view Bohlin data files - for example DOW
data files. These are the standard format data files produced by Bohlin Instruments with their rheometers.
When the software is started the user can use the browse facility to locate a directory containing the Bohlin

data files.

Note: Itis a requirement that all the files for a time-temperature superposition analysis are placed in a

single directory, e.g., c:\program files\data\my material\.

Data files may be of the following type:

DCW __ (Data Creep Windows)

DCW  Bohlin creep files

DOW __ (Bohlin Oscillation Windows)

B Sweep Type 0. Single frequency - no analysis currently possible - can be used for temperature
sweep at single frequency - or other experimentation.

Sweep Type 1. Table of frequencies - frequency sweep used for master analysis.

3] Sweep Type 2. Ramp mode- no analysis currently possible - typically used for amplitude sweep.

DVW _ (Data Viscometry Windows)

B Viscometry data files - no analysis currently possible.

When the user has selected (using the Folders browse feature) the directory that contains the data files the
windows should be similar to that shown below. The example shown illustrates various data files. The tree

as shown can be expanded or collapsed by clicking the & and =l symbols adjacent to the tree.

A pull-down menu allows the user to select either frequency sweep (F.Sweep) or creep data files for

analysis.

The graph buttons on the Toolbar are activated for the type of data selected at this level.
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@Buhlin Data - d:1\14b037 - rhea softwareidatatbohlindata

File Wiew Help Folders

|3 [ce = EIE]E] 2] &

| Contents

LB Tkstd dvw
B Thatdh. dvw
- [B] 234166a.dow
. .o T35
=-[BY] 234166b.dow
i 0 TZ23E 1el
- [BY] 2341668 dow
I I prick
3 234168 dow g
© o TZ39 =
- [BY] 2462011 dow =
¢ .o [T2EE
- [B] 2158a.dow
- [B] 3158cur dow
B 511 0cur.dow
B B110curb. dow 1e-3

@ B164cur.dow

jﬁﬁ QM 1 .-I.—-.]. _Iv

4 4 124 i 01 T 10 100 1000
Folders | Individual FiIesI L. sec

| d:%18B037 - thea softwarstdatatboklindata | 4/26/00 [ 5:21 M o

1el

1e2

Figure A 2: The RHEA™ file reading system

For dynamic data the user has two choices for display, G' and G" or G* and sind whereas for creep data the

compliance J(t) is displayed.

A single file may contain many isotherms or just a single isotherm. Either right clicking with the mouse on
the individual isotherm or the file name can select the isotherms. The drop down menu has the file choice
deactivated if the right click is performed on the isotherm. The displayed menu is different for this feature
if the right click is performed on the "file" or the "isotherm.” The example shown below is that displayed
when activating the menu of a file line which then allows the user to select all isotherms of all files. If this

is displayed on a isotherm the equivalent line allows the user to select all isotherms of that single file.
In addition to selection of isotherms the user can view the file information in a text box, Figure A 4, and the

table of isotherms, Figure A 5. This functionality is useful for assigning file names and viewing

information from within the RHEA™ software.
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@Buhlin Data - d:A\1%b037 - rhea software\datay,

File “iew Help FEolders

ﬁ.lnl IF.Sweep 'l ElElEl EI EI

*dow, “.dow Files IEDntents
a d:h. . datatredlands ;l

----- [ ] Add all izotherms of this file

----- o Remove all izotherms of this file
..... e}
_____ o &dd all izatherms af all files
_____ o Femove all izotherms of all files
..... ) .
Header Information
El@ I':; |zotherm T able
----- o T450 1eE
----- o T3R50

Figure A 3: Adding and removing isotherms

[i] d:\1\b037 - rhea software\data\bohlindata\234166a.dcw File header lines

Creep Test
FTERTEETRLRTES
Data Filename
Creation Date
Version

General Heading
Start 0f Test
Test Time

Param File XRef
Faram File
Param Desc
Otmer ID

<1

: oary23dlasa. dow
: Thursday, February 04, 1999 1z2:00:23
HE<}

: Thursday, February 04, 1999 10:43:20

o 344 99 1 410 45 zZ0

: E00915147620EDXEEFEQ]
roary2idleoa. pow

o o |

Figure A 4: File information

md:“ \bD37 - rhea softwareldatatredlandsha.dow

r lsatherm details

Test Tempr. |Run Table Mumber | Tempr. Tempr.

number |number |number | Tempr. C|of Points [Awerage C |StdDevn C
1 1 [51] ikl B0.0 0.00

1 2 1 45 1 450 0.03

1 3 1 35 1 30 0.03

1 4 1 25 1 250 0.04

1 ] 1 15 1 15.0 0.05

1 5 1 5 1kl 5.0 0.04

Figure A 5: Isotherm Table

As the mouse is located over a data point, the information on the data point is displayed.
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I SED# TEAT ael Information displayed shows;
roc E. 1. delka .
015, 44. 2418770321721 | I"ega][?ee, Ltjeerrl:ge;ar:gr\?élﬁta
| E41°C ype, freq y _

Figure A 6: Data point information

Many times in data collection it is desirable to remove data points from the analysis. The software uses the
DOW files to create a "*.ttd" run file. The user can elect to remove points from the run file by using
facility provided with the graphical user interface. The data point can be removed from the analysis by a
right mouse click and then selecting remove. The removed data point is still visible but as open data point.

Repeating the same steps the data point can be reinserted into the analysis.

. Bheology Analysis - d:\1\b037 - rhea software\data\dowsmpl\privac30\gap1 \orignl [_ (O] x| |
Ei

le Yiew Folders

== =

Treeview of .dow Files Contents
[ d.\gapThorigrl
EE 10c9301a 1e6 _ a0
& T400 gggzg
e B] rocq301h T a0
. e T40 .
B B] rocEa01C 1e5 40.0C
L@ T2 160 i
=B8] rac3a01d .
L@ THRZ 1ot 521°C .
=-[B] rocHinTe B8.2°C 5
T @ TE41 B41°C 2
50 g5
= =z
B el . g
o BT deta el el a0 :
Remave data point @
_=
o
lel a0
20
1el
10
1e0 o7 Iy 7 th
Folders | Individual Files Frequency, Hz
| A 18B037 - thea softwarehdatatdowsmpliprivac30haapT horignl |3/27/00 | 817 PM 4

Figure A 7: Removal of a data point

Interlaken Files

Interlaken manufactures a shear-testing device that produces visco-elastic material properties for large
cylindrical samples of asphalt material (typically 150mm diameter by 50mm height). These devices are in
routine use by research institutions and test laboratories in North America. The software requires that the

* dat® extension is replaced by a *.ion extension so that the file is recognized as an Interlaken data file. The

2 A * dat is a very common file extension. So that the software compares a limited number of file types we have adopted a file naming
convention for data files being read and have used a *.ion to represent the Interlaken file type.
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icon @ is used to represent an Interlaken file. When the user selects the Interlaken option for raw data

files the window appears as illustrated below:

@ Interlaken Data - d:\14b037 - rhea softwarehdatahinterlaken [_ (O] x|
File Wiew Help Folders

D”'lnl IF.Sweep 'I |£||£||3| il EI

[*ion | Corterts
a . Sdatahinteraken =

=6 262 20ion
¢ Lo T20d
=) 22 4.ion
e T332
=[] i262_4ion
PO T434
=[] 262 Ellion
: ey TE1E |
=[] i2bh4_20ion
ioL.o Tzon
=[] i2b4_4.ion
Poeo T2E
=6 i2b4_40ion
i .o T43E
=[] i2b4_Bllion
i .0 TE1M

E@ i2b7_4.ion =

M TAN

Folders | Individual Files |
| &M NBOET - thea software\databinterlaken [7A115/00 [11:51 &M i

Figure A 8: The Interlaken data files

The user selects the data files as in the manner previously described for Bohlin files. Isotherms may be
selected and individual data points may be excluded from the data sets. The objective of this process is to
produce a run file in the format described in the next section. A typical data file from the Interlaken device
is illustrated below. Files of other formats from the test device may need conversion via a text editor to
ensure that the software can read them.

Frequency Test Data of 05-31-2001
ABCDED

ABC SAMPLES

Shear G.L.= 1.97 in

Radius 2.95

Temperature= 40.0 C

Test Temperature= 43.6 C

START_OF_DATA

Frequency Period Stress Strain G* Delta G- G"*"

Hz PSI IN/IN PSI Degrees PSI1 PSI1
10.00 100 3.52 0.000125 28206 59.56 14292 24317
5.00 100 2.09 0.000102 20530 59.15 10526 17626
2.00 20 1.18 0.000094 12635 62.13 5906 11169
1.00 20 0.83 0.000093 8969 58.72 4656 7666
0.50 10 0.56 0.000095 5904 56.51 3258 4924
0.20 10 0.34 0.000091 3686 50.93 2323 2861
0.10 7 0.24 0.000094 2543 47.81 1708 1884
0.05 4 0.14 0.000096 1485 48.44 985 1111
0.02 4 0.17 0.000095 1810 20.66 1694 639
0.01 4 0.12 0.000093 1269 27.31 1127 582
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[ interlaken Data - d:%1%b037 - rhea softwaretdatatinterlaken =]
File “iews Help  Folders

ﬁ",lnl IF.Sweep "I |£||E||E| il EI

|".il:|n | Contents
) o Sdatahinteraken -

-] i2b2_20ion 16

e T201

EI @ i2b2_4.ion

e 165

i Add all izotherms of this file

Remove all izotharms of thiz file
EI @ i2b2_Bllio =L YN

- TE1.B : : —
Add all izothermns of all files
EI @ i2bd_20.in . . "f—r/f
A Femove all izotherms of all files
e T201 '_7&_4;_“/'
EI @ izbd_4.ion Header Information 43470

i -0 T2E |zotherm T able
EI @ i2b4_40ion
-3 T43E 1e2
EI @ i2b4_Eflion
- © TELE

EI @ i2b7_4d.ion LI 1e

o TAN

0.001 0.01 0.1 1 1a 100
Folders I Individual Filesl Frequency. Hz

| A 14B037 - thea software\databinterlaken | 7118/00 [11:56 &M 4

Figure A 9: Isotherm selected

@d:'ﬂ \b037 - rthea softwarehdata\unterlaken\iZbZ_40.i1on File Contents

Frequency Sweep Test

Frequency Test Data of 05-31-2000
rZBZ

Shear G.L.= 1.97 in
Fadins 2.95
Temperature= 20,0 C
Test Tewperature= 43,4 C

| v

START OF_DATA

Frequency Period Stress Strain G* Delta ' [ER
H=z PEI IN/IN P3I Degrees PRI P51
10.00 104 Z.75 0.000095 27677 LE. 95 15095 23193
5.00 0o 1.97 0.0000%6 20596 57,37 11107 17345 - R
<] _>IJ =

Figure A 10: File information window

Alpha-Technologies
The data format was developed for use with the RPA 2000 developed by Alpha Technologies LLC (see -

http://www.alpha-technologies.com/instruments/rpa.htm?rheo). The format used is an ASCII file as shown
in Figure A 11.
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3" @ Min 3"
3" @ Max 3°

Jubtest 2
Temperature
°c zad/=
75.0 Z00.00
75.0 S8.59
75.0 48. &0
75.0 23.85
75.0 11.\81
75.0 5._82
75.0 Z.87
75.0 1.41
75.0 o.70
75.0 0.34
75.0 o.17
75.0 o.08
75.0 o.04
75.0 0.0z
75.0 o.01

dim. 0.10€&
dNm 0.108

MATRTH

Frequency

5.02 4.512
5.02 4.040
S.02 3.541
5.02 2.0448
10.04 5.05€
i0.04 4.13€
i0.04 3.Z8%
i0.04 Z.542
1%.5%5 3.751
1%.%5 Z.735%
1%.5%5 1.5851
15.55 1.448
15.55 1.043
1%.5%5 0.7353
1%.5%5 0.535

RFA 2000
Test Type hgb
Test Hame JF Matrix 75 d FFM
Test Time 14.47.45
Te=st Date Z7-06-03
TU=er Name henri
Di= Type Biconical Die
Di= Gap0.487
Froject J0
Froduct FEM
Jample mumber Sample 3
Batch 01
Remark=Darcek
Jubtest 0 READY
Temp 75.0 b
Jubtest 1 TIMED
Time 3.00 m.m
Temp 75.0 b
Freg  10.00 zad/=
Strain 0.5€ %
Min 3" dNm 0.ZE3
Hax 3" d¥m 0.275
Min 3" d¥m o.10z
Max 37 dNm 0.117

Strain 3°

dfm

1.147
1.102
1.111
1.085
2.077
1.549
1.773
1.547
2.581
Z.054
1.€32
1.253
0.541
0.&59%
0.515

dfm

4.E55
4_188
a.7iz
a.231
S.4E6
4.573
3.73€
Z.57€
4.553
3.4€3
2.574
1.515
1.405
1.028
0.742

gm
kFa

4591 &2
440 .23
364.7€
231_&7
274,65
224.1
176.44
137.%
i0z.32
75.248
54.341
35.538
28.482
20.544
14.61€

g=
kFa

125.02
1z0.1
1zo.72
118.18
112 .84
105.57
SE€.1%5
B3.554
70.40€
57.111
44.543
34.211
Z5.€58
15.073
14.054

G
kFa
507.27
45€.31
403.2€
a5z2.08
Z3€.57
247.72
Zoz.72
1€1.45
1zs.2
54.467
T0.264
52.284
38.3E2
ZB.033
20.27€

" E=
Fa-=

Z53€.3 0.252
4EZ6.4 0.273
BZ37.€ 0.312
14701 0.35&
25145 0.211
42561 0.471
TOEZE  0.53%
1.1454E+H105
1.7755EHI0S
Z_775TEHIOS
4. 1416E+HI05
€ _SESEEHIOS
5. E40ZE+HIOS
1.408SE+HIOE
1.33EZEHIDE

a
n

°c
75.0
75.0
75.0
75.0
75.0
75.0
75.0
0.€0%
0.€88
0.75%
o.8zo
0.BES
0.502
0.s%28
0.3€2

Tan Delta
*c

75.1

74.5

74.8

74.9

75.0

75.0

75.0

75.0 75.0
75.0 75.0
75.0 75.0
75.0 75.0
75.0 75.0
75.0 75.0
75.0 75.0
75.0 75.0

Ulemp LIemp

Figure A 11: Data format required for RPA 2000 machine

IPC Asphalt Performance Tester
The data for this type of test is presented in Figure A 12 and consists of a comma separated file format.
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Test Information
R AR AR R R AR AR R

LR

Project name,Polymer Comparison

Operator name, EXP

Target test temperature,50

Target confining stress,0

Average dynamic strain range from 75 to 125 micro-strain
Contact stress, 5

Initial modnlus,116.03

Axial gaunge length,2.76

Comments

1Nk

o
[=]

Specimen Information
B e

Identification,PC-10 11

[}
LR

1a

Dimensions,Point 1,Point 2,Point 3 ,Point 4,Point 5,Point 6,6 Average,Std Dev.
Diameter (in),3.740,,,,., 3.740,
Height (in),5.906,,,,,, 5.906,

20 Cross-sectional area (in®), 10.987

el

22 Conditioning time,

23

24 Comments/Properties

25 AkkkkkEkEk A

26 Test date and time Mon, May 14, 2007, 10:50 AM

27 Test results summary

28 ,25 Hz,20 Hz,10 Hz,5 Hz,2 Hz,1 Hz,0.5 Hz,0.2 Hz,0.1 Hz,0.01 H=z

22 Dynamic modulus (ksi),2137,2060,1864,1669,1415,1236,1059,852.0,717.3,383.4

30  Phase angle (Degrees),13.09,13.41,14.80,16.31,18.37,20.04,21.65,24.05,25.47,29.41
31  Average temperature (°F),50.3,50.3,50.3,50.3,50.3,50.2,50.2,50.2,50.3,50.2

32 Average confining pressure (psi),0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2

33 Average micro-strain,42,45,52,60,72,82,90,96,96,93

34 Load drift (%),3.7,3.4,2.6,4.0,2.6,0.7,0.0,0.0,0.0,0.0

35 Load standard error (%),27.0,22.1,21.3,17.3,12.0,6.0,2.1,0.7,0.2,0.4

36 Average deformation drift (%),-131.7,-110.2,-119.8,-129.7,-138.8,-133.5,-127.4,-122.7,-117.2,-100.1
37 Average deformation standard error (%) ,24.8,20.1,1%.3,15.5,11.2,5.7,5%3.0,2.0,2.3,2.9
33 Deformation uniformity (%),22.4,21.5%,22.1,21.3,19.8,19.3,15.0,15.0,18.4,18.1

33 Phase uniformity (Degrees),0.6,0.6,0.6,0.8,0.8,0.7,0.7,0.7,0.8,0.9

40

Figure A 12: Data format for IPC CSV files - view using the facility within RHEA

Run File Creation

After the user has selected the isotherms required for the analysis the file button lﬂl is used to create a run
file. The run file is in ASCII format and is described in the next section of this manual. The user is

prompted for additional information, as illustrated below:
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ﬂ time - Temperature superposition data

Title |Unaged Binder with kodifier ABC

File: ||:|:"~1 “bl37 - thea softwarehdatahdowsmplhroc3 301 e td

Reference Temperature, C IEﬂ
alazz Temperature, C |-35

Linear expanzion /deg.C abowe Tg IEI.EIEIEH 7

Linear expansion /deg.C below Tg IEI.EIEIEH 7 ok |

MB. File will rezide in zame folder az test data [.dow] files. Cancel |

Figure A 13: Data file information

The information requested is as follows:

1.
2.

Title - this information will appear on the title area in the advanced graphing options.

File - the run file which is created has the name *.tdd. This file will be located in the directory in
which the raw-data files were obtained from. The user may wish to make changes to the file name so
that multiple analysis may be conducted with the same base data but with different isotherms/data
points included or excluded.

Reference Temperature - the reference temperature to which all master curves and visco-elastic
functions will be obtained. This temperature must lie within the range of temperatures covered by the
isotherms.

Glass Temperature - The glass transition temperature (Tg) is used to define different coefficients of
linear expansion throughout the temperature range. In some materials research work has shown that it
is appropriate to use different values either side of this point.

Linear expansion/deg.C above Tg - The linear expansion coefficient above the glass transition
temperature.

Linear expansion/deg.C below Tg - The linear expansion coefficient below the glass transition
temperature.
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temperature.

(<)
£ TG based on

° intercept of low

> d hiah The use of different expansion
= an 19 coefficients and be assessed by
Y= : measuring specific volume with
D

o

wn

Temperature
Figure A 14: Variation in expansion coefficients measured by specific volume
The expansion coefficient are used with a density term to provide a vertical shift to the data which is

consistent with the change in density of the material (Ferry, 1980). If the user does not wish to use this

correction then an arbitrary value may be chosen for the T, and 0 is used for the expansion values.
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Merged data from from Lamont Test Section #1 80/100B Boundary Lake, Esso Port Moody RTFO
Residue
L 16 25 01 1 .00017 .00025 1.02 O r G kPa

-30.0 6 1
-2.3802112e+00 5.0706846e+00 4.7194749e+00 1
-2.0791812e+00 5.1513702e+00 4.7803760e+00 1
-1.7781512e+00 5.2336622e+00 4.8268598e+00 1
-1.4771213e+00 5.3039569e+00 4.8643724e+00 1
-1.1760913e+00 5.3744010e+00 4.9056170e+00 1
-9.0308999e-01 5.4320321e+00 4.9204397e+00 1
-27.06 1
-2.3802112e+00 4.8840905e+00 4.5872491e+00 1
-2.0791812e+00 4.9773897e+00 4.6650567e+00 1
-1.7781512e+00 5.0683230e+00 4.7199362e+00 1
-1.4771213e+00 5.1489117e+00 4.7797163e+00 1
-1.1760913e+00 5.2317351e+00 4.8289783e+00 1
-9.0308999e-01 5.2965431e+00 4.8610496e+00 1
-25.06 1
-2.3802112e+00 4.8043646e+00 4.5310782e+00 1
-2.0791812e+00 4.8979054e+00 4.5995341e+00 1
-1.7781512e+00 4.9919948e+00 4.6762119e+00 1
-1.4771213e+00 5.0812230e+00 4.7292692e+00 1
-1.1760913e+00 5.1619649e+00 4.7904293e+00 1
-9.0308999%e-01 5.2369166e+00 4.8331211e+00 1
-24.06 1
-2.3802112e+00 4.7586786e+00 4.5000323e+00 1
-2.0791812e+00 4.8590096e+00 4.5685170e+00 1
-1.7781512e+00 4.9503350e+00 4.6452757e+00 1
-1.4771213e+00 5.0448396e+00 4.7085711e+00 1
-1.1760913e+00 5.1267942e+00 4.7631443e+00 1
-9.0308999%e-01 5.2020983e+00 4.8172178e+00 1
-21.06 1
-2.3802112e+00 4.5352786e+00 4.3157236e+00 1
-2.0791812e+00 4.6402052e+00 4.3955248e+00 1
-1.7781512e+00 4.7423332e+00 4.4883833e+00 1
-1.4771213e+00 4.8455539e+00 4.5604705e+00 1
-1.1760913e+00 4.9366767e+00 4.6343788e+00 1
-9.0308999%e-01 5.0232655e+00 4.6983935e+00 1
-18.0 6 1
-2.3802112e+00 4.3552492e+00 4.1522516e+00 1
-2.0791812e+00 4.4625868e+00 4.2572807e+00 1
-1.7781512e+00 4.5775592e+00 4.3472580e+00 1
-1.4771213e+00 4.6781339e+00 4.4310210e+00 1
-1.1760913e+00 4.7832699e+00 4.5206030e+00 1
-9.0308999e-01 4.8729315e+00 4.5814009e+00 1
10.0 16 1
-1.0000000e+00 2.6839471e+00 2.7520484e+00 1
-7.9997073e-01 2.8034571e+00 2.8536982e+00 1
-5.9998036e-01 2.9216865e+00 2.9489018e+00 1
-4.0000782e-01 3.0293838e+00 3.0453230e+00 1
-1.9997064e-01 3.1367206e+00 3.1335389e+00 1
0.0000000e+00 3.2430380e+00 3.2253093e+00 1
2.0002927e-01 3.3443923e+00 3.3138672e+00 1
4.0001964e-01 3.4440448e+00 3.3979400e+00 1
5.9999218e-01 3.5403295e+00 3.4828736e+00 1
8.0002936e-01 3.6344773e+00 3.5622929e+00 1
1.0000000e+00 3.7267272e+00 3.6434527e+00 1
1.2000293e+00 3.8162413e+00 3.7218106e+00 1
1.4000196e+00 3.9047155e+00 3.7986506e+00 1
1.5999922e+00 3.9894498e+00 3.8744818e+00 1
1.8000294e+00 4.0755470e+00 3.9508515e+00 1
2.0000000e+00 4.1583625e+00 4.0211893e+00 1
16.0 16 1
-1.0000000e+00 2.1875207e+00 2.3263359e+00 1
-7.9997073e-01 2.3117539e+00 2.4361626e+00 1
-5.9998036e-01 2.4409091e+00 2.5477747e+00 1
-4.0000782e-01 2.5634811e+00 2.6522463e+00 1
-1.9997064e-01 2.6839471e+00 2.7551123e+00 1
0.0000000e+00 2.8000294e+00 2.8549130e+00 1
2.0002927e-01 2.9106244e+00 2.9518230e+00 1
4.0001964e-01 3.0211893e+00 3.0492180e+00 1
5.9999218e-01 3.1271048e+00 3.1398791e+00 1
8.0002936e-01 3.2329961e+00 3.2329961e+00 1
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NRRRRR

.0000000e+00
-2000293e+00
-4000196e+00
.5999922e+00
.8000294e+00
-0000000e+00

22.4 16 1

-1.
-9997073e-01
-9998036e-01
.0000782e-01
.9997064e-01
.0000000e+00
.0002927e-01
-0001964e-01
-9999218e-01
.0002936e-01
.0000000e+00
-2000293e+00
-4000196e+00
.5999922e+00
.8000294e+00
-0000000e+00

NFRPRPRPPRPOOMANO

0000000e+00

28.4 16 1

-1.
-9997073e-01
-9998036e-01
.0000782e-01
.9997064e-01
.0000000e+00
-0002927e-01
.0001964e-01
.9999218e-01
.0002936e-01
-0000000e+00
.2000293e+00
-4000196e+00
.5999922e+00
.8000294e+00
-0000000e+00

NFPFRPRPRPRPRPOOMANO

0000000e+00

34.4 16 1

-1.
-9997073e-01
-9998036e-01
.0000782e-01
.9997064e-01
.0000000e+00
-0002927e-01
.0001964e-01
.9999218e-01
.0002936e-01
-0000000e+00
.2000293e+00
.4000196e+00
-5999922e+00
.8000294e+00
-0000000e+00

NFRPRPRRPRPPOOKMNO

0000000e+00

40.4 16 1

RPRRPRPRRPOUBANO

.0000000e+00
.9997073e-01
.9998036e-01
.0000782e-01
-9997064e-01
.0000000e+00
.0002927e-01
.0001964e-01
.9999218e-01
.0002936e-01
-0000000e+00
-2000293e+00
.4000196e+00
-5999922e+00
.8000294e+00
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NNNNNRPRPRPRPRPRPRPOOOOTW NNNNNNNNRPRPRPRRPRPRPRO WWWWNNNNNNNNNR R RE

1
NRRRPRRPRPRRPRPOOAWRON

.3384565e+00
.4393327e+00
.5365584e+00
.6304279e+00
.7218106e+00
.8102325e+00

.6063814e+00
.7604225e+00
-9036325e+00
.0374265e+00
.1731863e+00
.2944662e+00
.4199557e+00
.5440680e+00
.6637009e+00
.7774268e+00
.8881795e+00
-9969492e+00
-1038037e+00
.2068259e+00
-3074960e+00
.4048337e+00

.7312790e-01
-1139434e+00
.2576786e+00
-3961993e+00
.5340261e+00
.6646420e+00
.7909885e+00
-9116902e+00
.0293838e+00
-1303338e+00
.2278867e+00
.3222193e+00
-4065402e+00
.4927604e+00
.5774918e+00
.6434527e+00

.3845650e-01
.0785590e-01
.6370090e-01
.6569610e-01
.0253059e+00
-1903317e+00
.3384565e+00
.4955443e+00
.6404814e+00
.7810369e+00
.9143432e+00
.0453230e+00
.1731863e+00
.2944662e+00
.4132998e+00
.5237465e+00

.7736610e-01
.6186100e-02
.1058970e-01
.0535140e-01
.9276040e-01
.7577830e-01
.5186960e-01
.0211893e+00
.1846914e+00
.3443923e+00
-4969296e+00
.6454223e+00
.7888751e+00
-9304396e+00
.0681859e+00

WWWwwWwww

NNNMNNNNNRPRPRPRPRPRPRPPRPON NNNNNNNNNNRPRRPRRERE WWWWWNNNNNNNNNER P

NNNRRPRRRPRRPRLONO AW

-3263359e+00
.4166405e+00
.5037907e+00
.5888317e+00
.6720979e+00
.7520484e+00

.8463371e+00
.9726656e+00
.0934217e+00
.2095150e+00
.3263359e+00
.4297523e+00
.5415792e+00
.6503075e+00
.7543483e+00
.8567289e+00
.9566486e+00
.0569049e+00
.1522883e+00
.2479733e+00
.3424227e+00
.4345689e+00

.3304138e+00
.4578819e+00
.5751878e+00
.6989700e+00
.8188854e+00
-9344985e+00
.0492180e+00
.1583625e+00
.2671717e+00
.3673559e+00
.4638930e+00
-5599066e+00
.6512780e+00
.7427251e+00
.8337844e+00
.9122221e+00

.7742680e-01
.3851970e-01
.0934217e+00
.2405492e+00
.3820170e+00
.5171959e+00
.6512780e+00
.7824726e+00
.9132839e+00
.0374265e+00
.1583625e+00
.2787536e+00
.3961993e+00
.5118834e+00
.6253125e+00
.7347998e+00

.1806330e-01
.7712130e-01
.3748970e-01
-9448800e-01
.4792360e-01
.0969100e+00
.2430380e+00
.3856063e+00
.5250448e+00
.6618127e+00
.7944880e+00
.9253121e+00
.0530784e+00
.1789769e+00
.3053514e+00
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2.0000000e+00 2.2095150e+00 2.4281348e+00 1
46.7 16 1
-1.0000000e+00 -9.6657620e-01 -1.9859630e-01 1
-7.9997073e-01 -7.6195390e-01 -2.2733800e-02 1
-5.9998036e-01 -5.4363400e-01 1.5228830e-01 1
-4.0000782e-01 -3.2422170e-01 3.2221930e-01 1
-1.9997064e-01 -1.1182050e-01 4.8855070e-01 1
0.0000000e+00 9.3421700e-02 6.5030750e-01 1
2.0002927e-01 2.9225610e-01 8.0888590e-01 1
4.0001964e-01 4.8287360e-01 9.6378780e-01 1
5.9999218e-01 6.6464200e-01 1.1139434e+00 1
8.0002936e-01 8.4010610e-01 1.2600714e+00 1
1.0000000e+00 1.0043214e+00 1.4031205e+00 1
1.2000293e+00 1.1673173e+00 1.5415792e+00 1
1.4000196e+00 1.3180633e+00 1.6757783e+00 1
1.5999922e+00 1.4668676e+00 1.8088859e+00 1
1.8000294e+00 1.6095944e+00 1.9400182e+00 1
2.0000000e+00 1.7435098e+00 2.0644580e+00 1
52.7 16 1
-1.0000000e+00 -1.6478175e+00 -6.8824610e-01 1
-7.9997073e-01 -1.4213608e+00 -5.0584540e-01 1
-5.9998036e-01 -1.2020404e+00 -3.2422170e-01 1
-4.0000782e-01 -9.7061620e-01 -1.4448080e-01 1
-1.9997064e-01 -7.3754890e-01 3.3423800e-02 1
0.0000000e+00 -5.1144930e-01 2.0412000e-01 1
2.0002927e-01 -2.9413630e-01 3.7474830e-01 1
4.0001964e-01 -8.3546100e-02 5.3907610e-01 1
5.9999218e-01 1.1727130e-01 6.9897000e-01 1
8.0002936e-01 3.0963020e-01 8.5491300e-01 1
1.0000000e+00 4.8995850e-01 1.0043214e+00 1
1.2000293e+00 6.6086550e-01 1.1492191e+00 1
1.4000196e+00 8.2085800e-01 1.2900346e+00 1
1.5999922e+00 9.7405090e-01 1.4248816e+00 1
1.8000294e+00 1.1205739e+00 1.5599066e+00 1
2.0000000e+00 1.2504200e+00 1.6857417e+00 1
58.6 16 1
-1.0000000e+00 -2.3080349e+00 -1.1713401e+00 1
-7.9997073e-01 -2.1493538e+00 -9.8296670e-01 1
-5.9998036e-01 -1.8761484e+00 -7.9317410e-01 1
-4.0000782e-01 -1.6270880e+00 -6.0206000e-01 1
-1.9997064e-01 -1.3840499e+00 -4.1680120e-01 1
0.0000000e+00 -1.1272612e+00 -2.3358720e-01 1
2.0002927e-01 -8.7942610e-01 -5.3056700e-02 1
4.0001964e-01 -6.4589160e-01 1.2385160e-01 1
5.9999218e-01 -4.2365860e-01 2.9666520e-01 1
8.0002936e-01 -2.0412000e-01 4.6538290e-01 1
1.0000000e+00 4.3214000e-03 6.2838890e-01 1
1.2000293e+00 1.9865710e-01 7.8887510e-01 1
1.4000196e+00 3.8560630e-01 9.4349450e-01 1
1.5999922e+00 5.6466610e-01 1.0934217e+00 1
1.8000294e+00 7.3319730e-01 1.2430380e+00 1
2.0000000e+00 8.8874100e-01 1.3838154e+00 1
64.6 16 1
-1.0000000e+00 -3.3448616e+00 -1.6020600e+00 1
-7.9997073e-01 -2.8356471e+00 -1.4122890e+00 1
-5.9998036e-01 -2.6234230e+00 -1.2182446e+00 1
-4.0000782e-01 -2.3115802e+00 -1.0227338e+00 1
-1.9997064e-01 -2.0385789e+00 -8.3268270e-01 1
0.0000000e+00 -1.7772835e+00 -6.4206520e-01 1
2.0002927e-01 -1.5072396e+00 -4.5593200e-01 1
4.0001964e-01 -1.2692177e+00 -2.7245870e-01 1
5.9999218e-01 -1.0195421e+00 -9.0979100e-02 1
8.0002936e-01 -7.7728350e-01 8.6359800e-02 1
1.0000000e+00 -5.5284200e-01 2.5767860e-01 1
1.2000293e+00 -3.4008380e-01 4.2488160e-01 1
1.4000196e+00 -1.3906340e-01 5.8658730e-01 1
1.5999922e+00 4.5323000e-02 7.3559890e-01 1
1.8000294e+00 1.9033170e-01 8.5369820e-01 1
2.0000000e+00 2.2010810e-01 8.6510400e-01 1
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Merged data from from Lamont Test Section #4 80/100C Redwater/Gulf Esso Port Moody RTFO
Residue
L15 25 011 .00017 .00017 1.02 O r G kPa

-23.06 1
-2.3802112e+00 5.1766222e+00 4.7929685e+00 1
-2.0791812e+00 5.2517202e+00 4.8407009e+00 1
-1.7781513e+00 5.3271204e+00 4.8711215e+00 1
-1.4771213e+00 5.3891403e+00 4.8933738e+00 1
-1.1760913e+00 5.4509417e+00 4.9240410e+00 1
-9.0308999e-01 5.5015385e+00 4.9267395e+00 1
-20.0 6 1
-2.3802112e+00 4.9541163e+00 4.6655393e+00 1
-2.0791812e+00 5.0462148e+00 4.7310729e+00 1
-1.7781513e+00 5.1394058e+00 4.7802744e+00 1
-1.4771213e+00 5.2168179e+00 4.8187736e+00 1
-1.1760913e+00 5.2935864e+00 4.8647898e+00 1
-9.0308999e-01 5.3569567e+00 4.8819528e+00 1
-17.06 1
-2.3802112e+00 4.7451904e+00 4.5341941e+00 1
-2.0791812e+00 4.8600107e+00 4.6176020e+00 1
-1.7781513e+00 4.9635996e+00 4.6732101e+00 1
-1.4771213e+00 5.0558145e+00 4.7392427e+00 1
-1.1760913e+00 5.1485011e+00 4.7867904e+00 1
-9.0308999%e-01 5.2184736e+00 4.8215064e+00 1
-14.06 1
-2.3802112e+00 4.5431278e+00 4.4020158e+00 1
-2.0791812e+00 4.6728871e+00 4.4819486e+00 1
-1.7781513e+00 4.7840469e+00 4.5664890e+00 1
-1.4771213e+00 4.8988762e+00 4.6409734e+00 1
-1.1760913e+00 4.9961484e+00 4.6965022e+00 1
-9.0308999e-01 5.0808438e+00 4.7572273e+00 1
-11.06 1
-2.3802112e+00 4.3046400e+00 4.2164194e+00 1
-2.0791812e+00 4.4375596e+00 4.3192874e+00 1
-1.7781513e+00 4.5758148e+00 4.4252086e+00 1
-1.4771213e+00 4.7002484e+00 4.5019004e+00 1
-1.1760913e+00 4.8117835e+00 4.5888968e+00 1
-9.0308999e-01 4.9150777e+00 4.6515706e+00 1
10.3 16 O
-1.0000000e+00 2.9047155e+00 3.1271048e+00 1
-7.9997073e-01 3.0681859e+00 3.2552725e+00 1
-5.9998036e-01 3.2174839e+00 3.3673559e+00 1
-4.0000782e-01 3.3579348e+00 3.4771213e+00 1
-1.9997064e-01 3.4927604e+00 3.5797836e+00 1
0.0000000e+00 3.6211763e+00 3.6785184e+00 1
2.0002927e-01 3.7411516e+00 3.7708520e+00 O
4.0001964e-01 3.8555192e+00 3.8585372e+00 O
5.9999218e-01 3.9652017e+00 3.9420081e+00 O
8.0002936e-01 4.0681859e+00 4.0211893e+00 O
1.0000000e+00 4.1702617e+00 4.0969100e+00 O
1.2000293e+00 4.2648178e+00 4.1702617e+00 O
1.4000196e+00 4.3560259e+00 4.2380461e+00 O
1.5999922e+00 4.4440448e+00 4.3031961e+00 O
1.8000294e+00 4.5289167e+00 4.3654880e+00 O
2.0000000e+00 4.6095944e+00 4.4216039e+00 O
16.3 16 1
-1.0000000e+00 2.2787536e+00 2.6211763e+00 1
-7.9997073e-01 2.4424798e+00 2.7596678e+00 1
-5.9998036e-01 2.6085260e+00 2.8937618e+00 1
-4.0000782e-01 2.7678976e+00 3.0211893e+00 1
-1.9997064e-01 2.9190781e+00 3.1430148e+00 1
0.0000000e+00 3.0681859e+00 3.2600714e+00 1
2.0002927e-01 3.2068259e+00 3.3710679e+00 1
4.0001964e-01 3.3384565e+00 3.4771213e+00 1
5.9999218e-01 3.4698220e+00 3.5820634e+00 1
8.0002936e-01 3.5954962e+00 3.6821451e+00 O
1.0000000e+00 3.7126497e+00 3.7759743e+00 O
1.2000293e+00 3.8228216e+00 3.8651040e+00 O
1.4000196e+00 3.9247960e+00 3.9474337e+00 O
1.5999922e+00 4.0211893e+00 4.0253059e+00 O
1.8000294e+00 4.1172713e+00 4.1038037e+00 O
2.0000000e+00 4.2013971e+00 4.1702617e+00 O
22.4 16 1
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-1.0000000e+00 1.4899585e+00 1.9898946e+00 1
-7.9997073e-01 1.6821451e+00 2.1492191e+00 1
-5.9998036e-01 1.8609366e+00 2.2966652e+00 1
-4.0000782e-01 2.0374265e+00 2.4424798e+00 1
-1.9997064e-01 2.2095150e+00 2.5843312e+00 1

0.0000000e+00 2.3783979e+00 2.7226339e+00 1
2.0002927e-01 2.5428254e+00 2.8573325e+00 1
4.0001964e-01 2.6989700e+00 2.9858754e+00 1
5.9999218e-01 2.8500333e+00 3.1105897e+00 1
8.0002936e-01 2.9925535e+00 3.2278867e+00 O
1.0000000e+00 3.1271048e+00 3.3384565e+00 O
1.2000293e+00 3.2552725e+00 3.4456042e+00 O
1.4000196e+00 3.3747483e+00 3.5477747e+00 O
1.5999922e+00 3.4913617e+00 3.6454223e+00 O
1.8000294e+00 3.6020600e+00 3.7395723e+00 O
2.0000000e+00 3.6963564e+00 3.8221681e+00 O

28.4 16 1
-1.0000000e+00 6.8214510e-01 1.3384565e+00 1
-7.9997073e-01 8.8309340e-01 1.5118834e+00 1
-5.9998036e-01 1.0899051e+00 1.6748611e+00 1
-4.0000782e-01 1.2878017e+00 1.8394780e+00 1
-1.9997064e-01 1.4814426e+00 1.9960737e+00 1

0.0000000e+00 1.6599162e+00 2.1461280e+00 1
2.0002927e-01 1.8488047e+00 2.3031961e+00 1
4.0001964e-01 2.0293838e+00 2.4533183e+00 1
5.9999218e-01 2.2041200e+00 2.5987905e+00 1
8.0002936e-01 2.3747483e+00 2.7395723e+00 1
1.0000000e+00 2.5365584e+00 2.8739016e+00 1
1.2000293e+00 2.6910815e+00 3.0043214e+00 O
1.4000196e+00 2.8394780e+00 3.1271048e+00 O
1.5999922e+00 2.9813655e+00 3.2479733e+00 O
1.8000294e+00 3.1172713e+00 3.3617278e+00 O
2.0000000e+00 3.2405492e+00 3.4683473e+00 O

34.4 16 1
-1.0000000e+00 -1.1182050e-01 6.8304700e-01 O
-7.9997073e-01 8.9905100e-02 8.6332290e-01 O
-5.9998036e-01 2.9225610e-01 1.0492180e+00 1
-4.0000782e-01 4.8572140e-01 1.2174839e+00 1
-1.9997064e-01 6.9810050e-01 1.3891661e+00 1

0.0000000e+00 9.0902090e-01 1.5563025e+00 1
2.0002927e-01 1.1105897e+00 1.7226339e+00 1
4.0001964e-01 1.3096302e+00 1.8842288e+00 1
5.9999218e-01 1.4941546e+00 2.0453230e+00 1
8.0002936e-01 1.6730209e+00 2.1931246e+00 1
1.0000000e+00 1.8457180e+00 2.3424227e+00 1
1.2000293e+00 2.0128372e+00 2.4857214e+00 O
1.4000196e+00 2.1673173e+00 2.6222140e+00 O
1.5999922e+00 2.3159703e+00 2.7535831e+00 O
1.8000294e+00 2.4578819e+00 2.8790959e+00 O
2.0000000e+00 2.5763414e+00 2.9894498e+00 O

40.4 16 1
-1.0000000e+00 -9.0309000e-01 1.4301480e-01 1
-7.9997073e-01 -6.7366410e-01 3.3041380e-01 1
-5.9998036e-01 -4.3062610e-01 5.1719590e-01 1
-4.0000782e-01 -1.9654290e-01 7.0156800e-01 1
-1.9997064e-01 3.7426500e-02 8.8366140e-01 1

0.0000000e+00 2.6481780e-01 1.0644580e+00 1
2.0002927e-01 4.8995850e-01 1.2405492e+00 1
4.0001964e-01 7.0586370e-01 1.4149733e+00 1
5.9999218e-01 9.2064500e-01 1.5865873e+00 1
8.0002936e-01 1.1271048e+00 1.7558749e+00 1
1.0000000e+00 1.3283796e+00 1.9211661e+00 1
1.2000293e+00 1.5276299e+00 2.0827854e+00 1
1.4000196e+00 1.7209857e+00 2.2430380e+00 1
1.5999922e+00 1.9132839e+00 2.3979400e+00 1
1.8000294e+00 2.1038037e+00 2.5514500e+00 1
2.0000000e+00 2.2966652e+00 2.7007037e+00 1

46.7 16 1
-1.0000000e+00 -1.6497520e+00 -4.1116830e-01 1
-7.9997073e-01 -1.4145393e+00 -2.1824460e-01 1
-5.9998036e-01 -1.1745739e+00 -2.9188400e-02 1
-4.0000782e-01 -9.3554200e-01 1.5836250e-01 1
-1.9997064e-01 -6.8824610e-01 3.4830490e-01 1
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NFRPRPRPRPPOOKMNO

.0000000e+00
-0002927e-01
.0001964e-01
.9999218e-01
.0002936e-01
-0000000e+00
.2000293e+00
.4000196e+00
-5999922e+00
-8000294e+00
-0000000e+00

52.7 16 1

NFRPRPRPRPPOOKMNO

.0000000e+00
-9997073e-01
-9998036e-01
.0000782e-01
.9997064e-01
.0000000e+00
-0002927e-01
.0001964e-01
.9999218e-01
.0002936e-01
-0000000e+00
.2000293e+00
.4000196e+00
-5999922e+00
-8000294e+00
-0000000e+00

58.6 16 1

-1.
-9997073e-01
-9998036e-01
.0000782e-01
-9997064e-01
-0000000e+00
.0002927e-01
.0001964e-01
.9999218e-01
.0002936e-01
-0000000e+00
.2000293e+00
.4000196e+00
-5999922e+00
-8000294e+00
-0000000e+00

NFRPRPRPRPPOOKMNO

0000000e+00

64.6 16 1

NRRRPRPRRPROUAMNO

.0000000e+00
-9997073e-01
-9998036e-01
.0000782e-01
-9997064e-01
-0000000e+00
.0002927e-01
.0001964e-01
-9999218e-01
.0002936e-01
-0000000e+00
.2000293e+00
-4000196e+00
.5999922e+00
.8000294e+00
-0000000e+00
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RPRRPRRPROOBMNN

.4611700e-01
.0760830e-01
-9383800e-02
.5285300e-01
.7567120e-01
.8841980e-01
.9927320e-01
.0969100e+00
.2922561e+00
.4814426e+00
.6580114e+00

.4921441e+00
.2146702e+00
.9788107e+00
.6968039e+00
.4365189e+00
.1837587e+00
.3181410e-01
-9464860e-01
.5099670e-01
.1467020e-01
.2837200e-02
-3044890e-01
.3456890e-01
.2634040e-01
.8746050e-01
-4509800e-01

.3400838e+00
.1378686e+00
.6946486e+00
.4202164e+00
.1348960e+00
.8632794e+00
.5951663e+00
.3288272e+00
.0851282e+00
.3564710e-01
-0206000e-01
.6855620e-01
.5058060e-01
.7426500e-02
.7609130e-01
-9589970e-01

.2700257e+00
.2403322e+00
.2069084e+00
.8860566e+00
.7077439e+00
.4329736e+00
-1999706e+00
-9100949e+00
.6716204e+00
.4078232e+00
.1555228e+00
.1009490e-01
.7366410e-01
.4611700e-01
.3136190e-01
-1463880e-01

NNRRRRPRRRONG

| S |
Wk WU ©

.3402610e-01
.1933130e-01
.0145830e-01
.0827854e+00
.2576786e+00
.4313638e+00
.6020600e+00
.7678976e+00
-9299296e+00
.0899051e+00
.2405492e+00

.5078200e-01
-4958000e-01
.5129370e-01
.5359630e-01
.5989390e-01
.3423800e-02

2.2271650e-01

RPRRPRRPRPRPONUA

L A T e |
PRPPRPO~NUOWRNNPPOORRERRE

R
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© oo ~NO;

.0993310e-01
.9549620e-01
.7815130e-01
.5568780e-01
-1303338e+00
.2944662e+00
.4502491e+00
.5820634e+00
.6190933e+00

-4100504e+00
.2062096e+00
.0052431e+00
.0687540e-01
.0906490e-01
.1116830e-01
.1609640e-01
.2733800e-02
.7897690e-01
.5602590e-01
.3907610e-01
.1933130e-01
.9042100e-01
.0374265e+00
.1335389e+00
.1238516e+00

.8096683e+00
.6108339e+00
.4122890e+00
.2168113e+00
.0168249e+00
.1815640e-01
.2160210e-01
.2481220e-01
.2988470e-01
.6684500e-02
.5228830e-01
.4044410e-01
.2374650e-01
.0243050e-01
.7273880e-01
.4792360e-01
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