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i Objectives

= To examine the development of phase
angle relationships from stiffness data

i Use

= Phase angle is difficult to measure

= Data exists which contains no phase
angle information




i History

= Various phase angle relationships
exist for binder and mix materials

i Binder

= Several methods exist
= Dobson (BP 1972)

= Dickerson and Witt

= Developed relationship between G*, frequency
and phase angle

= Based on a log-log equation from analysis of
“electric network”

m Christensen-Anderson

= Proposed equation that relates phase to crossover
frequency and rheological index

S(w) = 90/[1 +(w/w, o8 2F]




i Mixes

= Bonnaure et al. (AAPT 1977)

= Phase linked to binder stiffness ¢, =16.36xV,** exp{

and Vb
= Limited for S, > 5MPa

= SHRP A-404 report
= Various models
= Other similar relationships

= Hirsch (AAPT 2003)

= Christensen, Pellinen and
Bonagquist

= Empirical relationship related to
Hirsch parameters

%o

log,, S, —l0g,, 5%10°
log,, S, —l0g,, 2x10°

= 260.096 - 17.172 Ln(S,)

é, =—21(log Pc)? —55log Pc

[20+
Pc=

- 058
(VFAX?:ij

%1 0.58
VFAx 3G,
VMA

650+

x0.974v, %47

i Measurement of phase angle

= Measurement of phase

angle has been difficult A\

= Generally G*
measurement is more
reliable than the phase
angle
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i Starting point

= Poor historical data measurement

= Various equations to evaluate for
mix and binder

i Approach

= Consider from visco-elastic view point
and develop understanding from
different materials

= Start with binder — then develop for
other materials including mixtures




i Dickerson and Witt (1974)

= Proposed that the phase angle is
related to logG* vs. logw slope

= Relationship had some residual 6 at
high stiffness

= Residual & could be a result of
measurement artifact rather than
reality

i Christensen Anderson (1991-92)

= 2 AAPT papers in 1991 and 1992

= Important to recognize that instrumentation
and software now 20-years more advanced!

= Used log-log suggestion from Dickerson and
Witt

= No residual § at high stiffness, 5 =0 at E

= 0=90 at viscous asymptote

glassy




i Binder

= CA equation G*(w) = Go [1+ (\w)]
= It can be shown that the -
log-log relationship is 5(w) =90 [1+ (/)]
related to the phase
angle
dinG*  Gp  (Ajw)? w /B
e = s i g [
(Aw)? P 1 OV (S T FURRTY: b
o e = o = g = e

Dickson and Witt (1974) and used in the development of the CA model.

i Binder — logG* vs. logw

= Equation to note:

p .
5(@)=90{1+[ 2] | —g0xd109G”
A dlogw

We will apply this concept to binders, mastics, mixtures,
polymers etc. to evaluate how robust this technique is.

Note: Center part of relationship is CA model and will only
work for binders/materials conforming to CA relationship.




Standard asphalt
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i Standard asphalt
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i Standard asphalt

= Four methods used to obtain log-log gradient
= 1 — slope — with polynomial — 3" order
= 2 — CA equation
= 3 - DS fit

= 4 — slope approx \ ;
log G* /
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i Standard asphalt
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Standard asphalt
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SBS modified resin
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i SBS modified resin

= Two methods used
1 - slope — Poly=4
2 - DS fit

3 - Approx slope (/

= 4 - Standard logistic

3

2,
log G* L
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Shoy =90
P Logurioge,

log o,

= CA equation would not be expected to fit

STANDARD LOGISTIC - ALTERNATE FORMAT

A

log(E*) = D +
g(E*) 1

d log(E*) _

+ —-B(logw—M) d |Oga)

AB +

e—B(w—M)

[1+ o-Blogo-M) ]2

11



SBS modified resin
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i Polystyrene
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i Polystyrene

= Two methods used
« 1-DSfit
= 2 - Approx slope

= Equations (simple function forms) would
not be expected to fit

i Polystyrene
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i Polystyrene
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i Roofing product
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i Adhesive product
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i Adhesive product

= Generalized logistic

— in this case the
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i Thin surfacing on PCC
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i What we have

= Relationship holds well for large number of
different materials investigated
= Applies to polymers, mastics, mixtures, binders,

etc, etc.

= When fits are poor, suspect
= Poor phase angle measurement
= Poor model format

= Very important to fit correct functional form
model if you plan to use dy/dx to get slope

i G* method

= If we have G* alone - or E* - we can
determine phase angle via a fit of the
discrete relaxation spectrum

20
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i Example — G* only
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i Asphalt mixtures (L1)

Asphalt mixtures —
CAIT NJ

Fit is reasonable —
but since MEPDG
data format the
slope interpolation
is not so good

Ideally would be
better if more
points per decade
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i Asphalt mixtures (L2)

= Data suggests possible
problem with measured
phase angle at highest

temperature
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i Asphalt mixtures (L3)

= Highest temperature *
isotherm not quite in
agreement with data
from log-log
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i Asphalt mixes

= Generally reasonable fits are obtained

= Looking at data sets — often problem
at extremes — e.g. highest or lowest
test temperatures and/or frequencies

= Issues still exist with equipment and
testing procedures!
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Needs

= Phase angle important in some MEPDG work
— used to derive viscosity — can obtain from
back-calculation of G,* from mix data and
then use log-log slope or dy/dx of CA model
to obtain phase

= Can use method to assess data quality —
often measurement of phase is poor

= Reduces need to always measure phase —
can be easily deduced

= Can go back to old historical data and obtain
phase information

i Example RAP — mix to binder
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—a&— E*, Binder (Hirsch) === Phase (Hirsch)
—e—Phase (Slope) =O==Phase (Bonnaure et al.)
LOE+05 ‘ =t Phase (SHRP A-404) T 900
1.0E+04 \ M 80.0
5 LOE*03 5—= 70.0
a
= A—a—a
> 1.0E+02 600 @
o L = 2
2 \ ] 8
£ a1 g
= 1.0E+01 500 ©
@ 3 o
S 5
S 10E+00 200 <
@ PO &
2 S r"*« ool )
© 1.0E-01 / ( 300 o
x
s k / ‘
1.0E-02 ( = s‘! 20.0
1.0E-03 - / 100
ll’i’? -\Tﬁ:\‘m
1.0E-04 0.0

1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Frequency, Hz

24



i Example RAP — binder G* & §

== G* Back-calculated =& G* CA Fit
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i Summary

= Shown — for a wide variety of
materials — that —
6=90(dlogG*/dlogw)

= Analysis is consistent with that
produced by discrete spectra analysis
of G* or G'G”

= Technique can help with analysis
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