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ABSTRACT

Yidd sresswas investigated as a potentia quality control parameter for asphat emulsons.
Viscometric data were determined using the concentric cylinder, pardld plate, and cone and plate
geometries with rotational rheometers. We aso investigated the use of anovel dotted plate
technique to determine the yield stress in a direct way—that isto say, without extrapolation. The
Saybolt “viscosity” was determined with a Saybolt Viscometer following the AASHTO T 72-97
standard procedure. The dotted plate technique generated reproducible and cons stent results that
were far superior to those obtained by rotationa rheometer techniques. Theyield stress of the
emulsions gppears to be a more accurate measure of the performance specification for asphalt
emulsions than the Saybolt “viscosty” data






IMPLEMENTATION STATEMENT

Currently, the Saybolt test is used for qudity control andlysis of agphdt emulsons. With the Saybolt
test procedure, the time required for 60 milliliters of atest fluid to flow through a cdibrated orifice is
measured. Thistime measurement is then associated with viscosity of the materid. This procedure
isreligble only when the materid in question is Newtonian; the viscogty of the materid is shear rate
independent. The asphalt emulsions were proved to be non-Newtonian materials. The current
standard Saybolt test procedure is not reliable since the shear rate that the material experiences
during the test changes due to a continuoudly changing hydrostatic head. However, the Saybolt test
procedure produces a one-point quality control parameter, which is an attractive dternative to
rheologica characterization involving dozens of test points.

Theyidd stress of multiphase materids such as agphdt emulsons is a one- point characterization
parameter of the flow properties of multiphase materids. Previoudy, accurately determining the
yidd gress of materids such as asphat emulsons was nearly impossible because of the technique
involving extrgpolation of viscometric detato zero shear rate. The dotted plate technique
developed at Tulane Univergty can provide accurate and reliable yield stress values of asphalt
emulsons

This report presents the results of a preiminary study to determine the feesibility of usng the dotted
plate technique to accurately determine the yield stress of select asphat emulsons. The results of
this study should lead to a more extensive research project that would develop anew standard
qudity control test for agphdt emulsons.
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INTRODUCTION

The rheology of suspensions and emulsonsis of great interest to the industrid community since
many processes involve “particles’ of somekind. However, the rheologica anadlysis of such
sysemsisadifficult topic. The earlier modelsthat are available to describe the rheologica behavior
of sugpensons goply only to very dilute suspensons. Eingein'smodd [1], for example, assumes a
dilute suspension of rigid spheresin a Newtonian fluid, and can predict rheologica behavior of
suspensions only for limited cases. Eingein’ srelation is given by

f @)

r

h,= =14
hg

N o

whereh, is thereative viscosty, h isthe viscosity of the suspension, h, isthe solvent viscosty,
and f isavolume fraction occupied by the spheres. Eingein’ stheoretica result is only vadid for

very low concentrations (f <0.01).

Larson [2] consgders the smplest case of a steedy flow of a dilute suspension of Newtonian drops
or bubbles in a Newtonian medium through a capillary. If the capillary number,

Ca=hg,,al/G 2
with (a) being the surface areaand ( G) the surface tenson of the solvent, is smdl, the drops or

bubbles do not deform under flow and the suspension viscosity & a steady State is given by Taylor's
extenson of the Eingein formulafor solid spheres

1+ %M
h, o h_:1+¢f ©)
h, 1+ M

where M isthe ratio of the viscosities of the dispersed to the suspending fluids. As M ® ¥ | the
droplets behave like hard spheres, and Einstein’sresult isrecovered. As M ® 0, therdative
viscosty islower, h, =1+f , which is generaly true for bubbles. The viscosity of asuspension of

bubbles is less than that of a suspension of hard spheres a a given volume fraction because liquid



bounding the surface of a bubble can flow. Hence, bubbles disturb the flow fidd of the externd fluid
less than do hard spheres[2].

Some researchers found that the viscosity of suspensions containing two types of solid particles
exhibit adecrease in viscodity [3, 4]. Goto and Kuno determined thet the relative viscosity of the
suspension of a single component was lowered by mixing particles of different Szes[3]. The
relative gpparent viscosity of the suspension was at a minimum when the volume fraction for the
larger particles with respect to the tota solids was about 60 percent. Also, the possible [ubrication
effect by smdl particles was observed. Hoffman observed that as the Sze of the particlesin the
suspension decreased, the viscosity of the suspension rose exponentialy as the number of particles
increased [4]. The suspension became srongly shear thinning for f > 0.35; Van Der Werff and De

Kruif, showed similar behavior for four submicron sericaly sabilized slicadigpersons with differing
particle szes[5]. They found that the high and low shear limiting viscogities are functions of the
volume fraction only, and the volume fraction a which the viscosity divergesisindependent of the
particle Sze. Note that agphat emulsons are dispersions of droplets with awide Sze ditribution.

Weinvestigated the use of the yield stress vaue to characterize asphdt emulsions and to possibly
replace the Saybolt grading procedure with the emulsion yied stress, which should be a more
accurate quality control tool. Materias such as sugpensions, coatings, and emulsions possess a
three-dimensiona microstructure, which imparts solid-like properties but is susceptible to structural
breakdown under an applied force [1]. The flow properties of these materids are between those of
asolid and aliquid. When the materid is subjected to asmall diress, it behaves asa solid.
However, when this stressis large enough, the sample behaves as aliquid and begins to flow.
Ketchup isawdl known example of ayield stress materid (yied sressvaueis 15 Pafor Heinz 57
ketchup). If the ketchup bottle is turned over, the ketchup will not flow until sufficient forceis
goplied. Yidd dressis defined as the minimum amount of force that must be applied to degrade a
materid’ s sructure and induce flow. It isimportant that any multiphase materid of indudtrid
sgnificance be accurately characterized by this critica control parameter, astheyied stress can play
an important role in determining the processing congtraints during production, storage,
trangportation, and overal performance of the product [6].

Background



Emuldgons

An emulsion is defined as a stable dispersion of oneliquid in a second immiscible liquid [7].
Furthermore, an asphat emulsion is a combination of three main substances. asphdt, water, and a
amdl amount of an emulgfying agent or “soap” that Sabilizesthe emulsion [8]. One of the asphalt
model's has been proposed by Kennedy and Cominsky [9], who considered an asphdt emulson as
asuspensdon of aromatic, high-molecular weight, core molecules dispersed in amedium of relatively
low-molecular weight molecules. The dispersed phase is viewed as being peptized by absorbed
aromatic molecules lower in molecular weight than the core materids, which are soluble in the
dispersng medium. The core materids are considered to be asphatene micdlles, the peptizing
agents are considered to be resins, and the dispersing media are consdered to be oils (maltenes).

Kennedy and Cominsky’s[9] working hypothesis of the asphdt structure states that the phase
conggting of rdatively diphatic, non-polar molecules that are low in heteroatoms disperses the
micdlar sructures of agphdtene-like molecules. These asphatene-like molecules are aromatic,
polar, and contain heteroatom functiona groups. The Size of the micelles may vary widdy, but for
emulson CRS-2P the largest droplet size was 95 um, and the average droplet Size was 65 pm.
Some agphdt emulsions have an observable amount of micdlar Sructures  that are smdl in Sze and
number, are well dispersed, and exhibit Newtonian behavior [10]. Other asphalt emulsions contain
subgtantial amounts of poorly dispersed large micelles and are capable of forming three-dimensond
networks of agphatene micdles within the emulsion, thus exhibiting non-Newtonian behavior [10].

The four most important components of asphdt are ail, crystdlizable waxes, resin, and asphaltenes.
The ail fraction of asphat includes structures of fused naphthenic rings with linear and branched
diphatic 9de chains of variouslengths. The resin fraction of asphat conssts of hundreds of different
hydrocarbons, but the genera nature of resin fraction conssts of polycyclic molecules containing
saturated aromatic, heteroaromatic rings and heteroatoms in various functional groups [11].



Figurel
Sample CRS-2P under 40X magnification, 1 cm = 100 um

These components are sheared in a high-gpeed mixer called a colloid mill that producestiny asphalt
droplets. The emulgfier, which is a surface-active agent, keeps the asphalt dropletsin astable
emulson. Theresultisaliquid product with a consstency ranging from that of milk to heavy cream,
which can be used in cold processes for road construction and maintenance.

Asphat emulsions can be classfied into three categories that refer to the dectrical charges
surrounding the asphalt particles: anionic, cationic, or nonionic. They are further classfied on the
basis of how quickly they codesce; that is, how quickly they form asphat cement [8].

Many advantages result from using asphat emulsons. Asphat emulsons do not require a petroleum
solvent to liquefy, and they can usudly be used without applying additiona hest. Both of these
factors contribute to energy savings. Additiondly, asphat emulsions are environmentaly friendly.
Hardly any hydrocarbon emissions are created by their use [8]. Because of thelr environmenta
properties, energy efficiency, and cost effectiveness, emulsons will likely emerge as the agphalt
product of the future for pavement maintenance, roofing, and specidty industria applications [8,
12]. Choosing the right emulsion and gpplication technique yieds substantid economic and
environmenta benefits [13].



OBJECTIVE

Thisinitia research project characterized severd different samples of agphat emulsonsand
compared the results from different types of rheologica tests. Severd testing procedures were used
for this project to reved some rheologica characteritics of the emulsons. The nove dotted-plate
technique, measurements using coaxia cylinder geometry (Bohlin Visco 88 rheometer), Saybolt
viscometer testing, aswell as cone and plate and pardld plate geometries (TA AR2000 rheometer)
were performed to identify the sample yield stress and viscosity functions,






SCOPE

Six samples of agphat emulsions provided by L TRC were tested with the dotted plate technique at
25°C. The 2" factoria test design was used to determine the effects of severd variables on theyield
dress of emulsons. The maximum test time was optimized to be less than 30 minutes in order to be
comparable to the Saybolt test procedure.

The viscometric data was determined with the TA AR-2000 rheometer and Bohlin Visco 88
viscometer. The datawas fitted to Bingham and Casson models to determine the yield stress value
of the emulson samples. The temperature was kept constant at 25°C, and the sample preparation
procedure was same as for the dotted plate technique.

The Saybolt data was obtained at the LDOT 2 Lab, usngthe AASHTO T 72-94 standard
procedure. The datawas andyzed with MS Excd and then used to determine the qudlity of the
asphdt emulsons samples.






METHODOLOGY

Saybolt and Capillary Viscometry

Rheologica properties, such as viscosity, are measured viarheometers such as the Bohlin Visco 88
rotational viscometer, the Saybolt viscometer, and/or the TA AR-2000 advanced rheometer. One
can obtain quditetive information about the flow characteristics of a Newtonian fluid by messuring
the time required for afixed volume of afluid (at a given temperature) to flow through a cdibrated
orifice or capillary tube. Note that such ameasurement is not associated with viscosity units, which
are Pa>s in Sl units. Severd types of viscometers are used today. The Saybolt viscometer shown
infigure 2 is used to determine the viscosity of Newtonian fluids. It consgts of four cylinders
(sample holders) of equd volume with capillary outlet tubes at the bottom of the cylinders. The
cylinders areimmersed in a constant temperature bath. The sample isloaded in the cylinders and
alowed to reach therma equilibrium. Then the fluid is dlowed to flow through an orifice (capillary)
and the efflux time, which is the time required for 60 milliliters of fluid to flow through the capillary, is
recorded.

The sample is stirred by amixer prior to a measurement to achieve asmilar initia structure and
generate reproducible results. The time measured is used to express the fluid' s viscodity in Saybolt
Universal Seconds or Saybolt Furol Seconds. (Note: the asphalt emulsions are aways measured in
Saybolt Furol Seconds.)

n=Ft (4)

Where n isthe kinematic viscosty of the fluid expressed in seconds, F isthe calibration congtant of
the orifice (capillary), and t isthe efflux time. The cdibration congtant is determined for each orifice
using astandard with a known viscosity.

The glass capillary viscometers, shown in figure 3, are examples of a second type of viscometer.
These viscometers are used to measure kinematic viscodty. Like the Saybolt viscometer, aglass
capillary is used to measure the time in seconds required for the test fluid to flow through a bulb.
Thistimeis multiplied by atemperature constant, determined from the cdlibration of the tube in use,
to provide the viscosity expressed in centistokes.



Figure2
Saybolt Viscometer
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Figure3
Kinematic Viscometers
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Rheometers
Bohlin Visco 88 Viscometer

The portable and easy-to-use Bohlin Visco 88 viscometer uses coaxid cylinder geometry. Inthis
study, the sample was prepared the same way as a Saybolt test sample. The sample was loaded
until the thermocouple was dightly immersed. A range of shear rates was chosen, and shear diress
versus shear rate data was plotted; the yield stress was determined with an extragpolation procedure
from the obtained viscometric data

Coaxial Cylinder Geometry. Most modern rheometers are rotating devices that can
rapidly determine the viscosty curve as well as other important rheological materid functions.
Commerciad rheometers are available with computer control and software packages for data
andysis. The measurements are made using three possible geometries. coaxid cylinders, cone and
plate, and parald plates. Coaxid cylinders were the firgt rotating devices used to measure
viscosty. Bascaly, the geometry conssts of a stationary cylinder and arotating cylinder. The
sample isloaded in the gagp between the cylinders, which should be smdll to approximate a constant
shear rate. Depending on the setup, ether the inner or outer cylinder rotates. After the torqueis
measured, the viscosty can then be caculated [1].

Rotational Viscometers (TA Advanced Rheometer)

The TA AR2000 advanced rheometer is a powerful and versatile research-grade rheometer. This
ingrument utilizes different measuring system geometries than used with the Bohlin 88 viscometer.
Pardld-plate and cone and plate geometries are used.

Cone and Plate Geometry. The cone and plate geometry isthe most popular for
determining the viscosity of viscodadtic fluids. A smal sampleis placed in the space between a
plate of radius R and a cone of the same radius with avery smdl angle, so that the shear rateis
congtant in the gap. The sample should have a free spherical- shaped surface at the outer edge. For
viscous fluids, the cone can be positioned below the plate, and either the cone or the plate can be
rotated. The shear stress can be determined from the measured torque as follows:

T=2p Qqufrzdr :gp R's

Q)
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where T isthetorque, s, isthe shear stress, and g, isthe shear rate

From
Sq =-hdy (6)
where
w
Jy > — (7)
h (O}

where g, isthe cone angle; the non-Newtonian viscosty is given by

h_ 3:IOT

- 2p R3W (8)

The torque (T) is measured and the rotationa velocity (W) is controlled [1].

Determining rheologica properties does not require any assumption about flow kinemetics, nor does
it require the rheological modds. Very amdl sample volumes are needed. The system dlows for
very good hesat transfer and temperature control. End effects are negligible, at least for low
rotationa speeds when using the appropriate quantity of fluid in the gap.

While this geometry appearsto beidedl for rheologica studies, it does have some disadvantages.
The system islimited to low shear rates, epecidly for highly eastic sysems which would not say in
the gap at ahigh rotationa speed. It is difficult to eiminate evaporation and free-boundary effects
for solutions involving volatile solvents. Highly erroneous results are possible for multiphase systems
such as suspengions of solids and polymer blends, in which the particles or domain szes are of the
same order of magnitude asthe gap sze[1].

Parallel-Plate Geometry. Since the cone and plate geometry may not be ided for the
study of multiphase system and polymer blend rheology, the parald- plate geometry can be used.

12



This geometry conssts of two paralel concentric discs of radius R with a constant separation or
gap. One of the plates rotates and the other remains stationary; the torque and norma thrust can be
measured at either plate. The edge represents a free boundary on the measured torque and axia
forces are usudly negligible. This geometry is advantageous for high temperature measurements,
particularly when multiphase syssems are sudied. The gap can be varied to accommodate a variety
of paticle Sizes.

For asmal gap (WR<<1), or for low rotationd speed, the velocity profile for steady-tate
conditionsis given by

Z0
= - 9
v e 0

and the shear rate (g,, ) isgiven by

9n =W (10)

Carreau et. a [2], State that for non-Newtonian fluids, the viscosity is no longer proportiond to the
torque because the shear rate varies with the radia position. The viscosity for non-Newtonian fluids
can be expressed by the following equation:

e T ou
dln — =]
20 R g,
ding;, «
H

-
2p Rge

+

h(gr) = (11)

D> D &) D> D~

Modelsfor M aterials That Exhibit a Yield Stress

Bingham M odel. The Bingham modd isthe Smplest one to use becauseitisa
draightforward extenson of Newton'slaw of viscogty:

Is, =-hy, ts, if|syx|>|so||i,]

. : y
§9,,=0 if Is,, £|so|'b

—

(12)
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The parametersare s , and h,. The mode indicates that the sample behaves like a Newtonian
materia when the shear stress exceedstheyield stress s, and it does't flow when the shear stress

islessthan theyield sress [1].
Casson M odel. The Casson mode is given by

NENEN NN 3
A plot of M Versus M will produce \/m as intercept.

Both modds introduce ayield stress vaue; however, the assumption is that the sample behavesasa
Newtonian fluid at low sheer rates.

14



Direct Yield Stress Measuring Devices

Vane Technique

One of the direct yield stress measuring devices involves avane, which generdly conssts of asmdll
number (2-8) of blades arranged & equa angles around a small cylindrical shaft. In addition to the
elimination of wal dip, this geometry can keep any disturbance caused by the introduction of the
vane into the sample to a minimum.

A vane test is done by gently introducing the vane spindle into a sample of the suspension heldina
container until the vaneisfully immersed. The vaneis then rotated very dowly a a constant
rotationa speed, and the torque required to maintain the vane' s constant motion is measured as a
function of time [14]. From the resulting torque-time curve, the maximum torque that corresponds
to the point a which the sample begins to flow can be determined; i.e. the yield stress point. The
following correlation between torque and yield stress was derived by Nguyen and Boger [14]:

D2eeH 16
T, =P+ s, (14)
2 $D, 3,

where T, isthetorque, s ,istheyield stress, D, and H are the dimensions of the vane.

It isassumed thet the s  (shear Stress at the end surface) is uniformly distributed over both end
surfaces of the vane and that s  isequal to the shear stress{s ,(=s , |,z )} Also, a the
maximum torque (T,,,), it is assumed that the materid yields instantaneoudy dong the virtua
cylindrical surface described by the vane rotation, and that the shear stress s |, isequa to the
materia yield stresss .

Sotted plate technique

Setup. A direct yidd stress measuring device was constructed by Zhu and De Kee [6].
Thisingtrument, shown in figure 4, employs a dotted plate, which unites the advantages of both vane
and solid plate direct yield siress measurements. 1t is not restricted by the assumptions of the vane
method and diminates the wall effect present with the solid plate method.

The dotted-plate technique congsts of alinear maotion platform (Applied Motion Products) driven
by a step motor (Si3540 programmable step motor driver), abalance (Ohaus, AP250D, capacity
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52/210g, resolution 0.01/0.1 mg), and a controlling computer. This computer controls the speed of
the platform. A second computer is connected to the balance via a serid connection through the
COM1 port for dataandysis. A piece of thread hangs from the balance, and a thin stainless stedl
wire (0.127 mm in diameter) is connected to the thread. This diminates the torque exerted on the
plate, which is connected to the wire, from influencing the baance reading.

Figure4
Slotted plate set up

Procedure. The samples were tirred by amixer prior to measurement in order to achieve
agmilar initid dructurd sate. After the mixing, the asphdt emulson was loaded into a plagtic
beaker, placed on the platform, and alowed to rest for two minutes. The dotted plate was
sugpended from the balance and verticaly inserted into the sample at point A in figure 5. A 15-
minute rest period at this point allowed the system to equilibrate. A 10-m drop of water-soluble
surfactant (Tween 85) was placed on the sample surface (point B in figure 5). Once the force
versus time curve plateaued (point C in figure 5), the platform was lowered at a controlled and
congtant rate. Asthe platform was lowered, the sample in the beaker exerted aforce on the plate.
This continuoudy changing force was recorded by the balance and plotted in Excel as aforce versus
time curve. Once the acting force exceeded the sample yidd stress (change in dope), flow beganin
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the vicinity of the plate, where the stress had the largest magnitude (point D in figure 5). Point C
refersto the “initia force’ (F, ), and point D isthe force (F ) a timet, .
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Figureb
Force-timecurve

This point is characterized by achangein dopeat t = t;. Theyidd dressisgiven by:

F-F
S o

wn|m

Sy =

where Sisthe total surface area of the plate, F isthe totd force obtained by the balance at time t;,
and F; isthe measured initid force.
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RESULTS AND DISCUSSION
Yield Stress Testing Using a New Slotted Plate Apparatus

Procedure

The sample was first rotated on the CEL-GRO Rotator for at least 24 hours at 7 rpm to ensure the
consstency of the sample. The samples used for these tests were stored for an extended period of
time and needed to be homogenized before the testing was performed. In afield Situation, this step
can be neglected because the samples would be homogenized while in transport.

After rotating for 24 hours or more, a sample was poured into a 100 ml beaker and mixed by hand
to remove any air bubbles that formed on the surface. The sample was dlowed to rest for two
minutes before insarting the plate. After the plate was verticdly inserted in the sample, the system
was dlowed to equilibrate. Allowing the sample to rest for 2 and 15 minutes before starting the
motor determined the time needed for the emulsion to achieve equilibrium. After insarting the plate,
the data collecting software (Winwedge), together with an Excel file, recorded the data from the
balance. After the curve plateaued, 10 pL of surfactant (Tween 85) was added to the sample’s
surface. The need for surfactant arises when the yield stress of the materid is of the same or lower
magnitude than the surface tension force a the stainless sed wire— surface interface. The
surfactant is a surface acting agent and will stay on the surface of the emulson if the surfactant
concentration issmall. We added 10 pL of surfactant, which is small enough for us to be confident
thet the surfactant will not interact with the emulson  After the curve plateaued again, the motor
was Sarted (rate of lowering is 0.025 mm/s) and the datawas recorded. The results indicated that
the surfactant was not necessary. (Note: dl tests were performed at 25°C.)

Sample SS-1

The average yidd stress was determined to be 0.011 Pa. A 2" factorial design testing procedure
was followed, where n = 3 with the mixing time (min.), mixing speed (rpm), and the rest time after
mixing (min.) as variables. Thisfactoria desgn procedure was chosen to determine the effect of the
aforementioned variables on the yield stress of the asphdt emulsons. We used an industrid mixer
(Silverson L4RT) with variable speed control to mix the sample before the plate was inserted. The
yidd stressresults are given in table 1.
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Tablel
Sample SS-1 results

Mixing Time Mixing Speed Rest Timeafter Mixing | AverageYield Stress
(min.) (rpm) (min.) (Pa)
2 100 2 0.012
2 100 15 0.011
2 1000 2 0.010
2 1000 15 0.011
15 100 2 0.011
15 100 15 0.010
15 1000 2 0.011
15 1000 15 0.011
Average 0.011

The results show that the mixer had no sgnificant effect on the yield stress of the emulsions. Thus,
the rest of the samples were not mixed with the mixer but were mixed by the CEL - GRO Rotator for
24 hours and by hand for two minutes. Again, this mixing procedure will be modified for field
testing.

Sample CRS-2

The average yield stresswas 0.035 Pa. A 2 factoria design testing procedure was followed, since
mixing speed was determined to be of little Significance. The variables were rest time after mixing
(min.) and rest time (min.) after plateinsertion. Theyield Sress results for sample CRS-2 are given
intable 2.
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Table2
Sample CRS-2 results

Rest Time After mixing | Rest Time After plateinsertion | Yield Stress
(min.) (min.) (Pa)
2 2 0.033
2 15 0.034
15 2 0.035
15 15 0.035
Average 0.035
Sample AES-300

The average yidld stresswas 0.204Pa. Again, a 2° factorial design testing procedure was followed,
snce mixing peed was determined to be of little Sgnificance. The variables were rest time after
mixing (min.) and rest time (min.) after plate insertion. Theyidd dress results for sample AES-300
are givenintable 3.

Table3
Sample AES-300 Results
Rest Time After Mixing|Rest Time After Plate Insertion [Yield Stress|
(min) (min) (Pa)
2 2 0.197
2 15 0.204
15 2 0.201
15 15 0.209
Average 0.203
Sample CSS-1

The average yield stresswas 0.052 Pa.  The procedure outlined for sample CRS-2 was used to
determinetheyield dress. Theyidd sressresultsfor sample CSS-1 are given in table 4.
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1 The datais unavai

Table4
Sample CSS-1results

Rest Time After Mixing|Rest Time After Plate Insertion |[Yield Stress
(min) (min) (Pa)
2 2 0.050
2 15 0.053
15 2 N/A*
15 15 0.054
Average 0.052

able for thistest due to the shortage of materials

Sample CRS-2P

The average yidd stresswas 0.033 Pa. The procedure outlined for sample CRS-2 was used to

determine theyidld stress.  Theyidd stress results for sample CRS-2P are given in table 5.

Table5
Sample CRS-2P results

Rest Time After Mixing

Rest Time After Plate Insertion

Yidd Stress

(min) (min) (Pa)
2 2 0.031
2 15 0.029
15 2 0.033
15 15 0.037
Average 0.033

Sample AE-P

The average yidd stresswas 0.0016 Pa. The procedure outlined for sample CRS-2 was used to

determine theyield stress. The yield stressresults for sample AE-P are givenin table 6.
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Table6
Sample AE-P results

Rest Time After Mixing|Rest Time After Plate Insertion |Yield Stress
(min) (min) (Pa)
2 2 0.0011
2 15 0.0017
15 2 0.0016
15 15 0.0015
Average 0.0015

Analysis and Discussion of Sotted Plate Technique Results
The two-minute rest time after insertion was insufficient for samples CRS-2, CRS-2P, and CSS-1
to achieve a steady state, thus rendering the yield stress determinations inaccurate. Those samples
need at least 13 minutes to come to equilibrium. A 15-minute rest period after plate insartion in the
sample is sufficient to determine the yield stress accurately.

Table7
Yield StressValuesfor All Samples

SS1 | CRS2 | AES-300 | CSS1 | CRS-2P | AE-P

Y'e'(‘;)z;r% 0.011 | 0035 | 0203 | 0052 | 0.033 |0.0016
0
A"era%‘;))/" ST 251 | 19 | o087 | 138 | 560 | 583

Standard Deviation | 0.0008 | 0.0011 | 0.0049 | 0.0019 | 0.0052 | 0.0002

The average yidd stress vaues and percent error for the samples are giveninthetable 7. The
factorid experimenta design procedure showed that the mixer speed and time of mixing had no
ggnificant effect on the yield stress of sample SS-1. A rest time of two minutes was observed
before the insertion of the plate to alow the sample to come to equilibrium. Different rest times after
plate insertion did not have a substantia effect on the yield stress for this sample. From the dataiit is
clear that the test can be performed within two minutes after inserting the plate in the sample SS-1.

For sample CRS-2 the varigbles were the rest time after mixing and rest time after plate insartion. It
was assumed that neither the mixing time nor the rate of mixing had a sgnificant effect on the yied
sress of the sample. The average percent error for this set of datais 1.9 percent, which iswell
within an acceptable error range. The rest times after mixing and after plate insertion did not have a
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ggnificant effect on theyidd dressresults. Theyidd stressresults varied lessin the longer rest times
after plate insertion than in the shorter rest times. This observation suggests that the sample requires
more than two minutes to acheive equilibrium. Thus the suggested rest time is & least five minutes
for sample CRS-2.

For the rest of the samples, the variables remained the same: the rest time after mixing, and the rest
time after plate insartion into the sample. Both variables were tested for two and fifteen minutes
following the 22 factorid test design. It was found that the two-minute rest time after insertion of the
plate was not sufficient for most samples to come to equilibrium, and the rest time before the
insartion of the plate into the sample (the time after mixing) had no sgnificant effect on theyield
stress determinations of the sample. Different charges on particlesin samples CSS-1 and SS-1
would create different structures, leading to different yield Stressvaues. We have noted that CRS-
2P is stling fagter than AE-P, likely contributing to the larger percert error.

Yidd Stress Results Using Rotational Rheometers

Procedure

The sample was prepared as described earlier. The sample was loaded into the TA AR2000
advanced rheometer using apardld plate or cone and plate geometry, depending on the sample.
The CRS-2 samples were tested with pardld plate geometry since the particle Sze was larger than
the minimum gap associated with the cone and plate geometry. The sample was alowed to rest for
five minutes before testing. The TA AR2000 software computed the data. Testing via concentric
cylinder geometry was performed with a Bohlin 88 viscometer. The sample was loaded into the
cap and the rotationd cylinder wasimmersed in the sample. Again, the sample was dlowed to rest
for five minutes prior to the Sart of the experiment. All tests were performed at 25° C.
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Results Obtained with TA AR-2000 Rheometer

Sample SS-1. The data obtained for the sample SS-1 viathe roationd measurements are
shown infigure 6. The computed Casson and Bingham yield stress vaues are shown in table 8,
aong with the dotted plate results. The extrgpolations used the data at the lower values of shear
rate. Clearly, usang al of the viscometric datafor the extrgpolation process would result in even
larger errors.

Table8
Sample SS-1results
Bingham Yidd Casson Yidd Slotted Plate
Stress Stress Yidd Stress
(Pa) (Pa) (Pa)
Trid 1 0.100 0.012 0.012
Trid 2 0.200 0.063 0.010
Trid 3 0.050 0.012 0.011
Average 0.117 0.029 0.011
Percent Error (%) 24.67 39.79 251

The three tests produced three different curves at the low shear rate values; values a low shear rate
are required in order to extrapolate to zero shear rate. At higher shear rate values, the three curves
converged. The Bingham modd assumes Newtonian behavior of the sample, once the sample sarts
flowing. Note that the SS-1 samples were non-Newtonian fluids, further adding to the difficulties
encountered by determining the materid yied stress via an extrgpolation technique.
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Sample SS-1 results
Sample CRS-2. The data obtained for the sample CRS-2 via the rotationa measurements
are shown in figure 7. The computed Casson and Bingham yidld stress values are shown in table 9,

aong with the dotted plate results.
Table9
Sample CRS-2 results
Bingham Yidd Casson Yield Sotted Plate
Stress Stress Yield Stress (Pa)
(Pa) (Pa)
Trid 1 0.130 0.036 0.035
Trid 2 0.150 0.078 0.034
Trid 3 0.450 0.303 0.035
Average 0.243 0.139 0.035
Average Percent Error (%) 27.96 41.23 1.95
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The extrgpolations used the data at the lower vaues of shear rate. Clearly, using dl of the
viscometric data for the extragpolation process would result in even larger errors. Here again, the
shear stress response varied gregily from trid to trid in the low shear rate region, which isthe region
of interest. At higher shear rate vaues, the curves converged. Clearly, the data from the extremely
low shear rate region are not reliable.
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Sample CRS-2 results
Sample AES — 300. The data obtained for the sample AES-300 via the rotationa
measurements are shown in figure 8. The computed Casson and Bingham yield stress values are
shown in table 10, dong with the dotted plate results.

27



Table10
Sample AES-300 results

Bingham Yidd CassonYield | Sotted Plate
Stress (Pa) Stress (Pa) (Pa)
Trid 1 0.051 0.040 0.204
Trid 2 1.200 0.160 0.201
Trid 3 0.048 0.036 0.209
Average 0.433 0.079 0.205
Average Percent Error (%) 68.65 34.47 0.705

Agan, the extrapolations used the data at the lower values of shear rate. Not surprisingly, the data
in the (<10? s*) shear rate region varied greatly from trid to trid; thiswas no longer true of the
higher shear rate vaues.
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Sample AES-300 results
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Sample CSS—1. The data obtained for the sample CSS-1 viathe rotationd
measurements are shown in figure 9. The computed Casson and Bingham yield stress values are
shownin table 11, dong with the dotted plate results. Again, the extrapolations used the data at the

lower values of shear rate.

Table11
Sample CSS-1 results
Bingham Yidd Casson Yield |Slotted PlateYield
Stress (Pa) Stress (Pa) Stress (Pa)
Trid 1 0.007 0.123 0.050
Trid 2 0.020 0.203 0.053
Trid 3 0.014 0.084 N/A
Trid 4 0.006 0.017 0.054
Average 0.012 0.107 0.052
Average Percent Error (%) 17.11 12.72 2.970
=
&
© Trial 1
Trial 2
&  Trial 3
v Trial 4

Figure9
Sample CSS-1 results
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Sample CRS—2P. The data obtained for the sample CRS-2P via the rotationd
measurements are shown in figure 10. The computed Casson and Bingham yield stress values are
shown in table 12, dong with the dotted plate results. Again, the extrapolations used the data at the
lower vaues of shear rate, resulting in mgor differences from the dotted plate experimentd results.

Table12
Sample CRS-2P results
BinghamYidd |~ vield Stress [Siotted Plate Yield
Stress (Pa) Stress (Pa)
(Pa)
Trid 1 4.0-10° 1.76-107 0.031
Trid 2 3.0-107 1.00-10% 0.033
Trid 3 3.010® 4.00-10"? 0.037
Average 1.34.10° 6.21.10% 0.034
Average Percent Error
(%) 81.63 73.39 3.28
10° ;r‘ L
10’ 5— o
: ol Trial 1
- g Trial 2
& w0k o s Trial 3
e
10" 3
103 3
1.0" I lﬁ)‘ 10 ‘10: ‘1‘0‘ .110"
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Figure10
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Sample AE-P. The data obtained for the sample AE-P viathe rotationd measurements are
shownin figure 11. The computed Casson and Bingham yield stress values are shown in table 13,
aong with the dotted plate results. Again, the extrapolations used the data a the lower values of

shear rate.
Table13
Sample AE-P results
Bingham Yidd |[Casson Yield |[Slotted Plate
Stress (Pa) Stress (Pa) Yield Stress (Pa)
Trid 1 6.00-10” 1.3:10° 0.0015
Trid 2 1.00-10% 3.4-10* 0.0017
Trid 3 6.00-10% 7.5-107 0.0016
Average 2.00-10% 2.5-107 0.0016
Average Percent Error (%) 83.31 83.27 2.09
10°
10°
10’
-~ 10°
~
&./ 5
e 10 & Trial 1
Trial 2
107 - -..____:‘.;_1,_,-=‘ Trial 3

Figurell
Sample AE-P results
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Table14

Bohlin Visco 88 viscometer results

ss1 CRS.2 Slotted Plate
(Pa)
Bingham | Casson | Bingham | Casson
Trial (Pa) (Pa) (Pa) (Pa) S5l CRS2
1 0.64 0.049 0.029 0.002 0.012 0.035
2 0.58 0.047 0.47 0.009 0.010 0.034
3 0.59 0.052 0.77 0.03 0.011 0.035
Average 0.60 0.049 0.42 0.014 0.011 0.035
Average
Percent Error 2.95 0.34 87.2 74.5 251 1.95
(*0)
AES-300 CSS-1 Slotted Plate (Pa)
Trial Bingham | Casson | Bingham | Casson | AES- csS 1
(Pa) (Pa) (Pa) (Pa) 300
1 3.577 1.283 0.0255 0.0005 | 0.204 0.050
2 4.127 1.239 0.112 0.00125 | 0.201 0.053
3 3.494 1.239 0.0501 2.5%10° | 0.209 0.054
Average 3.733 1.254 0.0625 0.006 0.205 0.052
Average
Percent Error 3.48 0.78 27.15 47.74 0.705 2.970
(*0)
CRS-2P AE-P Slotted Plate (Pa)
Trial Bingham | Casson | Bingham | Casson | CRS AE-P
(Pa) (Pa) (Pa) (Pa) 2P
1 0.268 0.0395 0.2874 0.0095 | 0.031 0.0015
2 0.131 0.0016 0.2697 0.00897 | 0.033 0.0017
3 0.922 0.057 N/A N/A 0.037 0.0016
Average 0.440 0.0327 0.279 0.009 0.034 0.0016
Average
Percent Error 37.99 42.39 1.59 1.44 3.28 2.09

(%0)
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Yield Stress Results Obtained with Bohlin 88 Viscometer

The data in table 14 show the yield stress results for dl 6 samples obtained with a concentric
cylinder geometry used with the Bohlin 88 instrument. This instrument generated data equivaent to
data obtained with a Brookfield viscometer.

The Bingham yidd stress result was obtained via extrgpolation of thet - ¢ data (see figure 12) to

zero shear rate. Similarly, the Casson yield stress result was obtained via extrapolation of the data
as shown in figure 13.
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Bingham modd curvefit
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Discussion of Data Obtained via Rotational Rheometers.

Theyidd dress of asphdt emulsonsis difficult to measure with any degree of certainty using the
cone and plate or pardld plate geometries. Although the TA AR-2000 rheometer is a top-of-the
line research ingrument, it is not sengitive enough at the very low shear rate region to produce
reproducible data for the shear stress—shear rate rdationships, from which theyidd sressis
obtained via extrgpolation. The underlying assumption of the Bingham modd is Newtonian behavior
of the sample in the flow region. The data prove that the agphat emulsions do not behave as
Newtonian fluidsin the low shear rate region. The extrapolation to zero shear rate thus gives

inaccurate results.

Table15
Summary of theresultsfor rotational rheometersand comparison with the dotted plate results
SS1 CRS-2 |CRS-2P |AES-300|AE-P CSS1
TA AR-2000 Reaults
Bingham Yield Stress (Pa) 0.117 | 0.243 |1.3410% 0.433 |2.00-10%| 0.012
Casson Yield Stress (Pa) 0.029 | 0.139 [6.21-10% 0.079 |2.50-10% 0.107
Bohlin 88 Results
Bingham Yield Stress (Pa) 0.60 0.42 0.440 | 3.733 | 0.279 | 0.0625
Casson Yield Stress (Pa) 0.049 | 0.014 | 0.0327 | 1.254 | 0.009 | 0.006
Slotted Plate Yield Stress(Pa) | 0.011 | 0.035 | 0.034 | 0.205 | 0.0016 | 0.0525

The TA AR-2000 advanced rheometer achieved shear rate values aslow as 10° s?, which
provided more confidence in the results obtained via extrapolation. However, even with data at
such low shear rate vaues, the results were inconsstent for the most part. At firgt sght, one can
conclude that the Casson modd is better at predicting the yield stress of the agphdt emulsions. At
higher shear rates, all of the samples exhibited power law behavior, and at very high shear rates,
they exhibited Newtonian behavior, as expected. The curves converged for the shear rate values
greater than 10s™. The Casson and Bingham models overestimated the true yield stress of the

materid.

Because the Bohlin Visco 88 viscometer isincgpable of ataining low shear rates vaues
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(< 10° 1), it compounds the errors resulting from the extrapolation of the data to the lower shear
rate regions. The results of the Bohlin 88 tests are given in table 15. These results indicate that
using rotationa viscometers at higher shear rates generates reproducible results, but the
extrapolations to zero shear rate are highly dependent on the modd (Bingham, Casson, etc.) used.
Yidd stress determinations using rotationa geometries followed by extrapolation procedures should
be avoided.

Saybolt Viscosity Deter mination of Asphalt Emulsions

Procedure

The sample was prepared according to the AASHTO T72-97 standard procedure. The water bath
for the Saybolt apparatus was established at 25°C, and the sample was preheated to 25°C. The
sample was hand stirred and then strained, usng number 100 wire doth in the filter funnd, directly
into the viscometer until the levedl was above the overflow rim. The efflux time was measured using a
RadioShack Multifunction LCD Stopwatch to the nearest 0.1 s.

Results

Saybolt testing was performed on the four samples following the AASHTO T 72-97 standard at
25°C usng water as a bath medium. The shortage of samples prevented more tests at higher
temperatures.

Discussion of Saybolt M easurement Results

The Saybolt viscosty, given in units of (9), is not comparable to the proper viscosity that relates
shear stress to shear rate and is expressed in(Pa>s) . Note that the viscosity of acomplex system,
such as an asphdt emulsion, is afunction of sheer rate. Because we are dedling with anon
Newtonian viscodity, using a*one point viscodty vaue’ asaquality control tool cannot be justified.

Theidea of usng asngle vaue qudity control parameter is gppeding. Theresults of this preiminary
research program suggest that the sample yield stressis a good candidate for such aone point
measure, as it can be determined within an acceptable error margin. In addition, the concept of a
yield stress provides a solid physica basis for this choice of qudity control.
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Table16

Saybolt results

Sample Trial Efflux Time I(ziaogoerctlon " Viscosity"
CSS-1 1 47.84 1.0546 50.45
2 55.75 1.0572 58.94
3 59.28 1.0572 93.19
Average 67.53
AES-300 1 96.43 1.0546 101.70
2 102.91 1.0546 108.53
3 112.28 1.0572 118.70
4 101.3 1.0572 107.09
111.44
SS-1 1 23.22 1.0572 24.55
2 23.69 1.0572 25.05
3 20.5 1.0546 21.6193
4 25.28 1.0546 26.66
24.44
AE-P 1 88.5 1.0572 93.56
2 92.35 1.0572 97.63
3 92.75 1.0546 97.81
4 99.69 1.0546 105.13
100.19
CRS-2 1 525.5 1.0572 555.56
2 530.7 1.0572 561.06
3 527.6 1.0546 556.41
4 535.0 1.0546 564.21
559.31
CRS-2P 1 620.1 1.0572 655.57
2 618.2 1.0572 653.56
3 625.9 1.0546 660.07
4 627.3 1.0546 661.55
657.69
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CONCLUSIONS

To our knowledge, no yield stress measurements have been reported for agphat emulsons. In fact,
little attention has been given to any materid with low yield stress values [15]. Measuring such low
vaues of yidd dressis difficult usng traditiona methods. The dotted-plate technique accurately
determined the yidd stress of these emulsons. Other accepted standard tests were performed for
comparison. Yield stress measurements obtained via extrapol ation of shear stress-shear rate data
are ddinitdy not relidble. Another disadvantage of the standard (extrapolation) testing methods is
the fact that the yield stress determinations aso rely on the choice of arheologica modd.

The Saybolt test provides a single viscosity vaue for a given temperature; however, the emulsions
are not Newtonian fluids at lower temperatures. In addition the Saybolt viscosity does not have the
units of viscosity, so aviscodty function (curve) is required to express the sample viscosity.
Determining asingle viscodty point for a non-Newtonian materia does not characterize the materid.
On the other hand, the static yield stressfor a particular materia isaconstant. Thus, thisgatic
yield stress determination is preferable as a quality control parameter for asphat emulsions,
provided its vaue can be obtained within an acceptable magnitude of error.

The purpose of this project was to begin comparing severa techniques for determining the yield
stress of agphdt emulsions. The project aso tested the ahility of the dotted plate technique to
determine of the yield stress vaues of asphdt emulsons. Six samples of agphdt emulsions were
characterized using concentric cylinders, parald plate and cone and plate geometries (i.e. rotationa
rheometers), a dotted plate technique, and a Saybolt viscometer. Results show that the dotted
plate technique is superior (i.e. no extrgpolation isinvolved) to the rotationa rheometers because it
isadirect measurement technique that measures the yidd stress in undisturbed samples by carefully
insarting the plate in the sample and dlowing the sample to come to equilibrium. The dotted plate
yidld dress results were consistent.

The rotationa rheometers did not alow for a direct measurement of the yield stress, as extrgpolation
of rheometric datawas required. Theyield stress vaues obtained viathe Casson model were
comparable to the dotted plate technique results. The Bingham modd did not aways predict the
yield stress accurately.

The Bingham and Casson yield stresses were determined using a salect range of shear rates (lowest

possible) from the data obtained with the TA-AR 2000 rheometer. As mentioned earlier, the data
were inconsistent at shear rates below 1s™.
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The Saybolt testing was performed following the AASHTO T 72-97 standard at 25°C. The results
from Saybolt testing are not directly comparable to the yield stress results because the Saybolt
viscosty isameasure of the time required for 60 ml of emulsion to flow through a capillary, whereas
the yield stressisameasure of the siress necessary to induce the flow in the material. However,
both of those values are gppealing since they are single point characterization parameters. Whilea
single point characterization is practical, such a characterization must be based on solid scientific
principles. Thisis not the case for the Saybolt measurement sincetheh - g reationship is not

considered.

The dtatic yidd dtress determined viathe dotted plate technique was a constant. Consistent results
within 6 percent error were obtained. The dotted plate technique deserves further investigation
involving an expanded array of indugtrialy important emulsons to determine the effects of
asphdtene interactions and emulsfying agents on the yield stress. Other variables of interest include
the therma dependence of the yield stress aswdl as Oswad ripening effects. The ultimeate god of
such research would be to establish a new standard procedure to characterize asphalt emulsions.

From arheologica standpoint, the yield stress grading is preferable to the other techniques
described in thisreport. Until now determining the precise yield stress vaue of the emulsions of
interest was nearly impossible, since the yield stressis of arather smal magnitude. Current results
suggest that with the dotted plate technique, the Setic yield stress of agphat emulsions can be
determined with confidence.
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NOTATION

Ca Capillary Number
Dy vane diameter (m)
F orifice cdibration congtant
F “Initia force’ (Pa)
F forcea timet, (Pa)
h gap between two plates (m)
H vane height (m)
M viscosity ratio of the dispersed to the suspending fluids
r radia position
R radius of the cone (m)
R radius of the vane (m)
t efflux time (9
t, time a which flow isinitiated ()
T torque (N-m)
Tm maximum torque (N-m)
S plate surface area (n¥)
z axia pogtion
Greek Letters
f volume fraction
u saybolt “viscosty” (SFS)
d, cone angle (rad or deg)
g rate of deformation tensor { = Nv+ (Nv)*}
O, 0y 19, Shear rate(s’)
/R wall-shear rate in Poisatille flow (s%)
S 1 (r-?) component of shear stresstensor s
s stress tensor
S, yidd stress (Pa)
S, end surface shear stress (Pa)
S w wall shear stress{=s ,, |, } (Pa)
S 1 Sq shear stress (Pa)
C surface tengion of the solvent (N-m™)
W angular velocity (rad/s)
? viscosity of the sugpension (Pas)
h, Newtonian viscosity (congtant) (Pas)
h, reldive viscosty (Pas)
h viscosity of the solvent (Pas)
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ABSTRACT

Yidd sresswas investigated as a potentia quality control parameter for asphalt emulsons.
Viscometric data were determined using the concentric cylinder, pardld plate, and cone and plate
geometries with rotational rheometers. We aso investigated the use of anovel dotted plate
technique to determine the yield stress in adirect way—that isto say, without extrapolation. The
Saybolt “viscosity” was determined with a Saybolt Viscometer following the AASHTO T 72-97
standard procedure. The dotted plate technique generated reproducible and cons stent results that
were far superior to those obtained by rotationa rheometer techniques. Theyield stress of the
emulsions gppears to be a more accurate measure of the performance specification for asphalt
emulsions than the Saybolt “viscosty” data






IMPLEMENTATION STATEMENT

Currently, the Saybolt test is used for qudity control andlysis of agphdt emulsons. With the Saybolt
test procedure, the time required for 60 milliliters of atest fluid to flow through a cdibrated orifice is
measured. Thistime measurement is then associated with viscosity of the materid. This procedure
isreligble only when the materid in question is Newtonian; the viscogty of the materid is shear rate
independent. The asphalt emulsions were proved to be non-Newtonian materials. The current
standard Saybolt test procedure is not reliable since the shear rate that the material experiences
during the test changes due to a continuoudly changing hydrostatic head. However, the Saybolt test
procedure produces a one-point quality control parameter, which is an attractive dternative to
rheologica characterization involving dozens of test points.

Theyidd stress of multiphase materids such as agphdt emulsons is a one- point characterization
parameter of the flow properties of multiphase materids. Previoudy, accurately determining the
yidd gress of materids such as asphat emulsons was nearly impossible because of the technique
involving extrgpolation of viscometric data to zero shear rate. The dotted plate technique
developed at Tulane Univergty can provide accurate and reliable yield stress values of asphalt
emulsons

This report presents the results of a preiminary study to determine the feesibility of usng the dotted
plate technique to accurately determine the yield stress of sdlect asphat emulsons. The results of
this study should lead to a more extensive research project that would develop anew standard
qudity control test for agphdt emulsons.
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INTRODUCTION

The rheology of suspensons and emulsonsis of great interest to the industria community snce
many processes involve “particles’ of somekind. However, the rheologica anadlysis of such
sysemsisadifficult topic. The earlier modelsthat are available to describe the rheologica behavior
of suspensions gpply only to very dilute suspensions. Eingein’smodd [1], for example, assumes a
dilute suspension of rigid spheresin a Newtonian fluid, and can predict rheologica behavior of
suspensions only for limited cases. Eingein’ srelation is given by

f @)

r

h,= =14
hg

N o

whereh, is therdative viscosty, h isthe viscosity of the suspension, h, isthe solvent viscosty,
and f isavolume fraction occupied by the spheres. Eingtein’stheoretica result is only vaid for

very low concentrations (f <0.01).

Larson [2] consdersthe smplest case of a steady flow of adilute suspension of Newtonian drops
or bubbles in a Newtonian medium through a capillary. If the capillary number,

Ca=hg,,al/G 2
with (a) being the surface areaand ( G) the surface tenson of the solvent, is smdl, the drops or

bubbles do not deform under flow and the suspension viscosity & a steady State is given by Taylor's
extenson of the Eingein formulafor solid spheres

1+ %M
h, o h_:1+¢f ©)
h, 1+ M

where M istheratio of the viscosities of the dispersed to the suspending fluids. As M ® ¥ | the
droplets behave like hard spheres, and Einstein’sresult isrecovered. As M ® 0, therdative
viscosty islower, h, =1+f , which is generdly true for bubbles. The viscosity of asuspension of

bubbles is less than that of a suspension of hard spheres a a given volume fraction because liquid



bounding the surface of a bubble can flow. Hence, bubbles disturb the flow fidd of the externd fluid
less than do hard spheres[2].

Some researchers found that the viscosity of suspensions containing two types of solid particles
exhibit adecrease in viscodity [3, 4]. Goto and Kuno determined thet the relative viscosity of the
suspension of a single component was lowered by mixing particles of different Szes[3]. The
relative gpparent viscosity of the sugpension was at a minimum when the volume fraction for the
larger particles with respect to the tota solids was about 60 percent. Also, the possible [ubrication
effect by smdl particles was observed. Hoffman observed that as the Sze of the particlesin the
suspension decreased, the viscosity of the suspension rose exponentialy as the number of particles
increased [4]. The suspension became srongly shear thinning for f > 0.35; Van Der Werff and De

Kruif, showed similar behavior for four submicron sericaly sabilized slicadigpersons with differing
particle szes[5]. They found that the high and low shear limiting viscosties are functions of the
volume fraction only, and the volume fraction a which the viscosity divergesisindependent of the
particle Sze. Note that agphat emulsons are dispersions of droplets with awide Sze ditribution.

Weinvestigated the use of the yidd dstress value to characterize asphat emulsions and to possibly
replace the Saybolt grading procedure with the emulsion yied stress, which should be a more
accurate quality control tool. Materias such as suspensions, coatings, and emulsions possess a
three-dimensiona microstructure, which imparts solid-like properties but is susceptible to structural
breakdown under an applied force [1]. The flow properties of these materids are between those of
asolid and aliquid. When the materid is subjected to asmall diress, it behaves asa solid.
However, when this stress is large enough, the sample behaves as aliquid and beginsto flow.
Ketchup isawdl known example of ayield stress materid (yied sressvaueis 15 Pafor Heinz 57
ketchup). If the ketchup bottle is turned over, the ketchup will not flow until sufficient forceis
goplied. Yidd dressis defined as the minimum amount of force that must be applied to degrade a
materid’ s sructure and induce flow. It isimportant that any multiphase materid of indudtrid
sgnificance be accurately characterized by this critica control parameter, asthe yield stress can play
an important role in determining the processing congtraints during production, storage,
trangportation, and overal performance of the product [6].

Background



Emuldgons

An emulsion is defined as a gable digperson of one liquid in asecond immiscible liquid [7].
Furthermore, an asphat emulsion is a combination of three main substances. asphdt, water, and a
amdl amount of an emulgfying agent or “soap” that Sabilizestheemulsion [8]. One of the asphalt
model's has been proposed by Kennedy and Cominsky [9], who considered an asphdt emulson as
asuspension of aromatic, high-molecular weight, core molecules dispersed in amedium of relatively
low-molecular weight molecules. The dispersed phase is viewed as being peptized by absorbed
aromatic molecules lower in molecular weight than the core materids, which are soluble in the
dispersng medium. The core materids are considered to be asphatene micdlles, the peptizing
agents are considered to be resins, and the dispersing media are consdered to be oils (maltenes).

Kennedy and Cominsky’s[9] working hypothesis of the asphdt structure states that the phase
conggting of rdatively diphatic, non-polar molecules that are low in heteroatoms disperses the
micdlar sructures of agphdtene-like molecules. These asphatene-like molecules are aromatic,
polar, and contain heteroatom functiona groups. The Size of the micelles may vary widdy, but for
emulson CRS-2P the largest droplet size was 95 um, and the average droplet Size was 65 pm.
Some agphdt emulsions have an observable amount of micdlar Sructures  that are smdl in Sze and
number, are well dispersed, and exhibit Newtonian behavior [10]. Other asphalt emulsions contain
subgtantial amounts of poorly dispersed large micelles and are capable of forming three-dimensond
networks of agphatene micelles within the emulsion, thus exhibiting non-Newtonian behavior [10].

The four most important components of asphdt are ail, crystdlizable waxes, resin, and asphaltenes.
The ail fraction of asphat includes structures of fused naphthenic rings with linear and branched
diphatic 9de chains of variouslengths. The resin fraction of asphat conssts of hundreds of different
hydrocarbons, but the genera nature of resin fraction conssts of polycyclic molecules containing
saturated aromatic, heteroaromatic rings and heteroatoms in various functional groups[11].



Figurel
Sample CRS-2P under 40X magnification, 1 cm = 100 um

These components are sheared in a high-gpeed mixer called a colloid mill that producestiny asphalt
droplets. The emulgfier, which is a surface-active agent, keeps the asphalt dropletsin astable
emulson. Theresultisaliquid product with a consstency ranging from that of milk to heavy cream,
which can be used in cold processes for road construction and maintenance.

Asphat emulsions can be classfied into three categories that refer to the dectrical charges
surrounding the asphalt particles: anionic, cationic, or nonionic. They are further classfied on the
basis of how quickly they codesce; that is, how quickly they form asphat cement [8].

Many advantages result from using asphat emulsons. Asphat emulsons do not require a petroleum
solvent to liquefy, and they can usudly be used without applying additiona hest. Both of these
factors contribute to energy savings. Additiondly, asphat emulsions are environmentaly friendly.
Hardly any hydrocarbon emissions are created by their use [8]. Because of thelr environmenta
properties, energy efficiency, and cost effectiveness, emulsons will likely emerge as the agphalt
product of the future for pavement maintenance, roofing, and specidty industria applications [8,
12]. Choosing the right emulsion and gpplication technique yieds substantid economic and
environmenta benefits [13].



OBJECTIVE

Thisinitia research project characterized severd different samples of agphat emulsonsand
compared the results from different types of rheologica tests. Severd testing procedures were used
for this project to reved some rheologica characteritics of the emulsons. The nove dotted-plate
technique, measurements using coaxia cylinder geometry (Bohlin Visco 88 rheometer), Saybolt
viscometer testing, aswell as cone and plate and pardld plate geometries (TA AR2000 rheometer)
were performed to identify the sample yield stress and viscosity functions,






SCOPE

Six samples of agphat emulsions provided by L TRC were tested with the dotted plate technique at
25°C. The 2" factoria test design was used to determine the effects of severd variables on theyield
dress of emulsons. The maximum test time was optimized to be less than 30 minutes in order to be
comparable to the Saybolt test procedure.

The viscometric data was determined with the TA AR-2000 rheometer and Bohlin Visco 88
viscometer. The datawas fitted to Bingham and Casson models to determine the yield stress value
of the emulson samples. The temperature was kept constant at 25°C, and the sample preparation
procedure was same as for the dotted plate technique.

The Saybolt data was obtained at the LDOT 2 Lab, usngthe AASHTO T 72-94 standard
procedure. The datawas andyzed with MS Excd and then used to determine the qudlity of the
asphdt emulsons samples.






METHODOLOGY

Saybolt and Capillary Viscometry

Rheologica properties, such as viscosity, are measured viarheometers such as the Bohlin Visco 88
rotational viscometer, the Saybolt viscometer, and/or the TA AR-2000 advanced rheometer. One
can obtain quditetive information about the flow characteristics of a Newtonian fluid by messuring
the time required for afixed volume of afluid (at a given temperature) to flow through a cdibrated
orifice or capillary tube. Note that such ameasurement is not associated with viscosity units, which
are Pa>s in Sl units. Severd types of viscometers are used today. The Saybolt viscometer shown
infigure 2 is used to determine the viscosity of Newtonian fluids. It consgts of four cylinders
(sample holders) of equd volume with capillary outlet tubes at the bottom of the cylinders. The
cylinders areimmersed in a constant temperature bath. The sample isloaded in the cylinders and
alowed to reach therma equilibrium. Then the fluid is dlowed to flow through an orifice (capillary)
and the efflux time, which is the time required for 60 milliliters of fluid to flow through the capillary, is
recorded.

The sample is stirred by amixer prior to a measurement to achieve asmilar initia structure and
generate reproducible results. The time measured is used to express the fluid' s viscodity in Saybolt
Universal Seconds or Saybolt Furol Seconds. (Note: the asphalt emulsions are aways measured in
Saybolt Furol Seconds.)

n=Ft (4)

Where n isthe kinematic viscosty of the fluid expressed in seconds, F isthe calibration congtant of
the orifice (capillary), and t isthe efflux time. The cdibration congtant is determined for each orifice
using astandard with a known viscosity.

The glass capillary viscometers, shown in figure 3, are examples of a second type of viscometer.
These viscometers are used to measure kinematic viscodty. Like the Saybolt viscometer, aglass
capillary is used to measure the time in seconds required for the test fluid to flow through a bulb.
Thistimeis multiplied by atemperature constant, determined from the cdlibration of the tube in use,
to provide the viscosity expressed in centistokes.



Figure2
Saybolt Viscometer

!
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Figure3
Kinematic Viscometers
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Rheometers
Bohlin Visco 88 Viscometer

The portable and easy-to-use Bohlin Visco 88 viscometer uses coaxid cylinder geometry. Inthis
study, the sample was prepared the same way as a Saybolt test sample. The sample was loaded
until the thermocouple was dightly immersed. A range of shear rates was chosen, and shear diress
versus shear rate data was plotted; the yield stress was determined with an extragpolation procedure
from the obtained viscometric data

Coaxial Cylinder Geometry. Most modern rheometers are rotating devices that can
rapidly determine the viscosty curve as well as other important rheological materid functions.
Commerciad rheometers are available with computer control and software packages for data
andysis. The measurements are made using three possible geometries. coaxid cylinders, cone and
plate, and parald plates. Coaxid cylinders were the firgt rotating devices used to measure
viscosty. Bascaly, the geometry conssts of a stationary cylinder and arotating cylinder. The
sample isloaded in the gagp between the cylinders, which should be smdll to approximate a constant
shear rate. Depending on the setup, ether the inner or outer cylinder rotates. After the torqueis
measured, the viscosty can then be caculated [1].

Rotational Viscometers (TA Advanced Rheometer)

The TA AR2000 advanced rheometer is a powerful and versatile research-grade rheometer. This
ingrument utilizes different measuring system geometries than used with the Bohlin 88 viscometer.
Pardld-plate and cone and plate geometries are used.

Cone and Plate Geometry. The cone and plate geometry isthe most popular for
determining the viscosity of viscodadtic fluids. A smal sampleis placed in the space between a
plate of radius R and a cone of the same radius with avery smdl angle, so that the shear rateis
congtant in the gap. The sample should have a free spherical- shaped surface at the outer edge. For
viscous fluids, the cone can be positioned below the plate, and either the cone or the plate can be
rotated. The shear stress can be determined from the measured torque as follows:

T=2p Qqufrzdr :gp R's

Q)
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where T isthetorque, s, isthe shear stress, and g, isthe shear rate

From
Sq =-hdy (6)
where
w
Jy > — (7)
h (O}

where g, isthe cone angle; the non-Newtonian viscosty is given by

h_ 3:IOT

- 2p R3W (8)

The torque (T) is measured and the rotationa velocity (W) is controlled [1].

Determining rheologica properties does not require any assumption about flow kinemetics, nor does
it require the rheological modds. Very amdl sample volumes are needed. The system dlows for
very good hesat transfer and temperature control. End effects are negligible, at least for low
rotationa speeds when using the appropriate quantity of fluid in the gap.

While this geometry appearsto beidedl for rheologica studies, it does have some disadvantages.
The system islimited to low shear rates, epecidly for highly eastic sysems which would not say in
the gap at ahigh rotationa speed. It is difficult to eiminate evaporation and free-boundary effects
for solutions involving volatile solvents. Highly erroneous results are possible for multiphase systems
such as suspengions of solids and polymer blends, in which the particles or domain szes are of the
same order of magnitude asthe gap sze[1].

Parallel-Plate Geometry. Since the cone and plate geometry may not be ided for the
study of multiphase system and polymer blend rheology, the parald- plate geometry can be used.

12



This geometry conssts of two paralel concentric discs of radius R with a constant separation or
gap. One of the plates rotates and the other remains stationary; the torque and norma thrust can be
measured at either plate. The edge represents a free boundary on the measured torque and axia
forces are usudly negligible. This geometry is advantageous for high temperature measurements,
particularly when multiphase syssems are sudied. The gap can be varied to accommodate a variety
of paticle Sizes.

For asmal gap (WR<<1), or for low rotationd speed, the velocity profile for steady-tate
conditionsis given by

Z0
= - 9
v e 0

and the shear rate (g,, ) isgiven by

9n =W (10)

Carreau et. a [2], State that for non-Newtonian fluids, the viscosity is no longer proportiond to the
torque because the shear rate varies with the radia position. The viscosity for non-Newtonian fluids
can be expressed by the following equation:

e T ou
dln — =]
20 R g,
ding;, «
H

-
2p Rge

+

h(gr) = (11)

D> D &) D> D~

Modelsfor M aterials That Exhibit a Yield Stress

Bingham M odel. The Bingham modd isthe Smplest one to use becauseitisa
draightforward extenson of Newton'slaw of viscogty:

Is, =-hy, ts, if|syx|>|so||i,]

. : y
§9,,=0 if Is,, £|so|'b

—

(12)
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The parametersare s , and h,. The mode indicates that the sample behaves like a Newtonian
materia when the shear stress exceedstheyield stress s, and it does't flow when the shear stress

islessthan theyield sress [1].
Casson M odel. The Casson mode is given by

NENEN NN 3
A plot of M Versus M will produce \/m as intercept.

Both modds introduce ayield stress vaue; however, the assumption is that the sample behavesasa
Newtonian fluid at low sheer rates.
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Direct Yield Stress Measuring Devices

Vane Technique

One of the direct yield stress measuring devices involves avane, which generdly conssts of asmdll
number (2-8) of blades arranged & equa angles around a small cylindrical shaft. In addition to the
elimination of wal dip, this geometry can keep any disturbance caused by the introduction of the
vane into the sample to a minimum.

A vane test is done by gently introducing the vane spindle into a sample of the suspension heldina
container until the vaneisfully immersed. The vaneis then rotated very dowly a a constant
rotationa speed, and the torque required to maintain the vane' s constant motion is measured as a
function of time [14]. From the resulting torque-time curve, the maximum torque that corresponds
to the point a which the sample begins to flow can be determined; i.e. the yield stress point. The
following correlation between torque and yield stress was derived by Nguyen and Boger [14]:

D2eeH 16
T, =P+ s, (14)
2 $D, 3,

where T, isthetorque, s ,istheyield stress, D, and H are the dimensions of the vane.

It isassumed thet the s  (shear Stress at the end surface) is uniformly distributed over both end
surfaces of the vane and that s  isequal to the shear stress{s ,(=s , |,z )} Also, a the
maximum torque (T,,,), it is assumed that the materid yields instantaneoudy dong the virtua
cylindrical surface described by the vane rotation, and that the shear stress s |, isequa to the
materia yield stresss .

Sotted plate technique

Setup. A direct yidd stress measuring device was constructed by Zhu and De Kee [6].
Thisingtrument, shown in figure 4, employs a dotted plate, which unites the advantages of both vane
and solid plate direct yield siress measurements. 1t is not restricted by the assumptions of the vane
method and diminates the wall effect present with the solid plate method.

The dotted-plate technique congsts of alinear maotion platform (Applied Motion Products) driven
by a step motor (Si3540 programmable step motor driver), abalance (Ohaus, AP250D, capacity
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52/210g, resolution 0.01/0.1 mg), and a controlling computer. This computer controls the speed of
the platform. A second computer is connected to the balance via a serid connection through the
COM1 port for dataandysis. A piece of thread hangs from the balance, and a thin stainless stedl
wire (0.127 mm in diameter) is connected to the thread. This diminates the torque exerted on the
plate, which is connected to the wire, from influencing the baance reading.

Figure4
Slotted plate set up

Procedure. The samples were tirred by amixer prior to measurement in order to achieve
agmilar initid dructurd sate. After the mixing, the asphdt emulson was loaded into a plagtic
beaker, placed on the platform, and alowed to rest for two minutes. The dotted plate was
sugpended from the balance and verticaly inserted into the sample at point A in figure 5. A 15-
minute rest period at this point allowed the system to equilibrate. A 10-m drop of water-soluble
surfactant (Tween 85) was placed on the sample surface (point B in figure 5). Once the force
versus time curve plateaued (point C in figure 5), the platform was lowered at a controlled and
congtant rate. Asthe platform was lowered, the sample in the beaker exerted aforce on the plate.
This continuoudy changing force was recorded by the balance and plotted in Excel as aforce versus
time curve. Once the acting force exceeded the sample yidd stress (change in dope), flow beganin
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the vicinity of the plate, where the stress had the largest magnitude (point D in figure 5). Point C
refersto the “initia force’ (F, ), and point D isthe force (F ) a timet, .
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Figureb
Force-timecurve

This point is characterized by achangein dopeat t = t;. Theyidd dressisgiven by:

F-F
S o

wn|m

Sy =

where Sisthe total surface area of the plate, F isthe totd force obtained by the balance at time t;,
and F; isthe measured initid force.
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RESULTS AND DISCUSSION
Yield Stress Testing Using a New Slotted Plate Apparatus

Procedure

The sample was first rotated on the CEL-GRO Rotator for at least 24 hours at 7 rpm to ensure the
consstency of the sample. The samples used for these tests were stored for an extended period of
time and needed to be homogenized before the testing was performed. In afield Situation, this step
can be neglected because the samples would be homogenized while in transport.

After rotating for 24 hours or more, a sample was poured into a 100 ml beaker and mixed by hand
to remove any air bubbles that formed on the surface. The sample was dlowed to rest for two
minutes before insarting the plate. After the plate was verticdly inserted in the sample, the system
was dlowed to equilibrate. Allowing the sample to rest for 2 and 15 minutes before starting the
motor determined the time needed for the emulsion to achieve equilibrium. After insarting the plate,
the data collecting software (Winwedge), together with an Excel file, recorded the data from the
balance. After the curve plateaued, 10 pL of surfactant (Tween 85) was added to the sample’s
surface. The need for surfactant arises when the yield stress of the materid is of the same or lower
magnitude than the surface tension force a the stainless sed wire— surface interface. The
surfactant is a surface acting agent and will stay on the surface of the emulson if the surfactant
concentration issmall. We added 10 pL of surfactant, which is small enough for us to be confident
thet the surfactant will not interact with the emulson  After the curve plateaued again, the motor
was Sarted (rate of lowering is 0.025 mm/s) and the datawas recorded. The results indicated that
the surfactant was not necessary. (Note: dl tests were performed at 25°C.)

Sample SS-1

The average yidd stress was determined to be 0.011 Pa. A 2" factorial design testing procedure
was followed, where n = 3 with the mixing time (min.), mixing speed (rpm), and the rest time after
mixing (min.) as variables. Thisfactoria desgn procedure was chosen to determine the effect of the
aforementioned variables on the yield stress of the asphdt emulsons. We used an industrid mixer
(Silverson L4RT) with variable speed control to mix the sample before the plate was inserted. The
yidd stressresults are given in table 1.
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Tablel
Sample SS-1 results

Mixing Time Mixing Speed Rest Timeafter Mixing | AverageYield Stress
(min.) (rpm) (min.) (Pa)
2 100 2 0.012
2 100 15 0.011
2 1000 2 0.010
2 1000 15 0.011
15 100 2 0.011
15 100 15 0.010
15 1000 2 0.011
15 1000 15 0.011
Average 0.011

The results show that the mixer had no sgnificant effect on the yield stress of the emulsions. Thus,
the rest of the samples were not mixed with the mixer but were mixed by the CEL - GRO Rotator for
24 hours and by hand for two minutes. Again, this mixing procedure will be modified for field
testing.

Sample CRS-2

The average yield stresswas 0.035 Pa. A 2 factoria design testing procedure was followed, since
mixing speed was determined to be of little Significance. The variables were rest time after mixing
(min.) and rest time (min.) after plateinsertion. Theyield Sress results for sample CRS-2 are given
intable 2.
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Table2
Sample CRS-2 results

Rest Time After mixing | Rest Time After plateinsertion | Yield Stress
(min.) (min.) (Pa)
2 2 0.033
2 15 0.034
15 2 0.035
15 15 0.035
Average 0.035
Sample AES-300

The average yidld stresswas 0.204Pa. Again, a 2° factorial design testing procedure was followed,
snce mixing peed was determined to be of little Sgnificance. The variables were rest time after
mixing (min.) and rest time (min.) after plate insertion. Theyidd dress results for sample AES-300
are givenintable 3.

Table3
Sample AES-300 Results
Rest Time After Mixing|Rest Time After Plate Insertion [Yield Stress|
(min) (min) (Pa)
2 2 0.197
2 15 0.204
15 2 0.201
15 15 0.209
Average 0.203
Sample CSS-1

The average yield stresswas 0.052 Pa.  The procedure outlined for sample CRS-2 was used to
determinetheyield dress. Theyidd sressresultsfor sample CSS-1 are given in table 4.
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1 The datais unavai

Table4
Sample CSS-1results

Rest Time After Mixing|Rest Time After Plate Insertion |[Yield Stress
(min) (min) (Pa)
2 2 0.050
2 15 0.053
15 2 N/A*
15 15 0.054
Average 0.052

able for thistest due to the shortage of materials

Sample CRS-2P

The average yidd stresswas 0.033 Pa. The procedure outlined for sample CRS-2 was used to

determine theyidld stress.  Theyidd stress results for sample CRS-2P are given in table 5.

Table5
Sample CRS-2P results

Rest Time After Mixing

Rest Time After Plate Insertion

Yidd Stress

(min) (min) (Pa)
2 2 0.031
2 15 0.029
15 2 0.033
15 15 0.037
Average 0.033

Sample AE-P

The average yidd stresswas 0.0016 Pa. The procedure outlined for sample CRS-2 was used to

determine theyield stress. The yield stressresults for sample AE-P are givenin table 6.

22



Table6
Sample AE-P results

Rest Time After Mixing|Rest Time After Plate Insertion |Yield Stress
(min) (min) (Pa)
2 2 0.0011
2 15 0.0017
15 2 0.0016
15 15 0.0015
Average 0.0015

Analysis and Discussion of Sotted Plate Technique Results
The two-minute rest time after insertion was insufficient for samples CRS-2, CRS-2P, and CSS-1
to achieve a steady state, thus rendering the yield stress determinations inaccurate. Those samples
need at least 13 minutes to come to equilibrium. A 15-minute rest period after plate insartion in the
sample is sufficient to determine the yield stress accurately.

Table7
Yield StressValuesfor All Samples

SS1 | CRS2 | AES-300 | CSS1 | CRS-2P | AE-P

Y'e'(‘;)z;r% 0.011 | 0035 | 0203 | 0052 | 0.033 |0.0016
0
A"era%‘;))/" ST 251 | 19 | o087 | 138 | 560 | 583

Standard Deviation | 0.0008 | 0.0011 | 0.0049 | 0.0019 | 0.0052 | 0.0002

The average yidd stress vaues and percent error for the samples are giveninthetable 7. The
factorid experimenta design procedure showed that the mixer speed and time of mixing had no
ggnificant effect on the yield stress of sample SS-1. A rest time of two minutes was observed
before the insertion of the plate to alow the sample to come to equilibrium. Different rest times after
plate insertion did not have a substantia effect on the yield stress for this sample. From the dataiit is
clear that the test can be performed within two minutes after inserting the plate in the sample SS-1.

For sample CRS-2 the varigbles were the rest time after mixing and rest time after plate insartion. It
was assumed that neither the mixing time nor the rate of mixing had a sgnificant effect on the yied
sress of the sample. The average percent error for this set of datais 1.9 percent, which iswell
within an acceptable error range. The rest times after mixing and after plate insertion did not have a
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ggnificant effect on theyidd dressresults. Theyidd stressresults varied lessin the longer rest times
after plate insertion than in the shorter rest times. This observation suggests that the sample requires
more than two minutes to acheive equilibrium. Thus the suggested rest time is & least five minutes
for sample CRS-2.

For the rest of the samples, the variables remained the same: the rest time after mixing, and the rest
time after plate insartion into the sample. Both variables were tested for two and fifteen minutes
following the 22 factorid test design. It was found that the two-minute rest time after insertion of the
plate was not sufficient for most samples to come to equilibrium, and the rest time before the
insartion of the plate into the sample (the time after mixing) had no sgnificant effect on theyield
stress determinations of the sample. Different charges on particlesin samples CSS-1 and SS-1
would create different structures, leading to different yield Stressvaues. We have noted that CRS-
2P is stling fagter than AE-P, likely contributing to the larger percert error.

Yidd Stress Results Using Rotational Rheometers

Procedure

The sample was prepared as described earlier. The sample was loaded into the TA AR2000
advanced rheometer using apardld plate or cone and plate geometry, depending on the sample.
The CRS-2 samples were tested with pardld plate geometry since the particle Sze was larger than
the minimum gap associated with the cone and plate geometry. The sample was alowed to rest for
five minutes before testing. The TA AR2000 software computed the data. Testing via concentric
cylinder geometry was performed with a Bohlin 88 viscometer. The sample was loaded into the
cap and the rotationd cylinder wasimmersed in the sample. Again, the sample was dlowed to rest
for five minutes prior to the Sart of the experiment. All tests were performed at 25° C.
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Results Obtained with TA AR-2000 Rheometer

Sample SS-1. The data obtained for the sample SS-1 viathe roationd measurements are
shown infigure 6. The computed Casson and Bingham yield stress vaues are shown in table 8,
aong with the dotted plate results. The extrgpolations used the data at the lower values of shear
rate. Clearly, usang al of the viscometric datafor the extrgpolation process would result in even
larger errors.

Table8
Sample SS-1results
Bingham Yidd Casson Yidd Slotted Plate
Stress Stress Yidd Stress
(Pa) (Pa) (Pa)
Trid 1 0.100 0.012 0.012
Trid 2 0.200 0.063 0.010
Trid 3 0.050 0.012 0.011
Average 0.117 0.029 0.011
Percent Error (%) 24.67 39.79 251

The three tests produced three different curves at the low shear rate values; values a low shear rate
are required in order to extrapolate to zero shear rate. At higher shear rate values, the three curves
converged. The Bingham modd assumes Newtonian behavior of the sample, once the sample sarts
flowing. Note that the SS-1 samples were non-Newtonian fluids, further adding to the difficulties
encountered by determining the materid yied stress via an extrgpolation technique.
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Sample SS-1 results
Sample CRS-2. The data obtained for the sample CRS-2 via the rotationa measurements
are shown in figure 7. The computed Casson and Bingham yidld stress values are shown in table 9,

aong with the dotted plate results.
Table9
Sample CRS-2 results
Bingham Yidd Casson Yield Sotted Plate
Stress Stress Yield Stress (Pa)
(Pa) (Pa)
Trid 1 0.130 0.036 0.035
Trid 2 0.150 0.078 0.034
Trid 3 0.450 0.303 0.035
Average 0.243 0.139 0.035
Average Percent Error (%) 27.96 41.23 1.95
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The extrgpolations used the data at the lower vaues of shear rate. Clearly, using dl of the
viscometric data for the extragpolation process would result in even larger errors. Here again, the
shear stress response varied gregily from trid to trid in the low shear rate region, which isthe region
of interest. At higher shear rate vaues, the curves converged. Clearly, the data from the extremely
low shear rate region are not reliable.
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Sample CRS-2 results
Sample AES — 300. The data obtained for the sample AES-300 via the rotationa
measurements are shown in figure 8. The computed Casson and Bingham yield stress values are
shown in table 10, dong with the dotted plate results.
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Table10
Sample AES-300 results

Bingham Yidd CassonYield | Sotted Plate
Stress (Pa) Stress (Pa) (Pa)
Trid 1 0.051 0.040 0.204
Trid 2 1.200 0.160 0.201
Trid 3 0.048 0.036 0.209
Average 0.433 0.079 0.205
Average Percent Error (%) 68.65 34.47 0.705

Agan, the extrapolations used the data at the lower values of shear rate. Not surprisingly, the data
in the (<10? s*) shear rate region varied greatly from trid to trid; thiswas no longer true of the
higher shear rate vaues.
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Sample AES-300 results
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Sample CSS—1. The data obtained for the sample CSS-1 viathe rotationd
measurements are shown in figure 9. The computed Casson and Bingham yield stress values are
shownin table 11, dong with the dotted plate results. Again, the extrapolations used the data at the

lower values of shear rate.

Table11
Sample CSS-1 results
Bingham Yidd Casson Yield |Slotted PlateYield
Stress (Pa) Stress (Pa) Stress (Pa)
Trid 1 0.007 0.123 0.050
Trid 2 0.020 0.203 0.053
Trid 3 0.014 0.084 N/A
Trid 4 0.006 0.017 0.054
Average 0.012 0.107 0.052
Average Percent Error (%) 17.11 12.72 2.970
=
&
© Trial 1
Trial 2
&  Trial 3
v Trial 4

Figure9
Sample CSS-1 results
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Sample CRS—2P. The data obtained for the sample CRS-2P via the rotationd
measurements are shown in figure 10. The computed Casson and Bingham yield stress values are
shown in table 12, dong with the dotted plate results. Again, the extrapolations used the data at the
lower vaues of shear rate, resulting in mgor differences from the dotted plate experimentd results.

Table12
Sample CRS-2P results
BinghamYidd |~ vield Stress [Siotted Plate Yield
Stress (Pa) Stress (Pa)
(Pa)
Trid 1 4.0-10° 1.76-107 0.031
Trid 2 3.0-107 1.00-10% 0.033
Trid 3 3.010® 4.00-10"? 0.037
Average 1.34.10° 6.21.10% 0.034
Average Percent Error
(%) 81.63 73.39 3.28
10° ;r‘ L
10’ 5— o
: ol Trial 1
- g Trial 2
& w0k o s Trial 3
e
10" 3
103 3
1.0" I lﬁ)‘ 10 ‘10: ‘1‘0‘ .110"
Y (s
Figure10
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Sample AE-P. The data obtained for the sample AE-P viathe rotationd measurements are
shownin figure 11. The computed Casson and Bingham yield stress values are shown in table 13,
aong with the dotted plate results. Again, the extrapolations used the data a the lower values of

shear rate.
Table13
Sample AE-P results
Bingham Yidd |[Casson Yield |[Slotted Plate
Stress (Pa) Stress (Pa) Yield Stress (Pa)
Trid 1 6.00-10” 1.3:10° 0.0015
Trid 2 1.00-10% 3.4-10* 0.0017
Trid 3 6.00-10% 7.5-107 0.0016
Average 2.00-10% 2.5-107 0.0016
Average Percent Error (%) 83.31 83.27 2.09
10°
10°
10’
-~ 10°
~
&./ 5
e 10 & Trial 1
Trial 2
107 - -..____:‘.;_1,_,-=‘ Trial 3

Figurell
Sample AE-P results
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Table14

Bohlin Visco 88 viscometer results

ss1 CRS.2 Slotted Plate
(Pa)
Bingham | Casson | Bingham | Casson
Trial (Pa) (Pa) (Pa) (Pa) S5l CRS2
1 0.64 0.049 0.029 0.002 0.012 0.035
2 0.58 0.047 0.47 0.009 0.010 0.034
3 0.59 0.052 0.77 0.03 0.011 0.035
Average 0.60 0.049 0.42 0.014 0.011 0.035
Average
Percent Error 2.95 0.34 87.2 74.5 251 1.95
(*0)
AES-300 CSS-1 Slotted Plate (Pa)
Trial Bingham | Casson | Bingham | Casson | AES- csS 1
(Pa) (Pa) (Pa) (Pa) 300
1 3.577 1.283 0.0255 0.0005 | 0.204 0.050
2 4.127 1.239 0.112 0.00125 | 0.201 0.053
3 3.494 1.239 0.0501 2.5%10° | 0.209 0.054
Average 3.733 1.254 0.0625 0.006 0.205 0.052
Average
Percent Error 3.48 0.78 27.15 47.74 0.705 2.970
(*0)
CRS-2P AE-P Slotted Plate (Pa)
Trial Bingham | Casson | Bingham | Casson | CRS AE-P
(Pa) (Pa) (Pa) (Pa) 2P
1 0.268 0.0395 0.2874 0.0095 | 0.031 0.0015
2 0.131 0.0016 0.2697 0.00897 | 0.033 0.0017
3 0.922 0.057 N/A N/A 0.037 0.0016
Average 0.440 0.0327 0.279 0.009 0.034 0.0016
Average
Percent Error 37.99 42.39 1.59 1.44 3.28 2.09

(%0)

32




Yield Stress Results Obtained with Bohlin 88 Viscometer

The data in table 14 show the yield stress results for dl 6 samples obtained with a concentric
cylinder geometry used with the Bohlin 88 instrument. This instrument generated data equivaent to
data obtained with a Brookfield viscometer.

The Bingham yidd stress result was obtained via extrgpolation of thet - ¢ data (see figure 12) to

zero shear rate. Similarly, the Casson yield stress result was obtained via extrapolation of the data
as shown in figure 13.
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Bingham modd curvefit
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Discussion of Data Obtained via Rotational Rheometers.

Theyidd dress of asphdt emulsonsis difficult to measure with any degree of certainty using the
cone and plate or pardld plate geometries. Although the TA AR-2000 rheometer is a top-of-the
line research ingrument, it is not sengitive enough at the very low shear rate region to produce
reproducible data for the shear stress—shear rate rdationships, from which theyidd sressis
obtained via extrgpolation. The underlying assumption of the Bingham modd is Newtonian behavior
of the sample in the flow region. The data prove that the agphat emulsions do not behave as
Newtonian fluidsin the low shear rate region. The extrapolation to zero shear rate thus gives

inaccurate results.

Table15
Summary of theresultsfor rotational rheometersand comparison with the dotted plate results
SS1 CRS-2 |CRS-2P |AES-300|AE-P CSS1
TA AR-2000 Reaults
Bingham Yield Stress (Pa) 0.117 | 0.243 |1.3410% 0.433 |2.00-10%| 0.012
Casson Yield Stress (Pa) 0.029 | 0.139 [6.21-10% 0.079 |2.50-10% 0.107
Bohlin 88 Results
Bingham Yield Stress (Pa) 0.60 0.42 0.440 | 3.733 | 0.279 | 0.0625
Casson Yield Stress (Pa) 0.049 | 0.014 | 0.0327 | 1.254 | 0.009 | 0.006
Slotted Plate Yield Stress(Pa) | 0.011 | 0.035 | 0.034 | 0.205 | 0.0016 | 0.0525

The TA AR-2000 advanced rheometer achieved shear rate values aslow as 10° s?, which
provided more confidence in the results obtained via extrapolation. However, even with data at
such low shear rate vaues, the results were inconsstent for the most part. At firgt sght, one can
conclude that the Casson modd is better at predicting the yield stress of the agphdt emulsions. At
higher shear rates, all of the samples exhibited power law behavior, and at very high shear rates,
they exhibited Newtonian behavior, as expected. The curves converged for the shear rate values
greater than 10s™. The Casson and Bingham models overestimated the true yield stress of the

materid.

Because the Bohlin Visco 88 viscometer isincgpable of ataining low shear rates vaues
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(< 10° 1), it compounds the errors resulting from the extrapolation of the data to the lower shear
rate regions. The results of the Bohlin 88 tests are given in table 15. These results indicate that
using rotationa viscometers at higher shear rates generates reproducible results, but the
extrapolations to zero shear rate are highly dependent on the modd (Bingham, Casson, etc.) used.
Yidd stress determinations using rotationa geometries followed by extrapolation procedures should
be avoided.

Saybolt Viscosity Deter mination of Asphalt Emulsions

Procedure

The sample was prepared according to the AASHTO T72-97 standard procedure. The water bath
for the Saybolt apparatus was established at 25°C, and the sample was preheated to 25°C. The
sample was hand stirred and then strained, usng number 100 wire doth in the filter funnd, directly
into the viscometer until the levedl was above the overflow rim. The efflux time was measured using a
RadioShack Multifunction LCD Stopwatch to the nearest 0.1 s.

Results

Saybolt testing was performed on the four samples following the AASHTO T 72-97 standard at
25°C usng water as a bath medium. The shortage of samples prevented more tests at higher
temperatures.

Discussion of Saybolt M easurement Results

The Saybolt viscosty, given in units of (9), is not comparable to the proper viscosity that relates
shear stress to shear rate and is expressed in(Pa>s) . Note that the viscosity of acomplex system,
such as an asphdt emulsion, is afunction of sheer rate. Because we are dedling with anon
Newtonian viscodity, using a*one point viscodty vaue’ asaquality control tool cannot be justified.

Theidea of usng asngle vaue qudity control parameter is gppeding. Theresults of this preiminary
research program suggest that the sample yield stressis a good candidate for such aone point
measure, as it can be determined within an acceptable error margin. In addition, the concept of a
yield stress provides a solid physica basis for this choice of qudity control.
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Table16

Saybolt results

Sample Trial Efflux Time I(ziaogoerctlon " Viscosity"
CSS-1 1 47.84 1.0546 50.45
2 55.75 1.0572 58.94
3 59.28 1.0572 93.19
Average 67.53
AES-300 1 96.43 1.0546 101.70
2 102.91 1.0546 108.53
3 112.28 1.0572 118.70
4 101.3 1.0572 107.09
111.44
SS-1 1 23.22 1.0572 24.55
2 23.69 1.0572 25.05
3 20.5 1.0546 21.6193
4 25.28 1.0546 26.66
24.44
AE-P 1 88.5 1.0572 93.56
2 92.35 1.0572 97.63
3 92.75 1.0546 97.81
4 99.69 1.0546 105.13
100.19
CRS-2 1 525.5 1.0572 555.56
2 530.7 1.0572 561.06
3 527.6 1.0546 556.41
4 535.0 1.0546 564.21
559.31
CRS-2P 1 620.1 1.0572 655.57
2 618.2 1.0572 653.56
3 625.9 1.0546 660.07
4 627.3 1.0546 661.55
657.69
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CONCLUSIONS

To our knowledge, no yield stress measurements have been reported for agphat emulsons. In fact,
little attention has been given to any materid with low yield stress values [15]. Measuring such low
vaues of yidd dressis difficult usng traditiona methods. The dotted-plate technique accurately
determined the yidd stress of these emulsons. Other accepted standard tests were performed for
comparison. Yield stress measurements obtained via extrapol ation of shear stress-shear rate data
are ddinitdy not relidble. Another disadvantage of the standard (extrapolation) testing methods is
the fact that the yield stress determinations aso rely on the choice of arheologica modd.

The Saybolt test provides a single viscosity vaue for a given temperature; however, the emulsions
are not Newtonian fluids at lower temperatures. In addition the Saybolt viscosity does not have the
units of viscosity, so aviscodty function (curve) is required to express the sample viscosity.
Determining asingle viscodty point for a non-Newtonian materia does not characterize the materid.
On the other hand, the static yield stressfor a particular materia isaconstant. Thus, thisgatic
yield stress determination is preferable as a quality control parameter for asphat emulsions,
provided its vaue can be obtained within an acceptable magnitude of error.

The purpose of this project was to begin comparing severa techniques for determining the yield
stress of agphdt emulsions. The project aso tested the ahility of the dotted plate technique to
determine of the yield stress vaues of asphdt emulsons. Six samples of agphdt emulsions were
characterized using concentric cylinders, parald plate and cone and plate geometries (i.e. rotationa
rheometers), a dotted plate technique, and a Saybolt viscometer. Results show that the dotted
plate technique is superior (i.e. no extrgpolation isinvolved) to the rotationa rheometers because it
isadirect measurement technique that measures the yidd stress in undisturbed samples by carefully
insarting the plate in the sample and dlowing the sample to come to equilibrium. The dotted plate
yidld dress results were consistent.

The rotationa rheometers did not alow for a direct measurement of the yield stress, as extrgpolation
of rheometric datawas required. Theyield stress vaues obtained viathe Casson model were
comparable to the dotted plate technique results. The Bingham modd did not aways predict the
yield stress accurately.

The Bingham and Casson yield stresses were determined using a salect range of shear rates (lowest

possible) from the data obtained with the TA-AR 2000 rheometer. As mentioned earlier, the data
were inconsistent at shear rates below 1s™.
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The Saybolt testing was performed following the AASHTO T 72-97 standard at 25°C. The results
from Saybolt testing are not directly comparable to the yield stress results because the Saybolt
viscosty isameasure of the time required for 60 ml of emulsion to flow through a capillary, whereas
the yield stressisameasure of the siress necessary to induce the flow in the material. However,
both of those values are gppealing since they are single point characterization parameters. Whilea
single point characterization is practical, such a characterization must be based on solid scientific
principles. Thisis not the case for the Saybolt measurement sincetheh - g reationship is not

considered.

The dtatic yidd dtress determined viathe dotted plate technique was a constant. Consistent results
within 6 percent error were obtained. The dotted plate technique deserves further investigation
involving an expanded array of indugtrialy important emulsons to determine the effects of
asphdtene interactions and emulsfying agents on the yield stress. Other variables of interest include
the therma dependence of the yield stress aswdl as Oswad ripening effects. The ultimeate god of
such research would be to establish a new standard procedure to characterize asphalt emulsions.

From arheologica standpoint, the yield stress grading is preferable to the other techniques
described in thisreport. Until now determining the precise yield stress vaue of the emulsions of
interest was nearly impossible, since the yield stressis of arather smal magnitude. Current results
suggest that with the dotted plate technique, the Setic yield stress of agphat emulsions can be
determined with confidence.
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NOTATION

Ca Capillary Number
Dy vane diameter (m)
F orifice cdibration congtant
F “Initia force’ (Pa)
F forcea timet, (Pa)
h gap between two plates (m)
H vane height (m)
M viscosity ratio of the dispersed to the suspending fluids
r radia position
R radius of the cone (m)
R radius of the vane (m)
t efflux time (9
t, time a which flow isinitiated ()
T torque (N-m)
Tm maximum torque (N-m)
S plate surface area (n¥)
z axia pogtion
Greek Letters
f volume fraction
u saybolt “viscosty” (SFS)
d, cone angle (rad or deg)
g rate of deformation tensor { = Nv+ (Nv)*}
O, 0y 19, Shear rate(s’)
/R wall-shear rate in Poisatille flow (s%)
S 1 (r-?) component of shear stresstensor s
s stress tensor
S, yidd stress (Pa)
S, end surface shear stress (Pa)
S w wall shear stress{=s ,, |, } (Pa)
S 1 Sq shear stress (Pa)
C surface tengion of the solvent (N-m™)
W angular velocity (rad/s)
? viscosity of the sugpension (Pas)
h, Newtonian viscosity (congtant) (Pas)
h, reldive viscosty (Pas)
h viscosity of the solvent (Pas)
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