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1 BACKGROUND

The derivation of the formulas used in COMPACT was origindly done during the research into the
compactability of untreated granular roadbuilding materids (Semmelink, 1991). The origind moddswere
developed from the properties of 21 different untreated materids, ranging from well-graded G1 crushed
gone (maximum particle size 37.5 mm) to black clay. At alater stage the prediction models were
adapted for use on agphdt mixes COMPACT determines dl properties on a volumetric basis, thus
meking provision for different types of rock materia, with different relative solid dengties, to be used.
Models were devel oped to express the compactability properties asafunction of theindicator test values
(i.e. thegrading, Atterberg limitsand linear shrinkage of the-0.425 mm fraction, and the apparent and bulk
relative dendties of the +4.75 mm and -4.75 mm fractions). The r’>-vaue for the MDD moddl is 0.965.
Two new easy-to-perform testswere devel oped to quantify the effect of particle shape and texture, namely
the Shakedown Bulk Density (SBD) and the Weighted Fractiond Density (WFD) tests. These two
properties can be used to improve the accuracy of the predicted propertiesin the case of fine (poorly to
well-graded) materials.

Origindly the modd s only made provision for fineto well-graded materids (i.e. on thefine (top) sde of the
Fuller or Tabot grading curve)(see Figures 1 to 3). Subsequently, however, because coarsely graded
materids react differently from fine (poorly to well-graded) materias (see Figure 1), separate modelswere
developed for these materids. The materials used to develop the coarsely models consisted of coarse,
untreated crushed stone, SMAs and porous asphalt mixes. (see Figures4 and 5.)

COMPACT makesprovision for three standard metric Seve ranges, namely the European, SA untreated,
and SA asphalt Severanges. Any of these Sieveranges can be used for both untrested or asphalt materids.
The package dso makes provision for its use in countries that il use Imperid measuring units, by giving
the equivaent British or USimperid sieve ranges and expressing the maximum dry densitiesin Ib/ft3,

The purpose of the paper isto show through theevauationof COMPACT output of actud Ste examples
how the causes of compaction or mix problems can be identified and rectified.



2. COARSE AND FINE TO WELL-GRADED MATERIALS

The “grading factor” and the “ided grading factor” are used to distinguish between “coarse” and “fine
(poorly to well-graded)” materid.

The Grading Factor (GF) is defined as: Q(percentage passing sieve/nomina seve size (mm)) /100 for all
the Sevesin aparticular Severange larger than 0.425mm (i.e. the materid fraction on which the Atterberg
limits and linear shrinkage are determined). The Ided Grading Factor (IGF) isthetheoreticd vaueof the
GF of the Tabot curvefor aparticular Severangefor aparticular seve size (i.e. the smalest sevethrough
which 100 per cent of the material passes). The vaue of the exponent “n” of the Tabot curve is taken
to be0.51. If the GF vaue of the actud grading isequd to or grester than the |GF vaue, the materid fals
inthefine (poorly to well-graded) zone. If the GF vaue of the actud grading issmaller than the IGF vaue,
the materia falls in the coarse zone (see Figure 1). The relevant prediction models are automaticaly
selected, according to this evauation.
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Figure 1: Maximum dry density values (% of bulk relative density)(% SD) of fine to well-
gradedand of coar sely graded untreated materialsagainst their grading factors(GF)
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The results of the models for “fine to well-graded” and “coarse’ materid are presented in Figures 2 to 5.
The limited range of the agphdt propertiesin Figure 2 isdueto the limited range of the gradingsfor aphalt
surfacings. Thehigh asphdt datapoint isfor aLarge Aggregate Mix Base (LAMB). TheVoidsinMinerd
Aggregate (VMA) is cdculated for maximum aggregate interlock in untreated materials. However, inthe
case of “fine to well-graded” asphat mixes the modd devel oped showed that the aggregate mairix opens
up dightly (i.6. MDD sgppnat agg = 097 MDD yrented agq) 10 Make spacefor the bituminous binder. Thesemixes
are, therefore, expected to close up alittlewith time. Thisisnot the case with the coarsely graded asphdlt
mixes, where MDD syt agq 1S €0UA 10 MDD ryrected agg-
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untreated granular materials and of asphalt mixesin the fineto well-graded zone
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Figure 4. Comparison of predicted and measured maximum dry densities (M DD)(% SD) for

untreated granular materialsand of asphalt mixesin the coarsely graded zone

The atificid datapointsin Figure 4 refer to MDDs predicted for “ided * gradings with different maximum
geve szes, assuming that the expected MDD limit for “idedl” gradingsin Figure 1iscorrect. Theatificia
data pointsin Figure 5 are the VMAs for these same “ided” gradings.
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untreated granular materials and of asphalt mixesin the coar sely graded zone



3. PROBLEMSWITH UNTREATED MATERIALS

COMPACT has been used successfully in a substantial number of cases to determine the causes of
compaction problems. For example, on a particular Site, problems were being experienced with
compacting mechanically stabilized, untrested subbase and base materias to the specified dengty levels.

The COMPACT anayses provided densties which were smilar to those specified, hence indicating
that the contractor should be able to meet the specified requirements. To verify these predictions
samples of the specified materia blends were then compacted on the TRANSPORTEK vibratory
compaction table. The predicted MDD results usng COMPACT results were between 98 % and
103% of the laboratory MDD results. This indicated that the material was compactable and that
reasons for the compaction difficulties should be sought esewhere than in the materid itsdf. Detalled
dteinvedigaions showed that the roadbed conssted of a collapsing sand, for which no pretreatment
had been specified. Areas where the roadbed had been compacted with an impact roller gave no
problems.

In another case a G1 crushed stone base could not be compacted to the specified level of 88 %SD, but
only 84,96 %SD. When the materia properties of the aggregate were fed into COMPACT, it
predicted a maximum dry dengty level of 85,16 %SD. This indicated that, even though the materid
satisfied the grading requirements of the specification, it would be impossible to compact this materia
to the specified levd of 88 %SD, because it was on the fine Sde of the grading envelope. The grading
was subsequently changed by the supplier to the coarse sSde of the grading envelope after which 88
%SD wasreadily achieved. Inasubgtantia number of other casssCOM PACT has shown that porous
crushed stone can aso be compacted to levels of 86 to 88 %SD provided the BRD and not the ARD
of the aggregate is used in the evauation process. It has dso been used successfully to design rollcrete
miXes.

4, PROBLEMSWITH ASPHALT MIXES

COMPACT has been usad successtully to determine the cause of problems experienced with asphalt
mixesin anumber of cases. Inone particular casethe gpecified Bulk Relaive Dengties (BRDs) interms
of the Maximum Theoretica Rdlative Dengty (Rice)(i.e. MTRD(Rice)), asdetermined in thelaboratory,
could not be achieved. When the predicted vaues of Maximum Theoreticd Rdative Dendty for
interparticle air voids(i.e. MTD(AV)) and totd air voids(i.e. MTD(TotAV)) were plotted together with
the laboratory values of Maximum Theoretical Reative Dendty (Rice), the MTD(TotAV) and
laboratory values were dmost identica (see Figure 6). Thisindicated that the intraparticlevoidsinthe
porous aggregate used on this contract had actualy been saturated with water during the Rice test,
leading to an atificialy high MTRD(Rice) vaue, because the volume of the aggregate was atificidly
reduced. The intraparticle voids cannot be filled with particle solids or binder in most cases. This
atificaly high laboratory vaue led to a density requirement on Ste which could not be met effectively
because the BRD had been specified as acertain percentage of MTRD(Rice). It should also be noted
that the laboratory BRD vaues are of the same magnitude as the predicted MTRD for interparticle air
voids (i.e. MTD(AV)) mogt of the time. This indicates that most of the interparticle voids become
saturated with water when the asphdt briquettes are weighed under water to determine their bulk
volumes. The l|aboratory-determined BRD vaues are, therefore, dso atificidly high where
interconnected voids exist.  Weighing them in weter, and then immediately after their remova from the
water bath will also not be effective, as the voids are rdlaivey large and free-draining. 1t should also
be noted that the predicted BRD vaues are far more uniform. Thisis because of the uniform grading
of the aggregate.
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aggregate

In another case (Louw et a, 1997) mixes were prepared in accordance with the method specifications
of different authorities for SMAs using the specified binder content of 6.5 per cent. However, these
mixeswere so wesk that their Marshd | stabilities and flow values could not be measured. The software
indicated that the binder content was too high. During in-depth evaluation of the compacted samples,
it was found that the three per cent air void content measured with the Rice test was not made up of
interparticle air voids, but of intraparticlearr voids (see Figure 7). Thevoid space between the aggregate
particles was completely filled with binder, leading to the low stabilities of the compacted specimens.

Both problem cases were the result of the incorrect conclusons being drawn from the results of the
standard laboratory test, even though the ASTM test methods contain a caution regarding this. This
points to some serious shortcomings concerning  the execution of the Rice test and the interpretation of
itstest results. The following aspects of the test need to be addressed serioudy in practice:

(0] The rapid weighing of samples in a water bath does not prevent the interconnected
interparticle voids from being totdly or partidly filled with weter during the weighing
process. This leads to areduction of the sample volume and thus to excessively high
BRD vaues (see Figure 6). To prevent thisfrom hgppening effective wayswill haveto
be found to sedl the outer surface of the sample so that the true bulk volumeis measured
accurately. For example, the bulk volume of the sample can be determined by weighing
the sample, suspended on a thin wire ding insde a thin plastic bag, open to the
amosphere a the top, in a water-filled container above the scae, and the mass of
water displaced by the sample determined, without any of the interparticle air voids
being filled with water during the process. This method works very effectively.



(i) The tota or partia saturation of intraparticle voids during the determination of the
maximum theoretical relative dengity, should be acknowledged as a fact. Taking
account of the intraparticle voids in porous aggregates will dlow higher total void
contents than the presently accepted standard of three to four per cent. The proposed
vaue isthree to four per cent plus the baance of the intrgparticle voids not filled with
binder. Thisseemsto be areasonable assumption, consdering the resultsin Figures 6

and 7.
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In another case an agphalt mix had been designed using ferrochrome dag as aggregate and using the
“standard” binder content of 5.5% for the particular grading. However, stability and flow problemswere
experienced with the Marshall briquettes. Ferrochrome dag has got a high rdative densty. Because
the binder is added as percentage by mass of the total mix the binder content was too high. Because
COMPACT evduates the meterid volumetricdly it immediately identified the binder content of the mix
asthe problem. For arelative density of the aggregate of 2.650 the binder content for the particular
grading is 5.7%. For a relative dengty of the aggregate of 3.400 the binder content should be
gpproximately 4.7% to occupy the same amount of void space in the mix (see Tables 1 and 2 and
Figures8and 9). Notethat the grading envelopesareidentical. Beam sampleswere then manufactured
usng 4.7% binder content. 1t wasfound that thefatiguelifewaslimited. Becauseadrum mix plant was
used on dte a method of improving the binder film thickness had to be found. Ina COMPACT
andyss, 3% flue dust was removed to evauate its effect on binder film thickness (see Tables 3 and 4
and Figure 10). The predicted results showed that by removing 3% flue dust from the mix the binder
film thicknesswould increase from 7.29um to 8.90um for abinder content of about 4.7% by mass. This
would lead to a substantia increase in fatigue life.

In the case of asphalt mixes three levels of each of the important properties are predicted, making it
possible to interpolate between these vaues, if required. For example, if one would like to know what
the binder content would be for a pecific binder film thickness, this can be determined by plotting the
three levels of binder content against the three binder film thicknesses.
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Table 3: Effect of adjustment of flue dust content of mix
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5. CONCLUSION

The paper has demongtrated that it is possble to solve compaction problems of both treated and
untreated materids aswel asto design agphdt mixes by means of the COMPACT software package.
Thishandy tool can assist in enhancing asphdt mix design in acos-effective manner, aswell asin solving
gte problems rapidly and effectively.
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8. MEANING OF ABBREVIATIONS

Input information

LL Liquid limit (Atterberg limit)

Pl Padticity index (Atterberg limit)

LS Linear shrinkage

ARD(CF) Apparent relative dendty of coarse fraction

BRD(CF) Bulk relative dengty of coarse fraction

ARD(FF) Apparent relative dendty of fine fraction

BRD(FF) Bulk relative density of fine fraction

SBD Shakedown bulk density

WFD Weighted fractiond density

S-a(CF)* Apparent specific gravity of coarse fraction (same as ARD(CF))

S-s(CF)* Saturated, surface dry specific gravity of coarse fraction (same as
BRD(CF))

S-a(FF)* Apparent specific gravity of fine fraction (same as ARD(FF))

S-s(FR)* Saturated, surface-dry specific gravity of fine fraction (same as
BRD(FF))

* These parameters are with the USA Seve Size range on the data sheets



Asphalt output predictions

MDD
OBC(%)
ZAVBC(%)
BA(%)
RSD

BRD
VMA (%)
VFB(%)

AV (%)
TOtAV(%)
MDT(AV)
MTD(TOtAV)

FMT
3%AVBC

4%AVBC

3%AVBRD
3%AVMTD

3%AVMTD(TOtAV)

3%AVFMT
3%AVVFB
4%AVBRD
4%AVMTD

4%AVMTD(TOAV)

4%AVFMT
4%AVVFB

Maximum dry density of aggregate fraction only (kg/m?® or Ib/ft®)
Optimum binder content (percentage by mass of tota mix)

Zero air voids binder content (percentage by mass of tota mix)
Binder absorption (percentage by mass of total mix)

Rdative solid dengity (i.e. weighted bulk relaive densty of aggregeate
particles)

Bulk relative dengty of mix at OBC

Voidsin minera aggregate (percentage of total space occupied)
Percentage of interparticle voids filled with binder

Percentage of interparticle air void space

Percentage of total air void space (i.e. interparticle voids plus
intraparticle voids not filled with binder)

Maximum theoretical relative dengity, assuming void lossin Ricetest is
equd to AV (%)

Maximum theoretical relative dengity, assuming void lossin Ricetest is
equd to TotAV (%)

Binder film thickness for OBC (um)

Binder content for 3% interparticle air voids (percentage by mass of
totad mix)

Binder content for 4% interparticle air voids (percentage by mass of
totd mix)

Bulk rdative dendty of mix a 3% AVBC

Maximum theoretical relative dengity, assuming void lossin Ricetest is
3% at 3% AVBC

Maximum theoretical relative dengity, assuming void lossin Ricetest is
3% plusintraparticle voids not filled with binder a 3% AVBC

Binder film thicknessfor 3% AVBC (um)

Percentage of interparticle voids filled with binder a 3% AVBC

Bulk relative dengty of mix at 4% AVBC

Maximum theoreticd relative dengty, assuming void lossin Ricetest is
4% at 4% AVBC

Maximum theoreticd relaive dendgty assuming void lossin Ricetest is
4% plusintraparticle voids not filled with binder at 4% AVBC

Binder film thickness for 4%AVBC (um)

Percentage of interparticle voids filled with binder at 4% AVBC



Untreated output predictions

MDD(VIB)

OMC(VIB)
ZAVMC(VIB)
WA

CMC
MDD(mod)

OMC(mod)
ZAVMC(mod)
RSD
MDD(VIB)(%SD)

CBR
OMC(smdllest)
ZAVMC

3%AVMC
4%AVMC

Maximum dry dendty (vibratory compaction)(i.e. undisturbed
grading)(kg/n or 1/ft®)

Optimum moisture content (vibratory compaction)

Zero ar voids moisture content & MDD(VIB)

Water absorption by porous aggregate

Critical moisture content (point where suction forces peak)

Maximum dry density (mod. AASHTO compaction)(i.e. disturbed
grading) (kg/n? or Ibfft3)

Optimum moisture content (mod. AASHTO compaction)

Zero air voids moisture content a¢ MDD(mod)

Rdative solid dengity (i.e. weighted bulk relative density of aggregeate)
Percentage of space occupied by aggregate particles (i.e. percentage
solid dengity)

Cdifornia bearing ratio

Smdllest value of either OMC(VIB) or OMC(mod)

Zero ar voids moisture content at a particular dengity level in CBR
prediction table

3% ar voids moisture content (predicted for coarse-graded materias)
4% air voids moisture content (predicted for coarse-graded materials)
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PROBLEMS OF BOTH UNTREATED AND ASPHALT MATERIALS

Dr C J Semmelink

TRANSPORTEK, CSIR, P O Box 395, Pretoria, 0001

CurriculumVitee

Dr Chris Semmelink has extensive research experience in the field of road engineering. He has
done research on Statistical Quality Assurance for Road Construction, Design of Surfacing Seals,
Compactability and Compaction of Roadbuilding Materials, Determination of the Elastic and Shear
Properties of Roadbuilding Materials (K-mould), Specia Road Construction Techniques for
Defence Force, Feasibility of Labour-intensive Construction Techniques, Impact Roller and Alkali-
Aggregate Reaction in Concrete. He developed the Modified Tray Test as well as the Shakedown
Bulk Density and Weighted Fractional Density Tests, designed the Transportek K-mould and
developed the COMPACT software package. He was author or co-author of a substantial list of
reports and papers on these subjects, which were presented both at local and international

conferences.
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