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Aggregate Surface Areas Quantified Through Laser
Measurements for South African Asphalt Mixtures
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Abstract: For several decades, efforts have been made bpesrgi and researchers in the road and
airfield pavements, and railroads to develop metfmwdcedures for accurate quantification of
aggregate shape and packing properties. The difffrart of the process has been the fact that
aggregate particles have irregular and non-ideapeshi New research capabilities, including laser-
based technology can effectively address the diffes associated with aggregate shape
measurements to optimize asphalt mix design. Tapgepintroduces the use of a three-dimensional
(3D) laser scanning method to directly measurestineace area of aggregates used in road pavements
in South Africa. As an application of the laserdzhsneasurements, the asphalt film thicknesses of
five typical South African mixtures were calculat@shd compared with the film thicknesses
calculated from the traditional Hveem method. Basedhe laser scanning method, a new surface
area factors were developed for coarse aggregatss in the asphalt mixtures. Overall, the study

demonstrated applicability of 3D laser scanninghoétto characterize coarse aggregates.
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Introduction

Over the past several years, engineers and regsesiliohpavement engineering and construction have
made efforts, and continue to develop methods/piwres for accurate measurement of the surface
area of mineral aggregates used in hot-mix asgH&MA) design. The total surface area of mineral
aggregate particles used to evaluate asphalt fiiokiess has been either roughly estimated from
gradation of the aggregate blends (The Asphalitiiet1993), or measured using indirect methods
such as the Centrifuge Kerosene Equivalent methtebdm 1942). These methods have been
reported to provide low accuracy (Field 1978; Rutbest al. 1996). Research conducted on
dependence of asphalt mix durability on film thieka concluded that new and improved methods are
needed for accurate measurement of aggregate swafaa (Kandhal et al. 1996). Other researchers
have also recommended that asphalt film thicknastgad of the voids in mineral aggregates (VMA)
and voids filled with asphalt (VFA) be considered the Superpave volumetric mix design
(Hinrichsen and Heggen 1996; Kandhal et al. 198B6%ed on these studies, an accurate measurement

of surface area of the aggregate particles is nefiea more reliable asphalt mix design.

The recent state-of-the-art in the area of aggeeglaéracterisation has attempted to analyse aggrega
shape properties using imaging techniques (Ku@).e1998; Prowell and Weingart 1999; Rao and
Tutumluer 2000). These techniques are generally &Bcient and provide additional benefits of
automation that eliminates the subjectivity assedavith the traditional manual methods. A number
of video imaging systems developed for determirdiggregate shape properties is currently available
either commercially or as tools in research latlwies (Fletcher et al. 2003; Frost and Lai 19960 Ku
et al. 1998; Prowell and Weingart 1999; Rao andifflier 2000). However, most of these methods
capture a two-dimensional (2D) image of the agge=syand provide only 2D information about the
geometry of the aggregate particles, which makd#fitult to measure the shape properties in terms

of mass or volume.
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An accurate way of evaluating three-dimensional)(3Dape/surface properties of an aggregate
particle is through the use of X-ray computed toraphy (CT) technique. The sophisticated X-ray
CT technique is expensive for this purpose (pogtaray CT could cost > $ 1.4 million). Moreover,
X-ray equipment has stringent safety and radiatiwmitoring requirements. Recently, 3D laser
scanning technique for quantifying aggregate slsapiice characteristics has received much
attention as a more viable and cost effective radtire to both imaging and X-ray CT (Kim et al.
2003; Lenarno and Tolppanen 2002). The 3D lasenrsog technique has been used for
characterising the roughness of rock fracture sagand rail road ballast materials (lllerstrom&;:99
Lenarno et al. 1998). Pan and Tutumluer (2010) (®Bedaser scanning to validate surface area
factors of crushed and uncrushed natural aggregditasphalt mixes. The use of 2D tomographic
images to reconstruct 3D surface area of an ireggllaped aggregate particle has also been proposed

(Masad 1998; Masad et al. 2002; Wang and Lai 19&ahg et al. 2001).

The Council for Scientific and Industrial Reseaf€@8IR) in South Africa has recently acquired a
portable 3D laser scanning device to charactehiereshape/surface properties of mineral aggregates
for pavement analysis and design. The 3D scannawice has been evaluated for precision and
accuracy, to effectively address the difficultiss@ciated with the characterization of shape/searfac
properties of natural, recycled and marginal agapegyfor asphalt mix design in South Africa. This
paper presents the evaluation results of the 38r Issanner, and direct measurement of aggregate
surface area for the five typical South African fedp mixtures. The surface areas obtained directly
from the laser scanning method are used to comasphalt film thickness of the mixtures to

demonstrate potential application of laser-basedrsag in HMA mix designs.

Aggregate Surface Area Computation

The traditional Hveem method for determining aggtegsurface area is currently used in South
Africa. In this method, the surface area of aggregmrticles is estimated based on gradation and

surface area factors (The Asphalt Institute 200He Hveem method does not take the aggregate
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shape into consideration, i.e., mineral aggregatesassumed to be spherical shaped. Using the
surface area factors and sieve analysis resultsHtleem method calculates the aggregate particle

surface area by Eq. (1).

1
= ™ PC (1)
where,
A = Surface area of the aggregaté/km)
P = Percentage by weight passing sieve sizes
C =  Surface area factor {tkg)

The assumption that all mineral aggregate partatesspherical clearly introduces inaccuraciefién t
computation of surface areas. An attempt has beste o improve the Hveem method. For instance,
Radovskiy (2003) reported that the surface aretofaaised in the Hveem method are also based on
the assumption that specific gravities of the ceaggregates (particle sizes larger than 4.75 mm or
No. 4 sieve size) and fine aggregates (particlessanaller than 4.75 mm size) are close to 2.34 and
2.44, respectively. A more rational approach wélthe use of direct measurements to compute the
aggregate particle surface area. The current r@dsshows that obtaining the surface area of the fin
aggregates is a daunting task. However, major asshave been made to directly measure the
surface area of the coarse aggregates. Table Isshevsurface area factors used in South Africa as
specified in the Technical Recommendations for Wigys (TRH) for hot-mix asphalt design (TRH 8

1987), and also recommended by the Hveem methoal £8phalt Institute 2007).
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Table 1.Specified Surface Area Factors

(Slﬁ:]er\rq()e Sizes Surface area factor (fkg)
26.5

19.0

13.2 0.4%
9.5

6.7

4.75 0.41
2.36 0.82
1.18 1.64
0.600 2.87
0.300 6.14
0.150 12.29
0.075 32.77

& Surface area factor for plus 4.75 mm material44.0

Asphalt Film Thickness

The influence of asphalt film thickness on perfonce of HMA mixtures have been thoroughly
investigated (Li et al. 2009; Roberts et al. 199éngoz and Agar 2006). These researchers indicated
that film thickness can be used as a criterion dood performance of asphalt mixtures. A
comprehensive study conducted by Kandhal et aBgLédicated that the viscosity and complex
modulus of asphalt binder, and resilient modulushef HMA mixtures increase when the average
thicknesses of the asphalt film coating the min@gdregate particles get thinner. As mentioned
earlier, film thickness, instead of voids in minesmggregates and voids filled with asphalt has been
recommended for HMA volumetric mix design. Eqg. {&)used to compute asphalt film thickness

around an aggregate particle (Roberts et al. 1996).

Te = Vas (1009 2
SAxXW
where,
Te = Film thicknessym)
Vay =  Effective volume of asphalt (liters)
SA = Surface area of the aggregat&Kg)
w = Weight of aggregate (kg)
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It is well known that the film thickness of hot-m@sphalt mixture is a computed number that cannot
be obtained by direct measurement. Therefore, #sjihathickness is seen as an index, rather than
fundamentally measured value. It is a priority fesearchers and the industry to accurately cakulat
film thickness for asphalt mixtures. The currentimoe for calculating asphalt film thickness is lthse
on the surface area factors of Hveem asphalt msigdemethod. In this method, the asphalt film
thickness calculations are based on the assumptiatshe effective asphalt binder is coating the
aggregate particle surface with equal film thiclegssand that all aggregate particles are sphénical

shape. In reality, the film thicknesses obtainednfthis method are average values.

The procedure for calculating effective volume splaalt binder in South Africa is contained in the
Technical Methods for Highways manual (TMH 1 198Bhe weight of aggregate particles can be
measured in the laboratory with accuracy. Howetlex,same cannot be said about the surface area,
because of the assumptions associated with its wiatipn. Therefore, the aggregate particle surface
area is the critical parameter for the accuraterdehation of asphalt film thickness. Leading tsth
observation, several research efforts should facuthe determination of aggregate surface area. In
the current study, asphalt film thicknesses of ®ath Africa asphalt mixes were computed based on

the aggregate surface area obtained from direcsumement from a 3D laser scanning method.

South African HMA Mixtures Studied

Five wide ranging asphalt mixtures commonly use8onth Africa road pavements were selected for
this study. The mixtures include bitumen treatedebaoarse mix with 40/50 penetration grade
bituminous binder, coarse and medium continuoushgded mixes with Styrene Butadiene Styrene
(SBS) modified binder, medium continuously gradaéeh&e graded) mix with 60/70 penetration grade
bituminous binder, and bitumen rubber asphalt sgmen graded mix. Thus asphalt mixtures used for
wearing and base (binder) courses as well as fghtibn of road and airfield pavements in South

Africa are all represented in this study. Differéyyies of mineral aggregates; andersite (mixesdl an

4), dolerite (mix 2), dolomite (mix 3) and quar&ziimix 5) were used for this study.
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Sieve analysis tests were conducted on the bleaggegates using the standard South African sieve
sizes. The nominal maximum aggregate sizes (NMA&ew9 mm for mixes 1 and 2, 9.5 mm for

mixes 3 and 4, and 13.2 mm for mix 5. Table 2 shthesgradation results of blended aggregates for
the five mixtures. Following the gradation analysaggregate samples were split on a sampling
splitter until the number of particles required $oanning was achieved in this study. The goaltwas

scan a sample size of 30 from the population offeggjes retained on each sieve size for each
mixture in order to obtain a statistical represeotaof the aggregate samples except for the larger
sieve size (i.e. 19 mm) where less than 30 pastigiere retained but additional samples were scanned

to increase the sample size to 30 patrticles.

Table 2.Sieve Analysis (% Passing) Results and Properfidtixdures Used in the Study
Sieve sizes

Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
(mm)
26.5 100 100 100 100 100
19.0 93 93 100 100 100
13.2 82 80 100 100 96
9.5 71 73 95 97 74
6.7 58 67 80 75 43
4.75 51 50 62 59 27
2.36 36 34 40 42 17
1.18 25 23 28 30 11
0.600 18 17 21 21 7
0.300 14 12 16 14 5
0.150 8 9 10 9 3
0.075 54 5.7 5.5 5.8 2.6

Mix 1 = Bitumen treated base coarse mix with 4Qg&@etration grade binder

Mix 2 = Coarse continuously graded mix with SBS iified binder

Mix 3 = Medium continuously graded mix with SBS nifaetl binder

Mix 4 = Medium continuously graded (dense gradeiX)with 60/70 penetration grade binder

Mix 5 = Bitumen rubber asphalt semi-open graded mix

Laser-Based Aggregate Scanning

Three-Dimensional Laser Scanning Device
The 3D laser scanning device used for this studg waginally designed by Roland DGA

Corporation in the United States for solid shap@&efiag in medical and manufacturing applications.
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The device uses an advanced non-contact sens@atoabjects in three dimensions, and up to a

0.1-mm (100pm) scanning resolution.

The 3D laser device offers direct measurement dbise area properties of regular and irregular
shaped objects. The device operates in both ratagyplane scanning modes to make it suitable for
different types and sizes of mineral aggregateshénrotary mode, spherical and smooth-surfaced
objects are scanned on a fully integrated rotatubde using a laser beam, which travels verticafly
the rotating object to generate a digital scan Tilee plane scanning mode captures flat areagvoll
objects, oblique angles and fine details of objedth the laser beam, and can scan up to six ssfac

at right angles.

An integral part of the 3D laser device is advandath processing software, which allows users to
merge scans for increased quality, change the stwemmd curved surfaces, sharpen edges, extend
shapes, add thicknesses and perform Boolean apegabin polygon surfaces. These features are
essential for obtaining accurate morphological progs of the aggregates. The 3D laser device at
CSIR has been improvised and calibrated to deterstimpe and surface properties of different types

of aggregates including natural (mineral), recy@ad marginal aggregates.

Validation of Surface Area of Regular Objects

Fifteen spherical shaped objects of different nialeincluding steel, ceramic, rubber and plastics,
and twelve cubic shaped objects of steel, alumiameh brass with known theoretical surface areas
were scanned using the laser device. The purposetavavaluate and verify the capability and
precision of the laser device for accurate measeinésnof the surface area of mineral aggregate
particles. The spheres had diameters in the rahde mm to 63.5 mm, and the cubes had sizes
ranging from 8 mm to 50 mm. The theoretical surfaeas of the spheres and cubes were computed
and compared with the surface areas obtained fnen3D laser scanner. Egs. (3) and (4) were used

to compute the theoretical surface areas of thersgtwith diamete}), and the cubes with sizk)(
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SurfaceAreaof a Sphere =472 = 7D? (3)

SurfaceAreaof aCube =612 (4)

Table 3 shows the surface area validation residlimieasured and theoretical surface areas of the
spherical and cubic objects, and Fig. 1 comparesstinface areas in a graph. As seen from Fig. 1,
there is an excellent correlation?(R 1.000) between the 3D laser measurement anthéueetical
values obtained for both spherical and cubic objscanned. The laser scanner provided essentially
the same surface areas as the theoretical or cethpatues with overall mean absolute errors of 0.33
% and 0.57 % for the spheres, and cubes, resplgciivee evaluation results suggest that the 3Drlase
scanning device would provide accurate surface euemsurements of individual aggregate particles

for a reliable computation of asphalt film thickees for asphalt mixtures.

Direct validation of the measured aggregate suréaea with 3D laser scanning device was already
accomplished in previous studies (Pan 2006; Pamandnluer 2010). Pan (2006) validated 3D laser
based surface area computations using regular gragects such as different sized perfect spheres
and cubes. Then, Pan and Tutumluer (2010) used8Dheser based surface area results of irregular

shaped aggregates to validate the imaging bastatelwarea index.

Table 3.Surface Area Validation Results for the 3D LaseaarBing Device

Spherical objects Cubic objects

Object # Surface area (cth Object # Surface area (cth

|(r|13 ﬁmiter Measured Theoretical E((E/r:;r (Snlqzrﬁ)m Measured Theoretical E((r)/ro(;r
1 (5.0) 0.78 0.79 -1.28 1(8) 3.73 3.84 -2.95
2 (12.7) 5.08 5.08 0.00 2(12) 8.60 8.64 -0.47
3(15.9) 7.89 7.90 -0.13 3(15) 13.60 13.50 0.74
4 (19.1) 11.44 11.43 0.09 4 (20) 23.86 24.00 -0.57
5(20.0) 12.64 12.57 0.55 5(21) 26.46 26.46 0.00
6 (22.0) 15.27 15.22 0.33 6 (25) 37.28 37.50 -0.59
7 (25.0) 19.56 19.62 -0.31 7 (28) 46.99 47.04 -0.11
8 (25.4) 20.14 20.19 -0.25 8 (30) 53.87 54.00 -0.23
9 (32.0) 32.25 32.21 0.12 9 (35) 73.25 73.50 -0.34
10 (36.5) 41.96 41.82 0.33 10 (40) 95.65 96.00 -0.37
11 (38.1) 45.76 45.50 0.57 11 (45) 122.03 121.50 0.43
12 (44.5) 62.32 62.13 0.31 12 (50) 149.95 150.00 -0.03

13 (50.0) 78.82 78.66 0.20 - - - -
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14 (50.9) 81.34  81.29 0.06 - - - -
15(63.5) 127.10  126.60 0.39 - - - -
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Fig. 1. Comparison of theoretical and measured surfa@sarkeobjects scanned

Verification of Accuracy Using Irregular Shaped Objects

The capacity and precision of the laser scanningcdeio accurately measure surface properties of
irregular objects was verified through measurenwfhtolume of aggregate. Aggregate patrticles
originating from the same parent rock are usuaBuaned to have the same specific gravity hence the
mass is equivalent to the volume. Aggregates friva €lifferent parent rocks with various bulk
densities were used for the evaluation. Thesefmdesite-1 (2,815 kg/m3), Dolerite (2,930 kgfm
Dolomite (2,873 kg/rf), Andesite-2 (2,809 kg/fjh and Quartzite (2,738 kgAn The mass of the
aggregates derived from volume of aggregates medsusing the laser scanning approach was
compared with the actual mass of the aggregatesnelok by weighing. Equation 5 was used to derive

the mass of the aggregate samples scanned.
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M =D xV %)

where,

M = mass of aggregate (kg)

D = density of aggregate (kgin
\Y; = volume of aggregate @n

Fig. 2 presents a plot of the actual mass of tlggegtes (600 overall, for the five different paren
rocks) obtained by weighing, and the derived méskepaggregates obtained from the laser scanning
method. It can be seen that the mass of the aggsegatimated from the 3D laser scanning method
agree quite well with the physically measured (Wei) values. An excellent correlation®(R
0.9998) exists between the derived and the measnasdes although there is an insignificant error,
which may be due to the use of bulk densities atstd specific gravities of the individual aggrezmat

in Equation 5.

11 Anochie-Boateng, Komba and Tutumluer



240 .

Andesite-1 Line of eq_uality —————
200 1--| ¢ Dolerite S S
2 _ | !
§ ® Dolomite : :
2 1601--| AAndesite2| . SRS S~ R
2 B Quartzite : , ;
S : | i i
e T [ ly=09796x
5 i | 'R2=0.9998!
b : : : :
@ BO f- T e "o
E : : 1

Total particle mass (weighed) = 1880.0 g
a0t .. Total particle mass (computed) = 1834.2g -1
' Average absolute error = 3.1%

0 40 80 120 160 200 240
Actual mass by weighing (g)

Fig. 2. Comparison of total masses for five parent rockegate samples

Scanning of Aggregate Particles

With the proven accuracy in measuring the surfaeasaof regular shaped particles and verification

through aggregate volume measurement, the 3D &&semer was used next to scan the aggregate
particles of the five South African asphalt mixsiréGenerally aggregate particles each of the

fractions sieved on coarse sieves, i.e., partidesslarger than 4.75 mm sieve, were sampled to

represent each sieve size for this study. Allahgregates scanned were crushed coarse particles.

The number of particles scanned was 150 each foearii and 2, 90 particles each for mixes 3 and 4,
and 120 particles for mix 5. The aggregate pagiolere retained on sieve sizes: 19, 13.2, 9.516d7

4.75 mm (mixes 1 and 2); 9.5, 6.7 and 4.75 mm (sm&and 4); and 13.2, 9.5, 6.7 and 4.75 mm (mix
5). Thus, a total of 600 aggregate particles weeased for the five asphalt mixtures in this study.

Although mixes 1 and 2 had 17 and 11 particles &80 particles) retained on the 19-mm sieve, size
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respectively, additional samples were prepared so@hned to ensure that the sample size of 30

particles was achieved for each sieve size.

The aggregate samples were scanned individualtyhénlaser device. Each aggregate particle was
scanned as a three-dimensional solid element @hjeth six plane faces. Using the planar mode
scanning option in the software, four surfaceshefdggregate particles were first scanned, followed
by the top and bottom surfaces to complete thé abtsix faces for the solid aggregate particletepf

the scanning was completed, the software was uséutdgrate and merge the scanned surfaces to
obtain the complete aggregate particle in a sie-facunding box. Different tools including the align
triangulate/merge tools of the software were appleefirst bring scanned surfaces together in order
to obtain a complete aggregate, and secondly t@verany irregularities, fill holes and merge the

scanned surfaces to get a representative scangesbate particles.

The time taken for scanning process depended onewution and size of the aggregate particle.
High resolution and large particle size impliedd@tanning time. On the average, the total time for
pre-processing and post-processing of an aggregatiele was 30 minutes for all aggregate particles
scanned. The resolution of the laser device rafrges 0.1 mm to 1 mm. In this study, the highest

resolution of 0.1 mm (100 um), was used to scathalhggregate particles.

Fig. 3 shows an example of actual sample aggregatasied on 19 mm sieves of mixes 1 and 2
before and after scanning in the 3D laser deviceisflal comparison of the actual aggregates and
their corresponding scanned images is an indicahanh the 3D laser scanning method provides a
better measurement of aggregate shape/surfacerfespe Recall that the Hveem method would
assume these aggregates as perfect spheres of 1@ianmater; hence the surface area of these
aggregates could be under estimated. Fig. 4 shwmvsdanned topographies of nine aggregates in 3D

axonometric view in bounding boxes.
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(a) Actual aggregates - Mix 1

(c) Actual aggregates - Mix 2 (d) Scanned and pmegsiggregates - Mix 2

Fig. 3. Representative aggregate particles for mixes 2arkictual and scanned

Fig. 4. Scanned topographies of sample aggregates in 8@baetric view
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Discussion of Scanning Results

The results of all the aggregate particles retaoedach coarse sieve are presented. Fig. 5 shews t
plots of the measured surface areas of individggtegate particles retained on different sievessize
for the five hot-mix asphalt mixtures studied. Sfigant variations in surface areas of individual
particles retained on the same sieve size, espeqirticles retained on the larger sieve sizes ar
observed. The plots also show that there are diffags in surface areas between the aggregate types
used in different hot-mix asphalt mix desigmisis worth mentioning that in gradation analysis,
particles retained on the same sieves are assumdrhvie the same sizes, and these sizes are
approximated to spherical shapes by the Hveem meffite observed surface area variations shown
in Fig. 5, as captured by direct measurement frloen3D laser scanning method, indicate that the
traditional test methods for mineral aggregatedccantroduce significant errors when estimating

specific surface area factors, and subsequenttfgcgiarea and asphalt film thickness.
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Fig. 5. Measured surface areas of scanned aggregates of¢ mixes studied

Large surface area implies thin asphalt film thiess around the aggregate particle, and this has

implications on the performance (e.qg., rutting aratking) of the asphalt mixtures. Also, the effefct
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aggregate morphology is inextricably linked to adphmixture durability. The durability of an
aggregate particle shows its resistance to weatlpeisintegration in response to cycles of
environmental effects (e.g., cycles of wetting,inigy heating). It is well known that the asphaltfi
thickness around an aggregate particle has art effiedurability of the asphalt mix by protectingsth
aggregate from moisture damage. Generally, low fililckness may increase water permeability and
moisture damage to the asphalt mixtures. The effiefiim thickness on oxidation hardening/aging of
the asphalt mixture is also well known. Hard/agsphalt binder in particular is susceptible to crack
initiation which is more rapidly propagated in aafpphmixtures with low film thickness. If left
untreated, cracking could lead to distresses imetpgothole formation and eventual failure of the
pavement. Thus, the use of direct and automatedaustsuch as the 3D laser scanning methods for
accurate measurement of surface areas is quiterampafor improving asphalt mix design and

pavement performance.

Development of Surface Area Factors

An integral part of the 3D laser scanning devicehis advanced data processing software, which
allows calculation of aggregate surface areas.Wardflow for this process involves processing the
scanned data through aligning, combining, and mgrgd produce the aggregate image, then the
surface area is calculated via the “Properties "Tteel in the software according to the selected

resolution of the laser scanner.

The surface area results obtained from the 3D Iss&nning method were used to develop surface
area factors for coarse aggregates scanned. Dthe tesolution limitation of the 3D laser devide, i
was practically impossible to scan the fine aggreegyal he surface area factors were computed by; (a)
summing up all the total surface areas obtaineth®BD scanner, (b) summing up the total weight of
aggregate particles scanned from each sieve sizécamividing the total surface area of aggregates
(m?) by the total weight (kg). Table 4 lists the sagarea factors developed for the coarse aggregates

of the five South African mixes studied. The spedfsurface area factors for coarse aggregates
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recommended by the traditional Hveem method areiatduded in Table 4 for easy comparison. The
statistical analysis results indicates that thera great potential of the 3D laser scanning metbod
establish surface area factors for different mihaggregates used asphalt mixtures, although more
data would be needed to make a valid conclusiomhénpresent form, the coarse aggregate surface
areas factors for the five South African asphaktmis studied range from 0.13 ~ 0.4%k.

The developed surface area factors were used tputersurface areas of coarse aggregates for all the
five mixtures. Table 5 compares coarse aggregatacgeuareas based on the newly developed surface
area factors from the 3D laser scanning and thditimaal Hveem methods. It can be seen that
percentage differences between the surface arghe divo methods are in the range of 10 % to 30 %
for the five asphalt mixtures studied. Recall ittt Hveem method calculates specified surface area
factors based on the assumption that all aggregattcles are spherical in shape, which could
underestimate the surface area of aggregate @s:t©h the other hand, the surface areas fromhe 3
laser scanning method are based on direct measotrefnem the laser device. As mentioned earlier,
the scanning mode of the 3D laser device is abtmpdure flat areas, hollow objects, oblique angles
and fine details of the aggregate particles, therstproving accuracy in the aggregate shape
characteristics. This could be the possible readdhe higher surface areas generally obtained from
the laser scanning method when compared with surd@eas obtained from the traditional Hveem

method.

Table 4.Comparisons of the Specified and 3D Laser Scanase® Surface Area Factors

Specified Laser based surface area factordKg)
. . surface area
Particle size factors in Standard  CoV
mm . . . . . andar o)
(mm) TRH%, Ms-4 Mix1l Mix2 Mix3 Mix4 Mix5 Mean o %)
(mkg)
19 0.139 0.122 - - - 0.131 0.0120 9.21
13.2 0.41 0.173 0.164 - - 0.197 0.178 0.0171 9.58
9.5 0.242 0.210 0.233 0.257 0.236 0.236 0.0170 3 7.2
6.7 0.322 0.301 0.304 0.315 0.315 0.311 0.0087 9 2.7
4.75 0.41 0.462 0.389 0.435 0.423 0.458 0.433 ®.029 6.83

18 Anochie-Boateng, Komba and Tutumluer



Table 5. Comparisons of Coarse Aggregate Surface Areas (SA)

SA based on SA based on
: ified Fact 3DL S :
Mixture spec(|r|ne2 /kg)ac ors ?nizellr(g)canner % Difference
1 0.619 0.846 28.4
2 0.615 0.794 22.5
3 0.664 0.734 9.5
4 0.652 0.735 114
5 0.521 0.622 16.3

An extrapolation technique, which is theoreticdilgsed on the geometrical similarity among the
same type of aggregate particles with differenesizhas been used (The Asphalt Institute 1993;
Kandhal et al. 1998). The geometrical similaritjecept used in fractal analysis defines an object as
composed of sub-units and sub-sub-units on multilels that statistically resemble the structure o
the whole object (Feder 1988). Based on this cdaneepecond order polynomial equation was used
to extrapolate surface area factors of the coagge=gate material measured by University of Iligoi
Aggregate Image Analyzer (UIAIA) system to obtaimface area factors of the fine aggregates (Pan

and Tutumluer 2010).

In this study, the variations in the coarse aggeegarface area factors with particle sizes fotrad

five mixtures showed that a power function form Wblbetter extrapolate the data when compared to
a polynomial equation. Fig. 6 shows a plot of stefarea factors against coarse aggregate particle
sizes using individual data of the five asphalt tonigs studied, and Egs. (5)—(9) represent empirical
correlation models between the surface area faetotsthe particle sizes for the individual asphalt

mixture data.

Although an excellent correlation exists betweea toarse aggregate surface area factors and
aggregate particle sizes ’(Ralues ~ 0.99), there may be inherent inaccuraeidsich could be
reduced by scanning large samples of aggregateclpartfor each sieve size. However, the
consistency in surface area factors between alttiaese fraction sieves could imply confidence in

extrapolation for the fine aggregates. It shoulchbied that a minimum of 90 and a maximum of 150
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coarse aggregate particles were used to develoqutfece area regression equations. Therefores thes
equations should not be taken beyond their validithout appropriate cautions in an attempt to do
extrapolation to estimate the fine aggregates eserfarea. Additional data may be required to
improve/validate these empirical equations forrtfieal use to quantify surface areas of both a®ars

and fine aggregates.

Surface areafactors, SA (r#kg)

Aggregate particle size, P (mm)

Fig. 6. Correlations between surface area factors ande@aygregate particle sizes

(6)

Mix 1:SA = 1747 x P~ %76 - R? = 0992
. 7
Mix 2:SA = 1471x P %% - R = 0998 (7)
. _ 8
Mix 3: SA= 1726x P~ %% - R = 0991 (8)
9
Mix 4:SA = 1277xp~ %19 ' R? = 0087 ©)
(10)

Mix 5:SA = 1594 x p~%®* : R* = 0980
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where,

2

Surface area of the aggregaté&kn)

)
1

Aggregate particle size (mm)

Asphalt Film Thickness Based on Laser Scanning Metd

The total surface area of the aggregate partitleiesl were calculated based on the coarse aggregat
surface area factors presented in Table 4 (lasamngtg method), and the specified surface area
factors for fine aggregates presented in Tablevie¢rh method). It should be mentioned that for the
total aggregate surface area computation, the oledl surface area factors for coarse aggregates
were combined with specified surface area factordife aggregates. Eq. (1) was used to compute
the total surface area of all aggregate particlekided in the five mixtures. Based on the computed
surface areas, Eq. (2) was used to calculate gieahtdilm thicknesses of five mixtures studiedeTh
following steps were followed to compute the filnicknesses for the asphalt mixtures studied:

i.  The surface area of the coarse aggregates wasethfaom the 3D laser scanning method.

ii.  The surface area of the fine aggregates was obt&iom the Hveem method.

iii.  The total surface area was obtained by summingeofibe and coarse aggregates (i and ii).

iv.  The effective asphalt binder by volume was caleddbiased on the asphalt binder content

and absorption values presented in Table 6, anditgram of aggregates.
v.  The asphalt film thickness was computed by dividihg volume of the effective asphalt

binder by the total surface area.

It is evident from this study that the 3D laserrstag method provides a more realistic coarse
aggregate surface area measurement, and subsggquentiore accurate asphalt film thickness.

However, careful examination of the scanned aggesgavealed that errors could be introduced in
the results during post-processing of the scanatal dpecifically when merging scanned surfaces of

these irregularly shaped particles. The greatestrsein film thicknesses could be due to the fine
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aggregates, which are estimated, based on thefisdesurface areas obtained from the Hveem
method. Note that the standard Hveem method of aangpthe asphalt film thickness is based on the
assumption that the thickness of asphalt film adoam aggregate particle is constant (i.e., the
aggregate is spherical in shape). However, theeggge particle has irregular and non-ideal shapes,

which results in introducing errors in the aspfilitt thickness estimation.

Table 6 lists the results of the total surface sreamputed and the corresponding asphalt film
thicknesses for all five asphalt mixtures. It candeen that the calculated film thicknesses based o
laser scanning method are lower than the film thédses based on the standard Hveem method for
all five mixtures studied. Overall, there was arrage percentage difference of about 6.7 % between
the two methods. Note that the calculation of akiim thickness includes surface areas of both
coarse and fine aggregates. The differences ofileéézl surface areas (10% ~ 30%) between the 3D
laser scanning methods and the traditional Hveethadedoes not take into account the surface areas
of fine aggregates while those for asphalt filntkiniess (6% ~ 7%) includes the contribution from the
surface areas of fine aggregates. Although theepémge difference in the asphalt film thickness
appears to be small, it does not guarantee acaaptsrthe Hveem method in its current state since
the difference is contributed by coarse aggregatg. dhese results show that the contribution of
individual coarse aggregate surface area couldigméfisant, and should be taken into account in

determining the aggregate surface areas used lalaspixtures.

In South Africa, typical asphalt film thicknessesvh been reported to be in the range of 5.8 to 8.0
pum. A decisive conclusion can only be drawn withtier studies on the additional coarse aggregate
particles to verify the results presented in thiglg. In an exceptional case, the semi-open graded
mixture (Mix 5) had higher asphalt film thicknesshich can be attributed to higher amounts of
coarse aggregates compared with fine aggregatexihdhet al. (1998) recommended a minimum

asphalt film thickness of jim to effectively prevent premature asphalt aging.
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Table 6. Surface Areas and Film Thicknesses of South Afridartures Studied

. . Gy’ Py’ PS  Vap x10°  SA° SA Fr®  Fr'
Mixture  Binder %) (%) (M) (hkg) (mikg) (um) (am)
1 40/50 Pen Grade  1.027 4.3 0.38 3.99 5,699 5.453.0 7 7.5
2 SBS Modified-1 ~ 1.027 4.8 0.20 4.70 5.648 5470 3 8. 8.8
3 SBS Modified-2 ~ 1.027 4.7 0.20 4.60 6.138 6.068 5 7. 7.8
4 60/70 Pen Grade  1.027 5.0 0.10 5.02 6.301 5.957.0 8 8.7
5 Bitumen Rubber  1.031 7.5 0.40 7.44 2.671 2569 .92729.9

& Specific gravity of asphalt binder

® Asphalt binder content

¢ Asphalt content absorbed

d Effective asphalt binder by volume

® Surface area of aggregate based on the 3D Lasenisg method
" Surface area of aggregate based on standard Hve¢nod

9 Asphalt film thickness based on the 3D Laser scapmethod

" Asphalt film thickness based on standard Hveenhoukt

Conclusions

There is a general interest in employing lasertbaésehniques to characterize mineral aggregate

surface/shape properties for asphalt mixtures inttScAfrica. The Council for Scientific and

Industrial Research (CSIR) has recently acquiredodern 3D laser scanning device to accurately

characterize aggregate and ballast shape/surfagqeenties for road and airfield pavements and

railroads in South Africa. This paper presented3Bdaser scanning method to directly quantify the

surface area of aggregate particles of five comynaekd hot-mix asphalt mixtures in South Africa.

The aggregate surface areas were used to develiggesarea factors, and to calculate asphalt film

thicknesses for the mixtures studied. The followimgortant conclusions can be drawn from this

study:

The 3D laser based scanning method is an improvieaven the traditional Hveem method,
and provides potentially a new test method to diyeguantify the surface area of mineral

aggregates.
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* New surface area factors have been establisheabsfdralt mixture coarse aggregates used in
road pavements in South Africa. However, due tatéichsample size, more scanning data
may be needed to validate these factors.

« A more accurate computation of asphalt film thidexdor mix design can be achieved

through the use of 3D laser scanning method.
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