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Evaluation of Particle Shape and Texture: 
Manufactured Versus Natural Sands 
PRITHVI S. KANDHAL, ]OHN B. MOTTER, AND MAQBOOL A. KHATRI 

Many highway agencies n w limit the amount of nMura l sa nd in 
hot mix asphalt (HMA) when used on heavy-duty pavements to 
minimize rutti ng. 1l1i procedure is usu all y accomplish •d by ge
ne rica lly specifying the maximum allowable percentage o r natural 
sand . Generally , natural sands tend to be rou nded, wherea man
ufactui'ed and ten I to be angul ar. Ht'iwever, there are some 
natural :ands that are subangular ratl1er tlrnn rounded . Also . 
ome manufactured r crushed sands can b subrounded ratber 

than completely angular. There is a defini te need 10 quantify the 
shape and texture of the fin e aggregate so that it can be specified 
on a rational basi rather th·n1 generically. Fine aggregates (8 
natural and 10 manufactured sands) of di(fc re nt mineralogical 
compositions were s·1mpled from various ource in Pennsylv11nia. 
Particle . hape and te ·wre data were obtained using A TM 0339 , 
and two propo ed me thods of the National Aggrega te As ociarion 
(NAA). On th e basis of A TM 0 339 . <l particle ind x value of 
14 appear t divide rh natu nll and munufactured sands, and 
therefore, can be used for . pecirication purpo ·es. However, b ·
.iu e a h sieve ize fraction need. to be te ·1ed individua lly and 

results combined the current A TM 03398 test procedures are 
too time consuming. However, te i data indic<1te tha t only th 
major fraction ne d I be tes ted becau e ii · particl in lex ha 
a fair ly good correlation wi th lhc average particle index. More
over, both NAA pro1 osed Merhod A and 13 how good corre
la tion (R2 = 0.97) with the A TM 03 98 merh cl . These m th
od · are ·traight forward a nd less time c Ll. uming. Equations needed 
to comp·ute ASTM 0 3398 weighted-average particle index alue 
from cwo NAA methods are de~cribcd . 

Natural sand generally has rounded particles and, when used 
in hot mix asphalt (HMA), tends to lower its resistance to 
pe rmanent deformatio n (rutti ng . As ·uch , many highway 
agencies now limit the amount of natura l and in HMA f r 
heavy-duty pave me nts t.o minimize perman nt deformaii n. 
However, the use of generic terms such as natural or man
ufactured sand in specifications is not rational. The shape and 
texture of the sands ac tually determine the resistance to per
manent deformation of HMA mixes in which they are used. 
Some natural sands are subangular rather than rounded, and 
on the other hand some crushed or manufactured sands are 
subrounded rather than completely angular. There is a defi
nite need to quantify the shape and texture of the fine ag
gregate to specify sands in a more rational manner rather than 
specifying them generically. 

OBJECTIVES 

This study was undertaken to achieve the following objectives: 

1. Q uantify the par ti I sh, pe a nd t xtu r of various na tu ral 
and man ufactured (crushed) sand o f different mineralogical 
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comp ition fr rn Penn ylva nia using ASTM 339 (Index 
of Part icle Shape and Texture), a 1.1d proposed lethods A a nd 
B of the Na tional Aggregate s ocia tion (NAA using un
compacted void content. 

2. ompare and e valuate the differences between the par
ticle sh ape a nd tex ture of natural a nd manufactured sands 
obtained by the three meth ds. 

3. Examine the ASTM 0 3 t 8 method, which is time con
uming beca use severa l sieve size fractions have to be tested 

individually, to see if it can be shortened without significantly 
a ffecting the particle sha pe a nd texture in,dex value . 

4. ompare the resu lts fr m the A TM D339 111 thod with 
the NAA Me thod. A a nd B, and examine if e ithe r of the 
NAA methods can be used in lieu of ASTM 03398. 

REVIEW OF LITERATURE 

Aggrega te ·ha pe is discussed in th · lit ra ture in terms of 
differe nce be tween natural aggregates (grnvels) and crushed 
aggregates. The particle shape of fine aggregate is apparently 
more impo rtant than tha t of coarse aggr gate in improving 
the stabi lity of HMA mixtuses a nd increa ing their re istance 
to permanent def.ormation. 

Herrin and oetz {1) studied the effect of aggregate shape 
on the stabi lit y of HMA mixtures and concluded that the 
addition of cru. hed gravel in the couse aggregate fraction 
increased the strength for one-size mixtures but was of little 
importance in the dense-graded mix tures. 

Lottman and Goetz (2) have reported the effect of crushed 
gravel fine aggregate in impr lVing the . trengllt uf u1.:11sc-graded 
asphaltic urfocing rnixtu1·e.. hklar ky and Livnc h J) made 
a very ext -nsive study of the differe nce between natura l gravel 
and cru heel-stone aggregates in combinatio n with natural and 
and crushed-stone fine aggregates. Several variables were 
studied including the Marshall stability and flow , angle of 
internal friction and cohesion as measured in triaxi al shear, 
resistance to moving wheel loading, resistance to splitting, 
immersion-compression strengths, and permeability. They re
ported as follows: 

Replacement of the natural sand with crushed lines improve 
incomparnl ly the pl'<)pertic. of the product. incrca ·cs it. stn
biliry, reduces rutting, improve water re ·istancc , reduces bi
tumen . cnsitivity, lncrca. c. the void rat io, and brings the mix
ture (with gravel 'oarsc ttggrcgatc) to the qun li1y level of one 
wi th crushed coarse and fi ne 1ggre_gme. On the ot her h. net , 
replacement of the coarse material with crushed coarse ag
grega te entails no such decisive effect. 

Griffith and Kallas ( 4) studied the effect of different aggregate 
types on the aggregate void characteristics of bituminous pav-
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ing mixture . They reported tlrnl natural gravel aggr gal 
would generally require less o phalt than the cru hed ·tone 
mixtures would, because natural gravels developed lower ag
gregate voids compared with the crushed stone mixtures hav
ing the same gradation. 

Significant increa e in tability hav been rep rted by 
Wedding and Gaynor (5) when using cru h d gravel in place 
of natural gravel. They concl uded that the u e of cru hed 
grave l ·and in place of natural sand is nearly equal in effec
tively rai ing s tability as rhc use of 25 percelll crushed gravel 
in th coarse aggregate. 

Ma upin (6) ha · reported a laboratory investigation of the 
effect o.f particle shape on the fatigue behavior of an a phalt 
surface mixture. He u ed three aggregates: round gravel , 
crushed limestone, and tabby slate . From con tant- train mode 
fatigue test · it was demon tratecl that the mixture containing 
round gravel had longer fatigue life than the other mixture . 

Marshall mix de ign were run by Moore and Welke (7) on 
110 ands from throughout the state of Michigan in which the 
coarse aggregate, asphalt content, and mineral filler were held 
consta1U. Both the angularity of the fine aggrega te and the 
gradation f the mixture are critical for acquiring highe.r sta
bilitie . The more angular the fine aggregate, the higher th~ 
stability. A for gradati n , the clos r the gradation is to th 
FuJler curve for maximum d nsi1y, the higher i the ·tabilily. 
Rounded ands of relatively uni form size re ult in lower ta
bilities. Moreover, manufactured sands(. lag or crusher and ) 
have high ly angu lar parti ·le shapes and are made for ex
tremely high stabilities. 

Foster (8) tested two section of sand-a phalt mix and or 
mixes made with two different coarse aggregate aod the same 
fine aggregate used in the and-asphalt. After observation of 
the performance of the pavement he concluded that the true 
capacity of den e-graded mixes to resi~t traffic-induced sire se 
is controlled by the characteristics of the fine aggrega te. 

Variou · method · have be n reported in the literature for 
eva luating partiale hape and texture f fine aggregates. T he. e 
le t methods can be divided genera lly into two categories
direot and indirect. Direct methods may be defined a tho e 
wherein particle hape and texture are mea ured, de cribed 
qualitatively, and po si bly quantified through direct measure
ment t' individual particle . ln indirect method. , mea ure
ment of the bulk properti of the 'fine aggregate are made 
separa tely or as mixed in the end product. A brief summary 

f the test methods f und in the literature fo llows. (ASTM 
D3398 i the only test method for determination of par1icle 
shape and texture lhat has been standardized. Effort are 
currently underway to propose the NAA methods A and B 
as ASTM standards.) 

Direct Tests 

Corps of Engineers' Mer//od RD- 120-55 1\llethod 
of Test for Fltl/ tmd Elo11g(l/ed Particles in Fine 
Aggregate 

In this method, particle shape is evaluated by observation 
with a microscope. The sample is separated into five sizes and 
the number of particles having a length-to-width ratio of more 
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than 3 in each group is counted and reported as a percentage. 
This method evaluates only the particle shape and not the 
surface texture of the particles. 

Laughlin Method 

In this melhod (9), which was cl veloped for fine aggregate 
used in portland cement concrete mea urements are made 
Ul\.ing enlarged photographs of particle retaine I on various 
ieves. The radii of curvature of the particle and the radius 

of an inscribing circle are measured. Using these mea ur -
ment , a paramet r referred to as the row1dness of the par
ticles is then computed. Again, thi meth d only tests the 
angularity (or roundne s) of the particles and not the surface 
texture. 

Indirect Tests 

ASTM D3398, Standard Test Method for Index of 
Aggregate Particle Shape and Text11re 

ln this method, rbe sample is first broken d wn into individual 
sieve fraction . Thus the gradation of the sample i deter
mined . Each . ize of material is then separately compacted in 
a cylindrical mold u ·ing a tamping rod at 10 and 50 drop. 
from a height of2 in. Th mold is filled completely by adding 
extra material ·o that it just level off with the top of the 
mold . Weight of the material in them Id at each compactive 
effort is determined and the percent voids computed. A par
ticle index for each ize fraction is then mputed and, using 
rhe gradation of the sample, a weighted average particle index 
for the en tire ample is al o calculated. 

National Aggregate Association' Proposed Method of 
Test for Particle Shape and Texture of Fine Aggregate 
using Uncompacted Void Content 

In tl1is method, a LOO-cm3 cylinder i filled with fine aggregate 
of prescribed gradati n by allowing the ample to flow through 
the orifice of a funnel into the calibrated cyli11der. Excess 
material i truck off and the cylinder with aggregate i weighed. 
Uncompacted void content of the sample is then computed 
using this weight and the bul.k dry specific gravity of the ag
gregate. 1\vo variation of the method are proposed. Method 
A uses a graded sample of sp cified gradation; in method B 
the void content i · calculated u ing the void ontent results 
of three individual size fractions: No . LO 16, os. 16 lo 30, 
and No . 30 to 50. 

New Zealand Method 

This method (JO) i a flow te t imilar t NAA s proposed 
method. Here the orifice i Y2 in . in diameter, and any material 
larger than the 5/ 16-in. sieve is removed. The void c ntelll and 
lime requi red by 1,000 g of the material 10 fl w through tile 
orifice i · measured and reported as a basic measure of particle 
shape and te:xture. 
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National Crushed Stone Association (NCSA) Method 

In this flow test (11), the material is broken down into three 
sizes. Void content of each size fraction is determined sepa
rately by allowing to flow thr ·ugh an orifice of 1-in. diameter. 
The arithmetic mean of the void contents of the three sizes 
is computed as the basic measure of particle shape and 
texture. 

Virginia Method 

This method (12) is basically the same as the NCSA method. 

National Sand and Gravel Association (NSGA) Method 

This method (13) is basically the same test developed by Rex 
and Peck (14) and later used by Bl em and aynor (15) and 
Wills (16), but with different details. This i also a now test 
with the size of an orifice of0.4-in. diameter. ample is broken 
down into four size fractions and then recombined in specified 
proportion . Void content of the ample thus prepared is 
determined and reported as the basic measure of particle 
shape and texture. 

Ishai and Tons Method 

Tn this test (17) , result · from a fl w te ' l are related to more 
basic measure of geometric irregularity of particles, i.e. 
macroscopic and microscopic void .in particles. The size of 
the orifice depends on the size of the particles being te ted. 
The ·ample may be broken down into as many as ix ize 
fracli ns. One- ized glass beads are needed for each fraction . 
Flow test performance i reported on one- ·ized aggregate and 
corresponding one-sized glass beads. 

Specific Rugosity by Packing Volume 

This flow test method (18) was used for direct measurement 
of 1he packing specific gravity f one-sized aggregat · particles. 
Aggregate sample wa · broken into f ur izcs and etlch placed 
in a cone- haped bin and rhen p ured into a calibrated 
con tant-vol ume container. Packing specific gravity wa · com
puted using the weight of this calibrated volum of aggregate. 
The macro- and microsurface voids were computed Ul;ing the 
apparent bulk, and packing specific gravitie ·. The addi tion 
of the macro- and microsurfoce voids tl1 u · obtained wa done 
to arrive at the specific rugosity. 

Direct Shear Test 

This test method is used to measure the internal friction angle 
of a fine aggregate under different normal stre s condi.tions. 
A prepared sample of the aggregate under con ' ideration is 
consolidated in a hear mold. The ample is then placed io a 
direct shear device and sheared by a horizontal force while a 
known normal stress is applied. 
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MATERIALS 

Fine aggregates used in this study comprised 8 natural and 
10 manufactured sands of different mineralogical composition 
and came from various sources in Pennsylvania. Table 1 pre
sents the source, type of aggregate, and its bulk specific grav
ity and water absorption data obtained using ASTM C128. 
Table 2 presents the as-received gradations of all the aggre
gates used in the study. All natural sands were uncrushed and 
came from pit run or bank run gravel sources while all man
ufactured sands except one were crushed from different stone 
types including limestone, sandstone, calcareous sandstone, 
siltstone, dolomite, argillite, and hornfels. One of the man
ufactured sands was blast furnace slag (fine aggregate 
No. 10). 

TEST METHODS 

ASTM 03398 

This standard is the ASTM Standard Test Method for Index 
of Aggregate Particle Shape and Texture. Only one size of 
standard mold was used for this study, a 3-in.-diameter mold 
(Mold D). The sample was washed on a No. 200 sieve and 
dried in the oven at 230°F ± 9°F. It was then sieved to separate 
the total material into individual size fractions using ASTM 

136. Bulk specific gravity of the material was determined in 
accordance with ASTM Cl28. The individual size fractions 
were then c mpacted using 10 and 50 drops of the tamping 
rod to determine the voids and hence the particle index for 
each size fraction. The weighted average particle index was 
th n computed by averaging the particle index data [ r each 
size fraction , weighted on the ba ·is r the p ·rccntage of the 
fractions in the original grading of th sample as received. 

NAA Methods 

Both Methods A and B were used during this study. In Method 
A, th specified standard grnding wa. used to make the sample 
by using the following quantities of cir ·and from each size: 

Individual Size Fraction 

#8 to #16 
#16 to #30 
#30 to #50 
#50 to #100 
Total 

Weight, g 

44 
57 
72 
17 

190 

In Method B, 190 g of dry fine aggr gate was used for each 
of the sizes Nos. 8 to 16, Nos. 16 l 30 and Nos. 30 to 50. 

The sample were dried in the oven at 230°F ± 9°F before 
determination of voids content. The cylinder used was a stan
dard 100-cm cylinder. V id content \ ere clet rmin d by 
allowing the sample to flow through a funnel ( f 0.375-in .
diameter orifice) from a height f 4.50 in. above the t p of 
che cylinder. For the graded sample ( lethod ) , the void 
content so d !ermined was u eel directly. For the individual 
fractions (Method B) the mean void content percent was 
calculated on the basi of the void contents for individual size 
fractions. 



TABLE 1 GENERAL DATA FOR AGGREGATES USED 

* ** Bulk 
S.No . county Type Type Sp. Gr. 

Agg. 

1 Crawford N GL 2.582 
2 Ohio N GL 2.560 
3 Erie N GL 2.587 
4 Bucks N GL 2.556 
5 Bedford M LS 2.610 
6 Warren N GL 2.580 
7 Monroe N GL 2.570 
8 Wyoming N GL 2.593 
9 Westmonland N GL 2.564 
10 Westmonland M SB 2.430 
11 Cumberland M SS 2.627 
12 Fayette M cs 2.670 
13 Westmonland M CS-CG 2.673 
14 Perry M SL 2.648 
15 Berks M DO-LS 2. 728 
16 Northumberland M SS-CG 2.664 
17 Bucks M AR 2.660 
18 Adams M HF 2.668 

* 
N Natural fine aggregate 
M Manufactured fine aggregate 

** GL Gravel Sand 
LS Limestone 
SB Blast Furnace Slag 
CS Calcareous Sandstone 
SS E Sandstone 
CS-CG Calcareous Sandstone Conglomerate 
SL Siltstone 
DO-LS Dolomitic Limestone 
SS-CG c Sandstone Conglomerate 
AR c Argillite 
HF Hornf els 

TABLE 2 AS-RECEIVED GRADATIONS FOR AGGREGATES USED 

* 

* Type 
S.No. Type Aggregate 3/8 in 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

N GL 100.0 
N GL 100.0 
N GL 100.0 
N GL 100.0 
M LS 100.0 
N GL 100.0 
N GL 100.0 
N GL 100.0 
N GL 100.0 
M SB 100.0 
M SS 100.0 
M cs 100.0 
M CS-CG 100.0 
M SL 100.0 
M DO-LS 100.0 
M SS-CG 100.0 
M AR 100.0 
M HF 100.0 

N Natural fine aggregate 
M Manufactured fine sand 

Percent Passing 

#4 #8 #16 #30 

96.0 80.1 63.3 43.1 
97.5 77.9 55.2 29.5 
95.1 78.2 61.9 45.8 
94.8 79.3 68.7 53.9 
99.8 77.9 39.3 18.1 
95.8 77.2 55.8 38.4 
96.2 77.4 58.2 36.3 
98.0 72.6 55.5 42.0 
98.1 70.2 49.9 36.9 
99.6 82.0 58.1 37.8 
99.3 85.9 69.6 49.7 

100.0 75.3 46.9 31.2 
98.1 77.0 45.7 27.4 
99.8 73.3 42.3 24.1 
99.8 84.0 44.8 25.9 

100.0 84.5 50.1 32.4 
99.1 79.4 53.2 33.0 
99.8 88.1 57.4 31.4 

Water 
Asborption 

(percent) 

1. 38 
1.24 
1.26 
1.59 
1.14 
0.98 
2.32 
0.95 
1.26 
4.33 
0.40 
0.27 
0.60 
0.96 
0.47 
0.36 
0.52 
0.58 

#50 #100 #200 

15.4 3.5 1.4 
6.1 0.9 0.5 

25.7 9.4 3.2 
16.6 2.8 1.4 
8.2 4.8 3.5 

21.2 12.4 3.7 
19.4 7.9 2.0 
15.3 4.2 1. 8 
19.6 4.3 0.9 
20.0 9.5 4.1 
26.4 7.3 1. 3 
18.0 8.6 4.2 
13.5 4.4 2.0 
13.7 8.7 5.1 
14.5 7.8 3.2 
16.4 7.7 3.3 
16.8 11.2 6.5 
15.7 8.0 4.7 
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TEST DAT A AND DISCUSSION 

The test data obtained for particle (shape and texture) index 
(Ia) using ASTM D3398 are presented in Table 3. The results 
are arranged in order of increasing Ia values. A plot of the 
weighted average particle index values for various fine ag
gregates used in this study is shown in Figure 1. The results 
obtained using the NAA proposed Methods A and B are 
presented in Table 4. These results are also shown in Figure 
2. A general trend of values obtained by the two methods is 
shown in Figure 3. A discussion of the results obtained 
follows. 

Differences Between Natural and Manufactured Sands 

On the basis of the ASTM D3398 data shown in Figure 1, 
natural sands appear to exhibit lower Ia values compared with 
manufactured sands. There is one exception, however, in that 
one of the manufactured sands (Fine Aggregate No. 5-lime
stone) falls with the natural sands. Generally, a particle index 
value of 14 delineates the natural and manufactured sands. 
As indicated in Table 3, the average particle index for natural 
sands is 12.3 with a standard deviation of 1.26; thus the 95 
percent confidence limits for Ia values of natural sands are 
9.8 and 14.8. Similarly, the average particle index for man
ufactured sands is found to be 18.2 with a standard deviation 
of 2. 72; thus the 95 percent confidence limits of the particle 
index for manufactured sands are 12.9 and 23.5. On the basis 
of the 95 percent confidence limits, natural and manufactured 
sands overlap in the particle index range of 12.9 to 14.8. From 
trial-and-error procedures, this overlap would cease to exist 
at a confidence level of 86 percent, yielding a dividing value 
of the particle index of 14.1. A minimum value of l a of 14 
thus can probably be used in the specifications in lieu of 
specifying manufactured sand generically. 

Similar trends are observed for data obtained using NAA 
Methods A and Il as indicated in Pigure 2. The average values, 

TRANSPORTATION RESEARCH RECORD 1301 

standard deviations , and 95 percent confidence limits for un
compacted void contents obtained using NAA methods are 
as follows: 

95 percent 
Confi-

Type of Standard de nee 
Method Aggregate Average Deviation Limits 

A Natural 42 .5 1.51 39.5-45 .5 
A Manufac- 48 .1 2.68 42.8-53.4 

tured 

B Natural 46.1 1.58 43.0-49.2 
B Manufac- 51.9 2.59 46.8-57.0 

tured 

Again, on the basis of the 95 percent confidence limits , the 
uncompacted void contents for natural and manufactured sands 
overlap in the range of 42.8 to 45.5 using Method A and in 
the range of 46.8 to 49.2 using Method B. These overlap 
regions can be avoided at a confidence level of 82 percent for 
Method A and 84 percent for Method B, yielding delineating 
values of uncompacted void content separating the natural 
and manufactured sands as 44.5 (Method A) and 48.4 (Method 
B), respectively . On the average, the uncompacted void con
tent obtained by Method A is lower than that obtained using 
Method B. The difference appears to be reasonably uniform 
as indicated in Figure 2, and, therefore, either Method A or 
B can be used. 

Evaluation of ASTM D3398 

Because of the time-consuming nature of ASTM D3398 pro
cedure, alternative approaches were sought during the present 
study. Correlations were run between the average particle 
index obtained using ASTM D3398 and the particle indexes 
for the individual major fraction , and major fraction plus 
second-major fractions to see whether these could be used 
instead. These correlations are shown in Figures 4- 6. These 

TABLE 3 PARTICLE SHAPE INDEX DATA USING ASTM D3398 

Sieve Fract;on Weighted . Type of Particle 
S. No. Type Aggregate -3/8"+#4 -#4+#8 -#8+#16 -#16+#30 -#30+#50 ·#50+#100 -#100+#200 -#200 Index 

1 N GL 8.9 8.9 9.3 10.5 10.6 11.0 11.0 11.0 10.1 
2 N GL 10.6 10.6 11.2 10.1 9.8 11.2 11.2 11.2 10.5 
3 N GL 11.1 12.0 13.1 13.4 12. 7 12.3 12.3 12.3 12.6 
4 N Gl 11.7 13.8 13.5 12.2 11.9 13.4 13.4 13.4 12.6 
5 " LS 12.5 12.5 12.7 12.7 13.3 13.3 13 . 3 13.3 12.8 
6 N Gl 9.3 10.0 13.4 13.5 13.2 14.9 15.5 15.5 13.0 
7 N Gl 11.7 12.4 12.2 13.0 13.9 13.8 13 .8 13.8 13.0 
8 M GL 11.3 11.3 14.8 14.9 12.5 13.8 13.8 13.8 13.1 
9 N GL 11.3 11.3 15.4 15.2 12.8 14.1 14.1 14.1 13.4 

10 M SB 16.1 16.1 15.2 13.1 14.5 16.0 16.0 16.0 15.0 
11 " SS 16.9 16.9 17.1 16.2 15.5 16.5 16.5 16.5 16.4 
12 " cs o.o 17.8 19 . 5 20.1 17.2 16.2 16 .2 16.2 18.3 
13 M CS-CG 19.7 19.7 19.9 19.0 17.4 16.3 16.3 16.3 18.9 
14 Pl SL 19.0 19.0 18.8 19.1 19.8 20.8 20 .8 20.8 19.3 
15 " DO·LS 20.3 20.3 19.8 18.9 18.6 18. 7 18.7 18. 7 19.4 
16 " SS·CG 0.0 18.8 19.7 20.2 20.1 21.3 21.3 21.3 20.0 
17 " AR 20.5 20.5 21.6 21.0 20.0 21.6 21.6 21.6 21.0 
18 " HF 19.8 19.8 20 .6 22.0 22.1 22.1 22. 1 22.1 21.3 

Average for Natural Sands 12. 3 
N = Natural fine aggre!jlBte Standard Deviation 1.26 
M = Menufetured fine aggregate 

Average for Henufectured Sends 18.2 
Standard Deviation 2. 72 
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FIGURE 1 Average particle index using ASTM 03398. 

TABLE 4 PARTICLE SHAPE AND TEXTURE DATA 
USING NAA METHODS A AND B 

* Type Method Method 
S.No. Type Aggregate A B 

1 N GL 40.6 43.9 
2 N GL 40.2 43.5 
3 N GL 42.2 47.5 
4 N GL 42.7 46.0 
5 M LS 43.1 47.5 
6 N GL 43.9 46.6 
7 N GL 43.8 46.9 
8 N GL 42.4 46.3 
9 N GL 44.3 47.8 

10 M SB 45.4 49.0 
11 M SS 45.7 48.8 
12 M cs 48.5 52.7 
13 M CS-CG 47.7 52.3 
14 M SL 48.7 52.6 
15 M DO-LS 49.2 53.2 
16 M SS-CG 49.3 53.5 
17 M AR 50.9 54.7 
18 M HF 52.0 55.0 

* N = Natural fine aggregate 
M = Manufactured fine aggregate 

figures indicate correlations for (a) the whole data including 
both natural and manufactured sands, (b) natural sands only, 
and ( c) manufactured sands only, respectively. Good corre
lations exist between the average particle index and particle 
indexes for major fraction, and major plus second major frac
tions for the whole data as well as for data on manufactured 
sands . Coefficient of determination (R2) values are found to 
range between 0.94 and 0.98. Natural sands, however, have 
some scatter and the R2 values are u.59 and 0.80 for major
fraction, and major-fraction plus second-major-fraction par
ticle index values, respectively . The equations relating the 

weighted average particle index Ua) with major-fraction par
ticle index Um) are as follows: 

0.92I,., + 1.3 for combined data 

Ia = 0.82Im + 2.5 for natural sands 

Ia = 0.92Im + 1.4 for manufactured sands 

Similarly, the equations relating weighted average particle 
index Ua) with major plus second-major-fraction particle in
dex (/mpsm) are as follows: 

for combined data 

for natural sands 

for manufactured sands 

In general, the particle index values within the sieve fraction 
increase as the sieve size decreases. No general trends can be 
found as to whether the distribution within the sand is normal 
or skewed. 

The particle index may be used for the major fraction of a 
sand in place of its weighted average particle index. On av
erage, the major-fraction particle index differs from the 
weighted-average particle index by 0.1, which is practically 
insignificant. If increased accuracy is desired, then both the 
major fraction and second-major fraction can be tested and 
the results combined to yield a weighted average value. 
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FIGURE 2 Uncompacted void content using NAA proposed Methods A and B. 
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l"lUURE 3 Particle index using ASTM D3398 and NAA proposed Methods A and B. 

Comparison of ASTM 03398 and NAA Methods CONCLUSIONS 

Data obtained using NAA Methods A and B were correlated 
with the weighted average particle index data obtained using 
A.STM D3398. These correlations are shown in Figure 7. The 
coefficient of determination (R2) for both methods was 0. 97 . 
On the basis of the data obtained for the 18 fine aggregates, 
the NAA methods can successfully be used in place of ASTM 
D3398. With the slope value of almost one, the data are 
observed to have only a shift factor for translating NAA method 
results to ASTM D3398 results . This shift for Method A is 
-31.2; for Method B, -33.5 . The following equations may 
be used for transforming NAA method results to ASTM D3398 
results. 

I. = l.03VNAA - 31.2 

/ 0 = l.QQVNAA - 33.5 

for Method A 

for Method B 

where V NAA is the uncompacted voids content measure of 
particle shape and texture obtained by NAA methods. 

On the basis ot the particle shape and texture index values 
obtained for the various natural and manufactured sands tested 
using ASTM D3398 and NAA proposed Methods A and 8, 
the following conclusions can be drawn: 

1. A particle index value of about 14 divides the natural 
and manufactured sands when using ASTM D3398. This value 
can probably be used for specification purposes when ASTM 
D3398 is used. All manufactured sands except one exhibit 
higher particle index values and all natural sands have lower 
particle index values. A similar trend is observed for NAA 
Methods A and B as well in which uncompacted void content 
values of 44.5 and 48.3, divide the natural and manufactured 
sands, respectively . 

2. Correlations between the major-fraction , and major
fraction plus second-major-fraction particle indexes with the 
weighted-average particle index using ASTM D3398 are fairly 
good for the overall data . This agreement suggests that a 
particle index value for the major fraction or major fraction 
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FIGURE 7 Average particle index using ASTM D3398 versus uncompacted 
void content using NAA Methods A and B. 

plus second-major fraction of the fine aggregate may be used 
as the average particle index for the combined gradation. This 
result would save time and effort in testing. 

3. Both NAA Methods A and B show high correlations (R 2 

= 0.97) with the ASTM D3398 method. This correlation 
indicates the viability of substituting the NAA methods for 
ASTM D3398 as the standard methods for determining par
ticle shape and texture of fine aggregates. NAA methods are 
both straightforward and time saving as compared with ASTM 
D3398. Equations for computing the ASTM D3398 weighted
average particle index from the NAA method results are de
scribed for the aggregates tested in this study. 

Currently, research is under way at the National Center for 
Asphalt Technology, Auburn, Alabama, to correlate the fine 
aggregate particle index with the permanent deformation (rut
ting) behavior of the HMA mixes so that minimum values of 
particle index can be specified for heavy-July pavements. 
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