Joumal of the Korean Society of Civil Engineers ISSN 1015-6348 (Print)

Vol. 35, No. 6: 1367-1375/ December, 2015 ISSN 2287-934X (Online)
DOI: http://dx.doi.org/10.12652/Ksce.2015.35.6.1367 www.kscejournal.or.kr
Highway Engineering EE23Y

220 TS AIZS! 10 mm 2T (ARE S3120]
I 7|Z o7

SH* Lp¥k Hokk
MY - AFET - ALY

Jo, Shin Haeng*, Kim, Kyungnam**, Kim, Nakseok***

A Study on Aggregate Gradation of 10 mm Dense-graded Asphalt
Mixture using Slag Aggregate

ABSTRACT

The purpose of this paper is to suggest 10 mm aggregate specification for thin layer asphalt pavement using steel slag. Aggregate
gradations of conventional dense-graded asphalt mixtures were made by fuller's model, whereas 10 mm dense-graded asphalt mixture
was obtained tender mix due to close to the maximum density line. The proposed aggregate gradation specification was made to have
enough VMA and well-interlocking refer to foreign standards. The correlation between the proposed aggregate gradation and the
properties of mixtures were analyzed using Gradation Ratio (GR) and Compacted Aggregate Density (CAD). The CAD index has a
high R?0f0.86-0.99 because the CAD index is able to reflect various aggregate properties. As the results of evaluation by CAD index
the proposed aggregate gradation provides more reliable stability and VMA. The percent passing (%) of aggregate size smaller than 0.3
mm was limited 10% or more for improving crack resistance. This limitation increased for 15% of the asphalt mixture’s toughness.

Key words : Steel slag, Aggregate gradation, Dense-graded asphalt mixture, Gradation ratio(GR), Compacted aggregate density(CAD)
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) AFgSHE WYE ofpTE EgEe] v Fullers}
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Percent Passing (%)

= = = Spec. =—a— Fuller's Model

2.36 475 9.5 13.2

Sieve Size (mm)

Fig. 1. Gradation of WC-1

WC-3

Percent Passing (%)

—o— Fuller's Model

— — —Spec.

0.074 0.6 236 4.75

Sieve Size (mm)

9.5 132 19

Fig. 2. Gradation of WC-3

Table 1. Gradation of 10 mm Asphalt mixture by Fuller's Model
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Fig. 3. Gradation Chart by Fuller's Model

Sieve Size (mm) 10 5

2.5 1.2 0.6 0.3 0.15 0.08

Upper Limit (%) 100.0 79.0

62.3 49.2 39.1 30.9 24.4 19.3

Lower Limit (%) 82.1 54.2

35.6 235 15.7 10.3 6.8 4.5

Center (%) 91.1 66.6

49.0 36.4 27.4 20.6 15.6 11.9

Maximum Density Line (%) 100.0 73.2

53.6 38.5 28.2 20.6 15.1 11.4
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a1 2AS AL 10 mm WYE ofamE

Table 2. Results of Mix Design due to Fuller's Model Gradation

EEY] SAYE VI AT

Gradation AP Density (tfon/m’) | AP Volume | Air Voids | VMA VFA | Stability Flow
Content (%) |  Bulk TMD (%) (%) (%) (%) ™) (1710 mm)
Upper 7.1 2.286 2.387 15.7 4.2 183 78.9 9,163 39.82
Max Density 5.6 2.336 2.439 12.6 4.2 15.1 75.0 7,693 41.29
Center 52 2.349 2.453 11.9 4.2 144 73.6 7,722 41.63
Lower 3.6 2.407 2.512 8.5 4.1 10.8 67.2 8,987 35.63
100 00,0 =
% 0.0 / e
L~
80 80.0 - -
o /
0 g 0 —
4
H f /
£ 50 H 50,0 -
[ 400 -
o — Fuller's Model DGM /7
30 s /{ —4=FHWA DGM 300 / = /
o ﬁ o o0 4
®=Taxas DOT DGM e T Upper/Lower Limit
10 = = 10,0 < _
0 ‘/ i 00 Center
" Sieve :zz (mm) ’ h o “ o8 e Simf:Sile (mm) 10
Fig. 4. Comparison of Gradation Spec Fig. 5. Proposed Gradation Chart
Table 3. Proposed Gradation Spec. of 1T0MM Asphalt Mixture
Sieve Size (mm) 10 5 2.5 1.2 0.6 0.3 0.15 0.08
Upper Limit (%) 100.0 90.0 67.0 45.0 30.0 20.0 14.0 10.0
Lower Limit (%) 98.0 70.0 40.0 20.0 10.0 10.0 3.0 2.0
Center (%) 99.0 80.0 53.5 32.5 20.0 15.0 8.5 6.0

EolAA Erk wehA g Ee] Ae-E AlQ)gk LA Yxe
B9 HAE VMAE HEP] ofghe 2o = ddst & 9k
S 35gko] HUHLEAT FTYY= A9 40 (1/10 mm)S
ZIpsle] ol o8t A 7]FEe] Huge ol EE e
o] H= A& & & Utk

2.2 52| 7|=S £5t 10 mm
USTE 47

71E Eerd) &gk vy

LIS ORATIE BB

o] 284 olsE EREol
Foeke 43s 27 202 =€) 10 mm UQJE o ~BE S9kE
o] FAYE 7S AR} SUPERPAVER 421%] NAPA
(National Asphalt Pavement Association)] $J=(Newcomb,
2009)9} Texas E2=ro] Y= g vl IR up2 FIA7RE
J=(CAM, Crack Attenuating Mixture)E- A5 H It Wilson
et al, 2013). ZARE Y=o} Ejnds B3] Akkd s vlust
W Fig. 49} 2o Eejide] o3k wdle] 39 Ao eidS
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Fig. 6. Steel Slag Aggregate
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3.1 Gradation Ratio(GR)

A=) A4S Yeplis A BEE 75A FEAS
o] 54 FHEdNEgd sgehs EA1=71] HEE Ve
= whHo] wo] ARS-ETHASTM D2487). Banerji et al. (2014)<]
AelE SA9)=e] E5-/97)%2] Gradation Ratio (GR)E AMS-
slo] Wbl aAle] AR ST ] AJHdAE w48k GR
< FAYEY] 544 VRIS B0 2 Eq. (2)9F 2] ARtk
Eq. 2)¢] 85,050, D15+ SF53pME-80] 85%, 50%, 15%
o sigehs A 2715 vtk
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S @

Fig. 7. Compaction Tester

3.2 =X ClRASA

GRe Eq. (2)9] Leet e} o] 1) e 548 258}
3 Aoz Bl ot B 54 Ee AAE R
5 TR ZAl] 548 vk vl AV glk 2 ol
= ZAYES] S48 Whe =M Y W ohie
B3Q) 3] B4 v QRS A} Sk e

>
e
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%
i

whdearzt sieink SATRAES AVRE € SAE 53R ke
SAYPER e F Fo] AR EKS F 2312)9]] ozt
Fig. 73 22 A5 o & ARgste] 3% tile g 7 3
253] vRlE AT Al Foje] = ARl EA19
FAE SAsle] FA U= (Compacted Aggregate Density,
CAD)E AVFst3ich

3.3 EXi S4XHS SRiE S4ule| A

GR¥} CADS] o[ ~ZE 331 E/47e] JddAE B4s517]
A3l AAE Y=g SR Table 491 22 5579 Y=o
el HiRHEAIE AATEIITE AR EAlE 7158 A SRl
=S IR 2o 2 B s 55| 93 AVkE - Esle
ARBEIGHoH, EFE ARl SEHO)E ok~FE BIRIT(AC
60~80)E AH&-aFTE

GR3} CADS] A4 E3HE EA7e] JaAlE 495171 sl
Table 4] 5%7¢] Y=ol thll GR¥} CADE -3k3ictk Z42ke]
SR sl wiHEAE ArTER o, HEuHdAlE E3l
dojxl HFop~gE g dl 7|2EA T8l vERHE AY
Ai}l= Table 59 2t}

A Y=53E UERie R8s} oZE E3HEe] BAe]
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Table 4. Gradations for Mix Design

Sieve size Passing Percent (%)
Gradation 10 mm 5 mm 2.5 mm 1.2 mm 0.6 mm 0.3 mm 0.15 mm 0.08 mm
#1 100.0 90.0 67.0 45.0 30.0 20.0 14.0 10.0
#2 99.5 85.0 60.3 38.8 25.0 17.5 11.3 8.0
#3 99.0 80.0 53.5 325 20.0 15.0 8.5 6.0
#4 98.5 75.0 46.8 26.3 15.0 12.5 5.8 4.0
#5 98.0 70.0 40.0 20.0 10.0 10.0 3.0 2.0
Table 5. Results of GR, CAD, Mix Design
Goion | iy | R | qonmy | 0o | o | avomm | 05 | 0o | oum
#1 6.8 2.248 2.369 4.0 11.026 27.68 26.6 82.5 2.953
#2 6.0 1.885 2.392 4.1 11.408 28.20 24.8 80.4 3.003
#3 5.2 2.102 2.415 3.9 11.789 28.72 22.9 78.2 3.052
#4 4.4 1.982 2.426 4.0 10912 26.75 21.0 74.8 3.105
#5 3.6 1.770 2.437 42 10.035 24.78 19.0 71.4 3.157
Table 6. Relations between Gradation Parameters and Mix Design Parameters
Mix Design Parameter (Y) X a b c R2 Rating
Stability (kN) GR -55.135 64.368 -15.533 0.71 Good
Flow (1/10 mm) GR -102.95 125.16 -29.823 0.67 Fair
VMA (%) GR 23.498 -12.484 6.0436 0.54 Fair
VFA (%) GR 19.684 40.265 -5.6395 0.55 Fair
Bulk Density (ton/m3) GR 3.0529 03184 -0.1581 0.54 Fair
Stability (kN) ACD -5967.8 4988.1 -1040.3 0.86 Very Good
Flow (1/10 mm) ACD -12464 10434 -2178.5 0.89 Very Good
VMA (%) ACD -5754.7 4918.1 -1045.9 0.99 Excellent
VFA (%) ACD -12993 11036 -2328.8 0.98 Excellent
Bulk Density (ton/m’) ACD 159.46 -133.11 28.304 0.99 Excellent
GR-Stability = 15,5759 + 64360 - 55135 . CAD-Stability = 0403+ 498855608
200 R* = 07112 o R = 0857
180 18
160 160
120 1/
gn .. * . g o .
E o 3 . . .. —

1.500 2.000

GR

Fig. 8. Relation of GR with Stability
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CAD(gfex)

Fig. 9. Relation of CAD with Stability




2N - B A
GR-VMA ¥= 5'0435:? 2325‘;39:* * 23498 CAD-VMA ¥ = 10459 = 4918.1c - 57547
0 304 R =0.9931
» 5.0 -
25 . ¥
. = .
® : . 0. = .
- g
% 15 g =
s >
10 10
71.5 1.600 1 1.800 1.900 2.000 2.1 2.200 2300 2340 2380 2380 2400 2420 2440 2480
GR CAD(ton/mr)
Fig. 10. Relation of GR with VMA Fig. 11. Relation of CAD with VMA
Table 7. Gradations for Evaluation of Various Aggregate Mix
Sieve size (mm) Percent Passing (%)
Gradation 10 5 2.5 1.2 0.6 0.3 0.15 0.08
#1 99.0 78.0 58.0 40.0 28.0 18.0 10.0 6.0
#2 99.0 80.0 53.5 32.5 20.0 15.0 8.5 6.0
#3 99.0 72.0 50.0 30.0 20.0 12.0 8.0 5.0
#4 100.0 90.0 67.0 45.0 30.0 20.0 14.0 10.0
#5 98.0 70.0 40.0 20.0 10.0 10.0 3.0 2.0
#6 95.5 72.8 55.6 42.8 333 25.8 20.0 15.6
#7 100.0 79.0 62.3 49.2 39.1 30.9 24.4 19.3
#8 82.1 54.2 35.6 23.5 15.7 103 6.8 4.5
#9 86.6 60.4 423 29.9 21.6 15.5 11.2 8.2
#10 91.1 66.6 49.0 36.4 27.4 20.6 15.6 11.9
% GR¥} wpe=e] R27} 0.7121d] B]3] CADS] R*:= 0.862 3.4 10 mm YUE ZSxHJU=7|=o| T}

o Ao
2 7S

2 HT} o] ok = 9k 53] T8 ¢ nikitly
DR HEE I3 F23 QIAIe] VMASKS] R Figs. 10
and 119 VbRt A3} 22o] GRE] A9 0.542 AAdo] we
Wb CADS] B9 R*71099% wis- 358 Aebde ®ola gtk
GR¥} E3M2 BA7k0] R2:=(.54~0.71<19] B]3] CADe] R?*:=
0.86~0.992 wl$- =2 JdS ERIRITE ofi= GRo] SAY=
e UERNE AEQE vkl CADE Al 9%, T,
APRAQ Prdel) HkdE]7) wjito] A FA)9
544 Hrh 2 ukgd 5= o)) o)k

L=
Rt

y=aX’+bX+c 3)

y : Property of mixture

X

a,b,c : Constants

: Gradation Parameter

=A)e] 542 CADE 53l A= WA w2 of~zE
HEe] 245 BoRE F deS ERIGHIE o2 AAE =4
e S F531] SI8 Table 73 Zro] tjedet 2|
o] tfs] ol~EE F3Ee] 84S AS3Iit) AAE A
L)) FIEE #1445 Qe EeRdd 93 YJerlEd
sz #o~#100]] sl HESIITE HEZT= Table 87} 2o
W, Fig. 12¢]] VRt 73} o] AAE Yries visshe S35
o] Eejrdo] 93t UV |E EFE Hj3) T2 = ;S
YERfI2lem, Fig. 133} o] E3hEe] kg3 hHslr] st
VMA ggroz fegt o= veRsith

Table 3] At Y=ol e 2H= APdEElL = Ale] E297%
FFAPL gollel wet @A) o] ol
T 7] wiEel] FEAGA S $13 0.3 mm ofs) =A<
Y F AUEE J=E 2 oo 22 AlHEY

e G B8] S8 AIES

O 10 rff

L.

% Egoe

e

[e)
=
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Lo B4 AR 10 mm WY ofARE YR BHYYE 7]

Table 8. Calculation Results of Mixture Property due to Gradations

AN
e}
4

Gradation ACD OAC Stability Flow VMA VFA Bulk Density
(ton/m’) (%) (kN) (1/10 mm) (%) (%) (ton/nr’)
#1 2.392 5.5 11.490 29.48 25.1 80.5 3.007
#2 2412 52 11.298 28.85 23.0 77.5 3.064
#3 2.378 49 11.126 28.89 26.1 81.5 2.980
#4 2.376 7.1 11.050 28.75 26.2 81.6 2.978
#5 2.425 3.6 10.756 27.57 21.2 74.6 3.111
#6 2.444 6.2 9.263 2422 17.8 68.7 3.203
#7 2.449 6.8 8.753 23.09 16.8 67.0 3.230
#8 2.450 3.6 8.644 22.85 16.6 66.6 3.235
#9 2.458 4.6 7.703 20.79 14.9 63.4 3.282
#10 2.466 52 6.628 18.45 13.1 60.0 3.332
1l [ Proposed Gradation . 300 [ Proposed Gradation
12.0 I Fuller's Method Gradation 250 B Fuller's Method Gradation
100 o
= 20.0
£ 5 g
£ < 150
3 50 E
& 10.0 I
. 41 #2 #3 #4 #5 #6 #7 #8 #9 #10 . #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Gradation Gradation
Fig. 12. Calculation Results of Stability Fig. 13. Calculation Results of VMA
Table 9. Results of ITS Test 4.8 =2

. . Toughness
Gradation ITS(MPa Disp. (mm
(MPa) | Disp. (mm) | XE
1.04 1.29 18,046
Center of Proposed 7 132 19,200
Gradation
1.06 1.34 18,114
AVE. 1.05 1.32 18,456
091 1.30 15,540
Under of Lower 0.98 127 16,724
Limit
0.94 1.34 15,844
AVE. 0.94 1.30 16,036

EHskE B¢k 0.3 mm FaEEiEEo] 10% o]k At
A= Hlolu=s g Yo tisf ok~BE E3ES ARl
IR s 3sisirt A9d7) Table 99} 2] 0.3

= o] Z-38] 3 A9 1A
22 790l Hjg)] TFAIAAEE oF 11%, HEZY2E oF 15%

FElo] FAAFe] P Ao el

1374 Journal of the Korean Society of Civil Engineers

ARSI ) A HE olhe T S 10 mm HYE
ol ERS 93 B4 derlee AAea 24 Qs
240 ke ol E3kEle] AvkblE o) ANE Qo)
ARRe AZse] UL L AES AL 4 AN

(1) 23V opBE E3ES) ke e 2
AN 10 mm ekee] AS- 24 AP D Fe
T7kel] BEo] glo] 7|E Eelwdd] 3t )= 44 A
Reale o] Ho] AdaiA) eitk weld 10 mm Wl
olges] Qi 2o Vs sl 24 wEd g
W7 Z7jeh olse welte] FRe RTAS 9%
) 2158 s S8 APUEAS Hollks J=s A
Bk A Qo) ARG Slol BA) YrenEE Uepie
A|5Q] GRF} CADZ o}4a)] 2] QJws} ojge B3
243te) AuRle BAST. GRY} EREe) R}




O X0

0.54~0.71¢1¢) H]sl] CADS] R’ 0.86~0.992 vi$- &2
e UEpigior, mEd WlE Fel Erde] 9

g Aol wlsh AAlE Jrrh Bt a3t 2E A

e AL VAT 4 Yk
Q) &P ZA) Al8o] e olge ERE| sk azaaa

o] BRI 1A 03 mm ofst 2] FE

BEG 10% oPFo = Asigion A P ﬂzjomﬂt

OF 11%, B]Z U2 ok 15% Z7AA dEA8A 3 a9=
B

a& 5 Uk
A EAA|EL] CADE SA)<]
kg3t 4= Qo] SR Hlo|E|rt S i otE
WAl A A EFE AR glo] 2 24 bl
é@cﬂl 2489 7 Uk A FY= 2 A d=iE
Ag7IeAte] Aol oEskal e Adlr CADE
431 27 A Y= 2L opgE ¥ FHI 7]

3 5 9 Aelt

ol HH

m
%5

©)

e

EmH
il

R
O~

¢
m%' Mo
o
W

i

p
J

i

2

2ol 2

B P FEAER AaEH|e0Ede) WERRT
ARV W HABE S 15 71 7he]
Ao sEon oo Be e =Py

B gh 20158RAE 27|k vjels) skrelaehy Al
Aol elte] SIS

=2 ¥

References

ASTM D 2487, Standard Practice for Classifcation of Soils for
Engineering Purposes .

Banerji, A. K., Das, A., Mondal, A., Biswas, R. and Obaidullah, M.
(2014). “A comparative evaluation on the properties of HMA
with variations in aggregate gradationi of laboratory and field
production mixes.” International Journal of Research in Engineering
and Technology, Vol. 03, No. 09, pp. 441-448.

David, E. Newcomb (2009). Thin Asphalt Overlays for Pavement
Preservation, Information Series 135, NAPA (National Asphalt
Pavement Association), Lanham, Maryland.

Kim, J. M. (2012). “Present status on the manufacturing and application
of steel slag aggregate.” Review of Architecture and Building Science,
Architectural Institute of Korea, Vol. 56, No. 8, pp. 29-36 (in
Korean).

KS F 2312, Standard Test Method for Soil Compaction using a
Rammer (in Korean).

Ministry of Land, Infrastructure and Transport (2014). “Asphalt
Mixture Production and Construction Guidelines.” pp. 70-71 (in
Korean).

Roberts, F. L., Kandhal, P. S., Brown, E. R., Lee, D. Y. and Kennedy,
T. W. (1996). Hot Mix Asphalt Materials, Mixture Design, and
Construction, NAPA Education Foundation, Lanham, Maryland.

Sanchez-Leal, F. J. (2007). “Gradation chart for asphalt mixes:
Development, Journal of Materials in Civil Engineering.” Journal
of Materials in Civil Engineering., ASCE, Vol. 19, No. 2, pp.
185-197.

Sofili¢, T., Rastovéan-Mio¢, A., Cosi¢, M., Merle, V., Mio¢, B. and
Sofili¢, U. (2007). “EAF steel slag application possibilities in
croatian asphalt mixture production.” 4¢th International Conference
on Molten Slags and Fluxes, Sendai, Japan, pp. 481-486.

SPS-KAI0002-F2349-5687, Hot Mix Asphalt Mixture, 2015 (in
Korean).

Wilson, B., Scullion, T. and Estakhri, C. (2013). Design and
construction Recommendations for Thin Overlays in Texas, Report
FHWA/TX-13/0-6615-1, Texas A&M Transportation Institute,
Austin, Texas.

Vol.35 No.6 December 2015 1375





