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Characteristic of Resilient Modulus and Unconfined Compressive Strength for
Recycled Materials blend with Cement Kiln Dust
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ABSTRACT

This study was conducted to determine the resilient modulus (Mr) and the unconfined compressive strength (UCS) of two recycled
roadway materials such as recycled pavement material (RPM) and road surface gravel (RSG) with or without cement kiln dust
(CKD). The recycled materials were blended with two CKD contents (5, 10 %) and 28 day curing time. Mr and UCS tests were
also conducted after 10cycles of freezing and thawing to asses the impact of freeze-thaw cycling. Mr was determined conducting by
the laboratory test method described by NCHRP 1-28A. Stabilized RPM and RSG had a modulus and a strength higher than
unstabilized RPM and RSG. Mr and UCS of RPM and RSG mixed with CKD increased with increasing CKD content. The results
indicated that the addition of CKD could be improved the strength and the stiffness of RPM and RSG. Therefore, RPM, RSG and
CKD could be used as an effective materials in the reconstruction of roads.
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A1) g4t W o]2 QIgt 1A Hopel A2 WAt
o o8 STMI7Ie AWE TR 59, 4% EE
ojuf =R Al AMEEl= AR 2 AR 8 E
SEA77] el e gk E7HeE Aot o]
23k FARS S5517] flote] slollMe ofg] dAkEe] &
ATE e HE Qlok AAEAL} AMPRARES o851
ZAES Auy 2dAES /Pt vk 9le™ (Sung and
Ryu, 2004; Sung and Back, 2005), ARY=AE o]&st 17}
T ZAEY FAs6 542 A=t Bt ok (Sung et al,
2003). E3L #Huld, Ay, 2 55 6] A=
+ ZAYEY A, =g a9 A oA AHE= A
283t7] St AFE et vE Itk (Kim et al., 2001; Kim
et al., 2002; Kang and Sung, 2009; Youn et al., 2009).
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S, o]ttt mEy AuARl H4vh Bagh mrojA
P d7lEe] 2 S7ke FAl Ak 2REe #H7]

& A = oy AL He, AEES 2kt AlAE
Refl AR s} oFde] siy]EEe] T vl
0% APEL ek

2 A ollde AHEL7E Hagh B8 B2 5] AR
zo| Fagh de] 7|E oA LY== RPM (Recycled
Pavement Material)@} RSG (Recycled Surface Gravel) 1
2l ZEHE AHE AlRA] PAstE ARARESl CKD
(Cement Kiln Dust)E ©l&stq ol59] AAHE 7FadS &
HG R

RPMZ H7|El= ofAZE EgojA] WSt OfAZE X
Ak 713 ARS SR, E2AFA] 7SR e AL
7} At (Wen et al., 2004; Li et al., 2008; Hatipoglu et
al, 2008). RSG= M2 AZALER9| 304 WA= A
Folu, RPMI} nRIZIA 2 A2 E29] ZAAFOlA 7|5
Am=Z g = ok (Hatipoglu et al., 2008).

URH o2 AHEE= ERAIFo|A RS flste] Wol
ARGE|O] ghom| Zhwel jatad SRlof| wol 7]ofsles Zo=
sel®l vl Qlch (Halsted et al., 2006; Guthrie et al., 2007;
Mallick et al, 2002). 9, CKDE A|HIE A2A| TAsh=
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CKD E3to] w2 Recycled Material®] 3|ReHAG=0} d&&7te EA

AtgRARSolH | ofgjgt o]fE wigo] E ot (Todres et
al, 1992). 2@y CKD= & &3] =& Hkgof o3
= (strength)@} 74 (stiffness)o] 7HAEE Aoz od41%
B} 9t (Bhatty et al., 1996; Baghdadi et al., 1995). =uj
oNAE oot gt Arh E vb d=dl Kim et al
(2004} CKD= 4574=9] SRl 7]ofshy 2ikezo] 9
ot SjEdR o]F s|dstoct E3E CKDE Z3PE, ofa
FEZIEQ} Silslo] S22l BT} AFEA tigh A+
£ AAl] AREAREC CKDE E8staA} sk 47t
Y= B} 9t} (Cha, 2005; Namkoong, 2007).

Boodo] AMEE RPM, RSGF -2 Al FDR (Full
Depth Reclamation)& 285t #1283k 4= it FDRE ©]
83 ERAY R 2 HAA LR ohe} ul-e- XA
ofgfal g 4= Qirt. o] WS ALoHA =Y UPFH o AL
= WH-AA F oA Algske -0l Biste] 25 %ollA
50 %7HA B8-S Ad o oAl Seint (Luhr, 2004). E
gh HARHL] BEI Algo] wE AFES ofyx] HEw}
iy 52 fAasket 7|08 4= Stk skt (Kearney and
Huffman, 1999; Wen and Edil, 2009).

oof & A-tollx= AL AT ] £AS Fastst
I @A HEE FrlE B AgEEe] %2 RPMY}
RSGE 7|2 Az sk, olg A= 7=} 7S 7iAsh]
st ARIFARESR] CKDE ol gsto] dARol|xe] Ajgg 7t
TS ERlstazt st olE ffell CKD &3l wE RPM
7} RSG] 31EeHd A1 (Resilient modulus) AT} U9t
7Y%= (Unconfined compressive strength) AglS AX|5H3C
™, 524 &3l (Freezing-thawing) Alg< AAlste] ol tf
ok FFE ERlst3it

Rl

II. 3| =EMIH 4= (Resilient Modulus)

RO} e IYTFEE oM ATEAAL SR AR
o AR B7RI. ofF AFElEe] AR Qe o
Asle AR $8-1F AHE WY g A=
o] 4% ejHoR vtk B4R B7REL ok vhE
e We Ame WHE 49E T Awsh HdekE,
REEASISl7L S7kohd Sl gee] 2ol AuskAl .
ojie] H-HFE A9 77t sETArel
AT (Mne REESESo] Fold mf At o5y
&= AofEr, 4 (D3 o] 2@ 4 itk

e

M, =— (1
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oA7A, o FAGH, 7 B

B ATolAE WAl My B AElgen, ZA
o frEl SREE mAlsle] 01270 SHEAIe) 0,92
o) FAREE 2 AR 2719 ZALAS Asisiol W

29| 7)o uet WA Hrt F, AR} HXUISAR
£ 589 J3ol me} A3et mde Hgsh "ot 13e
2 AAEL S ARy 89 58 1eEfdt oy 7 B
dS AASRL et (Uzan, 1985; May and Witczak, 1981;
Kweon et al.,, 1999).

Uk o7 Hx7|Zolg 7SR AFSHe] TS
slEebdAleE 718 4] (2)9] 29 Biarez (1962)7} Al
st AA-gemdoln, o] mdle FyoME HE4S AF
HES. u} QIt} (Kweon, 1999). L2|H& H oAz 4] (2)
o] wals Hgslo FIEEIASTE oyt o] A k,
ks Ao ARt

M, =k 0" ®)
A71A, 6; AASE (bulk stress), ki, ku Al

Il ME 2 Algluny

I

1 ME

Ao ARESE RPM, RSGY] =814 542 Table 13+
o, ARgAlRe] JrRIAE AvR= Fig. 13 At

CKD®| 3}shd EAJHA Avl= Table 29 A8t 4
Fof| Kol Zo] CaC0s2] = 54.1 %= AFFs] o dnt
Q1 A3]d Hato] gk} fARRS Holal glo] CKDE 43
A Bre] dFog whdk o= ik $hH, Namkoong (2007)
2 S0; AEL A3|MEdo] AHIES] gz BQlw= by
oA L= sl oR st on Cha (2005)= &
BB 7]908to] Si0y7F EAeitial et

Table 1 Physical properties of Materials

\Vopt ¥ dmax % % %
%) |(kN/m®)| Gravel| Sand | Fines

RPM |2.64| 75 | 212 | 46.0 | 43.0 | 10.6 |GW-GM| N.P. | NP.
RSG |2.73] 75 | 226 | 286 | 59.0 | 124 | SC-SM | 21 14

Sample | Gs USCS | LL (%)|PL (%)

G;; specific gravity, Wep; optimum water content, LL; liquid limit, PL;
plastic limit, ¥dmax; maximum dry unit weight, N.P.; non-plastic.
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Fig. 1 Particle size distribution for RPM and RSG

Table 2 Chemical composition of CKD (unit: %)
CaC0;s| Si0y | AlOs | FesO3 | MgO | SO | Free CaO | LOI" | Total alkali™
541 | 120 | 44 2.1 1.7 | 125 13.9 10.7 2.33

LOI’; loss on ignition, Total alkali™; Na,O+0.658xK,0

ERy=h)

2. HEz™

RPM, RSGSF CKDE| &3k & ARY| ARFHS 7|EL
25 %% 10 %E 27 28319t e Afe] sz ¢
TUEO AE7}F AgEoot AT e AIE BE
QYOoHE A|7o] TRl ulL Fasitt IgHE A|Ro] B3}
Al AB-A7E e Az B iz AAsH 236k
ot 5k A|RE o]gsto] ASTM D 1557-029] Method C
£ 7Est] tiAES AR o= KS F 23129 ol
W DeF AR sdske, Yok, simRA|, SETHIs]
G0l A 2F7ke] Z}o]-ASTM; 45.7 cm, 4.54 kg, 563, KS F
2312; 45 cm, 4.5 kg, 553-7} Stk chAIEofA LA
Azt AFH HLepHlE Mr Aol ARSE AR
Aol AEEQ AEs YedY B 7Y 42 A
& 152 mm, ¥°] 305 mmolty. ¥ * AgFE] e i
o] R Haslsl] flste] EE|7t st BEEE ARSE
gom, ARE FHAIZl & 28US FAUAIF

Aol Tt AlE= Cell (Fig. 2(a))oll AAgH & AlgS A
Al5Fem, NCHRP 1-28A (NCHRP 2004)0l| wk2t wHEAjs}
Alog AAslelct. MRS S7gsh7] {1zt ARIQl LVDT (linear
variable differential transducers)= 0.005 mm®] AE=E 7}
A, Cell®] Lo} Wof zh 2704 Adx|ate] Wl ofko]
A sk MRS sAlol ST 9F LVDT+= Celld)
Ao Q= top plated] A= CH, Y LVDT= cell W
Fol A7 AA=E et Aldef H8EH 352 MTS system

g
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(b) UCS
Fig. 2 Testing Equipments

(Model 244.12 servo-hydraulic machine)S ©]-&3fo] o]
Hok 2 Adel A ARAEE AXsHen, o 1000
cycled] HEEaIgo] FojAch ou|AIFA 2HEo] 5 %
ojed AR Fod, 2 AHe] AR XYt 7} skt
Aol SEEIATE Lot fsto] ZF dAloA A==
10099 cycle oAl wpA|er 582 cycledlA ezl gk
Hatslo] Agsiglon, SEedAleE A&l 208 kPadl
A5 7150 R st 8ieitt (NCHRP 2004). L]l UCS
A9 (Fig. 2(b)& ASTM D 5102¢] wgt AAsIon, W
FES 9 0.21 %7 ALEU (Acosta, 2002). 52 53
AF-E RPM, RSGEF CKD 10 %5 &3kt 7ol tisiA A
Aletgitt. AlEE AES & -19 €9 YealoA
Wolal, thy g2 Ao SIEE Hysigon, oy
£ lcycleE o] ZF AR 10cycled A-&319itt

i

oL Lo
ol
o

rot S
te >
o

b3}

o2

V. 2% % o
I, CHEAE

CKDE E35HA] 9k& RPM, RSGEF & AlRY AzxFHS
71E02 CKD 5 %, 10 %5 ZZF &3t AjRof tisto ot
AAEE AAstglon, Aik= Fig. 32t 2t

Fig. 37 o] CKDY &3¢0 57185 Axds%
ZHstgieh, RPME 21.20 kN/m*ollA] 20.97 kN/m’=2 748}
dom, RSG= 22.60 kN/m* oA 20.93 kN/m'2 st
Jyug CKD &3 w2 H3bgEs RSG7F o 2 2e=
uehstth 3hE, A3 CKD7F 5 % 3w E3EA]
o2 7o) wlg|| etz CKD7F 10 % 3K 745
Al F7FeRe AdS Bt E3 7R RSGollA AldiAe
2 34 etk &, RSGE CKD7} &3] e Azd9x
2} k)] WslzE RPMoY| B3 Adidez & oz uy
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Fig. 3 Compaction curve for RPM and RSG

)4

ebdek B3 CKDZL E08 49, H88519 48 o
of gpe] sl ME AZSIFFS] FAHEE RSGN
=] hebste,

2. CKD =g&r =& soho mE Mr 2.2 UCSe
3t
CKD &gzl w2 Mr 3t} UCSE Fsla, AQad Hals

4 OISk My A9 ATt Fig, 45t Fig, 59 =A
sj90o0], o Aeh 7 AlgolAle] 7} ZEe Table 33}

Flg 49} Zro] RPMI} RSGE CKDO &dlgfo] Z713kpE
Mr &2 3716k A BYSs & 4 ok gekyoz 9
B (external) LVDTE o] &34 a7 Mr 2 Al2e] A
29} Aol W2 ke W "} Z ARE celld] A
o] Ao} o} Hol H**Jﬂé} ﬁﬂu 016‘%% A9 ‘E'E*E

ru°1‘ e

WA EHeg lﬁ—r (mterna) LVDT«I é@%@ﬂ HIE‘H *MWQ
2 Alggo] "ojXth, 1gER o]F Aoz Wi LVDTE
ol g3l et FES H83HYtE. CKDE 5 % 2338192 7
Soli= RPM9] Mr grol © ZA yepgod, 10 %5 <315t
P 9= RSGY gtol © =LA vesdth 3 10 % €%
Al 5 Azl A ARl Algs k] g2 002 YERT o]
Mr Zrol A2 (bulk stress)ol] HoF WhA] ok AASH
HE YeErdS 9ujgit}. 53], RSGY 7-$-ell= CKDE 5 %
T Sl Al kel F2 002 Yesith o]gdt Z3ke
& njR£o] RSGY CKD A B+ A 832 JFS A9
WA oh=thal & 4= ok &, AlFSE Y] wate] Aglol
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Fig. 4 External and Internal Resilient Modulus for RPM
and RSG mixed with or without CKD
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Fig. 5 Relationship between Mr and UCS for RPM and RSG
mixed CKD with or without freeze—thaw cycling

QA EEASS 7
UCsS Aldlo] ojat o§7}5 oA E] Bao] HrfE AL
2 CKD7F St 74990 ol Age Asision, Fig. 5

9} 7Fo] RPMIF RSGO| U&7 CKD &dlefo] Z7jak
£ 37k AFE B9tk CKD7F 5 % &% 7-$ol= RPM
o] oFzt & Zke Blot 10 %7t E3HE AHLol= RSG7F
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Table 3 Resilient modulus (Mr), coefficients (&, 4») and
unconfined compressive strength (g) for RPM &
RSG mixed with or without CKD

CKD External Internal ‘

Material Co(r;f)ant & % (Nl\q/ga) 4 % (Nl\q/ga) (kPa)
0 33.5] 0352| 220.0| 49.2| 0.344| 309.0 -

RPM 5 14.5| 0480 287.9| 150.0| 0.540|2678.2 336
10 202.7| 0.137| 422.0]3350.0 013350.0 450

0 23.0] 0.384| 179.0| 17.0| 0473| 2120 -

RSG 5 34.6] 0.252| 233.0|1311.0 01311.0 309
10 76.1] 0.245| 281.6|5591.0 015591.0| 1324
srios 2 g8 wilen, Ties g 2 e
Uehdcl Aoz w45 Auae] ojshy st 47
£ S8l Mr S BERT oM, 2 AEPE $2 ofaie
I} AZRE AoRsl] flstod {Pﬁ&‘d HHo® CBRe ol&st
of Mr %= 484} k= A7t wWol A=t (Green
and Hall, 1975; Powell et al., 1984; Sukumaran et al.,

2002). T3 PCA (2008)0l4= AHIE 9 Zztololj$E &gt
g AR dUSHEE o] IEEARE 4T

U= A4S AXBPIE B3t ofofl & AtellA= UCS Al
oA et dEAETE (qu>§ olgsto] EEIAS (M)
E T £ e WAXE O A (3), 4 (D)9 Zo] RPM
I} RSG=E T-Eato] AQkstaict.

M;RPM(MPLI)=7.6329 * qu (kPa) (3)

M, rsc(MPa)=4.2238 « g, (kPa) (4)
A Adlo] A8 CKD 10 % A=l tisto] 52 &
3 (Freeze-Thaw) A& A3t 1089 523 §al&
HEESE 3 Mrt UCS Al AAls E} AeEy} Mrak UCS
& Fig. 58 o] 2 g3 S 7R && A=ol Hlsl
Aast= AS Eoﬂﬁ} Me] Mr %+ 3350.0 MPaolAl
1324.9 MPa® #48}3lal, RSG= 5591 0 MPa°llAl 1346.9
MPa= 7”\0}‘-”11‘/} 8L RSGZF &F 76 %= 60 %Y T
28-S HOl RPMHEL} Altfdog t© Wo] 7tadk= Aoz

Ul g, RPMO| U&= E 450 kPaollAl 405 kPaZ,
RSGO] 79 1324 kPaol 1 646 kPaz Zraskac) =7t
ZOHE RSGY] Aol oF 51 %2 RPMQ 10 % A&
Hlgl] At o R o wWol sk AoRE YeRth &, 109
o] T4 & L HPEWI Holl= RSG2] Mr ﬂol RPM
Hrp & A4S B0 5483 B olFol= & Aot
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Sick et dREe) AP 5
RSG—J ]. AH:HZ
of A4&H Es 4 gdfe
7wl o) 7has

V. Qok ol

i |

ZE

FA oA A= recycled material®l RPMI} RSG, Ak
FARER] CKDE ol85t 3lEeHdAl (Mnet 4574 (UCS)
ASE AAstgltt AT éﬂiﬁﬁ olg TR AMTFs
3 skt stolon, 54 a7t AEel Mrat UCSe

33k HESI. OIETH ot 4o AR 84S
Uit
1. RPM, RSGell CKDE &3 7% Mrat UCSY] 32 5
7Vole AES Btk CKD 5 % EFA] RPMY Mr 3
2678.2 MPa, UCSE 336 kPa® Z4=o] RSGY =47kl
Hlg 2 gro] #afHoy, CKD 10% &3A|ol= RSGE Mr
Zhol 5591.0 MPa, UCSE 1324 kPa® © =A| 5o,
S/ Addides A Yyt

2. RSG<} CKD E3A =2 Mr AldollA Alg ke Fhol 02
2 A A4-gEe] Hsle] JERS WA o= AR 2Kl
gelc}. 3k RPME CKDZF 10 % E31et AL 0|9} HUsh
7gﬁOL EOﬂhﬂr o]L CKDQ]r gﬂ&] A]E.‘E. xﬂx%&aﬂ_,] omL
W2 ok Qs Mr 4 7HIE Qugitt.

3. 01zl CKD Z3H9] Welld 8%l UCS gt ol8s}
o] Mr #+& F8F ¢ = WANE AZER M, ren=7.6329
© Gu Mrse=4.2238 + q,2 A o0& A¢ksieict 1y
olgfgl AL CKDY &3 A%, ALE A= F 7 &

of wt debd 4= glong B Agel HeH e U
olg 7o = 714 Aol Zad ZloR dHr.

4. 5483 HEE 103 HHESE o] Mrdt UCSY] ghe

b’:b‘}‘iiﬂr RPMS Mr Zko] 3350.0 MPaollA] 1324.9 MPa
2, RSGE 5591.0 MPaollA 1346.9 MPaz ZAsiqict.
&2 RSGZF &F 76 %2 60 %2 RPMELH Altidoz =7
LERGTE RPMQ] UCS 3h 450 kPaolAl 405 kPaZ, RSG
L 1324 kPaollA] 646 kPa& 7FAsHrh UCSQ) Aol A=
RSGY] #HAgo] oF 51 %2 RPM2] 10 % {4l s A
dHo® o 24 etk & SR o2 599 9%
< Won RSG7F 54 8ole S T wWol W= Ao
%j& = it

5. RPM, RSGOll CKDE &3e ¢ TAsk= Mrt UCS
e v7}% et e 5712 Yulsid, olg SAE A
289 7hsS FRIE 4= 9l

mlo
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