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Physical Properties of Sulfur Concrete with Modified Sulfur Binder

ABSTRACT

Recently, a huge amount of sulfur has been produced as a byproduct of petroleum refining processes in Korea. Sulfur concrete is made
of modified sulfur binder instead of cement paste, which has advantages of reducing CO, emission from cement industry as well as
utilizing surplus sulfur. Also, sulfur concrete is a sustainable material that can be repetitively recycled. In this study, the physical
properties of sulfur concrete are experimentally investigated. From the test results, sulfur concrete showed compressive strengths higher
than at least 50MPa. Also, the unit weight, modulus of elasticity and splitting tensile strength of sulfur concrete was similar to that of
Portland cement concrete (PCC). The coefficient of thermal expansion of sulfur concrete was a little larger than that of Portland cement
concrete and sulfur concrete with mineral filler is helpful to lower the coefficient of thermal expansion. recycled aggregate sulfur
concrete resulted in a slight reduction in the compressive strength, but sulfur concrete with recycled aggregate can achieve the high
strength characteristics.
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aeste] FAER GRS S8 AR shuikl &
(sulfer)o] HAYSIAL Itk 2011 3S 7o 2 AA 73 & AAkF
< 9F 69007+ Eolt}k FulellAlE 2009WRE v X|&Ho 2
oF 1207F =9 f-8o] AL glom, o] F 90%= AF8A
g T GFTA A T TR 50% =Rt Bl s
2 ko] duR AH|HA UAE AZER sfe]d EEHAL
e Agelk A Al Ao ARt Adrle] 7t Bl ARAAl
TS Fo R Q] Yo T B o] f3e] vhEeld
ZO 2 A SEo] RSt thet v e x]e] FH} e
R|&2e]l Fi7F B3l (Cha et al., 2011).

3 S EE 7IE9 XEH= AWE Z3-]E(Portland
Cement Concrete : PCC)2] Z5Aj¢] AJHE Z(cement paste)s
TN vRITIZ tiAIEE SaRER ARIE Al2A] thd B
© CO9 A3t g At ARl FA Y= s 283
Q= o]do] glt}k 438 ZrEe] EAS PCCo g w2
SIS AP, Wi 5 SRl S, SR TR
183l PCCi= 28Y0l FE7d=2] 90%A =S AT 73
FIE= 19 == 70~80%01-S 43517 wja
W7ol B2 o3do] itk SFARE 130°Colde] 2reollM 7id
& vRITP} -8-§¥0] de ot iti(Mohamed and Gamal,
2010).

wlErellAlE 1900 & 60%2] 2o} 40%9] F3EdS
Higkel FAYEE 2 4 AH 2 ' UdESs With
196000} o] Bk 71k 2 Aol ol BAHe R f3
FIBE7} A, 3] DCPD (Dicyclopentadiene)$} ¥
< ol ZEE FrEmRITiel gk S} K1Y ATHACK 548,
1998; Sheen et al., 2002).

Zolri= 19901 % Bae (1992)0]] oJafiA] FAMIES] #3171
2 nava g ZIE 2470 vt diste] HghA 54 Bl
Ui, A, SEisieh dd 55
40MPacl}e] Sk=dte, B2 ’E}Xﬁ“ g &<l o} Ak

20009 Z £AI3 Fo] MAE 73 maEE 9 F32|E
Az, A 574, uidel Bk AFA e FdEsick ool
& S gk 71EAR1 wighES ARkl PCCot
Zae|Ed] =ud AES nluste] Aed] 27Ee gyt edA
T, H¥eE 9 @laTE 35 dEsilon, sddEe
PCCQ} 8 FAEE ARele] 4% U des Blugh 23

FAYEE BFFAE B3] Uhids, diolexhdtd

“i] %@vﬁﬂﬂé}"éol oS 815t Yoon and Heo, 2003;
Yoon, 2004; Yoon, 2005; Yoon, 2006).

53 13 EaE d4lEd AxE 918k G571 Sheen et

=2 AR

al. (2004)9] oJ5) REoH], A Ao A 27
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Fefoloh] A 9 HEALS A0S 59 sk MSC 9
B Azsle] A87FsAS SISk

o8t -3 FIB|EF 130°Codollr] 8§50 s 42
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QA AAH O A&7 Fsgh o] Z|zokel =83k ol
o] APgmA, 2He] 584 de] T thidHellk o] Fuar
ALk olell =] FAT|E A= A|&rFsst EARES
3171918 AMEAL] 7l LCA (Life Cycle Assessment)2] =%,
AAHE FIZE 7 Fo] At B A= JATH(Choi, 2011;
Lee et al., 2009). #3 ZI|EE T2E] FHE Tty 77
3 o Z1dsle] AFR 5 9l e A 9 AR He
7149 AmzA A8AH0) Adlss A golth

B o= /31 vlelt|(modified sulfur binder)S A2
AN Aol 79 Selel 0l S48 488 53
of AEsior], SRFeEAe) A8 7FeiS Solusith o)
o0 BF FEaEIES TS 48X AL AN
A ik

2. =
2.1 FEPIE HIRIH
ek 3 FAA] S T - FEe] e A 24
A7) AEmr) 2L ol 4] et 3 ATl EAlsHE
i F 7P Be A8 7 e, 25 7P 83
A APFAA g TAbad Fejolvh TR AAPIEle] S
23] 2R o) AofrjEt) o)Zle 71 2P Ao g o)For]
23l 96~119C &= eFgsIANE ooz ey} izl uke}
Qe APERto 2 AX3] FadE] sk = 889 S
Z+ Eoﬂ xﬂﬂr 7‘2}71 %Zﬁf& 748 & == ?ﬁ“ﬂo}a}ﬂ

RN oﬂ 4 S 7R e
=X %=t}Cha et al., 2011).

gpRe] fEPI vlRIe] $de o 8=k= Wi polymerization
methodi= 3 4%2) 7AI%} 8821 SJol] WkgAIZ] Ao
24, 3ol A7HAE HRAI7] 140°C Ujele) L5l
Diels-Alder ¥+8-0.2 &7} £4]9] EA4S AUs 312
HRIEHE A, o) WSl S HRIEhs Tke 9
3l(Elemental sulfur)@= 2] 3ke] AA44730] oA, $4do]
7k 71E EAe] HPEAR ARRHY AHEES gAE
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Table 2. Dense-graded Aggregate Gradation Limits (ASTM D 3515)

lin 0.75in 0.5in 0.375in
(25mm) @0mm) | (125mm) | (9.5mm)
Sieve Size| Aggregate, | Aggregate, | Aggregate, | Aggregate,
percent percent percent percent
passing passing passing passing
1.5in
(37.5mm) 100
lin
(25mm) 90-100 100
Fig. 1. Modified Sulfur Binder 0.75in 90-100 100
(20mm)
0.5i
Table 1. Properties of Modified Sulfur Binder n 56-80 90-100 100
(12.5mm)
Element content (%) Densit}y 0.375in 56.80 90-100
Sulfur (S) |Carbon (C)| Hydrogen (H) | (g/em’) (9.5mm)
Modified sulfur No. 4
~ 29-59 35-65 44-74 55-85
i dor 94-95 23 0.1 1.9 (4.75mm)
ACI 548 95+1.0 5+5 5405 1.9+.02 No. 8 19-45 23-49 28-58 30.67
(2.38mm)
No. 50
9= Rl =A oJ3te] 7153k (Cha et al., 2011). Goom) | >V >-19 521 723
2 Al AR e wRIT|(Fig. 1)= DCPDE i€ No. 200 - )g 510 510
Aoz 1 AE 9 EXS Table 13} 2o, ACI 548(1998)%} (754m)
Wt 2o] S R e WS Has) ke el
uit}, Table 3. Properties of Aggregate
Recycle Natural .
- Fine Regulation
2.2 X2xH 2 =X coarse coarse aggregate g
) ) aggregate | aggregate
HlsrellA= ACH 548(1998)S Este] -3 S=12|Ed] gt
=0 nls o3 ‘— Absolutedry |-, 1 2.62 256 | KSF2503
71eA]] 7ReS vhasIT o710l 8 EE|Edl AMEE density (g/em’) : : ‘
== nlEslejol sR= 3l8kA, gz EA 2 FH Ao S3)A
=AE SSetol ShE e, EeiH 54 % A i Absorption (%)| 628 0.84 141 | KSF2503
HIOITIE ARREE7] 93 SA¢] A&7} AA] St Table 2).
HlriE A=Al o ] EM A ) Abrasion (%) | 21.1 14.6 ; KS F 2508
ACI 548(1998)0lA= 78] Qgbe) @ AJgke PCCS} 14}
- _ Absolut
stk sk o, Fe EA, BEAL UM SIS B e | 59 s | KSF2527
0
e A AP T S AU ) S e o T ., N P
9 e A3 9 =28 FTFE] BFYee ASTM D passing (%) ' ' :
35155 9183 .
< BT ) Amountofclay| ., |5 0.08 04 | KSF2512
43 2ae]E] AeAlmineral fillen= HPLE 2 Hags mass (%)
59 BHasly] oa) Dash, AR Nejg) mRd g=s R Stability (%) 4.9 24 3.5 KS F 2507

£, ZEPRJoAPt ARSE ] It AeAlE #3 FIYES
AASIALEDT B Aofsta, Tk e, 352
A0 2 eSS AT T56mol8lE AR T3kl
Mohamed and El Gamal(2010)& -3 Z32|E Z2d ko] 5%,
ACIT 548(1998)2 =A1d &) 10%0]31E YuraQl a-Folzt
sk

FIE TZEAFAKCI, 2009)4E Fe 24 L FZAFA1]

s 25gem’old T8 3.0%0151E 278kl glom, w8k
SFA GA] FUZ FAG Thok Sk B Aol AL S
Table 37} on] &FHFHEIAR= 72 HIF) HIFo] Yl F54&
o] & EAo] QJr} ol Ao AMH wFFeFA ] Pkt
HolA wEaeEe] RaElES AAsks B 7] vl
FEFFAY o] E3h Thge] maEkes) AMIE o] AEe] o
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Fig. 2. Particle Size Distribution Curve of Fine Aggregate (KCl)
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Fig. 3. Particle Size Distribution Curve of Coarse Aggregate (KCl)
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W AR B ¢ Qlvk aejar 11 9] A 4 FEe VeSS
=k

Aol e o] Aol A 9w A FHiA
AGre)7} 25mme] S3F2T2A) @ L E YeE wEsit)
G} 20mmeQ] SAR= 13mmo)de] A7} 7ReRTh wo] $His
6] 9101, Guo?} 13mme] ZA= Smmolale] Z2A7} 7EkR )
©2o] shfEo] o] BF Y=E Hlodri(Figs. 2 and 3).

3. 98 23E i R Wi

3.1 |2 232|E st

ACI 548(1998)¢]] oJaPH uligtel] Tale] e A 1l & gole]
A, vk F8, PCCo) U3 A=, 9719z, Aa 7§Q—r
9| S5 a7l wek 2 e A AR fEiE

vRIT e F7H|E AAsISom(Table 4), PCCe} fABHAl #e
A HXG7) oA AR T 870 SIS

Sheen et al.(2004)8] 2= ulelo 2 & 77)9] AHu)ES
TAFEIATE 45%2] ZAEAlE 7]1E-0 2 3] 25m, 20mm, 13mm
9] F2EA HHATH(Cu) R F7HE vRITIS} F2fo]ofA]]
H|& W3R 3ri(Table 5). 3¥ wige #3 I ES] 7]
ST A wetelr] Hal 393 30Uk FATIRES T
H WAL, SH e R EAE A83Hth

Table 4. Range of Cement(Modified Sulfur Binder) Level

Maximum aggregate size Cement
i, (rgn%rn )g (modified sulfur binder)
percent by weight
1(25.4) 12tol5
3/4(19.1) 13tol16
12 (12.7) 14to17
3/8 (9.5) 16t019
Table 5. Test Variable and Mix Proportions
. Modified
Coarse Fine
sulfur | Fly ash Type of
Type of | aggregate | aggregate binder (%) Gmax
mix | (%) (%) . (mm)| O4°
(%) aggregate

Vol.| Wt. | Vol.| Wt. | Vol.| Wt. | Vol.| Wt.

1 36.4{40.2130.0{32.3|27.6{22.1| 6.0 | 54 | 25 | Natural

36.4{40.2130.0{32.3|27.6{22.1| 6.0 | 54 | 13 | Natural

36.4{40.2130.0{32.3]27.6{22.1| 6.0 | 54 | 20 | Natural

36.4(39.8(30.0{32.1{19.3{15.3|14.3|12.8| 20 | Natural

36.4|35.0/30.0|134.6]19.3|15.4|14.3(15.0| 25 |Recycled

|| B W

36.4|39.7/30.0|131.9(15.2|12.0|18.4|16.4| 20 | Natural




3.2 RE 232IE SAA HE

R Aol arAlo]n 130°Co el s} =of
F&/de 7T wEb w73 E32Es PCCo} Ee
BE ARE QF(130°0)0) S FABloloRIt: #7 F=a2|E
AEE M= 255 FAIAFF heating jacketo] E g8kt
(Fig. 4).

B el 17 222E A1 Ak ACT 548(1998)e]
ofste] 13 skglom I A vhedt 2k WA He SA
2 IEAE 180°Ce] 220 6417E}t 7HEEHIaL, 130°Cold
7} heating jacketo] 37 viglrlo] Wil 187 AvS
ANEIT: o1F A Hiel W FejolNE Selsja) ol
shel R HIITIE Slsle] RES e £ EaelEg
10571 vjgBHIk vle) 1 SRR E@100:200)9} ThaE-S
olgate] WP A B AlRteigion], B 8 s
ke AU £1E20-25°C) B ol 641E Y F ATk
(Fig. 5).

Container

Controller

4 ==

Heating jacket
Fig. 4. Mixing Equipment

4.1 Sx= 2N

PCCo SA= vt 2719] A7t dsull Esk=]o] gl
ZA7E A selof FAptole] FFo] Fofso] AR Hatk
o] Zolett 73 FaR|E gk AR TR IR gl
8] AFEEE Ham & ¢ Sk ACT 548(1998)0])4]:= Table
29} o] {7 B ARFE FAlS] B Y BARKL
L, ofell wt Agel] A-E FAE EASHIh

Iz B} vEA| AAlE el ) E B Z3EY]
el Aefe] Fel] wet FE A=S Blofd 5= Slrk E2jolol
APE AT 54%R 1, 2, 3ufge] SAle HE =S WSSt
o], U7 WSS 57 Gue 13mm ZA) = 2=z}
Zejolorle S ACT H5 Aol Walsih Sejololrle]
o] ARIEE] 10%01311 4, 5, 6Mte] SAh= B =S
Hlofutet. EejolofA] SHke avdstal o] FF Y=8 wen
W ACI 548(1998)9) 3 Q== W53 5 94& Zlo]tk(Fig. 6).

4.2 9siH E4

USAE AJFE KS F 240500 ofsf AAJsieiar, z27d=
= KS F 24230 oJgte] 2rjetolom(Fig. 7), 271e] FAAIE
sk 3 T ES] o8k 542 Table 63 2t

421 U=UT

8 FazjEs] ASAE AN W= 20mme] GueS
7IA= HlE} 3, 4, 6% 4= 80MPaolde] YEAEE 7R 3,
6> 80MPao|3e] YEA=E 71t o)A F3IA niltie}
Zejolofrle] Fh g vl Ao = AZFE, R ikl
o} Zjo]ojAl} A Hlgo] FHF ool B ISP EE AS
% 9 Aoz ekdr) Table 49149} 20] Goa’} 20mmeY
735 ACI 548(1998)9l14] A|AIg F-3702 wlQltie] F=]=

Dry mixing Adding SPB
& fly ash

Liquefaction, Hardened
casting, sulfur
compaction  concrete

Fig. 5. Fabrication Procedures for Test Specimens
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Fig. 6. Particle Size Distribution Curve of Aggregate for Sulfur
Concrete (ACI)

13~16%0]3L, B3t 49] F371 niRlt]e] Fa|o} Stz
gk vigtol, vigk 3, 62 F3HA wieltie] Hlgo] YAt
& Zlog A7 B a7an EX7] SRl 10% 0]
3L Goax 20mm7} 288 53 Za2]E 27 G313 mklge]
Yk S]] 15~20%3] Ao FerekFig. 8).
TN wieltiel Eetolofrle] EYw] FLFHL, Gua?t
25, 13, 20mm¢] 1, 2, 35 G} 20mm¢<] B3} 30] 76MPac 2
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Fig. 7. Compression and Splitting Tensile Tests

Table 6. Test Result

Unit Cor.npres Sphtt.lng Modulus Strain | Curing
Type of . sive | tensile of
mix Welg};t strength | strength | elasticity atmax. | - age
ki
ke/m) 1 MPay | (MPa) | (GPa) | ST | ()
1 2406 50 - - - 3
2 2430 53 - 342 | 0.0052 3
3 2451 70 - 394 | 0.0024 30
3 2444 76 5.4 41.0 0.0035 3
4 2454 83 6.1 43.1 0.0031 3
5 2359 82 43 42.8 0.0027 3
6 2438 72 4.5 40.1 0.0024 3
90
© T
% 80 / N\
= / N
<)
S 70
7
2 e
wn
g
g— 50
Q
O
40
0 5 10 15 20 25 30

Modified sulfur binder content (% by weight)

Fig. 8. Relation between Compressive Strength and Modified
Sulfur Binder Content

& ASAEE BRIk o7l A= PCCoA e} o] #-3F
Fa8EQ] ALow e ZIUEE A2 98t G}
20mm7} 71 AAEgE SAX|] A2 IhdE) B3 Table
4ol|x] AR -F3HA vkt F=M7 A F31E
vRIT] 5] 22.1%9} 7P 238 GuaF 13mm<l v 27}
53MPag] Bt ASALEE B e FAA ARA] g 5]
Zshe Zyel Bo= AzhHch

gt 39] Axol] ofehH 78 EABES] AlFe] e =

o



Hsh= ghe Zlo 2 s, 5o 2jole dvka]l Fg]
E FAAE ARE o) dAshs AxkE Az

Fe FAE A2 AdEA 2 w3EAE AL Guadt
TS 13 59] ISAE AolE SAIEFRETE 31
vRelt]e} AjeAle] Afolo] 7I1sk Ao Azhect vigt 4, 5+
A 2 FBFLFAF AR wigtola fRE wileiel
AgAL] ] AR P EE =S Helal 9tk
o et o] Iz Ql= Ayl EARE Ve S
A S83 Ayl AzhE. dukEo g SIS AMEshe
785 ZAYE 8k 5o FoRIA R 1 ARgo] A|gk o]
gkout A Z 73 71A vRITIE ARSSH olefst B
HeRhL FAll A E w3kEA| FAREE Alxskt] o482
% gtk dAvkdch

B

4.2.2 CHIERY

PCC9} 43} Zau]Eo] whe]Aake: 2300~2500kg/m’ 0 2 £
ARtk PCCet dal &5, =2A7E 70% oldel f33t
AL vise] St AMIES} Eof vlFe] o] fARE] el
Ao Aer)

423 BP9 ol
F9 BaREE S vidle) IR B e
F7bshE PCCsh SR P Holu gl
PCCS) 3t WSl She 5es 7R £ Eaee)

60
—~ *
& s0
O
e *
Z .
=] *
% *
kol 30
kS
% 20 * hd
=i & Modulus of elasticity
S
g 10 ——KCI Design Code 2012
——Regression analysis

o
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Fig. 9. Relation between Modulus of Elasticity and Compressive
Strength

2|l

Al

oo

2] W3E-L 0.0025~0.00520]" 174% PCC] Hl&-
HE ST} FARBICE FuUle] AA7 RN E USHES 7t
EPAITE FgskaL Jom, sl vk STk
FEIYETZIIEHKCL, 2012)014%= Eq. (1)3} 2o] g&H=e
SR BAISE Y olen, eHAlg 594 Eq. (1)
7Rke 2§83 FFBE APES Eq. (37 2ol IARAENL
Y AFA= 59 PCCeF eHAIG7) FARSITH(Fig. 9).

L

o

PCC (I ETZ7]E 2012 and ACI 363)

E=85003/F.. (1
fu=059/F. )

2 FAE (EHEH)
E=87303/f,, (©)

3 2|l IFRTE YSHTTE 6.2~73%] FFo
2 ACI 363(2010)2] 7= PCCY] 1= 342191 Eq. (2)2)
4 579 6.5~7.0%9}F -SAFsIEh

5. ¥ 23dE0 ZgI+

SYES lelie] 230 ol APt Wshs e Ta=
oM T3 goltf FAR|ETEEC] PBEE 18] B
U B WSS 28] o3t R8s S8k Sehd wsel
o5 < Utk B3F Aok FAf Alolell dofd 5 Sl vt
B = UF-8ES 4o 5 JriMindess et al., 2003).

T FHE A 217) wskehs 20 =2d S 9l
ST AEE TEEe] A S vy F8sh 73
TaR|es] SPPT SAde Lok Slal 4] Auke nige.
2 HAWIEE =30k Gl 71ER vRITS] E1%E Wk
o] Table 72} o] WA 3HAaL, AR A9 S48
Table 83} 2t}

AerEAell FE7NA BlIY, ARAR] Sl E EUT

Table 7. Test Variable and Mix Proportions - for Coefficient of Thermal Expansion

| Coarse aggregate (%) | Fine aggregate (%) | Modified sulfur binder (%) Fly ash (%) Type of
Type of mix Ginax (mm) -
Vol. Wt. Vol. Wt. Vol. Wt. Vol. Wt. coarse aggregate
S 36.4 40.5 30.0 325 33.6 26.9 0.0 0.0 20 Natural
F 36.4 39.6 30.0 31.8 19.1 15.0 14.5 13.6 20 Natural
R 36.4 34.6 30.0 343 17.7 15.0 15.9 16.1 20 Recycled
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Table 8. Properties of Aggregate - for Coefficient of Thermal

Expansion
Recycle Natural .
Fine .
coarse coarse Regulation
aggregate
aggregate | aggregate
Absolute dry |- |, 2.64 257 | KSF2503
density (g/cm’)
Absorption (%) 6.28 0.86 1.36 KS F 2503
Abrasion (%) 21.1 14.4 - KS F 2508
Absolute
57 59 57 KS F 2527
volume (%) S
0.08mmsieve |, ¢ 04 18 | KSF2s11
passing (%)
Amountof clay) - | 0.09 - KSF 2512
mass (%)
Stability (%) 49 2.8 34 KS F 2507

Table 9. Test Result - for Coefficient of Thermal Expansion

Unit | Compressive Splltt.mg Modulus Strain

Type of . tensile of
mix weight strength strength | elasticity at max.

3.

(kg/m”) (MPa) (MPa) (GPa) stress
2389 63.3 3.6 29.1 0.0033
F 2447 88.0 6.6 40.4 0.0025
2302 76.6 4.4 325 0.0030

Table 10. Coefficient of Thermal Expansion

Type of mix Coefficient of thermal expansion
S 17.2x10°%/°C
F 13.8x10°%/°C
R 14.8x10°%/°C

Frfgle] 71 & 4548 Bk 5 wigel s3eiezAlEs
AR5 RefERe FRET} [1.4MPanks vt =7 e s Hylon
SIAFEFAS AL YA v AES & 5 Jrk
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TIFFZA Ago] FHgle] FF e
PCC$} f-AF3}cKTable 9).
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APl el 2perk AkEale] SPAE 8~13x107/C
2] W9l glom, AMIE Feo] FPAGE 18~20%10/C o)
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2 AWE Z3} dukEaele] BekAel PCCE 10x10%T A=
o]tiMindess et al., 2003). 4-3ke] HsPAA| = 74x10°/C
(Vroom, 1998)0 & AJHIE Zof H]3] & gk 7HAAL glom,
AvkEAjel Eulo] ZABER AFA] PCCHL 2 IS
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