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AT LIEU

Tong quan vé st dung cbt liéu xi thép & vat lidéu xi miing trong xay dung mit dudng

Nguyén Thanh Cudng!, Huynh Phuong Nam!, Pham Ngoc Phuong"’
1Khoa Xay dung Ciu dudong, Tridng Pai hoc Bach khoa - Pai hoc ba Ning

TU KHOA TOM TAT
Cot ligu xi thép Bai bdo tdng quan cac tinh chét clia vét liéu xi ming mit dwdng sit dung cbt liéu xi thép (SSA), bao gdm vat
SSA

) liéu gia cb xi mang (CTBA), vat liéu cuong do thép ¢6 kiém soat (CLSM), bé tong &Am l#n (RCC) va bé tong
Vatli¢u gia coximang xi ming (PCC). Két qua cho thiy SSA c¢6 khéi lugng riéng 16n (2,80-3,44 g/cm®), d6 hit niwée cao (1,5-
Vat liéu cwong do thap cé kiém soat R N . A . L. 2 R . .,
B tong dAm lin 10%) gbép phan ho trg dudng hd bén trong va kha nang chong mai mon tot véi do hao mon giam 21-40%,
do d6 phit hop sit dung trong vat liéu mit duong. PO trong nd phu thude chit yéu vao ham lwgng CaO tw
do (0,5-10%) va cin dugc kidm soat diwdi 1% dé dam bao dn dinh thé tich. SSA c6 thé thay thé cbt liéu
thién nhién trong khoang-5100%, v&i hiéu qua r6 rét thuong ghi nhan & khoang 30-50%. Bdi véi CTBA,

cudng do6 chiu nén ting 22,7-45,9% va co ngét giam 12,9-32,8%; trong khi d6i v&i RCC, ty 18 thay thé dudi

Bé tong xi mdng SSA

50% thudong cho hiéu qua t6t va SSA min ¢6 xu huéng cai thién cwong do kéo ubn. Tuy nhién, tinh chéit vat
liéu phu thudc loai SSA va trang thai xi? 1y va 6 thé suy giam khi ham liwgng SSA ting. Bai bdo ciing d& xudt
cic huéng nghién citu dé ting kha ning ting dung ctia xi thép trong xiy dung duwdng, dic biét danh gia dic
tinh CLSM tng dung 1am ting méng mit dudng.
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ABSTRACT

This review paper summarizes the properties of steel slag aggregate (SSA)-based cementitious paving

Cement-treated bases materials, including cement-treated base aggregates (CTBA), controlled low-strength materials (CLSM),

Controlled low-strength material roller-compacted concrete (RCC), and Portland cement concrete (PCC). The results indicated that SSA

Roller cement concrete

Steel slag concrete possessed a high specific gravity (2.80-3.44 g/cm?®), high water absorption (1.5-10%), which contributes to
internal curing, and excellent abrasion resistance, with Los Angeles abrasion loss reduced by 21-40%, making
it suitable for pavement applications. The volumetric expansion of SSA was primarily governed by the free
CaO (0.5-10%) and should be controlled below 1% to ensure volumetric stability. SSA could replace natural
aggregates from 5% to 100%, with the most significant improvements generally observed at replacement
ratios of 30-50%. For CTBA, compressive strength increased by 22.7-45.9% while shrinkage decreased by
12.9-32.8%. In RCC mixtures, the replacement below 50% typically exhibited the best performance, and fine
SSA tended to improve flexural strength. However, the engineering properties of SSA-delivered cement
materials strongly depended on SSA type and treatment conditions and were positively affected by high SSA
content. The review also proposes future research directions to enhance the applicability of SSA in road

construction, particularly by evaluating CLSM characteristics for base applications.

1. Gi6i thiéu chung
1.1. Thuc trang phé thdi xi thép

Xi thép 1a phé thai phat sinh trong qué trinh luyén thép, chiém ty
1é dang ké trong téng phat thai ctia nganh. Nhiu nghién ctu chi ra
lwgng xi thép thudng twong duong 15-20 %, phd bién khoang 17 %
san lugng thép tho [1]. Theo Hiép hoi Thép thé gidi, san lwong thép
toan cAu da ting tit 189 triéu tdn nim 1950 l1én 850 triéu tAn nim 2000,
dat 1.883 triéu tdn vio nim 2020 vi duy tri & mic khoang 1.886 triéu
tAn vao nim 2024 [2], dv bao dat 1.937 triéu tAn vio niam 2030 [3].

Bang 1 trinh bay san lugng thép cua 12 quéc gia ditng diu giai
doan 2020-2024, trong d6 Viét Nam téng t vi tri th® 14 v&i 19,9 triéu
tAn ndm 2020 1én vi trf th 11 v&i 22,0 triéu tn nim 2024, chiém khoang
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1,16 % san lwong thép todn cau [2]. V§i ty 16 phét sinh trung binh khoang
17 % [11, Iugng xi thép tai Viét Nam wéc tinh dat khoang 3,7 triéu tAn
mbi nim. Mic di xi thép da duge tin dung hiéu qua tai nhiéu quc gia
phét trién, ty 18 tai st dung & céc nwde trong khu vige vAn con han ché,
dién hinh tai Trung Quéc chi dat khoang 29,5 % [4]. Do d6, viéc nghién
cttu x( 1y va ti sit dung xi thép 12 cAn thiét nhim gidm thidu tic dong

mdi tredng va ning cao hiéu qua st dung tai nguyén.

1.2. Tinh chdt SSA
1.2.1. Thanh phdn héa

Twong ng v6i cong nghé san xudt thép, cic loai SSA phd bién
gém xi 16 hd quang dién (EAF), xi 10 théi oxy (BOF), xi 10 cao hat héa

JOMC | 91



Tap chi Vit liéu & Xdy dung Tdp 16 S6 04 ndm 2026

(GBPF), xi 10 téi wu héa nang lugng (EOF), xi 10 tinh luyén (LF), xi kht
cacbon oxy argon (AOD), xi 160 cam @ng (IF) [1], xi kh lvu huynh (DS)
[5], xi feroniken (FNS) [6]. Thanh phén héa hoc ctia cac loai SSA nay
cling khac nhau tity céng nghé luyén dugc trinh bay & Bang 2 gdm céc
oxit phé bién nhu Ca0, SiO,, Al,O;, MgO v Fe, FeO, Fe,0; cling cic thanh
phén khéc nhu MnO, P,0s, K,0, TiO, va SO,. Xi AOD giau CaO (58,4 %)
va Si0, (26,4 %), trong khi xi EAF chita oxit sit rit cao (36,8 %). Xi BOF
c6 CaO & mac trung binh (36,53 %) kem FeO khoang 17 %, con xi LF
nghéo Si0, (6,53 %) va Al,O; (2,33 %). Nguoc lai, xi GBF c6 SiO, va
ALO; vuot troi (35,09 % va 17,54 %) do déc trung dugce lam ngudi
nhanh. Xi IF ¢6 CaO thip (15,94 %) nhung SiO, va ALO, cao (36,1 %
va 26,4 %). Nhitng khac biét nay chi phdi hoat tinh va kha ning ting
dung cua tting loai xi & vat liéu xi méng.

Theo Pan va cs. [14], diic trung héa hoc quyét dinh truc tiép dén
kha nang tai sit dung bén vitng ctia SSA va didu nay dugc thé hién rd
trong biéu d6 tam gidc thanh phin oxit (Hinh 1). So' dd nay biéu dién

st phan bb cta céc loai SSA theo ba nhém oxit chinh: (i) CaO + MgO
- dai dién cho tinh kiém, kha nang giy nd va hép thu CO,, (ii) Fe,O, +
Al,O, - phan &nh kha néng ting d6 cing va (iii) SiO, + K,0 + Na,O -
lién quan dén tinh chét thity héa pozzolan. So' dd con cho thiy céac loai
xi gidu CaO-MgO nhv xi AOD va LF nim gin dinh bazo, thé hién tiém
ning hoat tinh héa hoc cao va nguy co trwong né thé tich, do d6 cin
duoc 6n dinh hoéa trude khi Gng dung. Nguoc lai, xi BOF va EAF c6
ham lwgng Fe,O, cao, khéi lwgng riéng 16n va d6 cting tdt nhung hoat
tinh xi ming thap, nén chu yéu phit hop sit dung lam cét liéu. Tuy
nhién, céc loai xi nay thudong chita cic oxit ti do nhu f-CaO va f-MgO
[15], [16], [17], c6 thé gay mét 6n dinh thé tich khi s dung trong vat
liéu xi ming. Xi BF nim trong ving can bing Ca0-Si0,, thé hién hoat
tinh thiy lvc tiém tang vitgt tréi, thich hop 1am phu gia khoang cho xi
ming va bé téng. Su phan bb nay phan anh diic trung héa hoc va dinh
huéng ng dung riéng ctia titng nhém xi, gép phin nang cao hiéu qua
tai ché SSA.

Bang 1. San lgng thép clia cic nude san xuét thép ditng dAu thé gidi nim 2020-2024, nghin tin [2].

STT Nuéc 2020 2021 2022 2023 2024
Toan thé gii 1.883.323,1 1.962.510,3 1.889.246,6 1.904.105,0 1.886.252,5
1 Trung Qudc 1.064.766,8 1.035.242,6 1.017.959,0 1.028.859,7 1.005.090,0
2 An bo 100.256,5 118.201,4 125.377,2 140.760,7 149.421,0
3 Nhat Ban 83.186,5 96.336,0 89.226,8 87.000,8 84.008,9
4 My 72.732,1 85.791,4 80.535,4 81.392,2 79.456,6
5 Nga 71.621,0 77.019,9 71.469,2 76.028,6 71.006,9
6 Han Quéc 67.078,8 70.418,0 65.846,2 66.683,3 63.611,5
7 btc 35.680,0 40.241,2 36.860,4 35.395,1 37.309,8
8 Thb Nhi Ky 35.810,3 40.360,0 35.133,8 33.713,7 36.893,4
9 Brazil 31.414,9 36.071,1 34.089,5 32.030,2 33.880,2
10 Iran 28.990,1 28.320,0 30.593,0 30.698,0 31.357,0
11 Viét Nam 19.900,0 23.019,0 20.003,6 19.214,8 21.974,4
12 Y 20.379,1 24.412,7 21.598,1 21.055,8 20.007,0

Bang 2. Théng ké thanh phin héa hoc ctia mot s6 loai SSA.

Loai x1 Thanh phén (%) céc oxit Nghién ettu
CaO MgO | AlLO, Fe, FeO, Fe,0; Sio, K,0 MnO P,0s TiO, SO,

AOD 58,4 2,1 2,1 0,2 26,4 0,1 0,2 Adegoloye va cs. [7]

BOF 36,53 | 8,41 3,64 16,99 10,56 2,52 1,15 1,01 M.H. Lai va cs. [8]

EAF 33,0 5,03 5,51 36,8 13,1 4,18 0,74 0,6 0,14 Elgendy va cs. [9]

EOF 36,96 | 7,46 2,53 28,93 13,81 0,032 3,00 1,58 0,60 Sabapathy va cs. [10]

GBF 37,79 | 5,50 | 17,54 0,70 35,09 0,83 0,37 0,68 Yiiksel va cs. [11]
IF 15,94 | 4,43 | 26,4 8,35 36,1 1,11 Ali va Khalid [12]
LF 30,86 | 4,52 2,33 8,69 6,53 0,31 0,02 0,14 Sideris va cs. [13]
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Fe20s + Al203 (%)

Ky hiéu cdc logi SSA: xi 16 cao (BF), xi o théi oxy (BOF), xi oxy héa
16 hd quang dién (EAFO), xi hodn nguyén 1o hd quang dién (EAFR), xi 16
tinh luyén (LF), xi photpho (P) va xi khit cacbon oxy argon (AOD).
Hinh 1. So' d6 tam gidc hé CaO + MgO - SiO, + K,0 + Na,O - Fe,0,
+ AlLO, ctia cac loai SSA khéc nhau [14].

1.2.2. Tinh chdt co ly

Mot s6 chi tiéu co 1y dién hinh cta cac loai SSA dugce tdng hop
trong Bang 3, qua d6 thé hién nhiéu dic trung khéc biét r6 rét so véi cbt

Bang 3. Mét s6 tinh co' 1y dién hinh clia cdc loai SSA.

liéu ty nhién. Cu thé, khéi Iwvong riéng ctia SSA dao dong khoang 2,80-
3,44 g/cm?® (BOF: 3,05-3,31 g/cm?® va EAF: 2,91-3,44 g/cm®), cao hon so
v6i d4 dam théng thudng (~2,60-2,70 g/cm?). PO hiit nuwde clia xi bién
thién rong, khoang 1,5-10,0 % (xi GBF t6i 10,0 %), trong khi c6t liéu tu
nhién thuedng chi 0,5-2,0 %. Bén canh d6, SSA thuong cé6 d6 hao mon
Los Angeles (LA) thap, dao dong khoang 10,8-18 % (EAF: 10,8 %, AOD:
16,0 %, BOF: 18 %), trong khi d4 ty nhién thuong khoang 20-30 %. Tuy
nhién, d6 trivong n& thé tich clia moét s6 loai xi (BOF: 1,33-6,7 %, LF:
~0,49 %) 12 d4ng k&, trong khi c6t liéu thong thudng gin nhy khong thay
ddi (<0,1 %). Cac s6 liéu nay cho thy SSA c6 loi thé vé khéi lvong riéng
va kha ning khang mai mon, tuy nhién vin tdn tai cdc han ché dang ké
nhv d6 hit nuée cao va nguy co mét én dinh thé tich.

Ngoai ra céc tinh chét trén, Alizadeh va cs. [23] xac dinh d6
cting theo thang Mohs, trong d6 xi BF c6 d¢ citng tit 5-6, thip hon so
v6i xi EAF (6-7). José va cs. [24] ¢4 thi nghiém x4c dinh dd réng ctia
xi EAF va so sanh v&i dd dim, cho thy hai loai SSA ¢6 dd rdng lan
lugt 14,4 % va 7,8 %, cao hon dédng ké so v&i da voi chi 0,7 %. Trong
khi d6, Lizarazo-Marriaga va cs. [25] danh gia thanh phin tap chit
théng qua chi tiéu d6 tén that khi chay (LOI), v6i gié tri cta xi BOF
la 3,12 %, cao hon xi méang (2,7 %) va vugt xa xi GBFS (0,7 %). Bén
canh thanh phin héa hoc di trinh by & Bang 2, Maslehuddin va cs.
[26] ciing chi ra d6 bén sun phat cia SSA EAF khoang 0,83 %, thip
hon dang ké so véi da véi (14,1 %).

Loai xi Khéi lvong riéng (g/cm?) b6 hit nude (%) D6 hao mon LA (%) | PO no thé tich (%) Nghién cttu
AOD 2,80 3,0 16,0 Adegoloye va cs. [7]
BOF 3,05-3,31 1,88-3,04 17,1-18,0 1,33-6,7 Teixeira va cs. [18]
EAF 2,91-3,44 1,70-3,20 10,8 - Rooholamini va cs. [19]
EOF 2,86 3,0 1,16 - Masilamani va cs. [20]
GBF 2,08 10,0 - - Yiiksel va cs. [11]
IF 2,75 1,5 - - Ahmad va Rahman [21]
LF 2,65 - - 0,49 Papayianni va Anastasiou [22]

1.2.3. Su truong nd cta SSA

Anh hwéng tiéu cife clia SSA 1én cuong dé chiu nén va dic tinh
ctia vat liéu xi ming c6 thé do cac nguyén nhan nhv d6 réng va truiong
nd ctua SSA kha 16n [15], ham lugng chét hitu co trong SSA [27], tinh
khéng déng d8u ctia SSA [28], d0 hit nwGce cao ctia SSA [29]. Ren va
cs. [16] ghi nh&n SSA chita ham lwgng CaO cao, trong d6 BOF dao dong
khoang 36,53-50,7 % va EAF khoang 19,4-55,21 %. Tuy nhién, chi mot
phan nho tdn tai & dang CaO ty do (f-Ca0), véi BOF khoang 2-10 % va
EAF khoang 0,5-2 %. Ham lugng va trang thai tdn tai ctia céc oxit tw
do, dic biét 1a f-CaO va f-MgO, ¢6 anh huéng déng ké dén tinh én dinh
thé tich ctia SSA [24], [29]. Trong SSA, Ca va Mg ton tai khong chi &
dang oxit tu do ma con trong cac pha silicat, aluminat, ferrite va pha
RO (CaO-FeO-MnO-MgO) [30]. Ham lwong f-CaO cao c6 thé giy ra
hién twong truong né thé tich, trong khi mot sé bién ddi pha khoang

nhu chuyén héa tit B-C,S sang y-C,S ciing c6 thé 1am ting thé tich va
anh huéng dén tinh 6n dinh cta SSA [30]. Ngoai ra, mitc d6 trizong né
ctia SSA con phu thudc hinh thiic xi 1y SSA, trang thai ton tai ctia cac
pha khoang va cép phéi hat cta SSA [29], [31].

Mot sb nghién citu da khao sat anh huéng ctia ham lwgng f-CaO
dén do treong nd ctia SSA xéc dinh theo tiéu chuin ASTM D4792 [15],
[171. Két qua twong quan (Hinh 2) cho thdy d6 triong nd ty 1& véi ham
lwgng f-CaO theo Céng thite (1), v6i hé sb xdc dinh R*> = 0,8819. Mbi
quan hé nay dugc giai thich b&i qua trinh thiy héa cua CaO ty do khi
tiép xtic v&i née, tao thanh Ca(OH), véi thé tich pha rin ting khoang
97,92 % [17], gay gidn nd hat xi va bién dang thé tich. Qu4 trinh nay
di&n ra theo co ché phat trién lan ra ngoai ctia c4c san phdm hydroxide,
gdy tip trung ¢ng suit noi tai va c6 thé din dén hinh thanh cac vét nitt

vi mo [15].
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Hinh 2. Biéu dd twong quan giita d6 triong né va ham lwong
véi tu do, xdy dung tit s liéu cac nghién cttu [15], [17].

Exp = 2,4423-F — 0,7451 (1)
Trong d6: Exp: B0 triong nd cua SSA (%); F: Ham lwgng véi tw do (%).

1.2.4. Xitly SSA

Viéc x1t 1j SSA trie khi sit dung nham han ché cac bét lgi vén
¢6 ctia vat liéu. Cac phwong phap xtt 1y c6 thé chia thanh: (i) xt 1y truc
tiép, bao gém 140 héa ty nhién, x¢ 1y axit, cacbonat héa, xtt 1y nhiét,
nuée néng, hip ap sudt va boc bé mit cbt liéu bing hd xi ming; va (ii)
xtt 1y gi4n tiép sau khi SSA di dugc dwa vao vat lidu xi ming nhu st
dung phu gia, sgi hodc bdo dudng trong mdi trudng CO,. Trong do,
cacbonat héa SSA duge nghién cifu rong rii nhim chuyén dbi cac oxit
d& triong né nhw CaO va MgO tu do (f-CaO, f-MgO) thanh cic pha én
dinh hon théng qua phan #ng v6i CO,, qua d6 1am giam déng ké nguy
co gin nd khi vat lidu tiép xtc véi nude.

Ma va cs. [32] da 4p dung cacbonat héa cudng bic véi CO, & p
suét 0,2 MPa, nhiét d¢ 55 °C trong 72 gi®. Sau xtt 1y, d6 tritong nd giam
tir khoang 3,65 % xuéng con 0,23 %, do f-CaO chuyén héa thanh CaCO,
va 14p kin cdc mao quan trong c6t liéu. Ngoai ra, phitong phap CO, 4m
gitip ting kha ning tham nhap clia CO, vao ciu triic hat xi, cho phép
khoang héa téi 91,73 % lugng f-CaO va giam ham lvgng ctia né con
khoang 0,61 %, ddng thoi tan dung hiéu qua ngudn nhiét du cta xi
néng, thuan lgi cho trién khai quy mé cong nghiép [33]. Bén canh d6,
Rodrigues va cs. [34] sit dung phiong phép ngam chiét nhiét, véi ty 16
gidn n giam xudng 0,021 % sau 24 gi®, 0,15 % sau 56 gi& va gAn nhu
bing 0 sau 120 gid.

Khéng chi cai thién tinh én dinh thé tich, viéc st dung SSA da

cacbonat héa 1am cbt liéu trong vita va bé téng con gép phin ning cao
hosc duy tri cac tinh chit co hoc. Gao va cs. [35] ghi nhan ham lugng
f-CaO giam xubng con 0,93 % (giam 29,34 % so v&i ban diu), ddng thoi
mau vita st dung xi dd x(t 1y véi ty 1é thay thé 60 % c6 do gidn nd giam
khoang 82,8 % so v&i xi chwa xt? ly. Bén canh d6, cwdong dd chiu nén
cia miu st dung xi da x@ 1y ting twong Gng 1,29 % va 6,81 % tai cac
mtc thay thé 60 % va 45 %. Két qua nay phit hop v&i cic nghién ctu
gan day, cho thiy khi CaO ty do tdn tai & dang pha riéng biét & miic <
1 %, anh huong dén trwong né 12 khong dang k&, qua d6 khing dinh
hiéu qua ctia viéc kiém soat ham lwong va trang thai tdn tai cta f-CaO

trong vat liéu xi mang [36].
1.2.5. Su ro ri kim logi ndng

Theo téng quan cta Piatak va cs. [37], SSA c6 thé chtta cac
nguyén té tiém &n nguy co méi tredng nhu Al, Cr, Cu, Fe, Mn, Pb va
Zn, v&i ham lugng téng (téc ham lugng toan phﬁn trong vat liéu rin)
bién thién trong khoang rong, trong d6 Cr khoang 4-32.700 mg/kg va
Pb khoang 2-1.040 mg/kg. So sanh vé&i gia tri quy chudn méi trudng
d4t loai 2 theo QCVN 03:2023/BTNMT [38] (Pb: 400 mg/kg; Cr téng:
200 mg/kg) chi ra cic nguyén t6 niay c6 kha ning viwot ngudng cho
phép trong mét s6 trudng hop. Tuy nhién, ham lvgng tdng khéng phan
anh tryc tiép kha ning phat thai ra méi trudng, do lwong kim loai giai
phéng khong nhét thiét ty 18 v6i thanh phin ban dAu ma con phu thude
vao dang ton tai khodng va cac diéu kién dia héa chi phéi qua trinh hoa
tan, nhu pH, trang thai oxy héa—kht va thoi gian tiép xtdc [37].

Toffolo va cs. [39] danh gia nguy co méi trudng ctia SSA théng
qua thi nghiém hoa tan va rd ri. Két qua hoa tan (Bang 4) ghi nhan mot
s6 nguyén té vuot giGi han theo NBR 10004:2004 (Brazil), dién hinh
nhv Al (1,57 mg/L dbi v6i xi BOF va 0,978 mg/L dbi v&i xi EAF so v&i
gidi han 0,2 mg/L), Ba (0,742-0,813 mg/L so v&i 0,7 mg/L) va dac biét
Se (5,46-7,47 mg/L so v&i 0,01 mg/L). Ngoai ra, CN" va Fe téng ciing
VIt ngudng trong mot sb triedng hop, trong khi Cu, Cr va Gl vAn ndm
trong giG¢i han cho phép. Nguoc lai, trong thi nghiém ro ri, cic thong
s6 déu thdp hon dang ké so v6i gi6i han quy dinh, thé hién kha ning
phét tan chét 6 nhiém ra méi trudng 14 thip. Diéu niy ching té phin
16n kim loai ning ton tai & dang lién két bén trong ciu tric xi va khé

bi giai phéng trong diéu kién thuc té.

Bang 4. Téng hop mot s két qua thi nghiém hoa tan va ria trdi ctia SSA [39].

Thi nghiém hoa tan (mg/L) Thi nghiém rtra tr6i (mg/L)
Thong s& Gi6i han BOF EAF Théng s6 Gi6i han BOF EAF
Aluminum (Al) 0,2 1,57 0,978 Arsenic (As) 1 0,003 0,006
Barium (Ba) 0,7 0,813 0,742 Barium (Ba) 70 0,749 0,538
Cyanide (CN-) 0,07 2,00 0,0013 Chromium (Cr) 5 0,045 0,011
Total iron (Fe) 0,3 0,39 - Fluorides (F-) 150 0,5 0,7
Selenium (Se) 0,01 7,47 5,46
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Khi SSA dugc sit dung trong vat liéu xi ming, céc san phim thiy
hoéa, dac biét 1a gel C-S-H, c6 kha ning lam giam tinh linh déng cta kim
loai niing théng qua céc co' ché hip phu, két tia va cb dinh trong nén vt
liéu [40]. Hinh 3 cho théy co ché ¢ dinh kim loai néng trong vat liéu xi
miing bao gdm sy két hop giita bao boc vét Iy va phan ting héa hoc. Céc
san pham thity héa va pha khoéng thi cp tao thanh ciu tric dic chic,
lam giam d6 réng va han ché sy khuéch tan ctia cac ion kim loai, ddng
thoi méi treong kiém thic ddy qua trinh két tia va chuyén héa kim loai
thanh céc dang it tan. Co ché ndy dic biét hiéu qua d6i v6i cac kim loai
nhu Mn va Pb, trong khi Cr(VI) ¢6 thé duy tri tinh linh déng cao hon do
cht yéu ton tai & dang anion hoa tan va phu thudc vao sy hién dién caa
Ca® d tao két tiia &n dinh. Do d6, co' ché cé dinh kim loai ning déng vai
trd quan trong trong viéc kidm soat phat thai dai han va ning cao tinh én
dinh mo6i trudng cta vat liéu chita SSA [41].

HE THONG HE THONG
BIT KiN BANG VAT LIEU XI MANG BIT KiN BANG VAT LIEU KHOANG HOA
Dj rong cao Hinh thanh l6p
/ ( sin phim dic chic
et sl TANG CUONG
¥ dc kim loi ning VATLY
(HM) dé bj khuéch tin . Hip phy va bao boc
ra bén ngoai céc kim logi ning (HM)
duge ting cuomg
Giam pH,

” iam ndng d§ Ca?* ty do
Két tiia va \ ¥ ]
bim dinh THAY D41
P HOA HOC
> Kha ning tzo phirc ha hoe
véi cac kim loai ning (HM)
dwgc ting cudmg

® o > g. PB(OH),

® c —> % cco,

&M 4+ @oy > J’MH(OHJJ

@ + ®oH > ' PbO;?

% cro + @Ca* —> @ CaCro,
Hinh 3. Co ché anh huéng ctia phan tng khoang héa CO, dén

kha niing c6 dinh kim loai ning (HMs) trong vat liéu xi ming [41].
1.3. Khd ndng st dung xi thép trong xdy dung

Theo Liu va cs. [4], xi thép duogc tai sit dung rong rdi trong xay
dung nhung mdc d6 va hinh thifc ¢ng dung khac nhau dang ké gitta
céc khu vize. Hinh 4 cho thdy tai cic qudc gia ¢6 cong nghé luyén thép
phat trién v hé théng tiéu chuin nghiém ngit nhv chau Au, My va
Nhat Ban, ty 18 stt dung xi thép cho x4y duwng, diic biét trong nén va mit
duong, dat mdc cao, lan lwgt khoang 70 %, 55,7 % va 32,4 %. Nguoc
lai, Trung Quédc dit chiém 53,3 % san Iwgng xi thép toan cAu nhung
chi st dung 2,6 % cho linh vuc nay, phin 16n duge diing cho san 14p
(70,5 %) va san xuAt xi mang (9,3 %). Su khac biét nay phan &nh vai
trd ctia trinh d6 cong nghé, kidm soét chit lvgng va khung phép 1y trong
dinh huéng st dung xi thép.

Trong xdy ding, xi thép dwoc nghién citu va sit dung phd bién,
dién hinh nhv 1am vat liéu san 14p, 1am phu gia khoang cho san xudt xi
ming [42] va cho bé téng va vita [43], 1am chét két dinh (CKD) gia ¢b

nén dét, moéng [44], lam cbt liéu cho vit liéu gia cb xi mang, voi [45],

CLSM [5], PCC thong thuong [46], PCC mat duong [47], PCC chiu nhiét
[48], PCC chin séng [6], PCC cudng do cao [49], PCC cuong do siéu cao
[50], tong nhwa [51]. Tuy nhién, cich st dung khac nhau gitta cic qubc
gia tity thudc dic tinh vét liéu va yéu clu k§ thuét — méi trudng. O céc
nuGe phét trién, xi thép thuwdng duge xit 1y tinh va ding cho cac cAu kién
yéu ciu én dinh cao. Trong khi d6, & nhitng noi kiém soét kj thuat con
han ché, vat liéu nay chii yéu duoc ding & dang thé cho san 14p hodic nén
méng, v&i viée kiém soét kim loai ning chua ddy du.

Hién d4 c6 nhidu nghién cttu tdng quan vé xi thép va ing dung
trong vat liéu xay dung [11, [4], [52]-[56]. Trong d6, Yi va cs. [56],
Jiang va cs. [55] tap trung vé ngudn gdc, dic tinh va cac huéng tai sit
dung cuia xi thép trong nhiéu linh viee khac nhau. Gencel va cs. [54]
lam r6 vai tro cta xi thép trong cong nghé xi mang va bé téng, déc biét
la stt dung nhu cbt liéu hodc vat lidu thay thé. Trong khi d6, Rashad
[1], Adedokun va cs. [52] téng quan chi tiét vé ng x@ ctia SSA trong
bé téng va vita, bao gdm anh huwéng dén tinh cong tic, cwong do va do
bén. Ngoai ra, Kambole va cs. [53], va Liu va cs. [4] tép trung vao Ging
dung xi thép trong cong trinh dwdng, cht yéu trong mit dudng, véi cic
phén tich vé dic tinh co hoc, kha niing chiu tai va én dinh thé tich. Tuy
nhién, cc nghién cu nay chii yéu xem xét riéng ré titng loai vat liéu
hoic két cAu, trong khi viéc téng hop mét cach hé théng vé sit dung
ddng thoi cbt lidu xi thép min va tho trong vét liéu xi ming cho ca 16p
méng va 16p mit dudng vAn con han ché.

& Viét Nam, cac nghién cttu v tai st dung SSA trong két cAu miit
duwong da dugce quan tAm véi nhiu huwéng Gng dung khac nhau. Tiing
va cs. [57] nghién citu st dung xi BOF cho 16p méng mit dwdong theo
tiéu chudn Viét Nam va Nhét Ban, cho thy vat liéu dép tng yéu cAu vé
d6 hao mon LA, CBR va én dinh thé tich, ddng thoi c6 mé dun dan hoi
cao hon so véi cbt liéu ty nhién. My va cs. [58], [59] nghién citu s@
dung cbt lidu xi thép EAF két hop tro bay trong RCC, cho thiy vt liéu
sau x@ Iy ¢6 kha ning dam bao 6n dinh thé tich va dap tng yéu ciu vé
cwdng d6 ciing nhu d6 bén lau. Son va cs. [60] ghi nhan viée st dung
SSA két hop tro bay va bot xi thép 6 thé cai thién vi ciu tric va giam
tac dong moi tredng ctia RCC, trong khi Hing va cs. [61] va Phuong
va cs. [62] danh gi4 kha ning sit dung SSA trong CTBA lam 16p moéng
duwdng va cho thiy SSA c6 thé cai thién cwdng dd ciing nhut kha ning
lam viéc cua vat liéu. Nhin chung, cic nghién citu trong nudec da bude
diu khing dinh tiém ning ng dung ctia SSA trong xdy dwng mit
dudng, ddng thoi cho thiy cin tiép tuc nghién cu v& d6 bén, 6n dinh
thé tich dai han va co s& k§ thudt cho viéc tng dung vét lidu trong didu
kién thuc té.

Bai bao ndy tdng ho'p va phén tich cdc nghién cifu lién quan dén
viéc st dung SSA trong vat liéu xi mang mat dwong. Noi dung tip trung
vao viéc phan tich céc tinh chét co hoc, d6 bén, vi cAu tric cla vt liéu
CTBA), CLSM, RCC va PCC c6 st dung SSA. Trén co s& d6, lam r6 wu
diém, han ché va d& xuét dinh hwéng nang cao hiéu qua sit dung SSA
theo hiéng xanh va bén viing.
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Chau Au (EUROSLAG 2018)

Xay dyng dueng
I Luyen kim

I i méng/ phy gia BTXM
I Khéc

I Phan bon

I K thuat thay lee

Total B
1568

My (USGS 2020)
4%

Nén/mat dutng
B B¢ t6ng nhua
I Khac, khong xac dinh
B san nén
[ Clinker nguyén ligu
N H&n hop khac
[ san xult BTXM

40.7%

Total B:
14.03

Nh&t Ban (Nippon Slag Association 2017)

Xay dung duong

I Nang nghiép
I sén xudt xi mang
B Khdng sir dung

Trung Quéc (Guo et al. 2018)

Xdy dung dweng |
B san nén
Bl Cong trinh dan dung|
I sén xudt xi mang
I Tai ché noi bo

Total B:

1013

Hinh 4. T4i st dung xi thép tai mét sé quéc gia, viing 1anh thd (triéu tn/nam) [4].

2. Moéng dudng gia cb xi ming st dung SSA

Vét liéu CTBA st dung SSA da dugc nghién citu va Gng dung &
téng méng két cAu mat duong trén thé gidi [45], [63]-[69] cling nhu
trong nuée [61], [62]. Trong céc cAp phdi gia cb, xi ming thuwong duoc
st dung v&i ham lwong khoang 3-6 % theo khéi luong cbt lidu [63]-
[651, [67], trong d6 mot sb nghién ctu xac dinh gia tri khoang 4 % 1a
tbi wwu [64], [65]. V& cbt liéu, SSA c¢6 thé duge st dung thay thé cbt liéu
thién nhién véi ty 1€ 5 %, 10 %, 20 %, 25 %, 30 %, 50 %, 70 %, 75 %
va 100 % theo thé tich. Ngoai ra, mdt sb nghién citu st dung tro bay

nh3m cai thién én dinh thé tich ctia vat liéu [45], [66].
2.1. Anh hitémg ciia SSA dén cdc tinh chét co hoc

Téng hop céc nghién citu v& anh huéng ctia SSA dén tinh chét

CTBA dugc trinh bay trong Bang 5. Huang va cs. [64] va Liu va cs. [65]
ghi nhén ring viéc stt dung khoang 50 % SSA gitip cai thién dang ké
cuwdng dé chiu nén (f,), véi mitc ting 1an lugt 45,9 % va 22,7 %; ddng
thoi cudng d6 kéo udn (f) ting twong Gng 71,4 % va 73,44 %. M6 dun
dan hdi (E) ciing ting déng k&, dat 56,9 % va 62,5 %. O ty 1& thay thé
thap, cudng do kéo udn ting manh hon, dat t&i 98,7 % tai méc 10 %
SSA [62]. Xu huéng cai thién nay chil yéu bit ngudn tir khéi lugng
riéng 16n, bé mit nham va hinh dang géc canh cta hat SSA, gép phin
tang ma sat ndi va tang cuong lién két véi hod xi mang [65], [69].

Nguoc lai, khi ham lwong SSA ting cao dén 70 % va 75 %, cudng
d6 chiu nén, kéo udn va mé dun dan hdi giam nhe so véi ty 1& 50 %
[64], [65]. Mac du SSA cé thé cai thién chu triic va hoat tinh, su suy
giam nay chti yéu do cAu trtic réng ndi tai ctia SSA 1am gia ting d6 réng
téng thé cta vat liéu, 14n 4t cac tac dong tich cuc khi ham lugng thay
thé tang cao [64].

Bang 5. Anh hueéng ctia SSA dén céc tinh chét clia vat liéu gia ¢b xi ming.

Nghién ctu Thanh phin

Cudng do (£, f, f, E) Tinh chét khac

Huang va cs. [64] SSA: 0/30/50/75 %; OPC3-6 %

f, 145,9 %; f; 171,4 %; E 156,9 %

Leach: an toan
(SSA50 %/0 %, OPC4 %)

Liu va cs. [65] SSA: 30/50/70 %; OPC4 %

£.122,7 %; f, 1 111 %; f; 173,44 %;

Shr 30,5 %; Tshr 119,4-28,2 %

E 162,5 % (SSA50 %/30 %) (SSAS50 %/30 %)

Li va cs. (2022) [66] SSA: 0/25/50/75 %; OPC4/5/6 %

£17,1 %
(SSA50 %/0 %)

Shr |12,9-32,8 %;
Tshr 116,7-33,7 %

Wang va cs. [69] SSA: 100 %; OPC4 %; x 1y/ chwa xu Iy

f. 14,4 %; £, 119,2 %; E 113,2 % Exp |63,3 %

Song va cs. [68] SSA; OPC4,5/5/5,5 %

£7 =9,9 MPa; f;=1,9 MPa
(OPC5 %); E |50 %

Li va cs. (2017) [67] SSA; OPC3/4/5 %

Shr |41 %
(CTBA /CSM)

Zhou va cs. [45] SSA; OPC3-6 % + FAsh 30-60 %

£.=1155 %, f, 1195 %,

FAsh=30 % : Expp,
(FAsh:GSS =20:80/ 0:100)

Phuong va cs. [62] SSA: 0/5/10/ 20 %; OPC4 %

f. 119,6 %; £, 198,7 % (SSA10 %)

Hing va cs. [61] SSA80 % + FAsh 20 %; OPC4-8 %

f.=15,3 MPa; f,=1,38 MPa;
E=1860 MPa (OPC8 %)

Ghi chii: OPC: xi mdng, FAsh: tro bay, GSS: xi thép nghién min, CSM: dd ddm gia ¢d xi méng; f.: Cudng dd chiu nén, fr kéo udn, f:: ép ché; E: mé dun dan

hoi; Shr: co ngot kho; Tshr: co ngét nhiét; Exp: gidn nd; 1: tdng, |: gidm; Leach: dfc tinh.
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2.2. Anh hiténg ciia SSA dén co ngét va triong né

Liu va cs. [65] dd nghién cttu co ngo6t kho (Shr) cia CTBA véi cac
muc thay thé SSA 30 %, 50 % va 70 %. Két qua tai Hinh 5 phan 4nh
qué trinh mét nuée va co ngét khod phat trién twong ddng, véi tbe d6
ting nhanh & giai doan ddu do bay hoi nuéc ty do, sau d6 cham din
khi cht yéu 1a mét nwée lién két. Ligng nuwde mét c6 thé vieot 30 %
sau 8-10 ngay, do d6 cin duy tri d6 4m thich hop nhim han ché co
ngét. Sy gia ting ham lwgng SSA gép phin 1am giam dang ké co ngét
khé; hé s6 co ngét tai 15 ngay giam 30,5 % khi ting tit 30 % 1én 50 %
SSA va dat 49,7 % tai mic 70 % SSA, déng thoi tbe do phat trién co

ngét sau 7 ngay ciing giam din.

4.0] —=— 30% xi thép A 401 o 305 xithep e

50% xi thép e 50% xi thép
— T0% xithép | et -t 120] —+ 70%xithép 7

100

/ 80
{ /

y . [ e
i 60 e
[ : / A~
i A

10

l

P

7

w
o

/

Ty 1& mat nudc (%)
~
wn
Heé s8 co ngét khd (x107%}

~
o

...
in

."‘ﬁ_

A
AN

25 5.0 7.5 100 125 15.0 25 5.0 75 100 125 15.0
Thai gian (ngay) Thai gian (ngay)
(@) ()

Hinh 5. Qua trinh mét nuée (a) va phéat trién
co ng6t kho (b) caa vat liéu CTBA [65].

Tuwong tu, Li va cs. [66] ghi nhin SSA gitp giam rd rét co ngét
khé clia CTBA, v&i mtic giam ting theo ham luwgng thay thé. Khi st
dung SSA di xit 1y, co ngét giam khoang 12,9-32,8 % dbi véi CTBA
thuong va 5,8-33 % db6i véi CTBA c6 tro bay (Hinh 6). Ngoai ra, Li va
cs. [67] chi ra bién dang co ngét cua CTBA SSA (53,4x10°-
115,5x10°) thdp hon so v&i vat liéu d4 dim gia cb xi ming
(81,4 x 10°-164,4 x 10°®) trong cting diéu kién. Xu huéng nay cha yéu
lién quan dén sy trivong nd clia cac pha hoat tinh nhu f-Ca0, ddng thoi
¢6 thé lién quan dén sy hinh thanh céc san phdm thay héa va sy thay
dbi dic tring 18 réng clia vat liéu. Ddng thoi, kha ning hit va giit nuée
ctia SSA gitip diéu hoa qud trinh mit nwdc, gép phan cai thién 6n dinh
thé tich va d6 bén ctia CTBA.

(b)
Hinh 6. Hé s co ng6t kho CTBA: (a) thuong va (b) cé tro bay [66].

Liu va cs. [65] quan sét dugc ring hé sb co ngét nhiét (Tshr) cia
vat liéu chita SSA bién thién theo nhiét d6 véi xu huéng giam roi tang
nhe, ddng thoi ting theo ham lwgng SSA véi gia tri dao dong khoang
6,2-10,3x10°/°C (30 % SSA), 7,4-13,2x10°/°C (50 % SSA) va 8,0
14,1x10%/°C (70 % SSA) (Hinh 7a). Trong khi d6, Li va cs. [66], khi
hé sb co ngét nhiét ciing dwoe ghi nhan ting so v&i miu dbi chitng theo
ham lwgng SSA, véi mite ting khoang 16,7-33,7 % d6i véi CTBA théng
thwong (Hinh 7b) va 17,8-38,4 % dbi véi CTBA thém 18 % tro bay
(Hinh 7¢) so véi miu d6i chitng. Xu huéng nay lién quan dén do nhay
nhiét va kha ning bién dang 16n hon ctia SSA, 1am ting co ngét khi
nhiét d6 thay ddi. Nguwoc lai, viée st dung tro bay gitp gidm co ngét
nhiét nho thay thé mot phin chit két dinh va tham gia phan tGng

pozzolan, qua dé 4n dinh cu tric vat lidu.

—=— 30% xi thép
—— 50% xi thép
—— 70% xi thép

11
10

Hé 58 co ngét nhiét (x10-4°C)

6
50~40 40~30 30~20 20~10 10~0 0~-10
Khoang nhiét 46 (°C)

@

P 0 c-
Nhiét 68 [°C) Nhiét dé [°C)

(b) (©
Hinh 7. Anh hudng ctia SSA dén co ngét nhiét CTBA: (a) [65]; (b), (¢) [66].

2.3. Anh hiténg clia SSA dén trirong né va cdc gidi phdp xit ly

Déi v6i vat lieu CTBA, Zhou va cs. [45] ghi nhan khi bd sung tro
bay (20 °C, @6 4m 98 %), 0 trvong n& (Exp) giam rod rét ti¥ 0,093 %
xudng 0,018 % khi ham lwgng tro bay ting tit 0 % 1én 60 %, twong Wng
giam khoang 80 %. Hiéu qua ndy lién quan dén sy chuyén déi ctia vat
liéu sang cép phdi chit hon, trong d6 SSA duge bao boc bdi chét két dinh
¢6 md dun dan hdi thip (Hinh 8). Nh& d6, sy truyén ng sudt triong nd
gitta cc hat bi gian doan va chét két dinh c6 thé bién dang dan hdi-déo
dé hip thu bién dang thé tich, gép phan han ché triong né.

Ngoai ra, mét s nghién cttu da dé xuét cac giai phap kiém soat
truong nd ctia SSA nhim giam bién dang thé tich cia CTBA. Huang va
cs. [64] ghi nhan tai 10 ngay, x& 1y axit (15 % CH,COOH) gitip giam do
trong nd tit khoang 3,2 % xubng con khoang 0,08 %, trong khi bd
sung khoang 4,8 % silica fume gitip giam xubéng khoang 0,45 %. Hiéu
qua nay duoc giai thich 14 do xit 1y axit 1am giam truc tiép ham luong
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CaO ty do, con silica fume tham gia phan ¢ng pozzolan, tiéu thu
Ca(OH), va tao C-S-H, tit d6 vira 1am giam ngudn gy triong né vita
cai thién cAu tric va han ché sy phat trién bién dang thé tich. Bén canh
d6, Wang va cs. [69] sit dung chét bién tinh géc silane dé xit 1y bé mit
SSA, tao 16p phu siloxane ky nuwéc, gitp giam t6i 63,3 % do trvong nd
clia SSA. L6&p phi nay 1am giam dang ké kha ning thAm nwGe ciia hat
SSA théng qua viéc ting tinh ky nuwdc bé mit, tit d6 han ché phan tng
thuy héa cua cac pha CaO va MgO tu do gilp giam gidn na.

Cap phdi gian doan

5

Eximang-tro bay << Exithép

Hinh thanh Ca(OH), - san phdm

gy trvong nd
f-Ca0 + H,0 > Ca(DH);Q

.— Xi thép
g Ca(OH),
0 I

Hinh 8. So dd tro bay ttc ché sy gian n& SSA [45].

Xi mang-tro bay cé thé giam
ng suat trvong nd t&t hon xi thép
<

Tro bay phan wng véi
[ Ca(OH), han ché sy phat
trién cta Ca(OH),

Si+ Ca(OH), > C-S-H

2.4. Pdc diém vi cdu tric ctia CTBA st dung SSA

Nghién ctu vi cAu tric ctia Liu va cs. [65] & tudi 7 ngay thé hién
su khéc biét 16 giita CTBA khong st dung va st dung 50 % SSA. Mau
khéng c6 SSA ¢6 ciu triic 11 rac, nhidu 16 réng va sy hién dién cta
Ca(OH), dang tAm (Hinh 9a). Trong khi d6, miu c6 SSA xuét hién r6
gel C-S-H va céc tinh thé ettringite (AFt), tao chu trac dac chic hon
(Hinh 9b). Sy’ phét trién cta cac san phim thily héa nay gép phan cai
thién lién két va giai thich sy gia ting cudng do6 ctia CTBA sit dung SSA.

(@) (b)
Hinh 9. Anh vi ciu triic ctia CTBA ty 1&
SSA 0 % (a) va 50 % (b) & tudi 7 ngay [65].

Tuy nhién, khi tiép tuc ting ham lwong SSA, mic dit lwgng C-S-
H c6 xu hitdng ting, su gia ting ddng thoi clia AFt va d6 rdng néi tai
ctia SSA ¢6 thé 1am cAu triic kém ddng nhét, han ché hiéu qua ting
cwong dd. Bén canh d6, cAu triic dic hon va sy hién dién ctia cac pha
6 xu huéng triong né (nhu AFt va f-Ca0) gép phan han ché mét nuéc
va bi trit bién dang, qua d6 giai thich xu hwdng giam co ngét clia vit
liéu st dung SSA [65].

Nhin chung SSA cho thiy tiém ning 16n trong tng dung cho
CTBA nh¢ kha ning cai thién tinh chét co hoc va én dinh thé tich cta
vat liéu. Tuy nhién, sy khic biét v& ngudn gbc, thanh phin va phuong

phap xtt 1y SSA din dén céc két qua chia hoan toan théng nhit gitta

céc nghién citu. Do d6, cac vin d@ vé kiém soat chét Iwvgng ngudn xi,
6n dinh thé tich dai han, d6 bén dwdi tac dong méi tredng va kha niang
rd ri kim loai cin tiép tuc dugc nghién ciu, dac biét dbi véi céc loai
SSA va ty 18 thay thé khéc nhau, 1am co s& cho viéce tiéu chuén héa va
m¢& rong ¥ng dung SSA trong CTBA.

3. Moéng dudng vat liéu cwdng dé thip (CLSM) ¢6 kiém soat st
dung SSA

CLSM la vét liéu xi mang c¢6 d6 linh dong cao, c6 kha ning ty
chay hoic d6 sut 16n, phit hgp cho céc vi trf khé dim nén trong cong
trinh ha ting va giao théng [701, [71]. Theo ACI 229 [72], CLSM gém
chét két dinh (xi mang hoac pozzolan), cbt liéu min hoic vat liéu don
va nuéc, c6 thé bd sung phu gia khodng nhu tro bay hodic SSA dé cai
thién tinh céng tac. CLSM thuwdng dugc thiét ké véi cwdng d6 chiu nén
thap, phé bién 0,7-2,1 MPa va khong vugt qua khoang 8,3 MPa [73],
ddng thoi yéu cau do chay cao (200-300 mm) hoiic d6 sut khoang 180
mm dé dam bao kha niing t 14p ddy [71]. Nh& cdc dic tinh nay, CLSM
dugc ing dung trong stta chita va lam 16p méng dudng, c6 kha ning
dat cuwong do s6m va cai thién do citng két ciu [71]. Viéc stt dung phé
thai cong nghiép, déc biét la SSA, trong CLSM dang dugc quan tdm

nhim giam tiéu thu tai nguyén va nang cao tinh bén vitng.

3.1. Anh huéng clia SSA dén cdc tinh cong tdc ctia CLSM
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Hinh 10. Thoi gian ninh két va KLTT ctia
CLSM: xi BSSF [74] (a) va DS [5] (b).
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Viéc thay thé cét liéu min bing SSA anh huéng dang ké dén tinh
cong tic ctia CLSM, vGi xu huéng phu thudc vao loai SSA st dung.
Wang va Chen [74] st dung xi Baosteel quy trinh ngén (BSSF) va ghi
nhén khi tdng ham lWgng thay thé tit 0 % 1én 50 %, do sut, dd chay va
@6 chay qua 6ng 1an lugt gidm khoang 25,9 %, 9,7 % va 10,7 %. Ngugce
lai, Huang va cs. [5] s dung xi DS va quan sat xu huwéng ting tuwong
tng 11,5 %, 40,0 % va 51,5 %.

Dbi v6i thoi gian ninh két, Wang va Chen [74] ghi nhan xi BSSF
lam giam ti¥ 273 xubng 205 phit (Hinh 10a), trong khi Huang v cs.
[5] cho thiy th&i gian ninh két ting ti 273 1én 340 phit khi ham lugng
thay thé dat 50 % (Hinh 10b). Su khac biét nay chit yéu lién quan dén
kha nang hit va giit nudc cla tiing loai SSA, anh huwong dén lugng
nuée ty do va qud trinh thity héa ctia hé chit két dinh. Nhin chung,
thoi gian ninh két ctia CLSM c¢6 xu huéng bién thién nguge véi khéi
lwong thé tich (KLTT) ctia hén hop (Hinh 10).
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3.2. Anh huéng clia SSA dén cdc tinh chdt co hoc ctia CLSM

Téng hop cic nghién ciu vé cudng dé chiu nén ctia CLSM sit
dung SSA thay thé cét liéu min (0-50 %) dwgc thé hién trén Hinh 11.
Két qua ghi nhan khi ting ham lugng SSA, cuwdng d6 chiu nén nhin
chung giam, tuy nhién & ty 1é thay thé thap c6 thé ting so v6i miu déi
chitng. Cu thé, Wang va Chen [74] ghi nh4n cudng do giam tit 6,8
xudng 5,6 MPa (giam khoang 4,2-21,1 %), trong khi Hung va cs. [75]
ghi nhan mtc giam 16n hon, tit 4,6 xubng 2,7 MPa (giam khoang 35,2-
62,0 %) khi ty 1& SSA ting ti 10 % 1én 50 %. Hién tugng niy cha yéu
do suy giam lién két trong ma tran chét két dinh va bién dbi bét 1oi clia
cAu tric vi mo.
m Wang va Chen [74] (MPa)

Hung va cs. [75] (MPa) Kim va cs. [76]
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Hinh 11. Cwong d6 chiu nén cua CLSM
v6i céc ty 1€ SSA khéc nhau [74]-[76].
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Nguoe lai, Kim va cs. [76] ghi nhan viéc sit dung SSA & ty 18 thip
¢6 thé cai thién cudng d6 CLSM. Cu thé, thay thé 10 % cét gitip cudng do
chiu nén ting tir 1,7 1én 2,8 MPa (téing khoang 64,7 %). Khi ting ty 1&
SSA 1én 20-30 %, cudng do giam con 2,3-2,2 MPa nhiing van cao hon
mau dbi chiing khoang 29,4-35,3 %. Su cai thién & ham lwgng thip chi
yéu do bé mit nham va hinh dang géc canh ctia hat SSA gitip ting lién
két co hoc. Tuy nhién, khi ham lugng SSA ting, d6 réng va bién dbi vi
cAu triic 1am hiéu qua nay suy giam, din dén giam cuong do.

Hung va cs. [75] xdy dyng md hinh hdi quy thuc nghiém dy béo
cwong do chiu nén CLSM theo Céng thitc (2) va dién tr& suét b mit
theo Cong thifc (3), dia trén ty 1& SSA Iwu huynh va tudi duéng ho. Mo
hinh duoec thiét lap ttt 36 bo dit liéu véi ham lugng SSA 0-50 % va tudi
dudng ho 1-91 ngay. Két qua dat d6 twong quan cao véi dit liéu thi
nghiém, v&i hé sb x4c dinh R? = 0,9279 d6i v&i cuong do chiu nén va
R, = 0,8880, R,.> = 0,9369 dbi v&i dién trd sut bé mit. Cac phuong
trinh hdi quy d& xuét c6 kha ning du béo tét cac tinh chit ctia CLSM
trong pham vi khao sat véi ham lvgng SSA 0-50 % va ty 1é nude/chét
két dinh bing 1,50.

flezs = 6,8179 — 18,1964.SSA + 21,2500.554% (2)

t
2,303.@

E.=¢
a, = 1,5876 —r1,2852.SSA +12,3827.554*
b, = 0,0932 + 0,2311.SSA
Trong dé:
fe.28t CuOng d6 chiu nén du béo & tudi 28 ngay (MPa);
E, : bién trg suit bé mit (kQ-cm);
SSA: Ham lugng SSA luu huynh thay thé cbt liéu (%).

3.3. Anh huéng ciia SSA dén tinh én dinh thé tich ciia CLSM

Huang va cs. [5] ghi nhan ham lwong SSA anh huéng rd rét dén
bién dang thé tich ctia CLSM. Hinh 12a cho thiy co ngét khé ting theo
thoi gian dudng ho va theo ham lugng SSA; tai 90 ngay, gia tri tang ti
khoang 0,011 % (0 % SSA) 1én 0,020 % (50 % SSA). Xu huéng tvong
ty dwgc ghi nhan dbi véi gisn nd nhiét trong Hinh 12b, véi gia tri ting
tir 0,016 % (0 % SSA) 1én khoang 0,039 %, 0,051 %, 0,079 % va 0,108 %
tiong ing v&i cic miic 10 %, 20 %, 30 % va 40 % SSA. Miu 50 % SSA
bi pha hty do gin n¢ dét ngot, dat khoang 0,45 %. Sy gia tdng co ngbt
va gian nd khi ting ham lugng SSA chi yéu lién quan dén cu tréc x6p
va kha ning hit nuéce cao cia hat SSA, 1am gia ting mét nudc trong
qua trinh dudng ho, déng thoi sy hién dién cia CaO va MgO tu do cé
thé gay treong nd khi phan ¢ng véi nude.
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Hinh 12. Co ngét kho (a) va gidn n& nhiét (b) ctia CLSM SSA DS [5].

Téng quan tii liéu & trén cho thiy céc nghién cttu hién c¢6 vé
CLSM chti yéu tap trung vao sit dung xi thép DS va BOF thay thé cbt
liéu min & mét sb ty 18 nhét dinh, déng thoi danh gia tinh cong tac, thoi
gian ninh Kkét, cuong do chiu nén va mot s6 chi tiéu én dinh thé tich.
Trong khi d6, khang ntit, do bén, kha ning ro ri kim loai va ting xi dai
han ctia CLSM st dung SSA van chwra duge khao sat ddy dua, cin duoc

tiép tuc 1am 6 trong cac nghién ctiu tiép theo.

4. Méng va mit dudng bé téong dAm lin st dung SSA
4.1. Bé tong ddm ldn trong xdy dwng mdt ditong

RCC st dung SSA 1am cbt liéu di duge nghién ctu st dung trong
nhiéu nghién cttu [19], [39], [58], [59], [77]1-[80]. Thanh phin cip
phdi RCC thé hién trén Bang 6 thé hién r6 ring ham lwong xi ming
duge st dung ti 12 % twong tng 274 kg/m? dén 350 kg/m? [581, [591,
[19]. Céc tic gia thudng sit dung céc loai SSA phd bién nhw EAF, BOF
dé thay thé cbt liéu thd (CA) hoic cbt liéu min (FA) hoic tit ca cbt liéu
thé va min véi ty 18 thay thé 25 %, 50 %, 75 % va 100 %.

Butle va cs. [80] nghién ctu RCC SSA véi chét két dinh g6m 50 %
xi méng va 50 % hdn hop da voi — dit sét nung, ghi nhan sy thay dbi 16
rét dic tinh dAm chit ctia hdn hop. Khi thay thé ¢t liéu bing SSA, do
4m t6i vu (Wope) ting tif 5,90 % lén 6,34-7,07 % (twong tng mic ting
7,47-19,86 % cho cac ty 1& 25-100 %), trong khi khéi ligng thé tich
kho 16n nhét () ne,) gidm khoang 5,8 % tit 2453 xubng 2311 kg/m?.
Két qua nay chu yéu do ciu tric rong, khong ddu va kha ning hit nudc

cao ctia SSA so v&i cbt liéu bazan, 1am ting nhu cAu nuée va giam kha
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ning sip xép hat, ti¥ d6 giam do diic chic cta vat lidu. Thong tin cip

phéi va cac két qua thi nghiém lién quan duge trinh bay trong Bang 6.
4.2. Anh huéng ciia SSA dén cdc cwdng dd bé tong dam ldn

Bang 7 thé hién céc két qua nghién citu vé& cudng d6 ctia RCC sit
dung SSA. Nhin chung, xu hwdng thay dbi cudng d6 khong ddng nhit,
phu thudc vao ty 18 thay thé va loai SSA sit dung. Bbi v6i cudong do chiu
nén, két qua phan anh ring cudng d6 sém (7 ngly) cé thé ting dén
khoang 23,1 % khi ty 1é thay thé 50 % [80]. G tudi 28 ngay, mitc ting
cao nhét ghi nhan khoang 35,5 % [78] hodc 20,5 % [39]. Trong d6, xi
EAF thudng cho hiéu qua 6n dinh hon, v6i mitc ting cuong do chiu
nén dat khoang 20,5 % so v&i 5,7 % ctia xi BOF [39]. Déng thoi, khi s
dung 1am cbt lidu tho, EAF gitip ting cwdng d6 chiu nén khoang 5,9 %,
trong khi thay thé cbt liéu min c6 thé 1am giam t&i 25,2 % [19].

Su gia ting cuong do, dic biét & giai doan dau, dugce 1y giai bai
hinh dang géc canh, bé mit nham va d cting cao ctia SSA, gitip ting
kha ning khoéa lién két va truyén Gng suét trong bé téng [19], [39],
[80]. Quan sét vi cAu triic Hinh 13 cho thiy cbt liéu xi thép EAF va BOF
¢6 hinh dang khéi, b& mit gb ghé va viing chuyén tiép ITZ dic chic hon
so v&i cbt liéu ty nhién, gép phan ting kha ning lién két co hoc giita
cbt liéu va hd xi ming, tit d6 cai thién cuong d6 RCC [39]. Ngoai ra,

Bang 6. Mot s thong tin cAp phéi RCC sit dung SSA.

cAu tric réng va kha niing hit nuéce cta cbt liéu xi thép EAF c6 thé tao
hiéu tng dudng ho bén trong, gitip duy tri 6 4m cho qu4 trinh thiy
héa va cai thién sy phdt trién cudng dd sém ctia RCC st dung ham

lwgng xi ming thip [80].

3 A I { » _‘.(Q)pv
Hinh 13. Vi c4u tric RCC st dung cbt liéu
tu nhién (a), xi BOF (b) va xi EAF (c) [39].

Nguoc lai, khi thay thé ¢bt liéu ty nhién bang SSA, cudng d6 chiu
nén c6 thé giam dén 25,2 % & mic thay 50 % cbt liéu min [19] hosic
24,4 % khi thay hoan toan cbt liéu tho [58]. Sy suy giam nay chu yéu
do d6 hit nudce cao ctia SSA lam giam lwgng nuwdce hiéu qua, cling véi
anh huéng ctia hinh dang hat va cip phéi; ngoai ra, ham lugng CaO ty
do trong xi BOF ciing c6 thé anh hwéng dén 6n dinh thé tich va cAu triic
vi mé néu khéng duge xit 1y phit hop [39].

Nghién ctiu CKD (kg/m?) SSA thay thé Wopt (%) /i max(kg/m?)
. 274/(12%) 6,41-8,37/
My va cs. (2017, 2018a) [58], [59] EAF; CA (0/50/100 %)
(tro bay: 0-20-40 %) 2245-2346
. 6,93-7,99/
My va cs. (2018b) [77] 278-282 (12 %) EAF; CA (0/100 %)
2284-2379

Rooholamini va cs. [19] 350

EAF; FA (0/25/50 %);
CA (50/100 %)

Toffolo va cs. [39] 280 (17,47 %)

7,20/2800 (EAF);

EAF, BOF; CA + FA (0/100 %)
7,94/2580 (BOF)

Goli va cs. [78] 297-242

SSA; CA, CA+FA, FA

Nasr & Bavafa [79] 300

BOF; CA (0/100 %)

Butle va cs. [80]

300 (0&50 % bot da voi - dt sét)

5,90/2453; 7,07/2311

EAF; CA (0/25/50 /75/100 %)
(SSA100 %)

Bang 7. Sy thay dbi cwong d6 clia RCC khi thay thé bt liéu ty nhién bing SSA.

Nghién citu SSA (%) Loai, c& hat | f<f . (MPa) | Af7 (%) | Af2 (%) | Af, (%) Af; (%) AE (%)
My va cs. (2017, 2018a) [58], [59] 50 EAF, CA 47,04 - -11,9 -8,6 - -3,3
My va cs. (2017, 2018a) [58], [59] 100 EAF, CA 47,04 - -24,4 -9,8 - -4,5
My va cs. (2018b) (t=0) [77] 100 EAF, CA 51,5 - -15,5 -20,5 - -19,7
My va cs. (2018b) (t=60ph) [77] 100 EAF, CA 45,3 - -5,1 +5,7 - -21,4
Rooholamini va cs. [19] 25 EAF, FA 32,1 - -0,3 +11,5 -3,6 -
Rooholamini va cs. [19] 50 EAF, FA 32,1 - -25,2 -16,6 -28,0 -
Rooholamini va cs. [19] 50 EAF, CA 32,1 - +5,9 +25,4 +6,1 -
Rooholamini va cs. [19] 100 EAF, CA 32,1 - +13,7 +30,5 +9,0 -

JOMC |100



Tap chi Vat liéu & Xdy dung Tdp 16 $6 04 ndm 2026

Nghién cttu SSA (%) | Loai, cd hat | ff, (MPa) | Af7 (%) | AE2 (%) | Af, (%) | Af (%) | AE (%)
Toffolo (BOF) [39] 100 BOF, vita 35,1 - +5,7 0 -2,9 +17,7
Toffolo (EAF) [39] 100 EAF, vita 35,1 - +20,5 | +208 | +11,4 | +227

Butle va cs. [80] 25 EAF, CA 39,8 +16,1 +8,0 - +7,1 7,6
Butle va cs. [80] 50 EAF, CA 39,8 +231 +13,1 - +10,7 -9,8
Butle va cs. [80] 75 EAF, CA 39,8 +19,8 +8,0 - +8,9 -18,5
Butle va cs. [80] 100 EAF, CA 39,8 +14,9 +4,3 - +5,4 -27,9
Nasr va Bavafa [79] 100 BOF, CA 27,6 - -18,8 1,5 - -
Goli va cs. [78] 100 CA 29,9 - +7,7 - - -
Goli va cs. [78] 100 CA+FA 29,9 - +35,5 - - -
Goli va cs. [78] 100 FA 29,9 - +30,1 - - -

bbi véi cuong d6 kéo ubn va ép ché, két qua nghién ctu chi ra
bién thién 16n khi thay thé cbt liéu ty nhién bing SSA. Cudng d6 6 thé
ting dén 30,5 % khi thay thé 100 % cbt liéu thé [19] hoic 11,4 % [39],
nhung ciing 6 thé giam dén khoang 28,0 % khi thay thé 50 % cét liéu
min [19], phan anh anh huéng cta dang va ty 18 thay thé. Tuong tu,
mé dun dan hdi bién dong dang ké, c6 thé ting dén 22,7 % [39] hoic
giam dén 27,9 % [80] khi thay thé hoan toan bing xi EAF. Nhin chung,
chuta ghi nhan xu hudng ré rang vé cudng dé ctia RCC khi st dung SSA.
Tuy nhién, xi EAF thudng cho két qua én dinh hon xi BOF [39] va thay

thé cbt liéu tho hiéu qua hon so vé6i cbt liéu min [19].
4.3. Anh huéng ctia SSA dén do bén ciia RCC

Céc nghién cttu thire nghiém déu ghi nhan SSA gitip cai thién dang
ké kha ning chéng mai mon ciia RCC. Theo My va cs. [59], tritdng hop
khéng stt dung tro bay, gia tri rinh mai giam tit khodng 22,7 mm & miu
d6i chitng xuéng con 22,0 mm khi thay thé 50 % SSA va 21,2 mm khi ty
1é thay thé 100 %. Trong khi d6, Goli va cs. [78] dinh Iigng rd mitc cai
thién theo cac phuong phap thi nghiém khéc nhau véi khoang 21 %
(Wide wheel), 25 % (Cantabro) va 40 % (Bhme). V& co ché, kha nang
chéng mai mon chi yéu lién quan dén bé mt tho cting ctia SSA [59].
bong thoi, hinh dang géc canh va bé mit nhdm ctia SSA gitip ting lién
két co hoc va cai thién ving chuyén tiép ITZ gitta cbt liéu va hd xi ming
[78]. Bén canh d6, ca hai nghién ctfu ¢&u ghi nhan méi twong quan giita
cudng dd chiu nén va kha ning chéng mai mon, trong dé cudng do chiu
nén cao hon dan dén kha ning khang mai mon tét hon.

Panh gi4 kha ning chéng thim nudc ctia RCC, My va cs. [59]
quan sét dugc ring d6 hit nude cia RCC ting khi ham lwong SSA ting,
v&i gid tri ting tit khoang 4,30 % & miu d6i chiing 1én 4,90 % va 5,40 %
khi thay thé 1An lwgt 50 % va 100 % cbt liéu. Nhw vay, & mifc thay thé
100 %, d6 hat nwdc da vuot ngudng gidi han 5 %. Xu hudng nay dugc
giai thich boi dic trung rdng, khong ddu va kha ning hiit nwéc cao ciia
SSA, 1am gia ting d6 réng ctia hé vat liéu va lwong nwde hip thu. Ngugce
lai, theo Toffolo va cs. [39], anh hudng ctia SSA phu thudc vao loai SSA
st dung. P9 hit nudc cta RCC st dung xi BOF (BOFS-RCC) tang tw
2,94 % 1én 3,23 %, trong khi RCC st dung xi EAF (EAFS-RCC) giam

xubng 2,59 % so véi mau dbi chitng (NA-RCC). Su khéc biét nay dugc
ly gidi 12 do xi BOF lam ting dang ké d6 réng ctia bé téng, trong khi xi
EAF ¢6 d6 6n dinh va khéi lwong thé tich cao hon. Xét vé gia tri tuyét
ddi, ca BOFS-RCC va EAFS-RCC déu hép thu nhidu niéc hon NA-RCC.
Tuy nhién, khéi lvgng riéng cao hon ctia EAFS-RCC din dén kha ning
hép thu nudc twong déi thap hon.

Toffolo va cs. [39] danh giéd tinh én dinh thé tich cta RCC st
dung SSA théng qua bién thién chiéu dai va khéi lwong duéi cac chu
ky Am-kho. Két qua (Hinh 14) chi ra RCC st dung xi BOF c6 db gian n&
16 nhét (~0,40 %), cao hon so vGi xi EAF (~0,19 %) va cbt lidu tw
nhién (~0,13 %); ddng thoi bién thién khéi lugng ciing 16n hon (3,30 %
so vGi 0,99 % va 1,97 %). Hién twgng nay dugce giai thich boi qua trinh
thily héa céc oxit ty do (CaO, MgO, FeO) gay triong né thé tich. RCC
st dung xi BOF c6 bién dang 16n hon do ham Itgng hat min (<75 pm),
ham Iwgng CaO va d6 réng du cao hon so vdi xi EAF, véi cac gid tri
twong tng la 3,62 % so v&i 1,22 %, 35,8 % so v&i 27,4 %, va 3,23 %
so vGi 2,59 %.

—a— Chidu dai EAFS-RCC —#— Chidu dai BOFS-RCC
~—#—Khéi lgng EAFS-RCC- e - Khéi Iugng BOFSRCC

—=— Chiéu dai NA-RCC

- -~ Khéi lugng NA-RCC
1.020
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Hinh 14. Sy thay dbi chidu dai va khéi lugng
RCC SSA du6i chu ky &m-khé [39].

Tit phén tich tbng hop & phin nay cho thy cic nghién ciu vé
RCC st dung SSA d4 dénh gi4 tuong d6i toan dién céc tinh chét co hoc
va mot s6 chi tiéu d6 bén ctia vat liéu. Két qua cho thiy SSA c6 thé cai
thién kha ning chéng mai mon cta RCC, tuy nhién sy gia tang d6 hit
nuwée va do gidn nd cho thiy sé anh huéng dén d6 bén va én dinh thé

tich ctia vat liéu. Do d6, cdc van d& lién quan dén kha ning khang nit,
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d6 bén va Gng x dai han ctia RCC chita SSA trong diéu kién khai thac
thure té ctia mit dwong van cin dugc tiép tuc nghién ctu va 1am ro.

5. Mat duong bé tong xi mang SSA
5.1. Thanh phdn cdp phdiva tinh cong tdc ctia bé tdng xi mdng SSA mdt dudong

SSA di dugc nghién ctu st dung nhidu trong PCC mit dudng
[28], [811-[831, [60], [84]1-[91] Trong d6, mét sb nghién citu thay thé
cbt liéu min véi céc ty 1& 15 %, 20 %, 30 %, 40 %, 50 %, 60 %, 100 %
([811, [83], [901), con lai chu yéu thay thé cbt liéu tho v&i cac mic
25 %, 30 %, 40 %, 50 %, 75 %, vi 100 %. Bang 8 tng hop thanh phin
cAp phéi ctia PCC sit dung SSA. Trong d6, ty 1& nuéc/chit két dinh
(N/CKD) thudng stz dung khoang 0,36-0,64, phd bién 0,35-0,45. Ham
lwong chét két dinh cht yéu dao dong trong khoang 300-400 kg/m?,

Bang 8. Thanh phan cip phdi vat liéu PCC mit duong duge nghién ciiu.

v6i gia tri cao nhét khoang 586 kg/m?. V& tinh céng tac, cic nghién citu
chit yéu sit dung bé téng c6 do sut trong khoang 13-160 mm, phit hop
v6i PCC diing cho két cAu mit dudng.

Son va cs. [60] da danh gi4 anh hudng ctia SSA dén tinh cong tac
ctia hén hop PCC. Hinh 15 chi ra cdc hén hop déu cé do sut ban diu
khoang 16 cm va giam dan theo thdi gian, mat hoan toan sau 180 phiit.
H6n hop dbi chiing duy tri do sut tdt nhét, trong khi hén hop st dung
100 % cbt liéu SSA thé giam gin tuyén tinh; tai 60 va 90 phiit, do sut
thap hon 13n lugt khoang 10,3 % va 16,7 %. Khi thay thé mot phin xi
miing 10 % bot xi thép va 20 % tro bay, mitc suy giam dwgce han ché,
chi khoang 3,4 % va 8,3 %. Hién tigng nay chii yéu do SSA c6 bé miit
x6p, géc canh nén hit nwde va 1am ting d6 citng hdn hop, trong khi tro
bay va bt xi thép v&i bé mit nhin, dang tron gitip cai thién tinh c6ng

tac va kha ning gitt d6 sut.

Nghién ctiu Cét lieu SSA (%) N/CKD CKD (kg/m?) Do sut (mm)
Zeli¢ [28] CA+FA 100 0,64 350 -
Qasrawi va cs. [81] FA 15;30;50 0,38; 0,48; 0,62 330-536 80-120
Phuong va cs. [82] CA 100 0,38 437,2 20-40
Roy va cs. [83] FA 30;50;70;100 0,40 314-396 36-58
Ahn va cs. [84], [85] CA,CA+FA 50;100 0,555 290 >80
El-Hakim va cs. [86] CA 25;50;75;100 0,36 500 61-80
Murmu va cs. [87] CA 30;40;50 0,42 388 45-70
Alonso va cs. [88] CA+FA 100 0,50 360 -
Son va cs. [60] CA 100 0,55 290 160
Kumar [89] CA 25;50;75;100 0,40 400 23-30
Nicula va cs. [90] FA 20;40;60 0,41-0,44 360 13-16
Verian va cs. [91] CA 100 0,42 586 32-76
2 biét r6 rét. P6i v6i cudng do chiu nén, ty 18 ting dat 52,4 % nhing khong
16 it . 6 y nghia théng ké (p = 0,878 > 0,05) nén chua ¢6 xu huéng rd rang.
| iy Nguoc lai, céc chi tiéu chiu kéo ubn va ép ché ¢ ty 18 ting cao (71,4 %
g2 ’ ! ; va 83,3 %) va ddu c6 § nghia théng ké (p < 0,05), thé hién xu huéng
g 8 ‘ ting 16 rét. Trong khi d6, mé dun dan hdi c6 ty 18 ting 66,7 % nhung
—-m-- PCC 06 chimg e, khong c6 y nghia théng ké (p = 0,388 > 0,05). Nhin chung, SSA cai thién
) ‘ ;22 :: ::: o by i il RN 16 rét céc tinh chét chiu kéo ctia PCC, trong khi anh hwéng dén cuong do
0 = = = == == T chiu nén v mé dun dan hdi chwa thé hién xu hwéng nhit quan.
Thai gian (phdt) Phan tich théng ké anh hudng clia SSA theo ty 1& thay thé va c&

Hinh 15. Sy thay d6i d6 sut PCC SSA theo thoi gian [60].
5.2. Anh hwéng clia SSA dén cudng dd bé tong xi mdng SSA mdt dwong

Pé hiéu r6 anh huong ctia SSA dén sy thay dbi cwdng do clia PCC
SSA, tién hanh phan tich théng ké 42 dit liéu cudng db tbng hop tit cac
nghién cttu [28], [81]-[83], [60], [84]-[91] thé hién trong Bang 9 va
Bang 10. Két qua phan tich théng ké bing kiém dinh nhi thitc (Binomial

test) thé hién ring hiéu qua ctia SSA di véi céc chi tiéu co hoc ¢6 sy khic

hat cho thiy: (i) mitc ting cudng do chiu nén ctia PCC khi ham lwong
thay thé < 50 % cao hon so v&i ham lugng thay thé = 50 %; (ii) viée
thay thé SSA cho c6t liéu min mang lai hiéu qua ting cuwdng d6 kéo ubn
cao hon so v&i thay thé cbt lidu thd. Ngoai ra, ty 1& SSA khong anh
huéng dang ké dén cuong d6 kéo udn, trong khi ¢& hat SSA thay thé
khéng anh hwdng 16 rét dén cuwdng d6 chiu nén. Hinh 16 minh hoa sy
khéc biét vé hiéu qua ting cuong d6 chiu nén giita hai nhém ty 16 (<
50 % va = 50 %) ciing nhu hiéu qua tang cudng d6 kéo ubn gitta hai

dang thay thé cbt liéu (min va thé).
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Bang 9. Phan tich théng ké anh huéng ctia SSA dén cuong dd PCC.

. Phuong phép . . P A s
Chi tiéu o P’ R Ty 1€ tidng TB nhém tang (%) TB nhém giam (%) | p-value (<0,05) Nhan xét
phén tich thong ké
Af, Binomial test 52,4 % 11,950 -7,665 0,8776 Khong r6 xu hudng
Af; Binomial test 71,4 % 40,053 -12,025 0,0079 Téng r6 rang
Af, Binomial test 83,3 % 25,847 -2,567 0,0075 Téng r6 rang
AE Binomial test 66,7 % 10,213 -11,550 0,3877 Khong r6 xu hudng

Bang 10. Phan tich théng ké hiéu qua ting trudng cudng d6 chiu nén (Af,) va cudng do kéo udn (Af) ctia PCC st dung SSA.

Chi tiéu Phuong phép phéan tich Nhém Gia tri trung binh p-value (<0,05) bénh gia
. SSA <50%/ SSA <50 % hiéu qua hon
Af, Wilcoxon rank-sum test 8,938%/ -0,228% 0,0071
SSA=50% SSA =50 %
) SSA < 50%/ L )
Af; Wilcoxon rank-sum test 38,962%/ 18,993% 0,1084 Khoéng r6 xu huéng
SSA =50%
] Thay thé FA/ L i
Af, Wilcoxon rank-sum test B 3,847%/ 1,587% 0,3243 Khoéng r6 xu huéng
Thay thé CA
) Thay thé FA/ . L
Af; Wilcoxon rank-sum test B 55,863%/ -0,178% 7,704e-06 Thay thé FA hiéu qua hon CA
Thay thé CA

L |

Hiéu qua cueng dé nén (%)
N .
Hiu qué cudng dé kéo udn (%)
"

Nhom e xithép " o chtieuxitep
@ (b)

Hinh 16. Biéu dd phan b hiéu qua cudng d6

theo ty 1& SSA (a) va theo ¢& cbt lidu (b).

® n=18 n=12 >
Mean=21.11 %

2 Mean = 2.96 %

mé dun dan héi (E, %)

40 0 100 40 100

T \éi?thép (%) °
(@ (b)
Hinh 17. Hiéu qua cudng d6 ép ché (a) va mé dun dan hdi (b) theo ty 16 SSA.

50
Ty 1é xithép (%)

V§i ciing b6 di liéu, hiéu qua tang trudng cuong do ép ché va
mo dun dan hdi duge thé hién trén Hinh 17. Két qua chi ra cudng do
ép cheé ting twong dbi cao, véi gia tri trung binh khoang 21,11 % va it
phu thudc vao ty 1& SSA thay thé. Ngugc lai, mé dun dan hdi chi ting
nhe, trung binh khoang 2,96 %, nhung c6 xu huéng tang ro rét theo
ham lugng SSA thé hién qua d6 déc 16n hon cta dwdng xu huéng. Xu

hwéng nay c6 thé do cwding dd ban than SSA cao hon cbt liéu ty nhién,
qua d6 gép phan cai thién mé dun dan hdi caa vat lidu.

5.3. Anh hiéng ciia SSA dén do bén cia bé tong xi mdng SSA

019 — H0% 4= GO €anh-30%
Hinhciu3o  -m- Goc cann-so%
ri Goc eann-100%

&
[+

—s— Xithép da x(r Iy lao hod
XI thép chua xur 1y

&
S
S

= -100 =
2 =375
€ 200 2
£- < 350
= vt
0 =1
8 300 sws
=] o
] g 300

—400

N
i
@

250

0 20 40 60 80 [} 20 40 60 80 100
Thai gian (ngay) Ham lugng xi thép (%)
(@ (b)

Hinh 18. Anh hudng cta loai SSA (a) va
ham Itong SSA (b) dén co ngét kho [83][89].

Roy va cs. [83] danh gia co ngét kho ctia PCC thudong va PCC s
dung cbt liéu SSA EAF dang ciu va géc canh véi céc ty 18 30 %, 50 %
va 100 % trong 91 ngay. Két qua (Hinh 18a) chi ra SSA dang ciu gitp
giam co ngét theo ham lwgng thay thé, véi mic giam 14n lugt 6,5 %,
13,2 % va khoang 38 % tai cac ty 1& 30 %, 50 % va 100 %, dong thoi 1a
gia tri thip nhit trong cac cip phéi. Nguoe lai, SSA dang géc canh cho
co ngét tuong duong bé tong thuong khi ty 1€ <50 %, nhung tdng rd
rét & mitc 100 %. O ciing ty 1& thay thé hoan toan, co ngét ctia bé téng
SSA dang ciu chi biang khoang mét ntia so véi SSA dang géc canh. Xu
hwéng nay cht yéu do ham lwgng nuwée v xi ming thip hon trong hén
hop SSA dang ciu, giam twong ng khoang 20 % va 21 %, qua d6 lam
giam co ng6t kho.
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Kumar [89] d4nh gi4 co ngét khd ctia PCC khi thay thé cbt liéu
thé bang SSA BOF chwa va di 13o héa & cac ty 1& 0-100 %. Két qua
(Hinh 18b) cho thdy co ngét ting theo ham lwgng SSA trong ca hai
truong hop, tit 254 pe & miu di chiing 1én khoang 423-430 pe khi
thay thé hoan toan. Bdng thdi, PCC st dung SSA di 130 héa ¢6 co ngét
cao hon SSA chua ldo hod, véi mic chénh léch 1an lvot 11,5 %, 10,2 %,
7,3 % va 1,7 % tai cac ty 1& 25 %, 50 %, 75 % va 100 %. Hién twgng nay
chti yéu do cAu triic kém diic chic va bé mit thé ctia xi BOF 1am giam kha
ning kim ham co ngét; ddng thi, cac san phdm ldo héa nhw Ca(OH),
va CaCO, 1am suy yéu ving chuyén tiép cbt liéu — hd xi ming, ti¥ d6
lam ting bién dang co ngét. Ngoai ra, SSA chua xit 1y thi c6 thé lam
treong nd hén hop do ¢6 ham lwgng CaO va MgO, han ché phin nio
co ngot.

Phuiong va cs. [82] d4 thi nghiém co ngét déo trén PCC dbi chiing
va PCC sit dung 100 % SSA thé. Két qua trén Hinh 19 ghi nhan bé téng
dbi chitng xuét hién 26 vét niit, trong d6 c6 10 vét niit xuyén, véi chiéu
sau vét nitt 16n nhit 35 mm, chiéu dai vét nitt 16n nhit 430 mm, téng
chiéu dai vét nitt 1122 mm va bé réng 16n nhit khoang 1 mm; trong
khi d6, bé tong SSA chi ghi nhén 7 vét nitt bé miit, v6i chidu sau, chidu
dai vét niit 16n nhét, téng chidu dai va bé rong vét nitt 16n nhét 1An lugt
giam xuéng con 0,7 mm, 45 mm, 180 mm va 0,7 mm. Két qua nay
chiting to ring SSA c6 hiéu qua rd rét trong viéc giam co ngét déo, chi
yéu do 1am ting cuwdng d6 kéo udn ctia bé téng, tit d6 han ché sy hinh
thanh va phét trién vét nit & giai doan sém.

Ngoai ra, Netinger Grubesa va cs. [92] ghi nhan SSA gitp cai
thién kha ning chéng mai mon so v&i cbt liéu ty nhién. Cot liéu thé (8-
16 mm) ciing cho hiéu qua tét hon cbt liéu vira (4-8 mm, IA). Cp phbi
thay thé 60 % cbt liéu tho va 30 % cdt liéu vira gitp giam 36,0 % do mai
mon (tir 23,9 xubéng 15,3 mm?/5000 mm>), cao hon so v6i phwong 4n
thay thé nguoc lai chi dat 31,9 % (ti¢ 23,2 xubng 15,8 mm?/5000 mm?>).
St cai thién nay chii yéu do SSA ¢6 d6 hao mon Los Angeles thap hon,
ddng thoi vai trd chi phéi ctia cbt liéu tho khién viéc thay thé cbt liéu tho

mang lai hiéu qua rd rét hon so v&i ct liéu min.

(b)
Hinh 19. Nitt tudi sém do co ngét déo cia
PCC v4i 0 % (a) va 100 % (b) SSA [82].

Panh gia kha ning chéng mai mon ctia PCC mit dudng (Hinh
20), cac nghién citu [82], [84], [89], [92] cho két qua khéng dbng nhit.
Phuong va cs. [82] va Ahn va cs. [84] ghi nhin SSA khong hoic chi cai
thién han ché kha ning chéng mai mon, trong khi Kumar [89] ghi nhin
SSA BOF gitip ting dang k& kha ning ndy. Cu thé, SSA chwa l3o héa

gitip giam d6 mai mon ti¥ 0,46 mm xudng 0,22 mm (giam 52,2 %), hiéu
qua hon so v§i SSA da 140 héa (giam con 0,28 mm, twong ing 39,1 %).
Sy cai thién ndy c6 thé do SSA chua l4o héa khéng hinh thanh 16p
CaCO, bé miit, tit d6 ting cuong lién két ITZ va han ché bong bat.

100%/0%, Phuong va cs. [82] 55.6
50%FA+50%CA/0%, Ahn va cs. [84] m——————— 36
25%/0% (x(r Iy), Kumnar [89]  ee—— 15,2
50%/0% (x( 1y), Kumar [89] m—— -23.9
75%/0% (xir Iy), Kumar [89] e——-34.8
100%/0% (x(¥ ly), Kumar [89]  me— 301
25%/0% (chura xtr Iy), Kumar [89]  me— -26.1
50%/0% (chura xi¥ Iy), Kumar [80]  me— 30,1
75%/0% (chura x(¥ ly), Kumar [89]  n—— 37,0
100%/0% (chwra xtr Iy), Kumar [89] e 52 2
M3/M2 (60%1A+30CA), Netinger va cs. [92] e——— -31.9
M5/M4 (30%IA+60CA), Netinger va cs. [92] e—— -36.0

-75.0 -50.0 -25.0 0.0 250 50.0 750
Hiéu qua chéng mai mén (%)

Hinh 20. Hiéu qua chéng mai mon ctia PCC SSA [82], [84], [89], [92].
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Hinh 21. D6 gidn n& nhiét ctia PCC st dung cbt liéu SSA BOF [89].

90 100

Kumar [89] nhén thiy sy gifin nd nhiét cia PCC st dung SSA
BOF (d4 va chua x@ ly) ting rd rét theo ty 1& thay thé (Hinh 21). D6i
v6i SSA chua x 1y, d6 gidn nd tang tit 9 pe (25 %) 1én 26 pe, 51 pe va
171 pe twong Gng véi cac mic 50 %, 75 % va 100 %, tic ting 1an lugt
khoang 189 %, 467 % va 1800 % so v&i mitc 25 %. Twong tu, v4i SSA
da xtt 1y (130 hod), gidn nd ting tit 19 pe (25 %) 1én 73 pe, 129 pe va 369
ue tai cdc mite 50 %, 75 % va 100 %, tong ¢ng tang 284 %, 579 % va
1842 %. So sanh giita hai loai SSA chiing t6 rang tai cing ty 1é thay thé,
bé tong st dung SSA da xu 1y luén c6 d6 gidn nd 16n hon SSA chuva xi
1y, cu thé cao hon khoang 111 % (25 %), 181 % (50 %), 153 % (75 %)
va 116 % (100 %). Nghién citu nay con cho thiy, mic dit qué trinh 130
héa 1am giam ham lwong CaO tu do tit 6,25 % xudng 4,47 % va do
tritong né cta cbt lidu tir 1,97 % xubng 1,53 %, giin nd nhiét ctia PCC
khéng giam tuong tng. Pidu niy phan 4nh ring gifn nd nhiét khéng
phu thugce trie tiép vao téng ham lvgng CaO ty do. Nguyén nhén 1a do
CaO tu do van tdn tai cuc bd trong hat SSA; khi tiép tuc thiy hoa, cac
vi trf nay gay gidn nd cuc bd va tich tu tng suit. Do d6, mitc do gidn
nd phu thudc khong chi vao ham lwgng ma con vao trang thai va phin
bb ctia cac pha triong né trong cbt liéu.

Maéc du SSA da dugc nghién cttu khé toan dién trong PCC, mot
s6 khéc biét giita cic két qua céng bd van ton tai do sy khac nhau vé
loai SSA, ¢& hat, hinh thitc va ty 1é thay thé. Do d6, cin tiép tuc danh
gia ng x1t dai han, d6 bén, rd ré kim loai ning ciing nhu thi cng thi
diém dé d4nh gia kha niing lam viéc thuc té ctia PCC st dung SSA.
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6. K&t luan va cac dinh huwéng nghién cifu dé ting kha ning Gng
dung SSA
6.1. Két ludn

Trén co s& tong hop va phan tich cic két qua nghién ctu di cong
bd v& sit dung SSA trong vat liéu xi ming miit duwdng, c6 thé rit ra cac
két luan chinh sau:

(1) SSA 12 phé thai ctia nganh luyén thép, c6 thanh phin héa hoc
chti yéu gdm Ca0, SiO,, AL,O, va cic oxit sit. Him lvgng CaO dao dong
khoang 36,53-50,7 % dbi véi xi BOF va 19,4-55,21 % dbi véi xi EAF,
trong khi SiO, dat 6,53-36,1 %. Trong d6, ham lugng f-CaO khoang 2—
10 % dbi véi xi BOF va 0,5-2 % dbi véi xi EAF 1a yéu t6 quyét dinh dén
d6 én dinh thé tich do qué trinh thity héa tao Ca(OH), 1am ting thé tich
pha rin khoang 97,92 %, gdy triiong n& va phat sinh vi nift. Vi vy, cin
kiém so4t ham lwong f-CaO xubng dudi khoang 1 % trude khi stz dung
trong vat liéu xi ming. Bén canh d6, SSA c6 khéi lugng riéng 16m (2,80-
3,44 g/cm?), @6 hit nwdc twong dbi cao (1,5-10 %) va @6 hao mon va
dap thép (10,8-18 %), cho thiy tiém ning st dung lam cbt liéu trong
cac vat liéu xi mang mat dudong.

(2) SSA ¢6 thé duge st dung trong cac vt liéu xi mang mat duong
nhu CTBA, CLSM, RCC va PCC v&i ty 1é thay thé cbt liéu tit 5-100 %,
trong d6 nhiéu nghién cttu ghi nhan hiéu qua tét & mitc 30-50 %. Tinh
chét cua vat liéu phu thude dang ké vio loai SSA, kich thwéc hat va ty
18 thay thé. Nhin chung, xi EAF cho hiéu qua cai thién cwdng d6 tét hon
xi BOF (20,5 % so v&i 5,7 %), trong khi st dung SSA lam cbt lidu thod
6 xu huéng ting cdng d6 khoang 5,9 %, con thay thé cbt liéu min ¢
thé 1am giam t6i 25,2 %. Tuy nhién, khi ham lwgng SSA qué cao, cudng
d6 thudong c6 xu hudng giam.

(3) Pbi v6i CTBA, sit dung SSA véi ti 1& phit hop gitip cai thién
d4ng ké tinh chét co hoc va n dinh thé tich, v6i cudng do chiu nén
tang 22,7-45,9 %, cuong 4o kéo ubn tang 71,4-98,7 %, m6 dun dan
hdi ting 56,9-62,5 % va co ngbt giam 12,9-49,7 %. Bbi véi CLSM, anh
hwéng ciia SSA phu thude dang ké vio loai xi va ty 18 thay thé. G mitc
thay thé 10 %, cwdng d6 chiu nén c6 thé ting téi 64,7 %, trong khi &
mdc 50 % thudng giam 21,1-62,0 %. Tinh céng tic va thdi gian ninh
két phu thudéc manh vao khéi luong thé tich ctia SSA; SSA nang lam
giam d6 sut 25,9 %, d6 chay xoe 9,7 % va rit ngin thoi gian ninh két
tit 273 xubng 205 phiit, trong khi SSA nhe lam ting d6 chay xde t&i
40,0 % va kéo dai thoi gian ninh két tit 273 1én 340 phiit.

(4) bbi v6i RCC, SSA gitip ting kha ning chéng mai mon 21-40 %
nhung lam ting d¢ hit nudce tit 4,30 % 1én 5,40 % va do gidn no ti
0,13 % lén 0,19-0,40 %, cho thiy nguy co giam bn dinh thé tich khi
ham lugng SSA 16n. Bbi véi PCC, ty 18 thay thé dwdi 50 % cho hiéu qua
tét v&i mic ting cuwdng db trung binh 8,94 %, SSA min ¢6 xu huwéng
cai thién cuwdng d6 kéo udn va kha ning khang niit véi mitc ting trung
binh 55,86 %, trong khi céc tridng hop suy giam 13 khoéng dang ké.

(5) Két qua nghién cifu trong nuwdc cho thiy SSA cé tiém ning
tng dung trong vat liéu mit dudng. PSi véi CTBA, SSA gitp ting cudng
d6 chiu nén khoang 19,6 % va cho mé dun dan hdi cao hon cbt liéu ty
nhién. Cudng d6 chiu nén ciia RCC st dung SSA c6 thé giam t6i 24,4 %,

nhung d6 mai mon cai thién tir 22,7 mm xuéng 21,2 mm. Ngoai ra, SSA
gitip giam dang ké co ngét déo ctia PCC. Nhin chung, cac két qua nay
phit hop véi xu hwéng nghién ctitu quéc té dbi véi CTBA va PCC, trong
khi d6i véi RCC can c6 thém nghién cttu va hién chwa c6 nghién ctu
st dung SSA trong CLSM. Do d6, cAn mé réng nghién ctu vé RCC va
CSLM, dic biét v& vi ciu triic, d6 bén va tic dong moi tridng clia vat

liéu xi mang mat duong chita SSA.
6.2. Cdc vdn dé lién quan va dinh hitdng nghién citu

SSA da chitng minh c6 tiém ning ng dung lam vat liéu miit
dwdng, tuy nhién vin con nhidu vin dé lién quan dén kiém soat chit
lwgng ngudn SSA, 6n dinh thé tich dai han, tic déng mdi trudng va tiéu
chuén héa ttng dung thutc t&. Ddng thoi, co s¢ thiét ké cAp phéi, danh
gia tinh ning k§ thut clia vat liéu xi mang xi thép va trién khai thyc
dia van cin duoc tiép tuc 1am ré. Mét sb thach thite va dinh huéng
nghién ctu chinh duge d& xuét nhu sau:

(1) Hién c6 rt nhidu loai xi thép khac nhau da duoc nghién citu
va stt dung v&i cdc hinh thitc va ty 1é thay thé khac biét, c6 cac anh
huéng rat khac nhau dén cac tinh chit ctia vat liéu xi ming xi thép. Do
d6 cin c6 nghién cttu phan tich mét cach hé théng nhim lam ré anh
huéng clia SSA, bao gdm loai SSA, ¢& hat, hinh thifc va ty 18 thay thé,
cling nhu xy dyng mé hinh dy bdo mc do anh huwdng cta cac thong
s6 thiét ké nay dén cudng do, dic biét 1a cdng do chiu nén, thong sb
thiét ké co ban ctia vét liéu xi ming. Két qua phan tich nay gitp dinh
huéng 16 viéce thiét ké va st dung SSA cho cac vt liéu xi ming xi thép
khac nhau trong xdy dung méat duong.

(2) Ham lugng CaO va MgO tu do (f-CaO, {-MgO) trong SSA la
mot vAn dé 16n, anh huéng 16n dén tinh 6n dinh thé tich cta vt liéu
xi mang xi thép. Hién c6 rat nhidu nghién cifu lién quan vé viéc xit 1y
xi thép, tuy nhién chita 6 mot nghién ctu tdng quan thite su vé quy
trinh thye hién, co' ché Iy héa hoc, vu nhuge diém, hidu qua xi 1y, ciing
nhv phét thai CO2 giita cac hinh thite x 1y,... & ¢6 su cAn nhic lua
chon xt 1y phit hop cho titng loai SSA. Ngoai ra, cAn dénh gia mitc d6
trivong né ciia titng loai xi thép cu thé va kiém tra miétc d6 phit hop
trede khi st dung lam cbt liéu cho vat liéu xi mang mat duong.

(3) SSA da dugc nghién ctitu st dung trong vat liéu xi méng mét
dwdng, phd bién nhét 14 st dung trong 16p méng gia ¢b xi ming va bé
tdng mit dudng. Vat liéu cwdng do thip cé kidm soat (CLSM) 12 vat liéu
méng duong khong cin lu 1én va thoi gian bao dudng lau, rat thich
hop trong cac diéu kién bi tic dong clia cic lu 1én nhu rung chén, bui
ban, thoat nwée, anh huéng dén giao thong khi cong trinh dang khai
thac... Tuy nhién, viéc 4p dung vét liéu nay 1am tAng méng nay con kha
han ché & nuwéec ta, cha yéu 1am vat liéu san 14p. Do d6 can nghién cifu
&p dung CLSM c6 stt dung xi thép trong méng dudong. Hién viéc sit dung
SSA cho CSLM chu yéu cho vat liéu san 14p c6 d6 chay cao, din dén do
co ngét va din nhiét 16n. Trong khi d6, d6i vat liéu khé hon nhu CTBA
va RCC hodc thdm chi PCC mat dudng, viéc st dung SSA cai thién dang
ké céc tinh chét nay. Do d6 cin nghién cttu sit dung SSA trong CLSM st
dung c6 méng dudng c6 do sut phit hgp theo yéu ciu 4-6 cm ctia bé
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tong xi ming mit dudng dé xem xét anh hudng ctia SSA dén cac dic
tinh vat liéu nay, phit hop 1am ting méng mit dwdng néi chung va miit
duong bé tong nhya noi riéng.

(4) Khi st dung SSA trong vat liéu xi ming mit duong thi cin
danh gia diy du cac tinh chét lién quan, thudng bao gdm cudng dd chiu
nén, cuong do chiu ubn va mé dun dan hdi (chi tiéu co ban quy dinh
trong cic tiéu chudn thiét ké, thi cong v nghiém thu), va dic biét cin
m¢& rong danh gid thém céc ddc tinh chuyén sau nhu co ngét, gidn n®
nhiét, khang nitt, thdm, mai mon,..., tiy theo vat liéu tAing méng hay
mit dwdng dé dam bao két cAu miit dwdng bén viing. Ngoai ra cn phén
tich 15 vi cAu triic, héa hoc dé giai thich sy thay ddi cac dic trung co
hoc va d6 bén, dong thoi danh gia van d ro 1i kim loai nang, dac biét
khi vét liéu bi vi niét dudi tdc dung cia nhiét do hay tai trong xe chay.

(5) Pa sb cac nghién ctu chi thue hién danh gia cdc tinh chit vat
liéu xi méng xi thép trong pham vi phong thi nghiém. Do d6, trién khai
thi coéng thi diém hién truong la ciing cAn duge thye hién dé dé d4nh
gia tng x thuc té ctia vat liéu xi ming mit dwdng ¢ st dung xi thép,
dic biét vé co ngét, khang nift va anh hiéng 1én tAng mit trong trudng

hop vit liéu xi miing xi thép 1am ting méng (néu cb).
Loi cam on

Nghién cttu nay dugce tai trg béi Quy Phat trién khoa hoc va céng
nghé Pai hoc Pa Ning trong dé tai c6 ma sb B2023-DN02-18.

Tai liéu tham khao

[1]. A. M. Rashad, “Behavior of steel slag aggregate in mortar and concrete - A
comprehensive overview,” J Build Eng, vol. 53, p. 104536, Aug. 2022.

[2]. World Steel Association, “World Steel in Figures,” 2025.

[3]. International Energy Agency, “Iron & steel,” 2025.

[4]. J. Liu, J. Xu, Q. Liu, S. Wang, and B. Yu, “Steel Slag for Roadway
Construction: A Review of Material Characteristics and Application
Mechanisms,” J Mater Civ Eng, vol. 34, no. 6, pp. 1-18, Jun. 2022.

[5]. L.J.Huang, H. Y. Wang, and C. T. Wei, “Engineering properties of controlled
low strength desulfurization slags (CLSDS),” Constr Build Mater, vol. 115,
pp. 6-12, 2016.

[6]. A. K. Saha and P. K. Sarker, “Sustainable use of ferronickel slag fine
aggregate and fly ash in structural concrete: Mechanical properties and
leaching study,” J Clean Prod, vol. 162, pp. 438-448, 2017.

[7]1. G. Adegoloye, A. L. Beaucour, S. Ortola, and A. Noumowé, “Concretes made
of EAF slag and AOD slag aggregates from stainless steel process: Mechanical
properties and durability,” Construction and Building Materials, vol. 76. pp.
313-321, 2015.

[8]. M. H. Lai, J. Zou, B. Yao, J. C. M. Ho, X. Zhuang, and Q. Wang, “Improving
mechanical behavior and microstructure of concrete by using BOF steel slag
aggregate,” Constr Build Mater, vol. 277, pp. 1-11, 2021.

[9]. G. Elgendy, A. Elagamy, M. Sherif, and S. EL-Badawy, “Laboratory Evaluation
of Green Concrete Mixes Containing High Percentages of Steel Slag Coarse
Aggregate,” Bull Fac Eng Mansoura Univ, vol. 40, no. 1, pp. 29-37, 2020.

[10]. Y. K. Sabapathy, V. B. Balasubramanian, N. Shiva Shankari, A. Yeshwant
Kumar, and D. Ravichandar, “Experimental investigation of surface

modified EOF steel slag as coarse aggregate in concrete,” J King Saud Univ

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

- Eng Sci, vol. 29, no. 4, pp. 388-393, 2017.

L. Yiiksel, T. Bilir, and O. Ozkan, “Durability of concrete incorporating non-
ground blast furnace slag and bottom ash as fine aggregate,” Building and
Environment, vol. 42, no. 7. pp. 2651-2659, 2007.

Z. H. Ali and N. N. Khalid, “Applicability of Induction Furnace Steel Slag in
RC Columns Subjected to Axial and Uniaxial Loading,” Civ Environ Eng, vol.
19, no. 1, pp. 108-118, 2023.

K. K. Sideris, C. Tassos, A. Chatzopoulos, and P. Manita, “Mechanical
characteristics and durability of self compacting concretes produced with
ladle furnace slag,” Constr Build Mater, vol. 170, pp. 660-667, 2018.

S.-Y. Pan, R. Adhikari, Y.-H. Chen, P. Li, and P.-C. Chiang, “Integrated and
innovative steel slag utilization for iron reclamation, green material
production and CO2 fixation via accelerated carbonation,” J Clean Prod, vol.
137, pp. 617631, Nov. 2016.

A. S. Brand and J. R. Roesler, “Steel furnace slag aggregate expansion and
hardened concrete properties,” Cem Concr Compos, vol. 60, pp. 1-9, 2015.
Z. Ren and D. Li, “Application of Steel Slag as an Aggregate in Concrete
Production: A Review,” Materials (Basel), vol. 16, no. 17, p. 5841, Aug. 2023.
G. Wang, Y. Wang, and Z. Gao, “Use of steel slag as a granular material:
Volume expansion prediction and usability criteria,” J Hazard Mater, vol.
184, no. 1-3, pp. 555-560, 2010.

J. E. S. L. Teixeira, A. G. Schumacher, P. M. Pires, V. T. F. Castelo Branco,
and H. B. Martins, “Expansion Level of Steel Slag Aggregate Effects on Both
Material Properties and Asphalt Mixture Performance,” Transp Res Rec, vol.
2673, no. 3, pp. 506-515, 2019.

H. Rooholamini, R. Sedghi, B. Ghobadipour, and M. Adresi, “Effect of
electric arc furnace steel slag on the mechanical and fracture properties of
roller-compacted concrete,” Constr Build Mater, vol. 211, pp. 88-98, 2019.
A. Masilamani, M. Ramalingam, P. Kathirvel, G. Murali, and N. L. Vatin,
“Mechanical, Physico-Chemical and Morphological Characterization of
Energy Optimised Furnace (EOF) Steel Slag as Coarse Aggregate in
Concrete,” Materials (Basel), vol. 15, no. 9, p. 3079, Apr. 2022.

S. I. Ahmad and M. S. Rahman, “Mechanical and Durability Properties of
Induction-Furnace-Slag-Incorporated Recycled Aggregate Concrete,” Adv
Civ Eng, vol. 2018, no. 1, pp. 34-44, Jan. 2018.

1. Papayianni and E. Anastasiou, “Utilization of Electric Arc Furnace Steel Slags
in Concrete Products,” 6th Eur Slag Conf, no. October, pp. 20-22, 2014.

R. Alizadeh, M. Chini, P. Ghods, M. Hoseini, S. Montazer, and M. Shekarchi,
“Utilization of Electric Arc Furnace Slag as Aggregates in Concrete --
Environmental Issue,” in International Conference on Recent Advances in
Concrete Technology, 2015, no. January 2003.

J. T. San-José, 1. Vegas, 1. Arribas, and I. Marcos, “The performance of steel-
making slag concretes in the hardened state,” Mater Des, vol. 60, pp. 612—
619, 2014.

J. Lizarazo-Marriaga, P. Claisse, and E. Ganjian, “Effect of Steel Slag and
Portland Cement in the Rate of Hydration and Strength of Blast Furnace Slag
Pastes,” J Mater Civ Eng, vol. 23, no. 2, pp. 153-160, 2011.

M. Maslehuddin, A. M. Sharif, M. Shameem, M. Ibrahim, and M. S. Barry,
“Comparison of properties of steel slag and crushed limestone aggregate
concretes,” Constr Build Mater, vol. 17, no. 2, pp. 105-112, 2003.

R. Manjunath and M. C. Narasimhan, “An experimental investigation on self-
compacting alkali activated slag concrete mixes,” J Build Eng, vol. 17, no.
October 2017, pp. 1-12, May 2018.

J. Zeli¢, “Properties of concrete pavements prepared with ferrochromium slag
as concrete aggregate,” Cem Concr Res, vol. 35, no. 12, pp. 2340-2349, 2005.
H. Y. Moon, J. H. Yoo, and S. S. Kim, “A fundamental study on the steel slag
aggregate for concrete,” Geosystem Eng, vol. 5, no. 2, pp. 38-45, 2002.

JOMC |106



Tap chi Vat liéu & Xdy dung Tdp 16 $6 04 ndm 2026

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[371.

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

C. Shi, “Characteristics and cementitious properties of ladle slag fines from
steel production,” Cem Concr Res, vol. 32, no. 3, pp. 459-462, 2002.

1. Yildirim and M. Prezzi, “Use of Steel Slag in Subgrade Applications,” J
Chem Inf Model, vol. 53, no. 9, pp. 1689-1699, 2011.

J. Ma, G. Dai, F. Jiang, N. Wang, Y. Zhao, and X. Wang, “Effect of
Carbonation Treatment on the Properties of Steel Slag Aggregate,” Materials
(Basel), vol. 16, no. 17, p. 5768, Aug. 2023.

X. Wang et al., “Steam Efficiently Enhancing CO2 Direct Mineralization Steel
Slag Towards Actual Production: Phase Evolution, Microstructure, and
Mechanisms,” Materials (Basel), vol. 18, no. 20, p. 4786, Oct. 2025.

A. C. Rodrigues Guimarées, K. Avila Costa, M. de Miranda Reis, C. S. Alves
Santana, and C. Dias Castro, “Study of controlled leaching process of steel
slag in soxhlet extractor aiming employment in pavements,” Transp
Geotech, vol. 27, no. November 2020, 2021.

P. Gao, J. Wang, J. Cui, Y. Yuan, and Y. Song, “Experimental Study on the
Effects of Carbonated Steel Slag Fine Aggregate on the Expansion Rate,
Mechanical Properties and Carbonation Depth of Mortar,” Materials (Basel),
vol. 17, no. 13, p. 3279, Jul. 2024.

Y. Zhang et al., “Volume expansion of steel slag cement mortar and
synergistic effects of f-CaO content, particle size, and curing temperature,”
Constr Build Mater, vol. 522, no. March, p. 146161, May 2026.

N. M. Piatak, M. B. Parsons, and R. R. Seal, “Characteristics and
environmental aspects of slag: A review,” Appl Geochemistry, vol. 57, pp.
236-266, Jun. 2015.

B Khoa hoc va Cong nghé, “QCVN 03:2023/BTNMT - Quy chuén ky thuat
qudc gia vé chét lvong dat,” Ha Nbi, Viét Nam, 2023.

R. V. M. Toffolo, T. K. Moro, D. H. Santos, L. C. B. Costa, J. C. Mendes, and
R. A. F. Peixoto, “Roller-Compacted Concrete Pavements Produced Entirely
with Steelmaking Slag Aggregates,” ACI Mater J, no. 118, 2021.

Q. Y. Chen, M. Tyrer, C. D. Hills, X. M. Yang, and P. Carey, “Immobilisation
of heavy metal in cement-based solidification/stabilisation: A review,”
Waste Manag, vol. 29, no. 1, pp. 390-403, 2009.

X. Zhu, T. Wang, Z. Yi, Z. Yu, K. Luo, and X. Gao, “Enhanced heavy metal
immobilization in cementitious materials through CO2 mineralization: A
kinetic analysis and physicochemical evolution,” Constr Build Mater, vol.
457, no. October, p. 139363, 2024.

C. Shi,
Cementitious Properties,” J Mater Civ Eng, vol. 16, no. 3, pp. 230-236, 2004.

“Steel Slag—Its Production, Processing, Characteristics, and
S. Kourounis, S. Tsivilis, P. E. Tsakiridis, G. D. Papadimitriou, and Z.
Tsibouki, “Properties and hydration of blended cements with steelmaking
slag,” Cem Concr Res, vol. 37, no. 6, pp. 815-822, 2007.

T. Cheng and K. Yan, “Mechanics properties of the lime-steel slag stabilized soil
for pavement structures,” Adv Mater Res, vol. 168-170, pp. 931-935, 2011.
M. Zhou, X. Cheng, and X. Chen, “Studies on the volumetric stability and
mechanical properties of cement-fly-ash-stabilized steel slag,” Materials
(Basel), vol. 14, no. 3, pp. 1-16, 2021.

J. T. Kolawole, A. J. Babafemi, S. C. Paul, and A. du Plessis, “Performance of
concrete containing Nigerian electric arc furnace steel slag aggregate towards
sustainable production,” Sustain Mater Technol, vol. 25, p. 00174, Sep. 2020.
I. Gokalp, V. E. Uz, M. Saltan, and E. Tutumluer, “Technical and
environmental evaluation of metallurgical slags as aggregate for sustainable
pavement layer applications,” Transp Geotech, vol. 14, pp. 61-69, 2018.
M. Papachristoforou, E. K. Anastasiou, and I. Papayianni, “Durability of steel
fiber reinforced concrete with coarse steel slag aggregates including
performance at elevated temperatures,” Constr Build Mater, vol. 262, p.
120569, 2020.

F. Faleschini, M. Alejandro Fernandez-Ruiz, M. A. Zanini, K. Brunelli, C.

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[591.

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67]

Pellegrino, and E. Hernandez-Montes, “High performance concrete with
electric arc furnace slag as aggregate: Mechanical and durability properties,”
Constr Build Mater, vol. 101, pp. 113-121, Dec. 2015.

X. Zhang, S. Zhao, Z. Liu, and F. Wang, “Utilization of steel slag in ultra-
high performance concrete with enhanced eco-friendliness,” Constr Build
Mater, vol. 214, pp. 28-36, 2019.

M. Skaf, J. M. Manso, A. Aragén, J. A. Fuente-Alonso, and V. Ortega-Lépez,
“EAF slag in asphalt mixes: A brief review of its possible re-use,” Resources,
Conservation and Recycling, vol. 120. Elsevier B.V., pp. 176-185, 2017.

S. I. Adedokun, M. A. Anifowose, and S. O. Odeyemi, “Assessment of Steel
Slag as Replacement for Coarse Aggregate in Concrete: A review,” ACTA
Tech CORVINIENSIS - Bull Eng, vol. 11, no. 4, pp. 139-146, 2018.

C. Kambole, P. Paige-Green, W. K. Kupolati, J. M. Ndambuki, and A. O.
Adeboje, “Basic oxygen furnace slag for road pavements: A review of
material characteristics and performance for effective utilisation in southern
Africa,” Constr Build Mater, vol. 148, pp. 618-631, 2017.

O. Gencel, O. Karadag, O. H. Oren, and T. Bilir, “Steel slag and its
applications in cement and concrete technology: A review,” Constr Build
Mater, vol. 283, p. 122783, 2021.

Y. Jiang, T. C. Ling, C. Shi, and S. Y. Pan, “Characteristics of steel slags and
their use in cement and concrete—A review,” Resour Conserv Recycl, vol.
136, no. April, pp. 187-197, 2018.

H. Yi, G. Xu, H. Cheng, J. Wang, Y. Wan, and H. Chen, “An Overview of
Utilization of Steel Slag,” Procedia Environ Sci, vol. 16, pp. 791-801, 2012.
D. T. Dang, M. T. Nguyen, T. P. Nguyen, T. Isawa, Y. Ta, and R. Sato,
“Mechanical properties of steel slag replaced mineral aggregate for road
base/sub-base application based Vietnam and Japan standard,” Environ Sci
Pollut Res, vol. 29, no. 28, pp. 42067-42073, 2022.

M. N. T. Lam, S. Jaritngam, and D. H. Le, “Roller-compacted concrete
pavement made of Electric Arc Furnace slag aggregate: Mix design and
mechanical properties,” Constr Build Mater, vol. 154, pp. 482-495, 2017.
M. N. T. Lam, D. H. Le, and S. Jaritngam, “Compressive strength and
durability properties of roller-compacted concrete pavement containing
electric arc furnace slag aggregate and fly ash,” Constr Build Mater, vol. 191,
pp. 912-922, 2018.

P. Vu Hong Son, N. Van Nam, N. P. Tran, L. Le-Hoai, and T. D. Ngo, “Steel
slag aggregate low-cement concrete: Engineering performance,
microstructure and sustainability,” Constr Build Mater, vol. 436, no. March,
p. 136827, 2024.

Nguyén Thi Thiy Hing; Mai Hong Ha; Trin Vin Tiéng, “Nghién citu st dung
xi thép-cat min gia ¢ xi ming 1am 16p méng dudng 6 t6,” Tap chi Khoa hoc
Cong nghé Xdy dung NUCE, vol. 13, no. 5V, pp. 93-101, 2019.

P. N. Phwong, T. T. T. Thao, and T. T. Tuyén, “Anh hwéng cta xi thép dén
céc tinh chit co 1y va nhiét 1y cta cip phdi da dim gia c6 xi ming,” Tap chi
khoa hoc va cong nghé - Pai hoc Pa Ning, vol. 22, no. 1, pp. 1-6, 2024.

L. Barisié, S. Dimter, and T. Rukavina, “Elastic properties of cement-stabilised
mixes with steel slag,” Int J Pavement Eng, vol. 17, no. 9, pp. 753-762, 2015.
Y. Huang, X. Yang, S. Wang, Z. Liu, L. Liu, and B. Xu, “Evaluating Cement
Treated Aggregate Base Containing Steel Slag: Mechanical Properties,
Volume Stability and Environmental Impacts,” Materials (Basel), vol. 15, no.
23, pp. 1-17, 2022.

J. Liu, B. Yu, and Q. Wang, “Application of steel slag in cement treated
aggregate base course,” J Clean Prod, vol. 269, p. 121733, 2020.

Q. Li, B. Li, X. Li, Z. He, and P. Zhang, “Microstructure of pretreated steel
slag and its influence on mechanical properties of cement stabilized
mixture,” Constr Build Mater, vol. 317, no. June 2021, 2022.

. W. Li, L. Lang, Z. Lin, Z. Wang, and F. Zhang, “Characteristics of dry

JOMC |107



Tap chi Vit liéu & Xdy dung Tdp 16 S6 04 ndm 2026

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[771].

[78].

[79].

[801].

[81].

[82].

[83].

[84].

[85].

shrinkage and temperature shrinkage of cement-stabilized steel slag,” Constr
Build Mater, vol. 134, pp. 540-548, 2017.

P. C. Song, G. X. Chen, and Y. J. Chen, “Optimizing the Utilization of Steel
Slag in Cement-Stabilized Base Layers: Insights from Freeze-Thaw and
Fatigue Testing,” Materials (Basel), vol. 17, no. 11, 2024.

S. Wang et al., “Study on the macro and micro mechanical properties of
cement-stabilized steel slag modified for road base aggregate applications,”
Constr Build Mater, vol. 491, no. June, p. 142741, 2025.

T. C. Ling, S. K. Kaliyavaradhan, and C. S. Poon, “Global perspective on
application of controlled low-strength material (CLSM) for trench backfilling
— An overview,” Constr Build Mater, vol. 158, pp. 535-548, 2018.

D.-F. Lin, H.-L. Luo, H.-Y. Wang, and M.-J. Hung, “Successful Application of
CLSM on a Weak Pavement Base/Subgrade for Heavy Truck Traffic,” J
Perform Constr Facil, vol. 21, no. 1, pp. 70-77, 2007.

ACI, “ACI PRC-229R-13(22) Report on Controlled Low-Strength Materials
(Reapproved 2022),” 2022.

M. Ibrahim, M. K. Rahman, S. K. Najamuddin, Z. S. Alhelal, and C. E. Acero,
“A review on utilization of industrial by-products in the production of
controlled low strength materials and factors influencing the properties,”
Constr Build Mater, vol. 325, no. February, p. 126704, 2022.

H. Y. Wang and K. W. Chen, “A study of the engineering properties of CLSM
with a new type of slag,” Constr Build Mater, vol. 102, pp. 422-427, 2016.

C. C. Hung, C. C. Wang, and H. Y. Wang, “Establishment of the controlled
low-strength desulfurization slag prediction model for compressive strength
and surface resistivity,” Appl Sci, vol. 10, no. 16, 2020.

G. K. Young-sang Kim, Ba Huu Dinh, Tan Manh Do, “Development of
thermally enhanced controlled low-strength material incorporating different
types of steel-making slag for ground-source heat pump system,” Renew
Energy, vol. 150, pp. 116-127, 2020.

M. N. T. Lam, S. Jaritngam, and D. H. Le, “EAF slag aggregate in roller-
compacted concrete pavement: Effects of delay in compaction,” Sustain, vol.
10, no. 4, pp. 1-14, 2018.

A. Goli, H. Emadi, and P. Sadeghi, “Investigating the effect of using steel
slag on abrasion resistance of roller - compacted concrete pavement,” Innov
Infrastruct Solut, no. June, 2023.

D. Nasr and E. Bavafa, “Electrically Conductive Roller-Compacted Concrete
(RCC) Containing BOFS, Steel Fiber, and Steel Shaving,” Advances in Civil
Engineering, vol. 2023. 2023.

V. V. Butle, D. S. Reddy, and V. Srinivasan, “Evaluation of EAF steel slag as
aggregate replacement in LCC-based roller-compacted concrete pavements,”
Constr Build Mater, vol. 510, no. December 2025, p. 145244, Feb. 2026.

H. Qasrawi, F. Shalabi, and I. Asi, “Use of low CaO unprocessed steel slag in
concrete as fine aggregate,” Constr Build Mater, vol. 23, no. 2, pp. 1118-
1125, 2009.

P. N. Phuong, N. T. Cuong, b. N. H. Péc, N. V. P. Hao, and L. . Chau,
“Cudng 9, kha ning khang nit do co ngét déo va tinh thim nuéce clia bé
tong xi ming mit dudng st dung cbt lidu xi thép va cao su,” Tap chi Khoa
hoc Cong nghé Xay dung, vol. 17, 2023.

S. Roy, T. Miura, H. Nakamura, and Y. Yamamoto, “Investigation on
applicability of spherical shaped EAF slag fine aggregate in pavement
concrete — Fundamental and durability properties,” Construction and
Building Materials, vol. 192. pp. 555-568, 2018.

B. H. Ahn, S. J. Lee, and C. G. Park, “Chloride ion diffusion and durability
characteristics of rural-road concrete pavement of south korea using air-
cooled slag aggregates,” Appl Sci, vol. 11, no. 17, 2021.

B. Ahn, S. Lee, and C. Park, “Physical and Mechanical Properties of Rural-

Road Pavement Concrete in South Korea Containing Air-Cooled Blast-

[86].

[87].

[88].

[89].

[90].

[91].

[92].

Furnace Slag Aggregates,” Appl Sci, vol. 11, no. 12, p. 5645, Jun. 2021.

R. T. Abd El-Hakim, G. M. Elgendy, S. M. El-Badawy, and M. Amin,
“Performance evaluation of steel slag high performance concrete for sustainable
pavements,” Int J Pavement Eng, vol. 23, no. 11, pp. 3819-3837, 2022.

M. Murmu, N. Ranjan Mohanta, and N. Bapure, “Study on the fresh and
hardened properties of concrete with steel slag as partial replacement for
natural aggregates,” Materials Today: Proceedings. 2023.

J. A. Fuente-Alonso, V. Ortega-Lopez, M. Skaf, A. Arag6n, and J. T. San-José,
“Performance of fiber-reinforced EAF slag concrete for use in pavements,”
Constr Build Mater, vol. 149, pp. 629-638, Sep. 2017.

B. Kumar, “Utilisation of aged and unaged basic oxygen furnace steel slag
aggregates in pavement quality concrete,” International Journal of
Pavement Engineering, vol. 24, no. 1. 2023.

L. M. Nicula, O. Corbu, I. Ardelean, A. V. Sandu, M. Iliescu, and D. Simedru,
“Freeze-thaw effect on road concrete containing blast furnace slag: Nmr
relaxometry investigations,” Materials, vol. 14, no. 12. 2021.

K. P. Verian, P. Panchmatia, J. Olek, and T. Nantung, “Pavement concrete with
air-cooled blast furnace slag and dolomite as coarse aggregates: Effects of deicers
and freeze-thaw cycles,” Transp Res Rec, vol. 2508, no. 8, pp. 55-64, 2015.

I. Netinger Grubesa, I. Bari$i¢, T. Keser, and M. Vracevié¢, “Wearing
characteristics assessment of pervious concrete pavements,” Road Mater
Pavement Des, vol. 20, no. 3, pp. 727-739, 2019.

JOMC |108



