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Preparation of Low-Shrinkage and Radiation-Shielding Ultra-High Performance Concrete
and Its Performance Formation Mechanism
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Abstract: An ultra-high performance concrete (UHPC) with high strength, low shrinkage, strong radiation shielding and impact
resistance was prepared, and its performance formation mechanism was analyzed. The results show that the as-prepared low
shrinkage radiation shielding UHPC has 28-d compressive strength of > 120 MPa, 28-d flexural strength of > 20 MPa, 180-d
shrinkage rate of < 385x10°°, radiation shielding efficiency of 85% and energy consumption for dynamic impact cracking of
5600 kJ/m’. The high performance of this UHPC is mainly due to the dense-packing design, interfacial strengthening effect of
titanium-rich heavyweight slag sand and “pin structure”, the combination of internal curing of titanium-rich heavyweight slag sand
and shrinkage compensation of expansive agent, the radiation shielding effect of Ba and Fe elements in barite powder/sand,
titanium-rich heavyweight slag sand and steel fiber, and the combining toughening effect of steel fiber and polymer fiber.

Keywords: titanium-rich heavyweight slag sand; ultra-high performance concrete; volume stability; radiation shielding properties;
impact resistance

B SR B AE v TR W ARG MR ORI R I B 24 10 5 (R Bl 4 A 1k RE AT 0 22 4
B, BLEBRRCE T2, MRS 224, Bk,  BE. SR, ARTPER SR RE L B s i AN

WeRs H A 2021-04-26. BT HH#E: 2021-07-04. Received date: 2021-04-26.  Revised date: 2021-07-04.

FEWH: EREREIEEEITH (51878003, 52008002, U2006224); First author: ZHANG Gaozhan (1981-), male, Ph. D, Associate Professor.
ZRAA SRR TS E TN LR RIIE (gxyqZD2019055) E-mail: gaozhanzhang@126.com

B KREQ981—), B, WL, REIEdE. Correspondent author: DING Qingjun (1962-), male, Ph. D, Professor.

WEEE: TKZE2—), 5, [t #Hi%. E-mail: dinggj@whut.edu.cn



« 2406 - QEIEN=Ei ) J Chin Ceram Soc, 2021, 49(11): 2405-2415 2021 4E
SRS — AR Cool'®, MELLIRPUBEMEph i 4RBFARST UHPC, FERFFCIL TAEVERE. J12ERE.

BB T R SR R R B, R i
iy A RS et L (UHPC) R A &
SR, R I AR SR o T R
M, R TRESERNEAEWME. B, BT
UHPC H— A& EHAR, AL BEMRE IAEE,
I N UHPC 2544 )8 R THILpsmat tEael, i
75 350 T 8 AL S A 1 o 0 25 A 20046 FH 25 T 9t
No Ak, BT UHPC R R & it m BRI L
K, R IRAE R (ATIE 800x107° LA E), A%
SR FH 25 3748 it i3t B AR R MEAN P D, ik
7 PR ) L AE B e Bt = TR IR, ARERR K
PRI TAFFERIIL AT . Rk, PEAK UHPC fH
A 2R s FL ST 2 bR RE 70, il KU 4 g
ST UHPC, R iRt -2 ompg . pippd
P B AR5 588 ST 1 e g LA SHE I 1) S

HEr, dkmesll Justs 200, gl A
Liu S8 7 UHPC H5 0 323 0RE I 4 71
IR 725 T BUAR v T UHPC 5 S 45 T 24 i v At
BT WAl &7+ UHPC Bl 5 B 7 T A 72 42
Do g B A S VR U D B R I e L
T UHPC WAFAE— € A, 40 & FH P s e el B
m A RD, JTHWE . SRk, A DL Sk 2% e
BhE R s, e MR AR, BN T 44
E¢ U o o I 4 S VR ek = 1 g 2 v L)

BT B 101, 254 7% & UHPC )5 PERe Bk
SREAMET 100 MPa). AFIFa e EORER A KT
400x107°) 1 5 48 51 1 A8 (58 95 5F ik 2k R AT
70%), fEH:T UHPC it BRI T, FIH E &
AUk 4 BRI SRR T UHPC 25 81 IR 7K AL
#, FIHZ Lk e Ak EN B R A AR
UHPC RS e MEAB A e e, DLt MK

R PERE . Hraf oV REATRIFa 5 1k B ) 32 2452
WA R, PRI BT L EE .

1.1 [E#et

BT FRY R ZK B « BEAR S Ry B A ARk A 2t A
o JKUEN PO52.5, LR 385 mikg, Ik
IHA] 142 min, ZR%ERFTE] 249 min, 28 d PUIEGRE
582 MPa; fiEK SiO, B EAN 95%, XM N
19 500 m*/kg; B MER T KB LL 90%, &
N 1200 m*/kg. bR 3 E ARG LR LK 1.
H iAok 1 BaSO, &5 KT 95%, Kifth 500 H .
RN ET B E B A . mERET B R
MM 3100 kg/m®, HAITKE A 8.1%, KR
BN 5.3%, MFERECH 3.0, HECLIXIAA I X,
R B R AL 2R SR UG 5 ) &
1 — PR LB I 2 LR . AT R RN
FRARSL, TR SR A B MK OGHAT K .
AR M E S 4300 kg/m®, A KE N 1.6%,
JEWARPMER 17.5%, HFERECH 2.7, HIECX[EHN
I X SF4E NPT 4E ISR G AT 4. 44 A
(CPSYM L4 AT N 13 mm, BEAEN 0.25 mm,
Y B (CPUSYMAT4E AR K EN 5 mm, HAF
8 0.20 mm, FEVERLEN 220 GPa; J A (PP)4F 4
AFFKPEN 12 mm, #PERIEN 6.5 GPa; K LIARE
(PVA)EF 4 AFRKE A 13 mm, $PERIE K 4.0 GPa.
TEZIK 19 HME BURZIK 551, 2o e MgO,
K 7 d BRHIZ KR 0.062%, EA i L 22 T )
ATEE T, BERE BB, Al FEAMEIR AL+ B Ukds
T PR R s o 6 FH Bk K 751 SRR IR e 27K
s WKE 30%. KNE KK,

®1 REMBELEFEERK

Table 1 Chemical composition of raw materials wl%
Material SiO, AL O3 Fe O3 CaO MgO SO; K,O Na,O Loss
Cement 20.87 4.87 3.59 64.47 2.13 2.52 0.65 0.11 0.77
Silica fume 96.00 1.03 0.72 0.51 0.73 0.15 0.21 0.08 2.38
Fly ash microsphere 52.50 32.40 4.01 1.50 0.53 0.33 1.32 0.42 1.22

w is mass fraction.
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Table 2 Reference mix ratio

Material dosage/(kg'm )

Sample w(Super- Water/
No.  Cement Fly ash microsphere  Silica fume ~Expanding agent ~ Titanium-rich heavy slag sand ~ Steel fiber ~ Plasticizer)/% binder ratio
uo 705 141 141 63 1200 200 2.5 0.18

#*3 EEOCALL UHPC THAE

Table 3 Performance parameters of UHPC with reference mix ratio

Sample No.  Slump/mm  Slump flow/mm  Apparent density/(kg'm )

Compressive strength/MPa  Flexural strength/MPa  Shrinkage rate of 56 d

o 265 635 2630 139.5 26.9 253%10°°
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Ry is radiation protection efficiency of the studied materials.
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shielding properties R¢ and impact resistance of UHPC
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Table 4 Mixture ratio of low-shrinkage and radiation-shielding UHPC with different types of fibers

Material dosage/(kg-m ™)

Water/

Sample

w(Super-

No.  Cement Silica  Fly ash Barite Expanding Titanium-rich Barite CPS CPUS PP PVA Plasticizer)% binder ratio
ume  microsphere powder  agent heavy slag sand  sand

UXo 705 141 113 52 63 600 832 200 0 0 0 25 0.18

UX1 705 141 113 52 63 600 832 120 80 0 0 25 0.18

Ux2 705 141 113 52 63 600 832 120 0 93 0 25 0.18

UX3 705 141 113 52 63 600 832 120 0 0 1 25 0.18

CPS: Copper plated short straight steel fiber. CUPS: Copper plated supper short straight steel fiber. PP: Polypropylene fiber. PVA: Polyvinyl alcohol fiber.

=5

T RIRBIAYER L HERr 35T UHPC A9TERE

Table 5 Performance parameters of low-shrinkage and radiation-shielding UHPC with different types of fibers

Sample Slump Slump flow Apparent density Compressive Flexural strength Final crack energy
No. /mm /mm /(kg- m™) strength/MPa /MPa b Rel% consumption/(kJ-m™)
Uxo 250 610 2890 128.8 232 39.80 86.6 5607
UXl1 265 625 2890 123.6 21.1 27.96 86.2 3972
Ux2 235 585 2840 1219 204 53.75 85.6 5699
Ux3 230 580 2840 122.5 20.6 84.15 85.5 5991
2.2 {RU4ERstEST UHPC HO14EBERS AR 22,1 JpptEmeAvARRR ErERE IR W

BT BRI, AR KYE . K Rk
TIAFR B AR AR, SRR
YR AR AU ORI % (1) UHPC R A L5
TAEPERE. T2 TERE . RBURREYE. BSRS PR REAN
PUrh i PERE . BB BR I “URER” RN AT FEAIG
UHPC H-EWEE, P HT M TR ERE. HAl
T EERE I MALEL B an T

e IR AR FH 2 I K L 1 v i B e ] fRAIE
IS4 7 8 57 UHPC HA IR 5 (1) )24 1k Re . b ab,
SR EN B ZfLE R, WRKER 8.1%, K
WAE N 5.3%, AIEARYRZE B4R 5 UHPC H 23R
UF (1) S TH 8 5 R N FRBE T o 1 7 AR B 4 o
UHPC Wi A ik S0 0K Y8 A S i X 7
L5 o
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Fig. 7 SEM image of interfacial transition zone of low-shrinkage
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Fig. 8 Effect of volume fraction of titanium-rich heavyweight
slag sand on volume stability of low-shrinkage and
radiation-shielding UHPC
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Table 6 Mixture ratio of low-shrinkage and radiation-shielding UHPC

Material dosage/(kg-m™)

w(Super-
Volume fraction ¢/% (Sup

Sample plasticizer)/%  Water/
No. Silica  Fly ash Barite Expanding Titanium-rich Barite binder ratio
Cement CPS PP
fume  microsphere  powder  agent heavy slag sand  sand

uo 705 141 141 0 63 1200 0 2.5 2.5 0.18
UFO0 705 141 113 52 63 1200 0 2.5 2.5 0.18
Uxo 705 141 113 52 63 600 832 2.5 2.5 0.18
UF1 705 141 113 52 63 0 1665 2.5 2.5 0.18
UX2 705 141 113 52 63 600 832 1.5 1 2.5 0.18
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ARV UHPC HI P4 S PEREIOR L 5, FLIREELDA -
FAEA U0 R St B L A M S . R
FER: mbkEpER AR BARFLIR R, R
W# FER H % & Tis Fe 55708, Ha M BRCMERE R 47
U0 AN KENLT4E, tA X ETE 7 25
i E

x 7 RWLERrEST UHPC REEEGHRE TSR

S
Table 7 Radiation shielding parameters of low-shrinkage

and radiation-shielding UHPC and general
radiation-shielding concrete

Sample No. wem™ nn/cm Ri/%
uo 0.182 3.808 83.8
UF0 0.184 3.766 84.1
UX0 0.201 3.448 86.6
UF1 0.218 3.179 88.7
Ux2 0.194 3.572 85.6
General radiation-shielding!"*! 0.116 5.974 68.7

7 1s radiation-shielding efficiency of half layer.
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Fig. 9 Failure mode of low-shrinkage and radiation-shielding UHPC with dynamic impact
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Fig. 10 Dynamic stress o-strain ¢ curves of low-shrinkage and radiation-shielding UHPC
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Table 8 Dynamic impact toughness parameters of low-shrinkage and radiation-shielding UHPC, general concrete and

general UHPC
Sample No. Peak strain ~ Peak stress/MPa Pre-peak areak Post-peak area  Total area Final crack energy consumption/(kJ-m)
Uxo 0.037 218.15 4.904 0.703 5.607 5607
UXl1 0.033 186.32 3.379 0.593 3.972 3972
Ux2 0.043 196.10 4.487 1.212 5.699 5699
UX3 0.036 194.84 4.363 1.628 5.991 5991
€501 1132
150 MPa UHPC" 2230
3 EB FEATLHTHEFE 128.8/23.3 MPa. 180 d Y4 % 385%107°,
Zmv

1) 2F UHPC ¥it)5is, JEid 5] AKEK R
PRy HEinAo. SERETER . HES AR 4
ZEn] i) & H R RE AR R IO AR IR B B 4% 5 UHPC, JF4%
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TERR R 7K JB 705 kg/m®. FEK 141 kg/m’. ¥y BRI
Bk 113 kg/m’ . EF AR 52 kg/m’ JEAK 7 63 kg/m’.
AR 600 kg/m’ EAKEETHRD 832 kg/m®. 4
2745 200 kg/m®, KAZEE 0.18, KB 2.5%.
HXT R ERE 9. P&/ RIE 250/610 mm. 28 d ¥t
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