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Rheological Properties and Their Regulation of
Ultra-High Performance Concrete — A Short Review
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Civil Engineering, Hunan University, Changsha 410082, China; 2. International Science and Technology Innovation Center for Green
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Abstract: Ultra-high performance concrete (UHPC) is a new cement-based composite material with ultra-high strength, high
toughness, and excellent durability. Low water-to-binder ratio and large amount of fine particles in UHPC lead to some problems like
high viscosity of fresh paste, fiber cluster issue, and difficulty in pumping, etc.. This is not beneficial to the homogeneity of concrete
and fiber strengthening and toughening of UHPC, and restricts the in-situ placing and application of UHPC. This review represented
the rheological properties of UHPC from aspects of rheological parameters and models. Based on the influence of water-to-binder
ratio, chemical admixtures, mineral admixtures, fiber and aggregate characteristics on the rheological properties of UHPC, the
techniques in regulating the rheological behavior of UHPC were analyzed. Such techniques include regulating water film thickness,
regulating paste film thickness, reducing viscosity of interstitial fluid, adding viscosity modifier, and changing fiber characteristics. In
addition, the rheology regulation mechanisms associated with these techniques were also discussed.

Keywords: ultra-high performance concrete; rheological property; regulation techniques and mechanisms; steel fiber dispersion and
orientation; mechanical properties
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Table 1 Application of rheological properties of UHPC

Application Purpose

Effect

Achieve better fiber distribution!'*!”

Regulation of fiber distribution
and orientation

Bubble control

Dispersion of particles

dispersion, and better particle dispersion in turn promotes
[13]

improvement of rheological property’
Mixture design of UHPC

fiber dispersion and tensile strain capacity'

3D printing, concrete pumping,
[20]

Appropriate cohesiveness and fluidity

form filling, shotcrete

Control bubble content and distribution'®'*!

Great rheological property contributes to particle

A strong correlation among viscosity of UHPC matrix,

Realize the roles of fiber reinforcing and toughening,
and improve mechanical properties.

Strength of UHPC increases with the decrease of bubble
content.

Rheological properties and particle dispersion interacts

with each other to improve mechanical properties.

Optimize UHPC design and achieve the balance of good

18] rheology, high mechanical properties and dense

. 9
microstructure!'”).

Smoothly flow in the pump pipe without segregation

and blockage!'”!
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Table 2 Common rheological models for cementitious material

Model Equation Year  Applicability
Bingham =t9tny 1922 Relationship between t and v is linear, and shear stress of fluid does not vary with shear rate.
. . ) (1) Relationship between t and vy is nonlinear.
Modified Bingham  z=zgtny+cy” 2001 . . . .
(2) The model can accurately estimate the yield stress compared with Bingham and Hershel-Bulkley models.
Herschel-Bulkley =go+my" 1926  Relationship between t and y is nonlinear.

Note: r—shear stress (Pa); 7o—yield stress (Pa); y—plastic viscosity (Pa-s); y—shear rate (s™'); c—coefficient of correct; m—consistency index; n—flow index.
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Table 3 Commonly used rheological models of UHPC and relevant research results

Model Author Research contents and results
Herschel- Yu et al.®® (1) Effects of water reducing agents and SCMs on the rheological properties of UHPC
Bulkley (2) An optimal design method of UHPC with dense microstructure based on rheology was proposed
Zheng et al.*% Effect of metakaolin on rheological properties and fiber distribution of UHPC
Bai et al.*¥ Design and synthesis of viscosity-reducing polycarboxylate superplasticizer and its influence on cement-silica fume
paste with low water-to-binder ratio
Yalcinkaya et al. B! Effect of quartz volume on rheological properties, shrinkage, and mechanical properties of UHPC
Zhu et al.*%) Mechanisms affecting viscosity of cement paste made with microfines of manufactured sand
Xiong et al.*”! Performance and microstructure of UHPC with silica fume replaced by inert mineral powders
Modified Lin et al.?% Based on analytic hierarchy process (AHP), five types of silica fume are selected to measure fluidity of UHPC.
Bingham Dils et al.l'” Influences of cement type and mixing pressure on air content, rheology, and mechanical properties of UHPC
Baumert and (1) It is believed that the modified Bingham model can more accurately estimate the yield stress of UHPC
Garrecht®” (2) Influence of particle migration caused by pre-shearing on the rheology of UHPC
Wu et al %! Influence of silica fume content on rheology and mechanical properties of UHPC
Sun et al.*”! Effect of nanofibers on rheology and mechanical properties of UHPC matrix
Bingham Abdelrazik and (1) The measured flow curve is linear.
Khayat % (2) Influences of fiber type and content on the fresh performance of fiber reinforced self compacting concrete
(FR-SCC)
Yuetal. ® Rheological and mechanical properties of UHPC mixed with recycled fine aggregate
Meng and Khayat!"! Effect of graphite nanoplatelets and carbon nanofibers on rheology, hydration, shrinkage, mechanical properties,
and microstructure of UHPC
Liu et al.*! Effect of superabsorbent polymer characteristics on rheology of UHPC

Ragalwar et al.**)

Teng et al.l”!

Significance of the particle size distribution modulus for strain-hardening-ultra-high performance concrete
(SH-UHPC) matrix design
Improve the flexural properties of UHPC prepared with different steel fiber content by controlling the rheological

property of mortar
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Table 4 Rheological regulation techniques and mechanisms of UHPC

No Mechanism Regulation techniques

1 Regulating water film thickness (1) Change water-to-binder ratios
(2) Increase the packing density of solid particles
(3) Reduce specific surface area of particles

2 Regulating paste film thickness Optimize aggregate gradation

Reducing concentration of interstitial fluid Enhance adsorption behavior of superplasticizers

4 Adding viscosity modifier (1) Add Viscosity-Modifying Admixture
(2) Add viscosity reducer

5 Changing fiber characteristics (1) Change fiber type and content

(2) Hybrid long and short fibers

Pore water

Water film

1

! Solid particle

Water film thickness

B 1 KUEEEM RN BRRLK IR 2 B R e B (Mm B &%
SCHR[44])

Fig. 1 Tllustration of water film thickness around particles in
cement-based materials (adapted from Ref. [44])
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Table 5 Physical characteristics of ordinary Portland

cement and supplementary cementing materials
(SCMs)

Materials Particle size/um Specific surface/(m’-kg ')

Cement 3.0-25.0 350 — 400

Silica fume <1.0 13 000 — 30 000

Fly ash 0.4-300.0 300 — 500

Ultra-fine fly ash <10.0 >600

Metakaolin 10.0 2500

Rice husk ash 5.0-10.0 50 000 — 100 000

Slag <45.0 375 — 425 (Britain)

450 — 550 (America)
>450 (China)
350 — 450 (India)
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Ky HRBNEE IR 8.2% 12.7%H1 18.2%; 4
BN 10%F1 20%1E KIS, AR i 87 77 R0 28 6 R
AN, AR MK 17.3% 100.0%.
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Table 6 Effect of silica fume on rheological properties of UHPC

References Mixture w/b ratio Fiber Silica fume Flowability ~ Rheological Optimal Rheological parameters
content content parameters content of corresponding to
silica fume optimum content

Liu/®” Great fluidity 0.167 0 0 J 7T
concrete 4.30% 7T

6.00%
0.274 0 0
6.20%
7.00%
7.80%

Liuetal!”  UHPC mortar 0.170 0 0 7T
(cement-silica 10.00%
fume-fly ash) 20.00%

30.00%

Ozolins  UHPC mortar 0.250 0 0-13.75% 4 5.0%-7.5% Ta=3s
(cement-silica Dmax=35-36 cm
fume-quartz)

Bahrami””  SCC 0.410 0 5.00% ™4 5.0% Slump flow=

7.50% 55-85 cm
10.00%

Wuetal.”  UHPC mortar 0.180 0 0-25.00% 7 (-T) 10.0%-15.0%  7o=34-41 Pa
(cement-silica 0.180 2% 0-25.00% 7 (-1 7n=30-33 Pa‘s
fume, s/b
ratio=1.0)

Note: “T-1” means a parameter increases at first and reduces then.
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ik AR v B B Bk T AR B s K R, AT AR VR &
Wi sh U

Zi LRTIR, BB E B UHPC AR AS Mg
(RIRENLER S ZARILAE LA R LT : 1) BB Ak
X HERR T SRS (52 s 2) 4045 A Rk [ A4 ks
KA 3) 1 W45 AR 7 B 1 e 1
s FUHARAS, B 45-E kX UHPC 14 R A
R Ry sz e I 7K 2 SR AR, 7K 2 R R e e 1
] A AT HE A 25 ST B SR LU SR THAR i 3R [RIVE A
TR HE RS S REROK, TR 2R R s R bR T AR
RS, KRR RN o 7K JE 4 RO S 80N
BT B ANME BN TE N 3 . K R T
K, UHPC JRARJE AR 3 FNEE Btk N, 31 T
22 ERREEREE

RS E. KR MELES 2 52 UHPC AR P
BEMIE ZEA K o Choi 25171 B KB BRI AR R Bt
AR 2 A A O, 3 T s e TR
H GRS . Yalcinkaya ZEPPMFAT T A SEAAFR S
o) UHPC s PE . Wi fi ) PERe s, R
il 4%t B % S UHPC ()i BHMATR 735 R A 45%.
WAl R 4P UHPC fAE— NGB R Hl, 7RIt
WG, UHPC JAEPEREm AL, dhsh, JRAstEAE
(iR aE o)LL A B R R e R S . B 2 fEom
TSR )RR A S s R 3 R R . SR
m@ﬁﬁmﬁ?ﬁﬁgfﬁ&mfﬁLi,ﬁ%M
2 AV ZEA s HESRGEAHLL, [ FR A2
Bk = — Yo B R kAR, SRR Mg i

IR R B — RO RO, FRURE 2 A] F) 4 fih
s, JE R AT AR TR SR SRR L,
PR P35 R 2 D (O 86 P2 e IR, RIS VR ARk
IR R R 0 A5 e

(a) Continuous

(b) Gap

(c) Uniform

Kl2 ANFESEAERIREC
Fig. 2 Different types of aggregate gradation
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JE#K, UHPC KRR th PFT A
ATLLEH, PFT 58 kRIS, £ UHPC
W SR A RS E EDARAR /N T 0.6 mm LT BE A0 A
FERE, /NN R AR B R IR, R EUK
Ve OB RIRI A PET 8/, AT N 3244 (7 A8
PR AR . Kk r] PLE L [ UHPC A
SRR, BACE R R IR, DA R
PFT, MIfiHEeE ¥k UHPC [imzh e, (H R,
HERLARANI R, HHERBELZ, BRlZE
(Y B A S K, 5 S AT SR 1 e £
&, BRMER R AEHER, BT S BCE R AR 4E R BH
TSVE A5, RIRRAERE, AR,

V:(l_gp) (5)
2

v, =V, -V (6)

A =AXR+HAXR 4 (7)

PFTzs%? )

i PFT (Paste film thickness) A &} 2 [ I 2 A4
JEZJRFE s v i AURLHE AR 8 S B X I (1) 4% B b (B
FIARFR 2 BRARFR S 4B RHMA R L) v, NE R
JHMARFR LG s A A9l RBHFI R AR Ay Ags
AR 1L 20 3L IR A Ris Ry R
S E R 1. 20 3L AR,
2.3 [EIFEIREE

UHPC AR 7K 75 25 7] 73 PR e — 5
SRR AE R R 0 o — A Ak R AE R BRI, Bk
P A 1) B PR A W o ik K 7] < 5 30 ) Bt 2 P2 34
T0e DRk 38 i sl A TR MR B 1 T BRI TR BRI R B, AN
1M SEIXT UHPC i A8 P RE I 3% .

87K TR AE 7K Y A RHURE 22 1 B A 30k 48 P I
BT U, e A r T R B A AR R K
5. Sakai 25U B R Y /K FHUAE AT K AR AN 2k
b T AT SRRV B 5 o Plank g Y Tk 6k
K FNE 2 W B 0Tk K R T o 5K 175 175 25 0% b 4 #r
R TR R AR I T e Y M gk 7 7 IS K R Bl K Y-
AR AR LA I BE 2, 45 SR 3R BHIC 1A) B 26
JE A A T 35 ek 7K ) 2 A A M v T Tl R 2 K
WARB T E s IR IR TR 97K R0 7K e 1
WS B 8 A, T M TR 5 9 K K e K 1) 23 B R
JIHE 3R . Adjoudj PRI T A K AR . BEA
AL AR AR KL K UHPC W0 3 738 VE 1) 52
Wi, FEARDT T H 5 IR IR & v AR KR A HAE
o KB )5 A A R ATV ) A ELAE R 8

KL K TR B

MRS SCRRZRIR K AT 356 L0 Dk 7K 741 1 R B
PEREH 2% UHPC e PG s . B, — 5@
%5 10 e 08 2 KRB 51 UHPC 2R A1 JE RS, )
SN, pme DR R T RSN N s
+xF it UHPC AW S AR MR RE AR BOIRES T
LFYE oA R A, R DL RE R e B R 5%
B3 10%, UHPC FARMIR A EIZREHEn; I+ A
P s 7] DB 3R TF UHPC 3 44 (1) 45 4 2 o
KOl A YR U RE,  JUIAEYE FE R (24545) mm
T, BB T 15.9%, £ 4k 5 1 R B ok
377.4%, LF4EHLA RBOM K 27.9%. Vance 252t
FORI M = 0e LB 0 BE 2 10%0, R IKJE
B FTHEIN 1.75 %, BIEZTEERG N 1.00 . X IHEH
T e U 2 T PR AT RS 2 5 K Y UK AR AE HLAE
F, BESRBORLE] A5, Tk — D4 i SUR AR,
A BB AR S5 ) S B (BB K R
S0, PR TR e e U 74 67 A A5 SR (] B4 K
SRS 5 TH R B2 JEE FEE 34 0, B SR Bl T 500 43
{E 2 ) 5553 s O = JTRE ) 5 P P AT S80S, AT FELRS
WARN LRI RS B .

g LRI, 78 UHPC 5 & & 1 s 20K 571
A TSI S A, H o R & A R ) 23 B
PERE. BRI K Ah, 38 R A A S B ) 42
AMNF, WpEFEF, LAk UHPC RIMASHERE
2.4 FHEATSIMINF

BRImK AL, R UHPC &6 AL 2241 s
TR, el SR UHPC (18 RS
JIFNIBVERE ks LI A M . PR AAE UHPC
ORI BRAREN R . BRI I E A, @
FEmER AR, BEFIAEERNFEE RSN
AV A 5 0 B PR RE XA AR IR A A K UE
KRR T F R B 2 JE R, Re g B S R AR I 9
PEgE R, BEBE BRI, KB R AR % S
WK, B K&K, A5 7K Y8 FIURL 2 1 7K i
ZIERE N, WA . P RS S
WHRIE B I UHPC 1, &3] T 1R 1 B RUR
BT PR R B ORIE 42.9%. YRk &g ) 400 12
KR M T A 2 1 BB R 1) UHPC, SIS 5 A\ B 36
FICA s A ME B . B R A UHPC & iR S
J1#EIE 100 Pa, BYEREEZ)N 70 Pass, A AERTE
TN LYERE, [EIRRBL UHPC J)2E Mk Re A2
BEFEFI s . eAh,  HBTA 8o R E
RERWOK A Bl E R TS AR
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B, TR W T BRETRRIR AR FPY, T
DATE B b 4 A 22 B 5 1) B EH ZKORE T8 K BAIE
1) B2 2 RN 98K 1 DU R
2.5 SR

BT WAHE A M B, Bk UHPC JKAkn]
P A B 2 2T 2 f 1 AR R 4% P BV, 44k B
B OME. KRS EERWPEE UHPC 1)
AR VERE
251 4B E WIETARERY, J4BER,
UHPC ()i RS 3 RSB 6 B ok . K A 45 %)
RI, FHEHBEM 0 HINE 1%A1 3%, UHPC K1
ARNE F7 53 S840 48.5%F0 133.0%, ¥AVEZRE L4y 7)1
1 39.4%F1 82.3%. Yu PNt LB, BEEMNLT Yk
1135\, UHPC [MIAHX P& B a1t 2260 T B,
T HCULT 4E B BN 0.5% % 2.5%0, HAHN I}
VI 4.29 SR FREE] 1.10. Wu PR IR B
ZHYEN) UHPC J:44 i IR /)76 BBl 7E 34~41 Pa, %
FER 30~33 Pa-so M 2% LT 4ER NN — 54 J AR
N IRy S R & 70~80 Pa-s 11 48~85 Pa-s.
TX 2 TR AR 1 R A H ] A SR VA B AT 7K 2
JREEYIME. —JiH, SEEHL, MagEri,
FEAR AR N HURTIAATE R, AT N 7 45 4 5 5
TRz AR SE 300 B—J5Tm, 4B ERING,

AP AR FEE WA S TE B 2R 25 h, [
PR FEIE R, BB 7K 73082, WET B#A,
L] BEEAE F 77385, R ECHTHE UHPC s /g
K, BEMTE R T H IR A AN e T, A7
BIEEIN o

P (P A7 4 53 B 2 4% Ho6 UHPC 3 5 3 )
YER I OCBE, TS 14 BE A A A A2 5 e 21 44 53 A7 A1
HY A f S R R =08, UHPC Bt 2F4EE
AT EL I 15 R =  [RAFAE A oo, H =%
[ R INE 7 Fin. Meng 2559\ & i S 1L 5L
AR T et e te, Ha R iy B2l
A 2E T2 G440, T3 = UHPC Y H Al
FisvERgE: Wang 25U R L], LF4EVSIRTE
A EEEGR T HEE UHPC R A S, H 2
RS, &4 B A ZECA R TN A4 UHPC H
B5io At T YRR ECN 1% 2% 3%
UHPC #:E4, et IR /736 [ 2 508 900~
1000, 700~900 Pa Fl 400~800 Pa. ik {# k=™
EIEBN 6% 12% M 556 B B#K 7 UHPC 1)
Ji RN S AR IR RE S, R ILAF -4 20F) H 2R 4 )4
=T 3.0%F1 10.5%, 2 243l ) H ) 3 40055 ) 36
T 6.4%F1 8.6%; FH A I UHPC Fh£F 4k [ B 508
b, Y BRI

#Fz 7 UHPC REMEESLTHE SRR ENEHR

Table 7 Research on relationship between rheological properties and fiber dispersion and orientation of UHPC

References  Mixture Fiber content, Yield Plastic Effect
length, and diameter stress/Pa viscosity/Pa‘s
Zhang UHPC (w/b ratio=0.17) 0r=1% 12.1%4 18.5% Fiber efficiency=3.0%T
etal.® @y =6% Fiber axial orientation factor=6.4%7T
UHPC (s/b ratio =0.90) 0r=1% 17.2% 45.0%4 Fiber efficiency=10.5%"
»y=12% Fiber axial orientation factor=8.6%7T
Wang!'®! UHPC (w/b ratio =0.18, ¢@;=1% 900-1 000 Optimal rheological property was obtained, and
0.20,0.22,0.24) 0 =2% 700-900 steel fiber was evenly distributed.
9:=3% 400-800
Teng UHPC (w/b ratio =0.20) =13 mm or=1% 36.0 Optimal flexural strength of UHPC is 17 MPa.
etall” d=02mm  @;=2% 52.0 Optimal flexural strength of UHPC is 21 MPa.
0r=3% 66.0 Optimal flexural strength of UHPC is 27 MPa.
Meng and UHPC (w/b ratio =0.23) =13 mm 53.0 Steel fiber was evenly distributed, and the optimal
Khayat'®”! d=0.2 mm flexural strength of UHPC is 35 MPa.
P=2%
Lietal®  UHPC (w/b ratio =0.22) I=13 mm 845.6 13.1 1.00% SP
d=0.2 mm Fiber partition coefficient=0.97
0=2% 1.20% SP
Fiber partition coefficient=0.82
1.40% SP
Fiber partition coefficient=0.61
1.60% SP

Fiber partition coefficient=0.50

Note: Vy means content of viscosity-reducing admixture.
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252 £I4ERhk UHPC i F 2 AR 3 5 i
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AR R £ S AL SRR A R
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FEE LY, SRR ST 4EPY, A4 1
R SOV REAR I M 3% 241 4 5 UHPC LR 2 8] )
Bl 7y, [FIB 3 Skl (] I EE R 4 L B AN AT
Y (1 R H3 RO B LR A, FE BRI 4T 4 1) UHPC
KAk, FTREATEIR SR, HRESHMES R
ORI AN =y NP 5 b a4/ (X NS WA RS A b e}
TERR, RIPEL AR T I 45 S K AR € M3
FATHE AR P IR ZBR A, H KRR, (15
BPERE R 70 T I 45 S I 2 AH L3832 T 1
REER, NS . TS ML 4ER) UHPC 2
fieh, AP EUR AT 4EPY, T 3 B e A 4
AR S R A e %, kARGt ], d3k—BRH
1T BRI, s T FES, BRI 4
PR RE IR ] 23 50 UHPC Brketbfg, Bikmta)
FK:, LT A 3 8 3 Bl 5010,

253 “4ERa: WERLERM, FidE UHPC MJE
R SE 3 R0 8 1 2 T B 4T o K B 5 K A% B IR 386
o, Hmi A S WERT Ao, 4Kzt
A BRI AL R IR, ER 5 WU TF
W E K, SRR KD, WET 350,
SR (1) BE A FH 336588, A4S UHPC Ak A=
BT SO ARGIBE I3 K, IR BTN .

KA £ 435 BE AL PR UHPC M6 . Yu 2504
R, ASF AN AT SE S L 2 5 Vs A AR Ve
(RPO)IFBIER )2 R o w5 B D 6 mm 42
BTN AT YRR 2> 48 13 mm AT 19 mm K248, KL
HERLLH/NT 0.75 b, BEE R A 4R, UHPC
FHEERRAR: I 0.75 5, KANAFLER) “ RN
XTSI B TTERAE P PR . HR9E Boulekbache 1)
5T, MBhH UHPC AN N 4T 4E B ) 5 5 5
Wal, AKX AN AAS) 77, ANA 4T R
BT RGBT M e FE R e A, il 3 Fros.
BANKLTYE)G, MABp A E KT 4emin s, M
WKLY e, MR RARzD; B, K4
MRS M AT e el . Nk, KEF4ERS, W

RS MM UHPC FEHREHNT
Table 8 Effect of fiber type on rheological properties of UHPC

Fiber Elastic modulus Fiber category Effect
. Hooked fiber, straight There may be an optimal content, and its rheological parameters first decrease and
Rigid fiber > Ematrix 1] . . . .
fiber, and wary fiber' then increase with the increase in fiber volumes.
Flexible fiber <Enatrix PVA, PPF, and PE 2] Rheological parameters increase with the increase in fiber volumes.

(@

(b) Orientation disturbed by the wall effect

K3 LY4RE “BR 7 1)
Fig. 3 Wall effect of fiber hybridization
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CaCO; fb IS HH N, K Vet 32 i et AR S A 38 K
XFEERHET PVA LH4ERSRKYEM CaCO; dHAIH]
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3 HZRIE

AKCE SR T UHPC BRI, FT K
Eo. AMNF. BB ARk G4 R BRI SE IR R
XI UHPC A PERE s iAe, s 45508 7 UHPC
WA AR SRR A e . BT A4
Pr5vhie, ATARH LT,

1) KZE0EHE UHPC RIS #7155 D16 A
P, BA R ARR R ARRRIE, (2 AR R
UHPC 2 B5UIAHAT N, i iEEE+ % H 1 Bingham
TERYAREMERARAE H IR ASR#% , K Herschel-Bulkley
P B 503t Bingham 57 B AE B

2) 50 UHPC i P Ag i 32 2 R 3R A R /K IR
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