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Mix Design of Ultra-High Performance Concrete Based on Particle Densely Packing Theory
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Abstract: There are two inherent drawbacks in designing ultra-high performance concrete (UHPC) by the modified
Andreasen-Andersen (MAA) model, i.e., unproven reliability under wet conditions and ignorance of disturbing effect of steel fiber on
particle packing skeleton. In this work, the D-optimal mixture design model and the equivalent spherical diameter of steel fires were
adopted to verify and optimize the MAA model, and the properties of the optimized UHPC were utilized to verify the feasibility of the
new proposed method. The results reveal that the MAA model is also suitable to be utilized under wet conditions. Moreover, the
equivalent spherical diameter of steel fibers (L=13 mm, d=0.2 mm) is 5.65 mm, which is determined by evaluating the effect of
screening particles and steel fibers on wet packing density. In addition, the employed steel fibers that are treated as spheroidal
particles can be implanted into the MAA model for the optimized design of new UHPC, which has a densely packing structure and an
admirable compressive strength.
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Table 1 Chemical compositions of the utilized cementitious materials w/%
Material SiO, Ca0 Fe,05 MgO SO; ALO; K,0 Na,0 P,0s LOL
OPC 19.20 64.93 332 1.61 3.35 4.18 0.78 0.09 0.09 2.49
Lp 2.90 49.27 0.14 0.75 0.04 1.06 0.57 0.08 0.24 39.30
SF 94.65 0.36 0.15 0.47 0.69 0.25 0.84 0.13 0.17 2.29

OPC: Ordinary Portland cement; LP: Limestone powder; SF: Silica fume; w is mass fraction.
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Table 2 Variables and their value ranges based on
D-optimal design
Value range
Variable Coding Expectation
Min Max
SF xi(A) 0.005 0.100
OPC x2(B) 0.200 0.500
Lp x3(C) 0.000 0.200
RS x4(D) 0.400 0.600
SP x5(E) 0.008 0.025
WPD y(F) 0.500 0.900 Maximize

RS: River sand (0-0.6 mm); SP: Superplasticizer; WPD: Wet packing
density.

F3 MW EE bb R A By
Table 3 Experimental mixtures and response
Sample No. x1(A) x(B) x3(C) x4(D) xs(E) Response

1 0.025 0.35 0.2 0.4 0.025  0.6579
2 0.025 0353 0.103  0.503 0.017 0.7293
3 0.063 0.313 0 0.6 0.025  0.686 8
4 0.1 0.292 0.2 0.4 0.008  0.5345
5 0.025 0.2 0.2 0.567  0.008  0.6819
6 0.1 0.2 0.084 0.6 0.017  0.7472
7 0.025 0.35 0.2 0.4 0.025  0.6656
8 0.025 0.5 0 0.45 0.025  0.6194
9 0.1 0.392 0 0.5 0.008  0.636 6
10 0.025 0.283 0.2 0.484  0.008 0.6355
11 0.025 0.434  0.134 0.4 0.008  0.5445
12 0.025 0.367 0 0.6 0.008  0.6127
13 0.1 0.375 0.1 0.4 0.025  0.6061
14 0.025 0.283  0.084 0.6 0.008  0.6010
15 0.062 0326 0.146 0446  0.021 0.696 0
16 0.025 0.5 0 0.45 0.025  0.6525
17 0.025 0.2 0.15 0.6 0.025 07131
18 0.081 0.269 0.119 0519 0.012  0.6869
19 0.025 0.5 0.067 0.4 0.008  0.5127
20 0.1 0.392 0 0.5 0.008  0.676 8
21 0.063 0.2 0.13 0.6 0.008  0.6051
22 0.084 0.5 0 0.4 0.017  0.646 6
23 0.1 0.2 0.2 0.475  0.025  0.7278
24 0.1 0.2 0.084 0.6 0.017  0.7536
25 0.1 0.292 0.2 0.4 0.008  0.5522
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Table 4 Evaluation of model significance
Response Adj-R*> Pre-R*  P-value Lack of fit
Values 0.95 0.89 <<0.0001 32.95 0.43

F-value
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Table 5 Mix design of UHPC kg/m’
Model OPC SF LP RS Water SP
D-optimal 400 100 400 1060 218 38
MAA 400 114 400 1 040 220 38
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Fig. 5 Effect of substituted particles and steel fibres on wet packing density
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Table 6 Mixtures of UHPC used for testing
Mixture OPC SF LP Al A2 A3 A4 A5 Sp
UHPCI 690 114 255 1054 0 0 0 0 32
UHPC2 690 114 255 0 724 330 0 0 32
UHPC3 690 144 255 0 422 221 411 0 32
UHPC4 690 144 255 0 303 369 0 382 32
Al: Aggregates with the size range of 0-0.6 mm; A2: Aggregates with the

kg/m’

size range of 0—1.25 mm; A3: Aggregates with the size range of 1.25-2.36 mm;
A4: Aggregates with the size range of 2.36-4.75 mm; A5: Aggregates with
the size range of 2.36—6.00 mm; SP: Superplasticizer.

i, SN HEXT 4 Fl UHPC 35 HE R 3 52 5 1 5% 0 i
HEER, EESETE TR 0.6% 0.13%- 0.2%-
0.07%. HIk, R LU e A9 £ 4 1) 2 250k B AR
[F 4 5~6 mm.

P AN 2T 410 35010, WO AT 4 (1) 52 B 25
ROBURE EL A N R (. Bui 25 e 31 R AE
FARTRAT AR, BRHS RAR AT, kbR
& AR B R 52 m, B2 T AN SR R



5 48 5 8 1] RO S TR R PR IR e I eV B S Bt « 1151 -

HERR P A R AR, X ()
Zdiml-

b5 ©)

e dyy RRPRL I EAR; d RomPRid 7y i
(PSR s my NI R i . Htk, AR I
REARTRL IR RAT S0 A, W] T HRARTE A 2~3,
3~4. 4~5, 5~6. 6~8 mm [¥] 5 Fl AR 1) S5 R HE
FEAMIR N 253, 3.65. 4.59. 5.65. 7.28 mm.
ik, gidr LIk, KR 13 mm, #5450 0.2 mm
(1) (3] P 1 4 1) A5 25ORORE B4R 5.65 mm
3.2 NAFHEEN MAA B L& UHPC

H TR NREFYER MAA HEBUAR T, F
LT HE LA AR N 5.65 mm 2 50BRI g N MAA i
R HEBUR A R AL ¥ UHPC. AR ET 4 455
BN 5.65 mm, 1] MAA 15789 55k ks 2% ic & 3%
S, RIS T BRI 0~1.25 mm. 1.25~
2.36 mm. 2.36~6.00 mm k. fl4lE MAA B €
TINEF Y = RS 2% B, HAk
Beatbanse 7 i Meobh, 4 T VPN AR 40tk e
PEREVREE L IEREMZ ), FRUERAN AT 4E & = 2% 2
B, St T HAy 6 AUR AN 4T 445 5 (1 UHPC
GNETHEB RN 00 0.5%. 1.0%. 1.5%. 2.5%-
3.0%) /AR AL .

x7 ET MAA REEMLIZITH UHPC BLStL
Table 7 Optimal mix design of UHPC based on MAA

model

Materials Content/(kg-m’3 )
Ordinary Plant cement P-II 52.5 690
Silica fume 100
Limestone powder 250
Aggregate A (0-1.25 mm) 357
Aggregate B (1.25-2.36 mm) 373
Aggregate C (2.36-6.00 mm) 302
Steel fibre 156
Superplasticizer 32
Water 190
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