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Box-Wilson Experimental Design-based Optimal Design Method of
High Strength Self Compacting Concrete

Jeong-Yun Dol*, Doo-Kie Kim®

Abstract: Box-Wilson experimental design method, known as central composite design, is the design of any information-gathering exercises where
variation is present. This method was devised to gather as much data as possible in spite of the low design cost. This method was employed to model
the effect of mixing factors on several performances of 60 MPa high strength self compacting concrete and to numerically calculate the optimal mix
proportion. The nonlinear relations between factors and responses of HSSCC were approximated in the form of second order polynomial equation.
In order to characterize five performances like compressive strength, passing ability, segregation resistance, manufacturing cost and density depending
on five factors like water-binder ratio, cement content, fine aggregate percentage, fly ash content and superplasticizer content, the experiments were
made at the total 52 experimental points composed of 32 factorial points, 10 axial points and 10 center points. The study results showed that Box-Wilson
experimental design was really effective in designing the experiments and analyzing the relation between factor and response.

Keywords: Experimental design, Material design, High strength self compacting concrete, Response surface methodology, Canonical analysis,
Optimization
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Fig. 1 Optimization procedure of HSSCC by box-wilson experimental
design
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Fig. 3 Illustration of experimental point in this study

Table 1 Factors and interest region of this study

. low Center high
Factor Units
-1 0 1
x1 Water/binder ratio (W/B) % 35 40 45
x2 Cement content (Cement) kg/m3 420 480 540
x3 Fine aggregate percentage (S/a) vol% 40 45 50
x4 Fly ash content (FlyAsh) kg/m3 45 75 105
x5 Superplasticizer (SP) kg/m® 4 6 8
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Fig. 4 Mixing procedure
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Table 2 Test results obtained at factorial points of 52 experimental points(coded)

Box-wilson design (coded variables) Responses
x1 x2 x3 x4 x5 yl y2 y3 y4 yS
-1 -1 -1 -1 -1 58.2 531.0 9.8 50.2 2418.8
1 -1 -1 -1 -1 54.7 579.2 12.6 49.4 2339.9
-1 1 -1 -1 -1 60.0 555.6 9.9 58.0 2373.5
1 1 -1 -1 -1 58.2 603.6 9.6 57.0 2266.3
-1 -1 1 -1 -1 60.9 599.9 7.4 50.2 24214
1 -1 1 -1 -1 59.2 657.9 11.3 49.4 2323.0
-1 1 1 -1 -1 65.1 622.7 7.6 58.0 2356.9
1 1 1 -1 -1 62.0 685.2 8.0 57.0 22752
-1 -1 -1 1 -1 60.6 565.5 10.9 55.3 2372.7
1 -1 -1 1 -1 57.0 616.9 15.7 54.4 2300.6
-1 1 -1 1 -1 62.2 598.1 9.2 63.1 2331.3
1 1 -1 1 -1 59.1 651.4 11.5 62.0 2203.9
-1 -1 1 1 -1 63.8 639.4 8.2 553 2369.6
1 -1 1 1 -1 59.8 692.3 14.7 54.4 2282.1
-1 1 1 1 -1 65.4 666.6 6.6 63.1 2319.3
1 1 1 1 -1 60.5 723.0 9.6 62.0 2210.6
-1 -1 -1 -1 1 60.5 565.0 9.0 50.8 2431.5
1 -1 -1 -1 1 55.3 595.4 16.5 49.9 2341.2
-1 1 -1 -1 1 60.6 612.0 7.2 58.6 23443
1 1 -1 -1 1 59.5 641.7 12.7 57.5 2270.2
-1 -1 1 -1 1 63.1 633.0 7.3 50.7 2419.6
1 -1 1 -1 1 58.0 675.8 15.0 49.9 2342.0
-1 1 1 -1 1 65.6 675.3 5.5 58.5 2372.5
1 1 1 -1 1 63.4 719.9 11.6 57.5 2279.6
-1 -1 -1 1 1 61.9 618.3 10.9 55.9 2383.5
1 -1 -1 1 1 55.3 648.4 22.4 54.9 2297.0
-1 1 -1 1 1 63.7 661.6 7.2 63.7 2313.9
1 1 -1 1 1 59.0 694.1 153 62.5 2213.6
-1 -1 1 1 1 63.9 684.1 8.8 55.8 2358.9
1 -1 1 1 1 58.2 729.9 19.3 54.9 2273.9
-1 1 1 1 1 66.6 729.9 5.2 63.6 2331.2
1 1 1 1 1 62.5 776.0 13.9 62.5 2194.9
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Table 3 ANOVA results of the reduced RS quadratic model

A7 AA =] om, ZF 3 ASE 4de] = Z2F
A4 (y1=94.7, y2=95.8, y3=94.3, y4=92.3, y5=95.3) 5 Ho| 1
o] 2+ uk-g- dabel] tiet 2 A eES 7k 3 ok B

chET)

>

42Z} g 2S T35}
ZFo A Hhgghell 717t =2 &S
/‘\j‘ﬂéfﬂ 1 ¢} forward selection(‘j doj| Z3}HE 7]

0.15) stepw1se regressions 3 & AFolH, E Aol 4
339 P FEAE G o R Y AR HA LU U= F
74]5]1“ Z2IQ1 vY" 170014 o] o] F AT
stepwise regression= 4343 A3} AE7F=(y1) el A &4
g x3ate] 124 22K 2 Rkl ol 3k g3
2 0 X= 202 SERIHYY O W, x1*x2, x1*x59 x3*x42] 1L

o) apol T, ol <t

28}, 2218}, S AR5

lF IIA

Responses Units Sources  Sum of square DoF Mean Square F-value P>F R
Compressive strength, yI ~ MPa Model 484.84 14 34.631 46.98 <0.000 Sign.
Residual error 27.276 37 0.737
Lack of fit 21.465 28 0.767 1.19 0.415 Not-sign.
Pure error 5.811 9 0.646
Sum 512.116 51
Passing ability, y2 mm Model 129887 13 9991.3 66.75 <0.000 Sign.
Residual error 5688 38 149.7
Lack of fit 5020 29 173.1 2.33 0.091 Not-sign.
Pure error 668 9 74.2
Sum 135575 51
Segregation resistance, y3 % Model 654.042 14 46.717 74.16 <0.000 Sign.
Residua error 23.309 37 0.63
Lack of fit 20.816 28 0.743 2.68 0.061 Not-sign.
Pure error 2.493 9 0.277
Sum 677.351 51
Production cost, y4 10°'won  Model 859.743 10 85.974 48.89 <0.000 Sign.
Residua error 72.106 41 1.759
Lack of fit 72.106 32 2.253 * * *
Pure error 0 9 0
Sum 931.849 51
Density, y5 kg/m’ Model 159400 10 15940 83.16 <0.000 Sign.
Residua error 7859 41 191.7
Lack of fit 6378 32 199.3 1.21 0.402 Not-sign.
Pure error 1481 9 164.5
Sum 167259 51
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Table 4 Regression functions of each reduced RS quadratic model of HSSCC response variables

Responses

Regression Function (Uncoded) R* (%) R2adj (%)

Compressive strength, y1

y1=-113.8+2.532x1+0.1553x2+2.861x3+0.3034x4+2.697x5-0.03829x1*x1-0.000187x2*x2
-0.02637x3*x3-0.000594x4*x4-0.1202x5%x5+0.001085x1*x2-0.00278x1*x4-0.0274x 1 ¥x5-  94.7 92.7

0.00186x3*x4

y2=-1974+34.71x1+2.317x2+41.04x3+1.452x4+23.3x5-0.3490x 1 *x1-0.002372x2*x2-0.38

Passing ability, Y2 . 3443.0,00743x4%x-1.75 1x5%x5-0.41 1x 1 ¥x5+0.0401 x2*x5-+0.056Tx*x5 958 944
Seateuation resistance. v3 Y3~ 12:4-0.991X1+0.1220x2-0.1868x3+0.0439x4-4.05x5+0.02039x 1 #x1-0.000543x4*x4+0. o = o
gree SHANCE Y2 0634x5%x5-0.002570x 1 ¥x2+0.00428x 1 ¥x4-+0.1358x 1#x5-0.000214x2*x4-0.00398x2*X5 ' '
Production costva | YAZSTT-0720K10.0431x2-0.713x3+0.2022x4-1.633x5-0.0001 15x2*x2+0.001338x 1 #x2+ o o oo

e YT 0.001516x2%x3-0.000252x2%x4+0.00378x2%x5 ' '
= +4. -0. +1. +1. +13. +0. *x2-0. *x2-0.
Density, 5 Y5=2484+4.55X1-0.149x2+1 46x3+1.70x4+13.42x5+0.000840x2%x2-0.02422x1%x2-0.0316 (o

x1*x4-0.0303x2*x5-0.0270x3*x4

Table 5 Statistical tests in the coded coefficients of the reduced RS

quadratic models of y1 and y2

R Terms Effect Coefficient t-value P>t
Constant - 64.007 241.23 <0.000
x1 -3.827 -1.914 -14.56 <0.000
x2 2.316 1.158 9.00 <0.000
X3 3.481 1.74 13.24 <0.000
x4 1.158 0.579 4.4 <0.000
x5 0.641 0.321 2.44 0.02
x1*x1 -1.914 -0.957 -8.54 <0.000
yl x2*x2 -1.346 -0.673 -6.66 <0.000
x3*x3 -1.318 -0.659 -5.88 <0.000
x4*x4 -1.069 -0.534 -4.77 <0.000
x5*x5 -0.962 -0.481 -4.29 <0.000
x1*x2 0.651 0.326 2.19 0.035
x1*x4 -0.835 -0.418 -2.72 0.01
x1*x5 -0.547 -0.274 -1.78 0.083
x3*x4 -0.558 -0.279 -1.82 0.077
Constant - 682.24 180.53 <0.000
x1 43.28 21.64 11.55 <0.000
x2 33.66 16.83 9.2 <0.000
x3 66.86 33.43 17.85 <0.000
x4 40.67 20.33 10.86 <0.000
x5 37.42 18.71 9.99 <0.000
x1*x1 -17.45 -8.72 -5.46 <0.000
y2 x2*x2 -17.08 -8.54 -5.94 <0.000
x3*x3 -19.08 -9.54 -5.97 <0.000
x4*x4 -13.37 -6.69 -4.19 <0.000
X5*x5 -14.01 -7.00 -4.38 <0.000
x1*x5 -8.22 -4.11 -1.88 0.067
x2*x5 9.63 4.82 2.28 0.028
x4*x5 6.8 34 1.56 0.128
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Table 6 Statistical tests in the coded coefficients of the reduced RS A Qloug ZF uk-SH o) gl o] 52 F3FS T3]

quadratic models of y3, y4 and y5 A= 2712] 8218 A3 A 891
R Terms Effect  Coefficient t-value P>t| g = o oF Rt} Fig. 5= 2 ih-g <ol tht S5 ¥ (coded)
Constant - 10728 4472 <0.000 AR1Ee] 9EFE HERl= WheEe] AAHA glow, 11
x1 5425 2712 1795 <0.000 B2z x, yH = o] 2]9f 8R1E2 T R IR E U
X2 2.483 1242 85 <0.000 242y 7 =S} Fasg e MR ES UL e
<3 -1.868 -0.934 -6.18 <0.000 Fig. 59] a)9]- b)E RH 92 BE3) e 9 Xé%}@(stationary
<4 1.852 0.926 6.13 <0.000 pOint)O] EA o= AL AT 4= e} 19 a)°ﬂ/\‘1 Hol&=
X5 0.93 0.465 3.08 0.004 HESEHS H o] 27| S siA| o] A4 5
x1*x1 1.019 0.51 399 <0.000 Lol A TAYSHA] AL, +1(203)F +2.378(FF) Ao
V¥ 0978 0489 383 0.001 off EAsh= A L2 BRIty UmA] A5 e|AdHd, Az
X5%x5 0507 0253 1.99 0.054 4, =0 W EH-S YER = Fig. 59 ¢),d),e) S 2 W3
xI*x2  -1542 0771  -457  <0.000 E o) T (term) T 134T 221dol| Hlst w5289
x1#x4 1.284 0.642 3.64 0.001 o] g effect)7} T o= QI3te] Hhgkoly} 557 2
x1%x5 2716 1.358 7.69 <0.000 2 A2 o] FElsHA Kol ¢, HulE ol HAE o}
X2%x4 -0.771 -0.385 208 0.028 d Q% (saddle point)©] EASIAL Y= A 02 FZ=H T, 0]
X2*%5 -0.954 20477 283 0.007 A 2 Hk-gd o] YAk o] FFol tigh JE-L o] R = A
Constant - 56701 24602 <0.000 TEA S Tk TR o= E4 I
x1 0.780  -0.390 -1.91 0.063
x2 7.026 3.513 17.76  <0.000 4.4 YEEM I AN E| X
X3 0.148 0.074 036 0.719 4.4.1 AZE
x4 4.874 2437 1194  <0.000 Sbx] A3 uhe} o] wh-S-w o] o 31 A F=1-2(canonical
v4 X5 0.724 0.362 1.77 0.084 analysis)©= W3- o] Wk}l HAx-2 27 Q)] A A )
X2*x2  -0826  -0.413 2.6 0.013 Table 76 7t RESEd o] HFEA o] Ayt g =] o] 1o
x1#x2 0.803 0.401 1.76 0.087 H, SR F SRy I S E(y2)= A e Rd
X2%x3 0.910 0.455 1.99 0.053 o] 2x}aka} waEre] A4l e o] T EHE 7} B oo
X2*x4  -0907  -0.454 -1.98 0.054 2 AUA L /M= AL 9 2= Q) AZE243) Aol u}
X2*x5 0.907 0.454 1.98 0.054 29 G545y ZHEEHA| -2 A2 (x1, x2, X3, x4,
Constant - 232294 964.65  <0.000 x5)=(34, 515, 51, 95, 7)o, o] wjo] yI FAHZES 66.8
x1 9447 -47.23 2224 <0.000 MPa°|3t). B35 (y2)2] ZHEA] e AL (x1, x2,
X2 5926 2963 -1431  <0.000 x3, x4, x5)=(44, 576, 54, 137, 10)°] At}. o] w2 y2 FH 3k
X3 566 283 <133 019 7763 mmol ATk AZEIA A (y3), A0 &yd), L=
x4 4659 233 -1097  <0.000 (y5)2] vh-&- 52 A3 o] 3 4(determinant) 0°] =
y5 X5 -4.45 -2.23 -1.05 0301 o] 2] (6)°l whet G e ALt 4= IS ol oAl A
X2%x2 6.04 3.02 1.85 0.071 g ASEYAT, A2vE, s veRES A=
xI*x2  -14.53 727 304 0.004 T8 term)ZE Do) BT BAA GolAo] Q= &S A
x*xd 948 474 2191 0063 W3l 7 Zof ole] gfo] A A o] HFeZre Ay ©
X2*X5 727 -3.63 -1.52 0.137 SF A o] Fo]E o] -2 st gl 2] o] Al E o]
X3*x4 -8.09 -4.05 -1.63 0.11 38 2] 0] 0o] Flo}, Aa4=r} AR Esls Anr) 285
ATHMyers, et al.,, 2009). o|ZA] FEEA 02 FHE %
Fo|hgrd o] g o 2 Mely wEAgo g RS A] E3h= 739l =212 W -8 551 B % (compromise
I s P TS ZF vhSHE] REEEHS T4 set) 02 TAEE HZH7Fs Y Y(feasible region)= AL
Aoz FHH= A2 3ako] SAlo|BE kS 1 7)ol Zt Whg o] Wh3-gke 0~12 271 F(scaling) st v
Qohfute] 7p55lt) B o a= 99lo 7 5017} A &5/ — Woll(larger-the-better), T-4x(smaller-the-better), -5
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Table 7 Canonical analysis results of compressive strength and passing ability

A Stationary Stationary point (coded) Stationary point (uncoded) Response
Ri (Eigenvector of coef. Matrix of det (B)
Variables) point x1 x2 x3 x4 x5 x1 x2 x3 x4 x5 91 92
yl -1.13,-0.73,-0.62,-0.47,-0.35 Max.P -0.09 -1.14 058 1.17, 0.68 0.66 34 515 51 96 7 66.8 707.6
y2 -11.33,-9.54,-8.64,-7.11,-3.87 Max.P -2.6E+04 0.73 1.6 1.75, 2.07 2.18 44 576 54 137 10 58.9 7763
(nominal-the-best) — ol W2} 0~12 3 (transform)3]F+= = A0 E otE ). S Aol 257 52
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