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ABSTRACT

Concrete is widely used as a building material all over the world, but it is not
considered an environmentally friendly material due to environmental
degradation and the use of large amounts of natural resources. Therefore, it is
necessary to provide a solution to reduce the effects of recycled aggregate
pollution. In the present study, the effect of the strength of recycled aggregates on
the rheological and mechanical properties of self-compacting concrete is
investigated experimentally and numerically. Hence, two types of recycled
aggregates with known and unknown strength origins are utilized for the studied
samples. The experimental design in this research is accomplished by the Box
Behnken method, which is one of the response surface methods. Input variables in
mixtures, including micro silica in the range of 5-15% as a percentage substitute
for the weight of cement and recycled coarse and fine grains in the range of 0-
50% for both series of recycled materials, are replaced by natural materials. The
studied responses are slump flow, funnel V, compressive and tensile strengths.
The results indicate that the increase in recycled aggregates reduces the
rheological and mechanical properties of the mixtures, while micro silica
effectively improves the mechanical properties. In addition, the sensitivity of most
of the studied responses is related to recycle fine particles. It should be noted that
recycled materials of known strengths are shown better results than recycled
materials of unknown strengths. Some mathematical relationships are also
provided using analysis of variance for all responses to predict the rheological
and mechanical properties of mixtures.
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2, Sl o e )f”” ol omer e NF RCA-SS RFA-SS RCA-K RFAK

MIX1 SFI0RCORFO-SS 3636  36.4 40 200 550 5152  1197.7 0.00 0.00 - -
MIX2 " SFI0RCORFS0-SS 3636 364 40 200 550 5152 5988 0.0 535.3 - -
MIX3  SFI5RC25RFO-SS 3478  52.2 40 200 550 3851 12027 1167 0.00 . -
MIX4  SFI5RCORF25-SS 3478  52.2 40 200 550 5135 9020 0.00 266.7 - -
MIX5  SFI0RC25RF25-SS 3636  36.4 40 200 550 3864  905.1 1171 267.6 - -
MIX6  SFIORCS0RFO-SS 3636 364 40 200 550 2576 12068 2342 0.00 . -
MIX 7 SF5RC25RFO-SS 3801  19.9 40 200 550 3877 12110 1175 0.00 . -
MIX8  SFI0RC25RF25-SS 3636  36.4 40 200 550 3864 90510  117.1 267.6 - -
MIX9  SFIORC25RF25-SS 3636  36.4 40 200 550 3864 90510  117.1 267.6 - -
MIX10  SFI5RC50RF25-SS 3478  52.2 40 200 550 2567 90207 2335 266.7 - -
MIX11  SF5RC50RF25-SS  380.1  19.9 40 200 550 2585 90826  235.1 268.6 . -
MIX12  SF5RC25RF50-SS 3801  19.9 40 200 550 3877 60550 1175 537.2 - -
MIX 13  SFI5RC25RF50-SS 3478  52.2 40 200 550 3851 60138 1167 533.5 - -
MIX 14  SFSRCORF25-SS  380.1  19.9 40 200 550 5170 908.26 0.00 268.6 . -
MIX 15  SFI10RC25RF25-SS 36360  36.4 40 200 550 3864 90510  117.1 267.6 - -
MIX 16  SFI0RC25RF25-SS 36360  36.4 40 200 550 3864 90510  117.1 267.6 - -

[ MIX17  SFIORC50RF50-SS 3636  36.4 40 200 550 2576 60340 2342 535.3 - -

r MIX18 SF10RCORFO-K 363.6 36.4 40 200 550 5152 11977 - - 0.00 0.00
MIX19  SFIORCORFf50-K 3636  36.4 40 200 550 5152 5988 - - 0.00 526.27
MIX20  SFI5RC25RFO-K 3478 522 40 200 550 3851 12027 - - 112.88 0.00
MIX21  SFI5RCORF25-K 3478  52.2 40 200 550 5135 9020 - - 0.00 262.26
MIX22  SFIORC25RF25-K 3636  36.4 40 200 550 3864  905.1 - - 11326  263.14
MIX23  SFIORCS0RFO-K 3636  36.4 40 200 550 2576  1206.8 - - 226.52 0.00
MIX24  SF5RC25RFO-K 3801 199 40 200 550 3877 12110 - - 113.65 0.00
MIX25  SFIORC25RF25-K  363.6  36.4 40 200 550 3864  905.10 - - 11326 263.14

{ MIX26  SFIORC25RF25-K 3636  36.4 40 200 550 3864  905.10 - - 11326  263.14
MIX27  SFI5RCS0RF25-K 3478  52.2 40 200 550 2567 90207 - - 22576 262.26
MIX 28  SFSRC50RF25-K 3801  19.9 40 200 550 2585  908.26 - - 22731 264.05
MIX29  SFSRC25RF50-K  380.1  19.9 40 200 550 3877 60550 - - 11365  528.11
MIX30  SFI5RC25RF50-K  347.80  52.2 40 200 550 3851 60138 - - 11288 52451
MIX31  SF5RCORF25-K 3801 199 40 200 550 5170 908.26 - - 0.00 264.05
MIX 32  SFIORC25RF25-K 3636  36.4 40 200 550 3864  905.10 - - 11326  263.14
MIX 33  SFIORC25RF25-K 3636  36.4 40 200 550 3864  905.10 - - 11326 263.14

| MIX34  SFIORC50RF50-K 3636  36.4 40 200 550 2576  603.40 - - 208.9 461.2
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Sliylesl mbi—# Jour

AV wBMI Sk Y s)lid Cuoglio Coslis ) (S Coglie 059y VA (oS Caoglis
2 S T o/ Juy IS ot (k) )
: om (ky/ ) (kg/ ) Y
oasde Cuglis by (28U (sloailiSiw —Jgl (5 m

MIX1 SF10RCORFO-SS 5.1 705 335 430 24.2 31
MIX 2 SF10RCORF50-SS 5.99 620 261 339 17.63 23.73
MIX 3 SF15RC25RF0-SS 6.12 640 338 445 23.1 30.8
MIX 4 SF15RCORF25-SS 6.08 635 308 390 21.02 26.8
MIX 5 SF10RC25RF25-SS 6.05 635 278 370 19.82 25.87
MIX 6 SF10RC50RF0-SS 6.02 600 291 378 195 25.32

MIX 7 SF5RC25RF0-SS 5.35 695 305 391 20.91 27
MIX 8 SF10RC25RF25-SS 5.99 640 276 363 19.38 25.7

MIX 9 SF10RC25RF25-SS 6.18 635 280 372 20.23 27
MIX 10 SF15RC50RF25-SS 6.59 580 276 368 19.56 26.12
MIX 11 SF5RC50RF25-SS 6.01 605 240 306 16.09 215
MIX 12 SF5RC25RF50-SS 6.72 600 252 324 16.96 22.82
MIX 13 SF15RC25RF50-SS 6.9 580 253 334 17.8 23.73
MIX 14 SF5RCORF25-SS 5.68 670 246 310 18.12 22.95
MIX 15 SF10RC25RF25-SS 6.05 642 294 377 21.57 27.74
MIX 16 SF10RC25RF25-SS 6.19 637 274 364 19.3 25.67
MIX 17 SF10RC50RF50-SS 7.9 550 232 303 15.88 20.73

oliile )" (8L jk sl wliSiw — pg> (5w

MIX 18 SF10RCORFO-K 5 700 331 425 24,11 32
MIX 19 SF10RCORFf50-K 6.1 610 256 315 18 22.1
MIX 20 SF15RC25RF0-K 5.95 620 307 410 22.57 30.7
MIX 21 SF15RCORF25-K 6 640 282 358 19.95 25.2
MIX 22 SF10RC25RF25-K 6 620 277 365 19.45 25.5
MIX 23 SF10RC50RF0-K 5.9 635 270 359 18.96 25.4
MIX 24 SF5RC25RF0-K 5.2 685 268 351 18.12 23.8
MIX 25 SF10RC25RF25-K 6.05 620 281 359 20.45 26.2
MIX 26 SF10RC25RF25-K 6.12 620 268 348 18.09 23.6
MIX 27 SF15RC50RF25-K 6.13 620 247 330 17.22 23.1

MIX 28 SF5RC50RF25-K 6.2 620 227 288 14.95 19

MIX 29 SF5RC25RF50-K 7.2 590 228 304 14.96 20
MIX 30 SF15RC25RF50-K 7.52 565 254 333 16.66 21.9
MIX 31 SF5RCORF25-K 5.51 670 219 285 15.21 19.9
MIX 32 SF10RC25RF25-K 6 620 274 357 17.77 23.2
MIX 33 SF10RC25RF25-K 6 620 278 352 19.02 24.2
MIX 34 SF10RC50RF50-K 7.82 535 217 275 14.86 19.2
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Source Sumof Squares df Mean Square F-value  p-value
Model 25249.07 9 2805.45 39.67 <0.0001
X1 2278.12 1 2278.12 32.21 0.0008
X2 10878.12 1 10878.12 153.82 < 0.0001
X3 10512.50 1 10512.50 148.65 <0.0001
X1.X2 25.00 1 25.00 0.3535 0.5708
X1.X3 306.25 1 306.25 4.33 0.0760
X2.X3 306.25 1 306.25 4.33 0.0760
X1.X1 29.57 1 29.57 0.4181 0.5385
X2.X2 673.78 1 673.78 9.53 0.0177
X3.X3 172.46 1 172.46 2.44 0.1623
esidual 495.05 7 70.72
R-Squared 98.08%
Adj R-Squared 95.60%
Pure Error 38.80 4 9.70
Cor Total 25744.12 16

Slump Flow — ss = 753 — 5.21X1 — 0.77X2 — 2.5X3 + 0.07X1X3 + 0.01X1X2 — 0.02X2%2  (3)

oliilo,S (8L 3L (sWrailasiuw b cwodlwl (3l y2 alo3T (gl il sy Julows gulis —A Jga

Source Sumof Squares df  Mean Square  F-value p-value
Model 24004.55 9 2667.17 19.34 0.0004
X1 1711.12 1 1711.12 12.41 0.0097
X2 5778.12 1 5778.12 41.89 0.0003
X3 15138.00 1 15138.00 109.76 <0.0001
X1.X2 156.25 1 156.25 1.13 0.3225
X1.X3 256.00 1 256.00 1.86 0.2153
X2.X3 25.00 1 25.00 0.1813 0.6831
X1.X1 196.13 1 196.13 1.42 0.2719
X2.X2 406.44 1 406.44 2.95 0.1297
X3.X3 374.02 1 374.02 2.71 0.1436
Residual 965.45 7 137.92
R-Squared 96.13%
Adj R-Squared 91.16%
Pure Error 33.20 4 8.30
Cor Total 24970.00 16

Slump Flow — K = 746 — 8.38X1 — 1.86X2 — 0.98X3 + 0.27X% + 0.01X2 — 0.01X2  (4)

21y b o ties 8Lk sl aslaSw 5l s 90 ;2 40 4T 55,5 e oamlin A 5V Jglox o F-Value jolie cwyp b
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Contour Plot of Slump flow-K vs RFA-k, RCA-k Contour Plot of Slump Flow - 55 vs RFA-SS, RCA-55
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Source Sumof Squares df Mean Square  F-value  p-value
Model 5.64 9 0.6267 7.64 0.0069
X1 0.4656 1 0.4656 5.67 0.0487
X2 1.68 1 1.68 20.52  0.0027
X3 3.03 1 3.03 36.87  0.0005
X1.X2 0.0081 1 0.0081 0.0987 0.7625
X1.X3 0.0870 1 0.0870 1.06 0.3374
X2.X3 0.2450 1 0.2450 2.99 0.1276
X1.X1 0.0003 1 0.0003 0.0042 0.9504
X2.X2 0.0005 1 0.0005 0.0062 0.9394
X3.X3 0.1238 1 0.1238 1.51 0.2590
Residual 0.5745 7 0.0821
R-Squared 90.76%
Adj R-Squared 78.87%
Pure Error 0.0313 4 0.0078
Cor Total 6.21 16

V Funnel — SS = 4.65X1 + 0.07X2 + 0.008X2 + 0.01X3 — 0.001X1X3

oLidlo S (8L 3l (Grailuafiw LV cd o3l (slyr (il )l Julon s )+ Jou

Source Sumof Squares df Mean Square F-value  p-value
Model 8.10 9 0.9004 12.44 0.0016
X1 0.2775 1 0.2775 3.83 0.0911
X2 1.48 1 1.48 20.43 0.0027
X3 5.43 1 5.43 7499 <0.0001
X1.X2 0.0784 1 0.0784 1.08 0.3326
X1.X3 0.0462 1 0.0462 0.6385  0.4505
X2.X3 0.1681 1 0.1681 2.32 0.1714
X1.X1 0.0374 1 0.0374 0.5167  0.4956
X2.X2 0.1192 1 0.1192 1.65 0.2403
X3.X3 0.4846 1 0.4846 6.69 0.0361
Residual 0.5067 7 0.0724
R-Squared 94.11%
Adj R-Squared 86.55%
Lack of Fit 0.4956 3 0.1652 59.43 0.0009
Pure Error 0.0111 4 0.0028
Cor Total 8.61 16

V Funnel — K = 491 + 0.03X1 + 0.009X2 — 0.002X3
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Contour Plot of V funnel - 55 vs RFA-5S, RCA-SS Contour Plot of V funnel-K vs RFA-k, RCA-k
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Source Sumof  df Mean F-value p-value
Squares Square
Model 24502.32 9  2722.48 13.67 0.0012
X1 530450 1  5304.50 26.64 0.0013
X2 162450 1  1624.50 8.16 0.0245
X3 14792.00 1 14792.00 74.29 < 0.0001
X1.X2 81.00 1 81.00 0.4068 0.5439
X1.X3 484.00 1 484.00 2.43 0.1629
X2.X3 64.00 1 64.00 0.3214 0.5885
X1.X1 227.46 1 227.46 1.14 0.3206
X2.X2 141778 1  1417.78 7.12 0.0321
X3.X3 571.46 1 571.46 2.87 0.1341
Residual 139380 7 199.11
R-Squared 94.62%
Adj R- 87.70%
Squared

Pure Error 134.80 4 33.70
Cor Total 25896.12 16
Fc— 5528 = 275.57 + 18.6X1 + 1.17X2 — 1.59X3 — 0.678X? — 0.03X7
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Source Sum of df Mean F-value p-value
Squares Square
Model 24675.45 9 2741.72 11.33 0.0021
X1 5151.13 1 5151.13 21.28 0.0024
X2 2145.13 1 2145.13 8.86 0.0206
X3 12640.50 1 12640.50 52.22 0.0002
X1.X2 240.25 1 240.25 0.9924 0.3523
X1.X3 225.00 1 225.00 0.9295 0.3671
X2.X3 169.00 1 169.00 0.6981  0.4310
X1.X1 1285.79 1 1285.79 5.31 0.0546
X2.X2 2320.32 1 2320.32 9.58 0.0174
X3.X3 488.84 1 488.84 2.02 0.1983
Residual 1694.55 7 242.08

R-Squared 93.57%
Adj R- 85.31%
Squared
Pure Error 170.80 4 42.70
Cor Total 26370.00 16
Fc — k28 = 342.28 + 7.35X1 + 0.92X2 — 1.74X3 — 0.088X1X3 — 0.03X3 + 0.01X2

- o wgmme glojle Glay 532 8Lk allae b oas sl slary des a5 Ceul ol oaims HLi3 F Jsanr 1 ond 4l mls

b 6,La Conslie wilonds 3Kl a5 SlaailaSin (gojlul 28,5 S5 1 ey ol 03gy allie 1l GBlaml 7> £adpe ol 45 s
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SEM MAG: 150 % L 100 | VEGANTESCAN SEM MAG: 800 x WD: 13.88 mm
SEM HV: 20.00 kv 200 pm SEMHV: 2000KY  Det SE + BSE 20 um

VEGAW TESCAN
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5. Scanning Electron Microscope (SEM)
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ft —ss (kg/cmz) =24.93 + 0.47X1 + 0.03X2 — 0.08X3 — 0.005X1X3 + 0.001X2X3 — 0.002X3

ft— k(kg/cmz) =17.07 + 2.03X1 — 0.01X2 — 0.177X3 — 0.01X1X3 + 0.001X2X3 — 0.06X2 + 0.06X2

(S Caoglilo (o3l gl p asie Caoglito b glae (il ,lg Julowi gl VY Jgus

Source Sum of df Mean F-value p-value
Squares Square
Model 118.18 9 13.13 8.64 0.0048
X1 21.71 1 21.71 14.29 0.0069
X2 14.61 1 14.61 9.61 0.0173
X3 66.76 1 66.76 43.94 0.0003
X1.X2 0.1482 1 0.1482 0.0976 0.7639
X1.X3 2.09 1 2.09 1.37 0.2794
X2.X3 1.80 1 1.80 1.18 0.3130
X1.X1 1.42 1 142 0.9338 0.3661
X2.X2 9.14 1 9.14 6.01 0.0440
X3.X3 0.3115 1 0.3115 0.2050 0.6644
Residual 10.64 7 1.52
R-Squared  93.46%
Adj R- 86.93%
Squared
Pure Error 3.46 4 0.8648
Cor Total  128.82 16

(S Cenglin ialojl sl oLiile S gllias iyl Jukond gulis -IF oo

Source Sum of df Mean F-value p-value
Squares Square
Model 196.08 9 21.79 11.44 0.0020
X1 41.41 1 41.41 21.74 0.0023
X2 19.53 1 19.53 10.26 0.0150
X3 102.96 1 10296 54.07 0.0002
X1.X2 0.3600 1 03600 0.1891 0.6768
X1.X3 6.25 1 6.25 3.28 0.1129
X2.X3 3.42 1 3.42 1.80 0.2219
X1.X1 11.57 1 11.57 6.07 0.0432
X2.X2 4.93 1 4.93 2.59 0.1515
X3.X3 6.24 1 6.24 3.28 0.1131
Residual 13.33 7 1.90
R-Squared  91.74%
Adj R- 81.13%
Squared
Lack of Fit 6.86 3 2.29 141 0.3623
Pure Error 6.47 4 1.62
Cor Total 209.41 16
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