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MDD Cu Cce Pz[m 03 Oq Actual MR Predicted MR
2.1 27.3 0.4 0.2 104 69 221 2223
2.1 27.3 0.4 0.2 138 138 263 264.9
2.2 15.9 1.2 0.3 138 276 155 156.6
2.2 243 0.4 0.2 35 69 206 206.5
2.1 27.3 0.4 0.2 104 207 240 241.6
2.4 375 0.8 5.3 69 207 180 179.7
2.4 37.5 0.8 53 35 104 145 144.2
2.3 28 3 0.9 21 41 115 117.9
2.4 50 0.7 2 138 104 258 259.3

2 333 1.7 0.2 69 207 187 186.9
2.3 63.7 0.9 0.3 69 69 248 245.9
2.3 28 3 0.9 104 69 208 209.2
2.3 17 2.1 1.8 69 207 171 170.4
2.2 15.9 1.2 0.3 69 69 93 91.9
2.4 353 2.4 0.7 35 104 121 117.6
2.3 21.8 1.4 0.1 35 69 134 137.8
2.4 35.3 2.4 0.7 21 21 124 122.3
2.3 63.7 0.9 0.3 21 61 158 159.1
2.4 50 0.7 2 104 207 246 246.0
2.3 28 3 0.9 35 35 139 137.3

2 33.3 1.7 0.2 21 21 94 934
2.1 27.3 0.4 0.2 138 104 256 256.3
2.3 63.7 0.9 0.3 69 207 247 249.8
2.2 243 0.4 0.2 104 104 329 329.8
2.4 375 0.8 5.3 138 138 225 223.5
2.2 243 0.4 0.2 21 21 194 193.2
2.1 27.3 0.4 0.2 69 138 200 197.5
2.1 273 0.4 0.2 35 69 140 139.2
2.3 21.8 1.4 0.1 21 21 123 119.4
2.3 28 3 0.9 138 276 307 307.3
2.4 50 0.7 2 35 35 140 142.8
2.2 25 2.3 0.3 104 69 191 192.4

2 33.3 1.7 0.2 21 41 99 99.0
2.3 28 3 0.9 35 69 137 137.3
2.2 15.9 1.2 0.3 138 104 136 135.1
2.3 17 2.1 1.8 21 41 119 119.5
2.3 21.8 1.4 0.1 21 61 117 116.9
2.1 273 0.4 0.2 21 61 112 112.7

2 333 1.7 0.2 138 276 258 257.9
2.2 25 2.3 0.3 138 138 232 231.1
2.4 50 0.7 2 69 69 187 187.1
2.2 15.9 1.2 0.3 69 138 100 101.8
2.3 9.8 1.5 1.7 138 104 159 158.1
2.4 353 2.4 0.7 69 138 126 124.1
2.2 243 0.4 0.2 69 207 259 258.7
2.2 243 0.4 0.2 35 104 205 202.6
2.2 243 0.4 0.2 35 35 223 223.6
2.2 243 0.4 0.2 69 138 258 260.7
2.3 28 3 0.9 21 21 131 130.3

2 33.3 1.7 0.2 138 104 235 234.4
2.3 63.7 0.9 0.3 21 41 159 158.6
2.2 15.9 1.2 0.3 35 69 64 69.4
2.3 17 2.1 1.8 21 61 124 121.9
2.4 50 0.7 2 69 138 203 203.5
2.3 17 2.1 1.8 138 138 227 227.5
2.2 25 2.3 0.3 21 21 85 86.2
2.2 15.9 1.2 0.3 21 21 60 60.8
2.1 27.3 0.4 0.2 104 104 226 2273
2.3 63.7 0.9 0.3 104 207 339 334.9
2.3 28 3 0.9 104 207 250 249.2
2.2 25 2.3 0.3 138 276 253 252.2

2 33.3 1.7 0.2 69 69 179 180.0
2.3 17 2.1 1.8 35 69 128 129.3
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MDD Cu Cce Pz[m 03 Oq Actual MR Predicted MR
2.3 21.8 1.4 0.1 138 138 252 250.1
2.2 25 2.3 0.3 104 207 211 212.9
2.4 353 2.4 0.7 69 207 126 128.9
2.4 50 0.7 2 69 207 212 213.4
2.3 17 2.1 1.8 138 104 221 220.3
22 15.9 1.2 0.3 104 69 109 105.5
2.3 9.8 1.5 1.7 69 69 114 117.2
2.4 353 2.4 0.7 104 69 130 132.1
2.3 17 2.1 1.8 138 276 245 245.2
2.3 9.8 1.5 1.7 104 69 140 139.2
2.3 21.8 1.4 0.1 21 41 119 118.5
2.4 50 0.7 2 138 138 263 263.5
2.4 375 0.8 5.3 35 69 134 136.2
2.1 273 0.4 0.2 138 276 281 280.1
2.3 9.8 1.5 1.7 138 138 154 157.4
2.3 28 3 0.9 35 104 137 134.8

2 333 1.7 0.2 104 69 203 202.2
2.3 63.7 0.9 0.3 104 104 323 327.2
2.4 50 0.7 2 35 104 165 165.2
2.2 15.9 1.2 0.3 138 138 139 142.7
2.3 21.8 1.4 0.1 69 69 163 169.4
2.3 28 3 0.9 138 104 236 235.2
2.1 27.3 0.4 0.2 69 207 200 200.2
2.3 17 2.1 1.8 35 35 119 120.2

2 333 1.7 0.2 104 104 208 208.1
2.4 37.5 0.8 5.3 21 41 117 115.8
2.3 28 3 0.9 69 138 184 184.9
2.3 9.8 1.5 1.7 104 104 139 1343
2.3 28 3 0.9 69 207 185 185.7
2.4 353 2.4 0.7 21 61 119 121.0
2.4 37.5 0.8 53 69 138 169 167.7
2.3 21.8 1.4 0.1 104 207 250 247.9
22 25 2.3 0.3 35 69 119 120.0
2.2 25 2.3 0.3 21 61 99 99.0
2.4 50 0.7 2 138 276 287 285.8
2.3 28 3 0.9 104 104 211 209.9
2.2 15.9 1.2 0.3 35 104 77 74.1
2.2 15.9 1.2 0.3 104 104 110 108.2
2.4 375 0.8 5.3 138 104 221 221.8
2.4 353 2.4 0.7 138 138 152 152.4
2.3 9.8 1.5 1.7 21 21 93 92.7
2.2 15.9 1.2 0.3 21 61 71 69.8
2.4 37.5 0.8 5.3 104 104 190 192.0
2.4 353 2.4 0.7 138 104 149 146.9
2.3 21.8 1.4 0.1 69 138 184 180.0
2.2 15.9 1.2 0.3 21 41 65 64.8
2.2 25 2.3 0.3 69 138 175 1723
2.3 21.8 1.4 0.1 138 104 236 240.7
2.2 24.3 0.4 0.2 21 41 186 187.8
2.4 353 2.4 0.7 69 69 121 120.8
2.2 24.3 0.4 0.2 138 104 378 3742
2.4 375 0.8 5.3 104 69 187 186.1
2.2 25 2.3 0.3 104 104 195 196.0
2.4 353 2.4 0.7 104 207 143 142.9
2.2 25 2.3 0.3 21 41 93 92.1
2.4 50 0.7 2 104 69 221 218.5

2 33.3 1.7 0.2 21 61 103 103.0
2.3 63.7 0.9 0.3 104 69 323 321.5
2.4 375 0.8 5.3 69 69 156 156.4
2.2 243 0.4 0.2 21 61 181 181.5
2.4 50 0.7 2 104 104 226 225.6
2.4 50 0.7 2 21 41 135 134.6
2.4 353 2.4 0.7 104 104 131 132.4

2 333 1.7 0.2 138 138 241 241.2
2.4 353 2.4 0.7 35 35 124 124.9
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MDD Cu Cce Pz[m 03 Oq Actual MR Predicted MR
2.2 243 0.4 0.2 104 207 333 332.7
2.3 17 2.1 1.8 104 69 187 186.6
2.4 50 0.7 2 21 61 145 142.8
2.2 25 2.3 0.3 69 207 175 176.1
2.2 24.3 0.4 0.2 138 276 393 391.8
22 25 2.3 0.3 35 104 124 122.4
24 50 0.7 2 21 21 124 123.6
2.3 17 2.1 1.8 69 138 165 166.7
2.1 273 0.4 0.2 21 41 107 105.8
2.2 15.9 1.2 0.3 35 35 63 61.8

2 33.3 1.7 0.2 35 35 123 124.2
2.2 25 2.3 0.3 69 69 165 163.4
2.3 17 2.1 1.8 69 69 161 160.9
2.3 21.8 1.4 0.1 104 69 207 203.0
2.3 21.8 1.4 0.1 35 104 139 140.0
22 243 0.4 0.2 104 69 341 328.0
2.3 9.8 1.5 1.7 21 41 88 91.3
2.3 28 3 0.9 21 61 114 108.5
2.3 17 2.1 1.8 21 21 112 121.7
2.3 9.8 1.5 1.7 35 69 103 101.8
2.3 63.7 0.9 0.3 35 35 171 174.9

2 333 1.7 0.2 35 104 135 158.2
2.4 375 0.8 5.3 21 21 108 100.9
2.3 17 2.1 1.8 104 207 203 218.9
2.4 375 0.8 5.3 21 61 125 126.4
2.3 21.8 1.4 0.1 69 207 191 201.3
2.4 353 2.4 0.7 35 69 126 121.3
22 25 2.3 0.3 35 35 113 118.4
2.3 9.8 1.5 1.7 35 35 124 98.8
2.2 25 2.3 0.3 138 104 228 226.0
2.3 28 3 0.9 69 69 184 180.0
2.1 27.3 0.4 0.2 21 21 98 102.4
22 243 0.4 0.2 138 138 366 381.0
2.4 375 0.8 5.3 104 207 206 201.3
2.4 375 0.8 5.3 35 35 119 120.5
2.3 21.8 1.4 0.1 35 35 127 136.9

2 333 1.7 0.2 69 138 187 187.7
2.4 353 2.4 0.7 138 276 169 187.0
2.1 27.3 0.4 0.2 69 69 191 196.9
2.3 63.7 0.9 0.3 138 104 413 383.4
2.3 63.7 0.9 0.3 35 104 187 1743
2.3 63.7 0.9 0.3 35 69 183 174.8
2.3 9.8 1.5 1.7 21 61 90 91.0
2.3 21.8 1.4 0.1 104 104 211 208.0
2.3 63.7 0.9 0.3 138 276 411 393.7
2.3 17 2.1 1.8 35 104 134 143.5
2.2 15.9 1.2 0.3 104 207 123 130.4
2.1 27.3 0.4 0.2 35 35 136 147.4
2.3 63.7 0.9 0.3 21 21 150 157.7
2.4 353 2.4 0.7 21 41 121 122.0
2.3 28 3 0.9 138 138 252 241.0
2.4 50 0.7 2 35 69 156 156.5
2.2 243 0.4 0.2 69 69 252 272.2

2 333 1.7 0.2 35 69 130 141.2
2.3 63.7 0.9 0.3 138 138 422 389.7
2.4 375 0.8 5.3 138 276 244 2433

2 33.3 1.7 0.2 104 207 221 233.8
2.3 9.8 1.5 1.7 69 138 107 113.8
2.2 15.9 1.2 0.3 69 207 104 94.3
2.1 27.3 0.4 0.2 35 104 143 135.1
2.3 63.7 0.9 0.3 69 138 259 248.0
2.3 17 2.1 1.8 104 104 189 193.8
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[Dilation Matrix] 20
1 2 3 4 5 6 7 8 9 10
-74.286060 -278.181496 -24.316814 56.908636 167.416958 96.956985 103.817192 -75.526087 149.434136 -310.271709
11 12 13 14 15 16 17 18 19 20
-316.034020 -484.709555 121.110636 82.895517 20.533996 246.598802 293.680868 43.485790 210.378315 712.939024
[Translation Matrix]xzo
1 2 3 4 5 6 7 8 9 10
-156.803317 261.277552 908.305028 -208.651174 237.882601 353.130522 96.418422 -152.702542 -172.013063 -29.357955
11 12 13 14 15 16 17 18 19 20
-737.943414 -263.591429 -466.398888 218.234369 91.300302 871.437020 -550.953523 706.425224 8.735524 -159.889186
[Input Weighting]ex20)

1 2 3 4 B 6 7 3 9 10
1 121.283699 -176.391265 104.670950 -337.511967 42.393690 355.373501 188.250451 -374.005599 -243.893397 104.134690
2 263.733706 258.425144 -997.824799 -299.447487 385.809068 32.090264 445.884045 181.206109 -664.626582 -76.973348
3 -14.993305 -36.716139 1000.000000 90.411752 -105.929921 -358.239843 -60.962006 6.421983 773.819828 33.543527
4 -78.111814 -639.226581 573.500513 -242.929059 -76.171955 -999.961083 257.888068 10.603547 445.520673 -93.395281
5 125.510409 5.825796 -129.906765 -491.710699 -88.350312 -175.724177 5.538957 -7.968145 326.202222 -213.055919
6 -299.485007 117.287693 110.257120 70.992133 -83.940852 23.453790 -6.403093 26.537656 -390.711956 -167.741270

11 12 13 14 15 16 17 18 19 20
1 747.671890 18.888173 -88.139329 -68.112620 298.750618 249.948910 33.386315 -169.442285 -552.858688 -109.754106
2 -221.541533 -61.990311 -33.313377 -185.688112 37.039498 -294.515073 999.901637 34.953523 -994.568080 205.359881
3 170.362962 -129.866729 544.726835 155.523901 87.784433 -276.612280 292421438 726.721095 -151.493808 -703.724762
4 193.638244 38.188955 -93.573330 102.348394 227.429509 -999.920684 -365.120834 -105.563957 -638.376796 -51.698549
5 999.999976 -159.955938 42.083924 -104.892208 -786.962542 -78.158152 196.411411 64.621051 -256.507615 -55.040459
6 218.541093 127.625206 213.789863 -154.316293 102.091256 -112.005910 338.690519 -236.796138 -2.286789 -34.699080

[Output Weighting] 91,

1 -42.264627
2 84.494561
3 133.022160
4 -22.889238
5 41.410077
6 239.288648
7 -256.585120
8 90.078113
9 9.181932
10 -89.368094
11 206.209734
12 201.588271
13 773.901985
14 282.237490
15 -13.738238
16 999.914047
17 -261.983837
18 -95.212863
19 -146.949485
20 160.001760
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ABSTACT

The resilient modulus (Mg) of road materials is one of the most important parameters in the
analysis and design of pavement. This parameter is used in both empirical methods and
mechanistic-empirical methods as the main parameter for expressing the stiffness and
behavior of road construction materials. To determine this parameter in the laboratory, it is
necessary to perform a dynamic tri-axial loading test under various confining and deviator
stresses, which is atime- and cost-intensive approach. In this paper, a wavelet neural network
(WNN) hybridized with the teacher learning based optimization (TLBO) algorithm was used
to model the Mg of unbound subbase materials. The input variables included maximum dry
density, uniformity coefficient, curvature coefficient, percent passing No. 200 sieve, confining
stress, and deviator stress and output variable was resilient modulus of the unbound subbase
materials. The results of this study indicate that increasing the number of neurons in the
hidden layer to more than 20 neurons has little effect on increasing the accuracy of the
wavelet neural network and the Mexican Hat wavelet function has the best result in predicting
the resilient modulus. The results of this study also indicate that the WNN-TLBO method is
more accurate than the ANN method in predicting the Mg of unbound subbase materials.
Externa validation results indicate that the WNN-TLBO method satisfy all the necessary
criteria, which indicates the high predictive potential of this method. The results of sensitivity
analysis indicate that the degree of importance of the confined stress is higher than other
variables for predicting the resilience modulus. A parametric analysis was also done to study
the effects of each input variable on the M.

Key Words: Resilient Modulus, Wavelet Neural Network (WNN), TLBO Algorithm,
Granular Subbase
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