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Table 1. The generated database containing anisotropic shear and Young’s moduli for cohesionless soils

Soil type Tes;/:r?rzple “P) | (kPe) (nﬁ’ﬁ'&) (MP3) (MEFr’la) (MEIga) Reference

30 30 73.8 50.0 | 1707 | 139.3

50 50 88.9 713 | 2046 | 166.9

nggra TS 100 | 100 | 1224 | 1015 | 2743 | 2423

200 | 200 | 1596 | 1314 | 355.9 | 308.8

400 | 400 | 2169 | 177.7 | 4801 | 413.0

30 30 60.9 613 | 1706 | 1385

_ 50 50 79.7 763 | 2195 | 170.6
r'lf/aesrhs'g:]"’(‘j RS 100 | 100 | 1089 | 1026 | 299.0 | 2217 a?létztgze(;)

200 | 200 | 1487 | 1402 | 4040 | 3252

400 | 400 | 2031 | 1915 | 5534 | 436.0

30 30 63.0 559 | 169.2 | 132.7

50 50 86.3 759 | 2319 | 169.2

5!232 GB 100 | 100 | 1207 | 1135 | 3281 | 2771

200 | 200 | 1652 | 1542 | 4499 | 367.5

400 | 400 | 2252 | 2033 | 5935 | 4813

45 100 | 1401 | 1061 | 357.8 | 205.7

Toyoura 47 100 | 1431 | 1109 | 3639 | 2230
sand triaxial 50 | 100 | 1466 | 1169 | 3730 | 2453 | Guetal
simulated | extension (TE) 60 100 154.4 133.1 393.2 | 305.1 (2017)

by DEM 70 | 100 | 1597 | 1449 | 4044 | 3476

81 100 | 1628 | 1537 | 4125 | 377.0
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120 100 169.0 172.8 | 425.7 | 449.0
140 100 168.5 1776 | 4257 | 471.3
160 100 167.0 180.1 | 4216 | 4875
180 100 162.8 180.4 | 408.4 | 500.7
triaxial 190 | 100 | 1592 | 1801 | 399.3 | 504.7
compression
(TC) 200 100 155.2 1781 | 389.2 | 507.8
210 100 150.4 1756 | 374.0 | 506.8
220 100 143.1 1716 | 355.7 | 502.7
230 100 133.3 165.0 | 327.4 | 494.6
240 100 121.0 1542 | 2919 | 474.3
50 25 35.1 36.6 855 | 111.0
100 50 50.1 52.8 1212 | 1576
150 75 61.9 65.6 149.0 | 1938
200 100 71.8 76.4 172.4 | 2243
251 125 80.8 86.2 1933 | 2516
461 300 150 88.8 95.0 2120 | 276.2
350 175 96.1 103.1 | 229.2 | 298.6
400 200 103.1 110.7 | 2452 | 319.7
450 225 109.5 117.8 | 260.3 | 339.4
500 250 115.8 1248 | 275.0 | 3586
549 275 121.6 131.2 | 2884 | 376.2
599 300 1275 137.7 | 301.9 | 394.0
50 51 45.7 40.6 1137 | 905
100 100 67.0 59.3 165.0 | 131.3
Kenya 150 151 84.2 74.4 206.2 | 164.0 Fiogf“;f‘me
sand 200 | 200 98.9 872 | 2409 | 1916 | (p013)
249 250 112.0 98.6 2719 | 216.1
300 300 124.2 109.3 | 3009 | 239.2
460 350 351 1355 119.1 | 3275 | 260.2
400 400 146.3 1284 | 3526 | 280.2
450 450 156.3 137.2 | 376.2 | 298.9
499 500 165.9 1455 | 3986 | 3168
549 550 175.0 153.4 | 419.8 | 3335
599 599 183.9 161.1 | 4405 | 350.0
25 50 45.7 37.4 1147 | 706
50 100 67.6 54.1 169.6 | 95.6
469 75 150 85.0 67.1 2130 | 114.2
100 200 100.2 78.3 2509 | 129.6
125 250 113.7 88.2 2845 | 142.8
151 300 126.6 97.6 3166 | 155.2
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174 350 137.9 105.8 344.6 165.7
200 400 149.1 113.9 372.6 176.1
50 25 57.8 54.6 126.3 121.0
100 51 815 75.9 177.7 172.3
150 75 99.1 91.6 215.8 210.6
200 100 114.1 104.7 248.1 243.4
250 125 127.4 116.4 276.8 272.6
300 150 139.4 126.9 302.6 298.9
463 350 175 150.3 136.5 326.4 323.2
400 200 160.7 145.4 348.6 346.1
449 225 170.2 153.6 369.0 367.1
500 250 179.5 161.7 389.1 387.8
550 275 188.0 169.0 407.3 406.7
599 300 196.4 176.2 425.4 425.4
49 51 75.0 61.8 177.3 141.7
100 101 106.3 86.8 247.6 194.7
151 152 130.5 106.0 301.2 234.8
201 201 150.3 121.6 344.7 267.1
250 250 167.8 135.4 382.8 295.3
462 300 301 184.1 148.2 418.1 321.3
350 351 199.2 160.0 450.6 345.2
400 401 213.1 170.9 480.4 367.1
449 450 225.8 180.8 507.8 387.1
499 500 238.1 190.4 534.0 406.3
549 549 249.7 199.4 558.9 424.5
599 600 261.2 208.3 583.3 442.2
13 25 54.5 43.3 121.6 72.3
26 51 77.0 59.6 176.7 99.2
50 100 106.6 80.5 251.0 133.6
76 151 131.0 97.4 313.0 161.2
100 200 150.3 110.6 362.8 182.7
466 126 250 168.1 122.7 408.8 202.3
150 299 183.6 133.1 449.1 219.1
175 350 198.5 143.1 488.0 235.2
200 401 212.0 152.1 523.5 249.6
225 450 224.8 160.6 557.3 263.3
250 500 236.5 168.2 588.2 275.7
275 549 248.0 175.8 618.6 287.7
Hostun TC_H400.82p 50 50 71.4 62.9 162.8 | 147.3 | Ezaoui
sand 100 | 100 | 96.0 82.5 | 2189 | 1951 | andDi
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200 200 126.8 115.1 301.7 267.5

400 400 169.0 151.6 415.7 367.7

600 400 178.1 173.3 437.8 467.4

800 400 183.6 1915 436.9 531.1

1200 400 163.3 215.4 372.3 669.5

1200 400 155.8 220.7 361.2 662.2

800 400 157.0 189.4 364.0 580.9

600 400 152.4 177.4 356.6 484.9

400 400 152.2 150.6 362.2 388.0

100 100 102.8 85.2 226.2 195.4

200 200 126.8 116.6 309.6 271.9

300 300 147.0 139.6 355.6 327.6

400 400 167.1 160.6 400.9 383.4

TE_H400.80p 300 400 169.0 151.3 399.1 325.2
200 400 167.1 124.1 400.9 235.7

200 400 170.3 114.3 412.0 190.5

300 400 170.3 127.9 412.0 231.1

400 400 170.3 142.5 412.0 282.8

100 100 110.7 99.0 254.4 240.2

200 200 1524 134.2 347.2 309.1

400 400 208.9 181.5 480.3 431.1

800 400 208.3 226.1 491.4 597.2

TC_HA00.73p+v 1200 400 205.7 241.4 485.2 721.5
1600 400 180.2 255.3 436.0 778.2

1600 400 167.9 245.3 392.9 808.9

1200 400 164.8 224.4 3954 | 751.1

800 400 158.9 200.2 384.3 615.7

400 400 157.6 170.7 378.2 | 418.8

200 200 135.2 130.0 337.8 308.0

300 300 165.5 155.1 416.7 377.0

400 400 190.7 181.0 469.2 431.1

TE_H400.74p+v 300 400 191.3 166.0 474.2 364.6
200 400 192.1 141.2 480.3 271.1

200 400 205.7 122.0 497.5 213.2

300 400 215.3 140.4 503.7 261.2

400 400 212.0 157.1 496.3 306.8

100 100 96.2 99.2 2174 | 2349

TC_HA00.74p+t 200 200 127.2 130.3 284.8 322.9
400 400 176.9 185.8 404.0 | 437.2

800 400 187.2 240.1 422.5 583.7

Yot

Benedetto
(2009)
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1200 400 178.7 252.8 400.3 726.5
1600 400 158.4 255.5 354.8 897.1
1200 400 153.9 241.7 347.4 760.9
400 400 149.1 180.5 332.6 448.3
200 200 129.8 134.6 293.2 3229
300 300 151.1 155.1 3354 383.6
400 400 171.2 172.4 388.0 436.0
TE_H400.73p+t 300 400 170.4 160.2 390.5 384.3
200 400 172.5 144.4 389.2 283.4
200 400 170.8 109.4 385.5 215.7
300 400 174.3 124.4 390.5 271.1
400 400 171.2 163.8 388.0 331.4
84 79 80.9 77.2 190.0 225.0
125 118 96.3 93.2 215.0 | 280.0
166 158 1154 1111 250.0 320.0
H304 208 197 130.9 125.3 290.0 370.0
311 295 157.4 151.4 380.0 460.0
414 393 188.9 177.8 430.0 560.0
84 79 92.7 86.0 220.0 | 280.0
125 119 118.0 114.3 260.0 300.0
Hoas 166 158 135.0 124.2 320.0 | 360.0
208 197 155.0 140.9 360.0 | 420.0
Ham river 311 295 182.0 173.3 450.0 | 540.0
sand (new-
HRS) 415 | 394 | 2181 | 1961 | 570.0 | 640.0
67 31 62.4 720 | 1300 | 260.0 K”;’f‘}’g“"
126 58 87.1 96.7 190.0 | 330.0 Jardine
H601 189 86 103.9 119.4 220.0 410.0 (2002);
252 | 114 | 1187 | 1379 | 2500 | 460.0 %‘é‘g‘)"
314 143 131.0 154.7 280.0 520.0
67 28 49.2 61.5 100.0 200.0
127 57 68.6 83,5 140.0 | 250.0
H508 190 85 83.0 100.4 180.0 330.0
253 114 96.3 114.8 205.0 370.0
316 143 105.0 128.6 230.0 | 420.0
86 31 79.6 74.4 170.0 290.0
141 50 99.2 92.3 220.0 | 350.0
Dunkerque 211 75 122.6 113.0 250.0 | 440.0
sand D902
(DKS) 281 100 140.5 130.2 290.0 | 500.0
351 124 159.8 148.8 330.0 580.0
270 112 142.9 131.6 300.0 520.0
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Yol

83 79 122.8 90.9 2700 | 250.0
124 119 142.7 1105 | 320.0 | 330.0
5903 166 158 159.9 133.4 | 380.0 | 400.0
207 197 175.4 1448 | 420.0 | 460.0
310 295 208.8 167.6 | 520.0 | 570.0
414 393 245.1 197.8 600.0 | 650.0
82 79 77.7 70.9 180.0 | 200.0
124 118 97.6 93.6 230.0 | 240.0
o1 165 157 113.9 110.5 260.0 | 300.0
206 197 126.7 121.3 | 300.0 | 380.0
309 295 152.4 149.7 | 360.0 | 430.0
413 393 167.6 168.6 | 400.0 | 540.0
66 31 413 54.5 85.0 | 170.0
o1 125 57 58.6 73.6 120.0 | 260.0
188 86 716 89.4 160.0 | 320.0
E;:;z 251 114 87.4 104.9 180.0 | 370.0
(GB) 309 295 135.6 1388 | 360.0 | 430.0
413 393 166.4 166.8 | 400.0 | 540.0
81 79 70.6 69.8 200.0 | 210.0
123 118 88.1 90.9 240.0 | 280.0
G022 164 158 103.9 107.1 280.0 | 370.0
206 197 117.3 1189 | 320.0 | 420.0
309 295 1433 146.9 | 400.0 | 530.0
411 393 162.3 164.4 | 450.0 | 600.0
206 197 105.5 106.3 290.0 | 370.0
297 448 161.9 157.9 | 370.0 | 240.0
N/A | N/A 61.5 65.8 1410 | 131.2
N/A | N/A 83.9 91.1 195.3 | 1856
N/A | N/A 99.8 109.9 2358 | 2255
TS-K=05
N/A | N/A 112.8 126.5 269.0 | 2595
N/A | N/A 123.7 140.2 298.7 | 290.0
N/A | N/A 1345 1533 | 324.7 | 316.1
Ticino N/A | N/A 81.7 735 187.0 | 130.1 | Fioravante
sand N/A | N/A 110.0 101.1 259.3 | 183.1 | (2000)
TS.K=1 N/A | N/A 130.0 1223 | 3129 | 223.7
N/A | N/A 147.7 139.9 | 357.6 | 256.7
N/A | N/A 162.4 155.2 | 397.0 | 286.7
N/A | N/A 175.9 169.3 | 431.7 | 313.8
N/A | N/A 114.8 88.6 251.3 | 1435
TS-K=20
N/A | N/A 1435 112.2 273.0 | 1843
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NA | NA | 1704 | 1358 | 3470 | 2245
NA | NJA | 1933 | 1549 | 417.8 | 259.0
NA | NIA | 2131 | 1721 | 4778 | 2883
NA | NA | 599 565 | 1348 | 122.9
NA | NA | 735 695 | 1661 | 146.1
KS-K=05 | NA | NA | 844 804 | 1926 | 1646
NA | NA | 939 913 | 2158 | 1810
NA | N/A | 1041 | 988 | 2369 | 1954
NA | NA | 592 469 | 1355 | 1015
NA | NA | 827 674 | 1930 | 137.3
Ken NA | NA | 1014 | 839 | 2381 | 1632
snd | KS-K=10 N/A | N/A | 1167 | 968 | 2763 | 1838
NA | NA | 1302 | 1091 | 309.7 | 20338
NA | NJA | 1425 | 1197 | 3408 | 2191
NA | NA | 825 578 | 1939 | 1138
NA | NA | 1005 | 711 | 2391 | 1361
KS-K=20 | NA | N/A | 1156 | 819 | 277.6 | 1547
NA | NA | 1288 | 922 | 3114 | 1704
NA | NJA | 1403 | 1012 | 3427 | 1848
50 25 56.1 570 | 1338 | 1603
100 | 50 771 795 | 1841 | 2250
200 150 | 75 92.9 968 | 2220 | 2746
200 | 1200 | 1061 | 1112 | 2537 | 316.2
250 | 125 | 1176 | 1240 | 2814 | 3531
300 | 150 | 1278 | 1354 | 3062 | 386.6
50 50 76.8 632 | 177.6 | 1461
100 | 100 | 1069 | 889 | 2488 | 2047
150 | 150 | 129.8 | 1086 | 3035 | 250.0
B 383 200 | 200 | 1491 | 1252 | 3494 | 287.9 _
T;;:r']go 250 | 250 | 1660 | 139.9 | 3900 | 321.4 Elel(kl)statése)t
300 | 300 | 1813 | 1532 | 4265 | 3514
50 75 92.6 731 | 2147 | 1378
67 | 100 | 1061 | 879 | 2478 | 1602
100 | 150 | 1287 | 1020 | 3041 | 1988
384 150 | 225 | 1560 | 1239 | 3725 | 2459
200 | 300 | 1788 | 1423 | 4299 | 2858
250 | 375 | 1988 | 1584 | 4808 | 3215
300 | 450 | 2169 | 1730 | 5266 | 3535
50 | 100 | 1088 | 744 | 2531 | 1329
385 60 | 120 | 1185 | 813 | 2761 | 1453
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300 600 254.3 179.1 603.6 330.2
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Fig. 1. The variations model of (a) shear modulus anisotropy ratio Gy, /G, and (b) Young’s modulus anisotropy ratio
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Fig. 2. The reciprocal plotting the shear modulus and Young's modulus anisotropy ratios against each other and assessing
their correlations. (a) Display of Gy, /G, as a function of Ey,/E,; (b) Display of Ej,/E,, as a function of G;,,/G,,
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Fig. 3. The reciprocal plotting the anisotropy ratios (a) Gy, /G, versus Ey,/E;, and (b) Ej, /E}, versus Gy, /G, in log scale
by performing linear regression analyses for evaluating their correlations
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Abstract

The ratios of elastic anisotropy in cohesionless soils are always of substantial importance in respective
analyses to the geotechnical and geological engineering projects. These ratios are raising from the
available discrepancies in anisotropic elastic parameters ascribed to the different directions and planes
of soil mass. The major objective of this study is to recognize the variations range of anisotropy ratios
resulting from anisotropic shear and Young’s moduli for a variety of cohesionless soils followed by
assessing the potential relations among these two anisotropies. To this end, by assuming the transversely
isotropy in cohesionless soils, the anisotropic elastic constants from 266 conducted laboratory tests on
37 various soil specimens relating to 10 different sands were derived from conventional triaxial and
seismic waves laboratory tests coupled with the numerical testing results in literature. By sorting the
collected data and subsequently their analyses, at the first stage, the values of shear and Young’s moduli
anisotropy ratios were calculated for the studied soils. Furthermore, by plotting the anisotropy ratios in
several joint panels and performing a series of regression analyses on the resulting values, the possible
dependencies were inspected between these two anisotropies. At last, the indicative equations among
shear and Young’s moduli anisotropies were developed with insistence on use of which instead of the
former similar relations in literature.

Keywords: Shear modulus anisotropy ratio, Young’s modulus anisotropy ratio, Cohesionless soils,

Transversely isotropy, Stress ratio, Empirical equations.

Introduction
The natural sedimentation process of various soil grains often giving rise to the anisotropic soil strata that
can be assumed as the transversely isotropic environments over bedding plane (Kong et al., 2013; Pegah,
2023; Pegah et al., 2020; Wang and Mok, 2008; Zamanian et al., 2020). Under transversely isotropy
conditions in cohesionless soils, the elastic shear stiffness of soil in different plans would be given by two
distinct values as G, (or Gy,,) and Gy,,. Likewise, two different values are also existed for elastic axial
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stiffness in various directions giving by E;, and Ej;,. With regard to this issue that in cohesionless soils the
drained properties are more important than the undrained ones, it was used from (') sign above the
parameters to emphasize on the values of them under drained conditions. The Gy;,/G,,;, and E}, /E,, values
are considered, respectively, as the shear modulus and Young’s modulus anisotropy ratios such that their
deviation from unity could be assumed as the intensity of anisotropy in soil medium. The precise
determination of elastic anisotropy ratio in cohesionless soils has been always one of the most important
issues in earth sciences and engineering problems. Therefore, the main objective of this study is to identify
the variations amplitudes of shear modulus and Young’s modulus anisotropy ratios for a range of
cohesionless soils and then evaluating the ratios' dependency to each other through derivation of their
bilateral correlations. To this end, in the first effort, by extracting the values of four anisotropic elastic
constants G, Gny,, E,, and Ej, from the reported results in literature, a comprehensive database of two
anisotropic shear moduli and two anisotropic Young’s moduli was developed for cohesionless soils. By
calculating G, /G, and Ey, /E,, ratios for each soil, the magnitudes of anisotropy degrees were specified
for both shear and Young’s moduli. In the next step, by carrying out a series of regression analyses on the
paired data Gy, /G, and Ey, /E,, the dependency level of the ratios was recognized and their correlating
relationships were obtained. With regard to the establishment of the resulting correlations on the real
experimental data, it was emphasized on their replacing with the current available relations in literature that
are suffering from lack of enough supports by actual empirical data.

Developing a database of transversely isotropic shear and Young’s moduli for cohesionless soil
To recognize and analyze the shear and axial stiffness anisotropy degrees in cohesionless soils, the
measured anisotropic shear and Young’s moduli for a large number of different sandy soils were extracted
from the results of laboratory and numerical tests in literature. In this regard, the resulting data from the
studies of Dutta et al. (2020), Fioravante et al. (2013), Ezaoui and Di Benedetto (2009), Kuwano and Jardine
(2002), Fioravante (2000), Kuwano (1999) and Bellotti et al. (1996), which were obtained based on an
integration of dynamic and static measurements through calculating seismic wave velocities and stress-
strain diagrams attained from triaxial tests, were combined with the results from numerical studies of Gu et
al. (2017) to develop a large database of anisotropic elastic parameters in sandy soils. In general, this
database includes the obtained results from 266 conducted tests under various stress states on 37 different
samples relating to 10 distinct sands.

Calculating the shear and Young’s moduli anisotropy ratios and assessing bilateral relationships
The resulting values for both Gy, /G, and Ej, /E,, ratios include almost a wide range of different quantities
in a relatively extensive interval of different stress states. To observe the behavior and analyze the
variability characteristics of these two anisotropies, the ratios of Gy, /G, and Ej,/E;, were depicted
separately against the experienced stress ratio along the test procedure (Figs. 1a and 1b). As can be seen
from Fig. 1a, the shear modulus anisotropy ratios are the representative of diverse values ranging from 0.62
to 1.69 for stress ratio variations between 0.25 and 2.20. Nevertheless, according to Fig. 1b, the Young’s
modulus anisotropy ratios contain a wider range of variations from 0.40 to 2.33 for the same range of stress
ratio variations. In addition, it is observed that both the Gy, /G, and E; /E; anisotropy ratios possess
ascending trends by increasing the stress ratio oy, /a,,. It is also obvious that the variations intensity of
Young’s modulus anisotropy ratio versus the stress ratio is larger than that for shear modulus anisotropy
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ratio. This indicates the higher sensitivity and variability for Ej, /E,, with respect to G, /G,,, against any
induced variation in stress conditions of a soil mass.
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Fig. 1. The variations model of (a) shear modulus anisotropy ratio G;;,/G,;,, and (b) Young’s modulus anisotropy ratio
E}, /E,, versus the stress ratio oy, /oy, in cohesionless soils

To inspect the potential relationships between the shear and Young’s moduli anisotropy ratios, the values
of Gy,/G,p, and Ey, /E, were plotted against each other as are illustrated by Figs. 2a and 2b. By performing
a series of regression analyses on the paired information “Gyy, /Gy, - Ey/Ey” and “Ej, JE}, - Gy, /Gop”, the
level of dependence among the ratios were individually evaluated and lastly their correlating equations
were derived as well:

% = (%)0-422; R?=0.741, N = 266 @
vh v
b= (1756 R2= 0,741, N = 266 @
Ey th

Where R? and N remarks the statistical data, respectively, as the coefficient of determination and number
of contributed data points in regression analyses. The relatively large value of R? = 0741 in Egs. (1) and (2)
proves a strong correlation between Gy, /G,,, and Ej, /E,, ratios, which in turn demonstrates the acceptable
accuracy and reliability of equations in practice.
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Fig. 2. The reciprocal plotting the anisotropy ratios (a) G, /Gy, versus E}, /E,, and (b) E /E;, versus Gy, /G,,, in log scale
by performing linear regression analyses for evaluating their correlations

Conclusions

The major objectives of this study included the assessing the variations ranges of shear and Young’s moduli
anisotropy ratios, G /G, and Ej, /E,,, for a variety of cohesionless soils and then extraction of relating
correlations among these two ratios. To this end, at first by collecting the obtained results from laboratory
reports given in literature and making a comprehensive database of anisotropic elastic coefficients relating
to a relatively extensive range of cohesionless soils, the values of shear and Young’s moduli anisotropy
ratios were calculated and then their variations under different stress conditions were also analyzed. Indeed,
by conducting regression analyses on the Gy, /G, and Ej /E,, ratios versus the stress ratios variations
ay, /oy, the degree of dependence and variability patterns of shear and Young’s moduli anisotropies were
specified against the stress state. By reciprocal depicting Gy, /G, and Ej, /E,, ratios against each other and
evaluating their variability models, the magnitude of correlativity and consequently the possibility of their
mutual calculation were examined. In the end, the experimental equations expressing the relations between
shear modulus anisotropy Gy, /G, and Young’s modulus anisotropy Ej, /E,, were attained and introduced
as the reliable correlations, as are relied on a strict database of measured anisotropic properties in
cohesionless soils.
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