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Table 1. A developed database of anisotropic small-strain shear stiffnesses relating to Kenya sand

Soil type | Test/sample name | o}, (kPa) | oy (kPa) | Gpy (MPa) | G, (MPa) e F(e)
50 25 35.1 36.6 1.617 | 0.559

100 50 50.1 52.8 1.609 | 0.562

150 75 61.9 65.6 1.603 | 0.564

200 100 71.8 76.4 1.598 | 0.567

251 125 80.8 86.2 1.594 | 0.568

300 150 88.8 95.0 1.589 | 0.570

o1 350 175 96.1 103.1 1.585 | 0.572
400 200 103.1 110.7 1.582 | 0.574

450 225 109.5 117.8 1578 | 0.575

500 250 115.8 124.8 1.574 | 0.577

549 275 121.6 131.2 1571 | 0.578

599 300 1275 137.7 1.567 | 0.580

50 51 45.7 40.6 1.623 | 0.556

100 100 67.0 59.3 1.614 | 0.560

Kenya sand 150 151 84.2 74.4 1.607 | 0.563
200 200 98.9 87.2 1.601 | 0.565

249 250 112.0 98.6 1596 | 0.567

300 300 124.2 109.3 1591 | 0.570

400 350 351 135.5 119.1 1.587 | 0.571
400 400 146.3 128.4 1582 | 0.574

450 450 156.3 137.2 1578 | 0.575

499 500 165.9 145.5 1574 | 0.577

549 550 175.0 153.4 1571 | 0.578

599 599 183.9 161.1 1567 | 0.580

25 50 45.7 374 1.624 | 0.556

50 100 67.6 54.1 1.615 | 0.559

469 75 150 85.0 67.1 1.608 | 0.562
100 200 100.2 78.3 1.603 | 0.564

125 250 113.7 88.2 1598 | 0.567
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Soil type Test/sample name | o, (kPa) | oy (kPa) | Gpn (MPa) | G, (MPa) e F(e)
151 300 126.6 97.6 1.593 | 0.569

174 350 137.9 105.8 1589 | 0.570

200 400 149.1 113.9 1.585 | 0.572

50 25 57.8 54.6 1.333 | 0.706

100 51 815 75.9 1.329 | 0.708

150 75 99.1 91.6 1.327 | 0.710

200 100 114.1 104.7 1325 | 0.711

250 125 127.4 116.4 1.323 | 0.712

300 150 139.4 126.9 1321 | 0.714

463 350 175 150.3 136.5 1.319 | 0.715
400 200 160.7 145.4 1.317 | 0.716

449 225 170.2 153.6 1316 | 0.717

500 250 179.5 161.7 1.314 | 0.718

550 275 188.0 169.0 1.313 | 0.719

599 300 196.4 176.2 1.311 | 0.720

49 51 75.0 61.8 1.344 | 0.699

100 101 106.3 86.8 1.340 | 0.701

151 152 130.5 106.0 1.336 | 0.704

201 201 150.3 121.6 1.334 | 0.705

250 250 167.8 135.4 1.331 | 0.707

300 301 184.1 148.2 1.329 | 0.708

462 350 351 199.2 160.0 1.326 | 0.710
400 401 213.1 170.9 1324 | 0.712

449 450 225.8 180.8 1322 | 0.713

499 500 238.1 190.4 1320 | 0.714

549 549 249.7 199.4 1.318 | 0.716

599 600 261.2 208.3 1.316 | 0.717

13 25 54.5 43.3 1.349 | 0.696

26 51 77.0 59.6 1.347 | 0.697

50 100 106.6 80.5 1.344 | 0.699

76 151 131.0 97.4 1.339 | 0.702

100 200 150.3 110.6 1.337 | 0.703

466 126 250 168.1 122.7 1.333 | 0.706
150 299 183.6 133.1 1.331 | 0.707

175 350 198.5 143.1 1.328 | 0.709

200 401 212.0 152.1 1.326 | 0.710

225 450 224.8 160.6 1.324 | 0.712

250 500 236.5 168.2 1.323 | 0.712
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Soil type Test/sample name | o, (kPa) | oy (kPa) | Gpn (MPa) | G, (MPa) e F(e)

275 549 248.0 175.8 1321 | 0.714
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Table 2. The resulting values for fabric anisotropy ratio (Ann/Avh) and average stress exponent (navg) alongside with grading and particles shape features relating to the
investigated soils

Soil/sample type Test/sample name Ant/Avh | Nayg | Dso (Mm) | Dmax (Mm) Cu Ce S Reference

Agarwal and Ishibashi
(1992)

Glass spheres Test No. 1 0.981 | 0.155 N/A 0.256 N/A N/A | 1.000

390
N 383 _
Ticino sand - 1170 | 0232 | 0538 0.831 | 1.583 | 1.020 | 0.732 Bellotti et al. (1996)
385
H304
_ H935
Ham river sand (new-HRS) o 1.051 | 0.240 | 0.270 0597 | 1.670 | 0.990 | 0.705

H508
D902 Kuwano (1999); Kuwano

Dunkerque sand (DKS) — 1.454 | 0271 | 0.270 1.930 1.820 | 0.906 | N/A and Jardine (2002)

Go11
Glass beads (GB) G912
G922 1.010 | 0.260 0.140 0.247 1.630 | 0.967 | 1.000
Tx CI PA3
TS-K=0.5
Ticino sand 1.100 | 0.234 0.550 1.005 1.600 | 1.046 | 0.732
TS-K=1.0
TS-K=2.0
Tx CI P14
KS-K=05
Kenya sand 1.270 | 0.229 0.130 0.433 1.860 | 0.879 | N/A
KS-K=1.0
KS-K=20
TO/DVIDr = 40%

Toyoura sand 1.073 | 0.216 0.198 0.422 1.220 | 1.000 | 0.743 Yamashita et al. (2005)
TO/DVIDr = 60%

1.044 | 0.281 0.270 0.412 1.280 | 1.034 | 1.000

Fioravante (2000)
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Soil/sample type Test/sample name Ant/Avh | Nayg | Dso (Mm) | Dmax (Mm) Cu Cec S Reference

TO/DVIDr = 80%

TO/MSP-F/V-
specimen/Dr = 40%
TO/MSP-F/V-
specimen/Dr = 60%
TO/MSP-F/V-
specimen/Dr = 80%
TO/MSP-F/H1-
specimen/Dr = 40%
TO/MSP-F/H1-
specimen/Dr = 60%
TO/MSP-F/H1-
specimen/Dr = 80%
TO/MSP-F/H2-
specimen/Dr = 40%
TO/MSP-F/H2-
specimen/Dr = 60%
TO/MSP-F/H2-
specimen/Dr = 80%

1.123 | 0.218 0.198 0.422 1.220 | 1.000 | 0.743

1.067 | 0.222 0.198 0.422 1.220 | 1.000 | 0.743

0.925 | 0.224 0.198 0.422 1.220 | 1.000 | 0.743

KU/DV/Dr = 60%
KU/DV/Dr = 80% 1.244 | 0.279 0.473 1.995 4460 | 1.114 | N/A

KU/DV/Dr = 100%

Kussharo sand KU/MSP-F/V- 1.273 | 0.251 | 0473 1095 | 4.460 | 1.114 | N/A
specimen/Dr = 80%
KU/MSP-F/H1-
specimen/Dr = 80%
KU/MSP-F/H2-

specimen/Dr = 80%

0.886 | 0.247 0.473 1.995 4460 | 1.114 | N/A

0.738 | 0.246 0.473 1.995 4460 | 1.114 | N/A

Hostun sand BE-K1 1.231 | 0.243 0.340 0.807 1.500 | 1.020 | 0.869 Sadek et al. (2007)

Simple cubic packing 1.003 | 0.165 N/A N/A N/A N/A | 1.000

Face-centered cubic
packing
Random packing 1.018 | 0.183 N/A N/A N/A | N/A | 1.000 Wang and Mok (2008)

Spheres set 1.002 | 0.178 N/A N/A N/A N/A | 1.000
Three-particle clumps 1.102 | 0.199 N/A N/A N/A N/A | N/A

0.942 | 0.191 N/A N/A N/A N/A | 1.000

Synthetic assemblies of spherical
and clumped aggregates
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Soil/sample type Test/sample name Ant/Avh | Nayg | Dso (Mm) | Dmax (Mm) Cu Cec S Reference
Four-particle clumps 1.188 | 0.196 N/A N/A N/A N/A | N/A
Toyoura sand Toyoura sand 1.119 | 0.281 0.170 N/A 1.590 | 0.960 | N/A
Rice Rice 1.938 | 0.204 N/A N/A N/A N/A N/A
TC_H400.82p
1.179 | 0.214 0.348 0.628 1.420 | 1.060 | 0.723
TE_H400.80p
TC_H400.73p+v . .
Hostun sand = i 1217 | 0216 | 0.348 0628 | 1420 | 1.060 | 0.723 | EZaoutand Di Benedetto
TE_H400.74p+v (2009
TC_H400.74p+t
1.112 | 0.228 0.348 0.628 1.420 | 1.060 | 0.723
TE_H400.73p+t
461
460
469 )
Kenya sand 263 1.154 | 0.244 0.130 0.462 1.860 | 0.820 | N/A Fioravante et al. (2013)
462
466
1C01
1C02
Hostun RF sand 1C03 1.114 | N/A 0.350 0.630 1.978 | 1.046 | 0.705 | Escribano and Nash (2015)
1C04
AC
0,
clean Toyourasand (0% | 4 466 | 0137 | 0,210 NA | 1530 | N/A | NIA
fines content)
i 0,
Toyoura sand and fines mixtures | 1 YOrasand W 2% 1 445 10901 | /A N/A NA | NA | NA Gao et al. (2015)
ines content
1 0,
Toyourasand With 8% | 4 119 | 9279 | /A N/A NA | NIA | NIA
fines content
A collection of synthetic crystalline Face-centered cubic 0960 | 0.159 N/A N/A N/A N/A | 1.000 O’Donovan et al. (2015)
spheres assembly
Toyoura sand simulated by DEM 'So”OP'C(CIOC”)SO“da“O” 1025 | 0225 | 0215 0334 | 1.383 | 1.011 | 1.000 Gu et al. (2017)




VEY e sl ‘V,A.,\.a'AJ.L?‘vM.,\;@a b e 4 S

Soil/sample type

Test/sample name

Ann/Avh

Navg

Dso (mm)

Drmax (mm)

Cu

Cec

S Reference

triaxial extension (TE)

triaxial compression (TC)

Sandy and gravelly geomaterials

P1

P2

P3

P4

1.048

0.259

N/A

N/A

N/A

N/A

N/A

Sand and gravel combinations with
little volume of silt

P1

P2

P3

P4

P5

P6

P7

P8

P9

1.088

0.217

N/A

N/A

N/A

N/A

Pegah et al. (2017); Pegah

N/A and Liu (2020b)

Sand and silty sand

P2

P3

P4

1.031

0.272

0.590

3.220

3.411

1.080

0.921

Toyoura sand

TS

1.228

0.209

0.240

0.357

1.360

0.939

N/A

Kashima river sand

RS

1.043

0.224

1.720

4.642

1.250

0.959

N/A Dutta et al. (2020)

Glass beads

GB

1.104

0.246

1.800

2.247

1.140

0.979

1.000

Artificial groups of spherical glass
beads and non-spherical clumps

R1

0.980

0.206

N/A

2.200

N/A

N/A

N/A

R2

1.020

0.172

N/A

3.492

N/A

N/A

N/A

R4

1.469

0.205

N/A

5.544

N/A

N/A

Otsubo et al. (2020)
N/A

R6

2.079

0.288

N/A

7.266

N/A

N/A

N/A

Crushed glass

CG/Cu =5/Dr =0.90

CG/Cu = 5/q = 300 kPa

1.073

0.176

0.450

0.994

5.000

1.257

N/A Gu et al. (2021)
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Soil/sample type

Test/sample name

Ann/Avh

Navg

Dso (mm)

Drmax (mm)

Cu

Cec

Reference

Rhein sand

RS/Cu = 5/Dr =0.90

RS/Cu =5/q = 300 kPa

RS/Cu = 5/Dr = 0.45

0.897

0.248

0.450

0.994

5.000

1.203

N/A

RS/Cu = 1.25/Dr = 0.45

1.043

0.247

0.450

0.500

1.250

1.054

N/A

Glass beads

GB/Cu =5/Dr =0.90

GB/Cu = 5/q = 300 kPa

0.868

0.293

0.450

0.994

5.000

1.112

1.000

S1 sand

Series-S1-60-DT

Series-S1-40-DT

S1-dry tamping/K = 1

S1-dt/Dr = 57%

S1-dt/Dr = 60%

S1-DT/Dr =75+ 3%

1.345

0.295

0.602

4.001

3.890

1.154

0.454

Series-S1-60-DFD

Series-S1-40-DFD

S1-dry funnel
deposition/K = 1

S1-dfd/Dr = 62% (0 =
0.885)

S1-dfd/Dr = 62% (e0 =
0.882)

1.261

0.295

0.602

4.001

3.890

1.154

0.454

Series-S1-60-AP

Series-S1-40-AP

S1-air pluviation/K = 0.5

S1-air pluviation/K = 2

S1-air pluviation/K = 1

S1-ap/Dr =57%

S1-ap/Dr = 62%

1.605

0.280

0.602

4.001

3.890

1.154

0.454

Series-S1-60-WP

Series-S1-40-WP

1.537

0.277

0.602

4.001

3.890

1.154

0.454

Shi and Haegeman (2021);
Shi et al. (2020, 2021, 2022)
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Soil/sample type Test/sample name Ant/Avh | Nayg | Dso (Mm) | Dmax (Mm) Cu Cec S Reference
S1-water pluviation/K =
1
S1-wp/Dr = 61%
S1-wp/Dr = 60%
Series-S1-60-MT
Series-S1-40-MT
S1-moist tamping/K =1 | 1.326 | 0.245 0.602 4.001 3.890 | 1.154 | 0.454
S1-mt/Dr = 62%
S1-mt/Dr = 58%
0, - =
S1+10% FC SLHO%FCDTDI=T5 1 1267 | 0288 | 0546 | 4000 | 10606 | 2491 | N/A
0, - =
S1+20% FC SL20%FCDTDI=T 1 1260 | 0208 | 0479 | 4000 | 27688 | 3561 | N/A
0, - =
S1+30% FC Sl+3OAiC350T/Dr & 1.263 | 0.309 0.379 4.000 43.084 | 0.602 | N/A
Series-Mol-60-DT
- 1.081 | 0.241 0.179 0.635 1.550 | 0.852 | 0.635
Series-Mol-40-DT
Series-Mol-60-DFD
- 1.013 | 0.244 0.179 0.635 1550 | 0.852 | 0.635
Series-Mol-40-DFD
Series-Mol-60-AP
Mol sand - 1.081 | 0.225 0.179 0.635 1.550 | 0.852 | 0.635
Series-Mol-40-AP
Series-Mol-60-WP
- 0.998 | 0.235 0.179 0.635 1.550 | 0.852 | 0.635
Series-Mol-40-WP
Series-Mol-60-MT
- 0.941 | 0.236 0.179 0.635 1.550 | 0.852 | 0.635
Series-Mol-40-MT
SMol Series-SMol-60-AP 1.299 | N/A 0.179 0.635 1.550 | 0.852 | 0.485
SD1 Series-SD1-60-AP 1.535 N/A 0.354 1.255 1550 | 0.845 | 0.472
SD2 Series-SD2-60-AP 1.734 N/A 0.709 2.673 1.550 | 0.845 | 0.445
SCU1 Series-SCU1-60-AP 1.640 N/A 0.600 1.992 1.700 | 1.134 | 0.451




sl s Bl kel o Sleanl cud bl

AR

Soil/sample type Test/sample name Ant/Avh | Nayg | Dso (Mm) | Dmax (Mm) Cu Cec S Reference
SCU2 Series-SCU2-60-AP 1.725 N/A 0.600 5.020 7.760 | 1.265 | 0.456
Philippines sand PH-2 0.979 | 0.169 0.500 1.178 1.850 | 0.880 | 0.530
- He et al. (2022)
Leighton Buzzard sand LBS 1.014 | 0.224 0.410 1.178 1.870 | 1.110 | 0.770
2/3/4/5/28/29 1.001 | 0.236 0.990 4.760 5.840 | 1.220 | 0.540 )
Blue sand Li et al. (2022)
35/36 0.985 | 0.226 0.990 4.760 5.840 | 1.220 | 0.540
F1 1.015 N/A 0.200 N/A N/A N/A N/A
F2 0.972 N/A 0.200 N/A N/A N/A N/A
Glass beads
F3 1.006 | N/A 0.200 N/A N/A N/A | N/A
F4 1.076 N/A 0.200 N/A N/A N/A N/A
F5 1.020 N/A 0.240 N/A N/A N/A N/A Liu et al. (2022)
Toyoura sand
F6 1.140 N/A 0.240 N/A N/A N/A N/A
Basmati rice F7 1.491 N/A 7.100 N/A N/A N/A N/A
F8 1.778 N/A 11.270 N/A N/A N/A N/A
Wild rice
F9 1.486 N/A 11.270 N/A N/A N/A N/A
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Fig 5. The correlation inspection between fabric anisotropy ratio An/Avh and grading particularities of granular geomaterials.
(@) The variation pattern of An/Avh in terms of median grain size Dso (N = 63); (b) The variation pattern of Ann/Avh With
respect to maximum grain size Dmax (N = 57); (c) The variation pattern of Ann/Avn in terms of uniformity coefficient Cu (N =
54); (d) The variation pattern of Ann/Avh With respect to coefficient of gradation Cc (N = 53)
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Abstract

The ratios of elastic shear stiffness anisotropy and fabric anisotropy in granular soils are of very
important characteristics in soil mechanics, which can influence directly lots of geotechnical
engineering attributes. The shear stiffness anisotropy in a soil mass is directly related to the soil
fabric anisotropy, which in turn has a fundamental contribution in variations model of shear
stiffness anisotropy ratio. The main objective of this study is to evaluate the variations ranges of
shear stiffness and fabric anisotropy ratios in granular soils by developing a novel approach for
estimating fabric anisotropy ratio from soil grading and particles shape properties. By presuming
cross-anisotropy, the anisotropic shear stiffness values of 1042 conducted tests on 200 distinct
sandy and gravelly soil specimens from 43 various soil types of diverse sites throughout the world
were acquired from literature. Those were then integrated with their associated void ratios, stress
conditions, grading parameters and particles shape specifications to produce a comprehensive
database of anisotropic shear moduli with respect to testing conditions. The collected data were
analyzed, from which the shear stiffness and fabric anisotropy ratios could be calculated for
examined geomaterials. The resulting values for fabric anisotropy ratio were then depicted versus
grading and particles shape information to inspect the level of dependences through deriving the
respective correlations. The findings of this study may serve as a suitable technique to obtain
first-order approximations for fabric and shear stiffness anisotropies from soil grading and
particles shape characteristics.

Keywords: Cross-anisotropy, Fabric anisotropy, Granular soils, Shear stiffness anisotropy, Soil
grading properties, Soil particles shape characteristics.

Introduction
The elastic shear stiffness parameter is known as the vital feature in various soil types. It is the

indicative of elastic soil behavior within the imposed shear strain levels smaller than 10°, which is of
great significance in lots of geotechnical and geological engineering projects. By assuming cross-
anisotropy in soils, there exist two distinct values of elastic shear stiffness in a soil medium shown by
Gun (or Gny) and Gnn. The ratio of Gni/Gun, is considered as the degree of elastic shear stiffness
anisotropy. Deviation of this ratio from unity reveals the magnitude of anisotropy in the soil mass
(Gu et al., 2017; He et al., 2022; Shi et al., 2021; Zuo et al., 2022). The small-strain shear stiffness
anisotropy is fundamentally caused by two principal factors: the natural fabric anisotropy and the
stress status anisotropy (Cudny and Staszewska, 2021; Gu et al., 2017; Lee and Huang, 2007,
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Teachavorasinskun, 2014). A big part of the observed variabilities in stiffness anisotropy of granular
geomaterials is attributed to the fabric anisotropy properties in diverse soil planes. Moreover, it has
been also emphasized as an important factor on appraisal of engineering particularities including
strength, bearing capacity, liquefaction resistance, permeability, and design of footings, embankments
and dams (e.g., Bo and Xiangwu, 2014; Das, 2008; Handy and Spangler, 2007; Li et al., 2011; Liao
and Yang, 2021; Yu et al., 2013).

The primary goal of this study is to develop a useful approach for determining the shear stiffness
anisotropy in granular soils based using on fabric anisotropy ratios, which in turn could be attained
from the grading and grains shape characteristics. Furthermore, the variability amplitude of shear
stiffness anisotropy and fabric anisotropy ratio were also given on a global scale by employing a huge
number of distinguished granular soils in the worldwide.

The Computation Method of Fabric Anisotropy Ratio from Anisotropic Shear Moduli
To achieve the fabric anisotropy ratio in granular materials, a well-known experimental relation was
employed by this study. It correlates the different modes of shear moduli to the principal effective
stresses exerted in the wave propagation and oscillation directions (Goudarzy et al., 2020; Gu et al.,
2022; Ku and Mayne 2013b)'

Gij=AijFe) By ( ’)"” 1)
Where Gj is the small straln shear modulus in i-j plan, A;j indicates soil fabric in the plan, F(e) is void

ratio function, P. = 100 kPa considered as the reference pressure, o; and o; introduce effective

stresses for travelling and oscillation orientations, and n;; indicates stress exponent. According to this
equation, the shear moduli Gy, and Gnn can be given as (Note: the v and h notations present vertical
and horizontal directions, respectively):

Gyh

Flypy VR (%)n"h )
G

S — iy, (hyman 3)

By depicting —* agalnst gitay from Eq. (2) as well as Versus —h from Eq. (3), the Avn, A,

p( )p F( )p
nvh and npn constants might be determmed from curve fitting analyses. The Avh and Ann is then used to
provide the degree of fabric anisotropy as Anw/Aun.

A database creation on cross-anisotropic elastic anisotropic attributes and soil grains features
For recognizing the degree of shear stiffness and fabric anisotropies in granular materials, the
anisotropic shear moduli information of many sandy and gravelly soils was extracted from the given
reports in literature. This information was subsequently combined with the respective data on void
ratio, stress state, soil grading and particles shape specifications to produce a comprehensive database
for conduction of all the required analyses in this study. It caused to identify the variability of Guw/Gyn
and Ann/Avn ratios, and then represent the Ann/Avh in terms of grading and soil grains particularities.
Overall, the necessary data relating to 1042 conducted tests on 200 various specimens belonged to 43
distinguished soil types of miscellaneous locations throughout the world were collected from
literature.
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Data Analyses and Results

The Gu/Gw results displayed a broad area of variations for the investigated soils within a great
category of different stress conditions. It is evident that the shear moduli ratios possess an increasing
trend limited between 0.392 to 2.640 as long as the stress ratio ay, /gy, varies from 0.250 to 4.00. On
the other hand, 80 distinct magnitudes for ratio Ann/Aw could be attained among all the soils with
respect to fabric variety ranging from 0.738 to 2.079. In addition, to identify the susceptibility of
fabric anisotropy in granular soils to stress situation, the Ann/Avn ratios at individual stress states were
computed for all soils. Those were subsequently depicted versus stress ratio oy, /a,, to reveal the
variations pattern of fabric anisotropy with respect to stress state. The results showed that the Ann/Aun
grew very lightly by rising gy, /a,, from 0.25 to 4.00 so that stays constant in general. This character
demonstrates the durability of soil fabric versus the applied stresses provided that oy, /a,, lies within
0.25 to 4.00.

The inspection of possible correlations among Anw/Aw to grading and particle shapes features (Figs.
lato 1c) proved a series of dependences, which the best results were given as:

% = 1.242 D2®*; R*=0.211, N=63 @
vh

‘:—:: = 1.038 exp (0.055D,,,4,); R?=0.291, N =57 ©)
i_h: = 0.964 S~°433; R* = 0.536, N = 43 ©

Where Dsp and Dmax are the median and maximum grain sizes, respectively; and S is sphericity. The
R? and N represents also the statistical information as the coefficient of determination and number of
contributed data points in regression analyses, respectively.
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Fig 1. The variations model of Am/Avh against (a) the median grain size Dso; (b) the maximum grain size Dmax; and (c)
the sphericity S
Conclusions

The principal aim of this study was to recommend a beneficial approach for assessing the fabric
anisotropy ratio in cohesionless materials using corresponding information to grading and grains
shape attributes. By assuming cross-anisotropy, a large number of acquired data were analyzed
accordingly, from which the ratios of fabric anisotropy and their variations range in soils could be
deduced. The performed regression analyses on the resulting An/Awn Values against grading and
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particle shape characteristics indicated some degrees of dependences. It was observed that this ratio
possesses the most dependency on S, Dmax and Dsp Vvariables, respectively, which were expressed by
three different correlations for practical applications.
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