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Fabric anisotropy plays a crucial role in the variations model of anisotropy degree of soil elastic
coefficients. This study aims to quantify this anisotropy in sandy soils, examining its variations in terms
of the available stress conditions, and assessing its dependence on grading, shape and soil particles weight
characteristics. To this end, by presuming the transverse isotropy in the soil medium, the elastic
coefficients obtained from 419 laboratory tests on 28 different samples of 17 different sands were
collected from literature. Indeed, those were attained from the seismic velocity measurements and
supplemented with corresponding data on void ratio, stress state, grading, shape and weight properties.
Based using on a famous experimental equation, the collected data was analyzed, and the fabric
anisotropy ratio was computed for each soil sample. By drawing these results versus the respective
experienced stresses, the variability model and the amplitude of the ratio were identified with respect to
the applied stresses. Finally, by performing a series of simple and multiple regression analyses, the
potential correlations between the fabric anisotropy ratio and the representative characteristics of

grading, shape and particles weight were investigated resulting in a couple of mutual relationships.

Introduction

The exact determination of anisotropic elastic
features in soils is always of controversial topics in earth
sciences and engineering. The elastic anisotropy in soil
mass is mainly due to available natural anisotropy of soil
fabric coupled with the anisotropy resulting from the in-
situ stress state (Dutta et al., 2020; Masin and Rott,
2014; Gu et al., 2017). The fabric of soil is indeed the
indicative of soil mass skeletal structure, which is
defined generally as the geometrical arrangement of soil
grains relative to one another including the spatial
distribution of voids (Das and Sobhan, 2014; Pegah et
al., 2024). The influence of fabric anisotropy on stiffness
values in different directions and planes is very
prominent such that has a large contribution in
variability of stiffness anisotropy (Gu et al., 2022; Shi et
al., 2021). Therefore, the fabric anisotropy of soil can be
considered as a highly effective factor in degree of

anisotropy of elastic coefficients and their ultimate
assessing.

The ratio of fabric anisotropy may be directly
specified from the measured elastic parameters based on
the seismic velocities. In the meantime, the values of
anisotropic shear moduli in vertical and horizontal soil
planes can be introduced as the best indices to determine
this ratio properly; because, those are directly dependent
to the skeletal attributes of soil mass regardless of its
saturation state (Pegah and Liu, 2020b; Pegah et al.,
2016, 2021, 2022). The magnitude of anisotropic shear
moduli may be calculated via anisotropic components of
shear wave velocity in vertical and horizontal planes by
relying on given equations from theory of transverse
isotopy. Afterwards, a series of regression analysis is
fulfilled on these data against the corresponding stress
conditions to lastly yield the fabric anisotropy ratio.
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Overall, two main objectives are pursued in this
study. The first is determining the fabric anisotropy ratio
for a wide variety of distinct sands coupled with
inspecting the variability of this ratio and the ratio of
stiffness anisotropy in terms of the experienced stress
states. The second objective is evaluating the
dependence of fabric anisotropy on grading, shape and
soil grains particularities through its representation as
the functions of these characteristics. By using the
derived equations, the estimation of fabric anisotropy
ratio and subsequently shear stiffness anisotropy in
sandy soils may be possible based merely using on the
surface appearance properties, which in turn can be
easily measured.

Derivation of Fabric Anisotropy Ratio Using Shear
Moduli

To obtain the degree of fabric anisotropy in sands, a
well-known experimental relationship attributing to the
individual stress model was utilized. It relates the
anisotropic components of shear modulus, which in turn
are calculated through S-wave velocities, to principal
effective stresses in propagation and polarization
directions (Egs. (1) and (2)). It is worth to mention that
the individual stress model is an accurate and popular
model that is being used widely in evaluation of shear
stiffness values by different studies (Ku and Mayne,
2013a; Ku et al., 2017; Pegah and Liu, 2020a).

Gon = Avn F(€) Py (7)™ (1)

/ Nhh

Ghn = Ann F(€) Py [(;—:)2] (2)

In these equations, the constants A}, and Ay, are the
anisotropic components of soil fabric, respectively, in
vertical and horizontal planes. F(e) is the void ratio
function and P, is the reference pressure equal to 100
kPa. Likewise, the constants n,, and np, are,
respectively, the dependent exponents to the
corresponding oy, and oy stresses. By a simple
manipulation, the Egs. (1) and (2) might be rearranged
as follows:

1 _11Mvh
Goh  — 4 [o90h
F(e) Py Avn [ P2 ] (3)
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Those show that by implementing simple regression
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analyses on the paired data points Fle) P, P2

«_Ghn_
F(e) Py
vertical and horizontal components of soil fabric
individually, and lastly calculate the ratio of fabric
anisotropy (Apn/Avn) for each soil tested in this
research.

!
— (3M%”, it would be feasible to attain the
a

A Database of Transverse Isotropic Elastic
Properties, Grading Parameters and Surface
Appearance Features

In order to calculatethe anisotropic components of
soil fabric, the variations range of their ratio in sands,
and their dependence on surface appearance features,
the required information relating to 28 various sands
from distinct sites in the world were acquired from
literature. By presuming transverse isotropy in soil
medium, an extensive category of essential data
including anisotropic elastic parameters in vertical and
horizontal directions and planes such as Young’s moduli
(Ey and Ey,), shear moduli (Gyy, and Gy,) and Poisson’s
ratios (9,,;, and 9y;,), in-situ stress components (o, and
oy,), void ratio (e) and function of void ratio (F(e)) were
collected. These data were the incorporated with the
information of grading, shape and weight characteristics
to generate a complete database for attaining to the
intended objectives of the study.

Results of data analysis

To analyze the variability features of stiffness
anisotropy in sands, 419 data points of Gy,/Gyp, Were
plotted in terms of corresponding oy,/ oy, ratios for a
wide variety of tested sands in this research. It was
observed that for stress ratio variations in range of 0.25
to 2.5, the ratios of shear moduli show an ascending
trend ranging from 0.75 to 1.54. It was also resulted that
32% of shear anisotropy can be ascribed to the stress
ratio variations while the remaining 68% might be due
to other potential factors like the fabric anisotropy


http://dx.doi.org/10.22034/KJES.2024.10.1.107021
https://dor.isc.ac/dor/20.1001.1.2538449.1403.10.1.4.6
https://gnf.khu.ac.ir/article-1-2908-fa.html

[ Downloaded from gnf.khu.ac.ir on 2026-07-01 ]

[ DOR: 20.1001.1.2538449.1403.10.1.4.6 ]

[ DOI: 10.22034/K JES.2024.10.1.107021 ]

Talaee Firozjaee et al.

Fabric Anisotropy in Sands and Assessing its Dependence on ...

properties. By a similar manner, the variation trend of
Ann /Ay ratio was inspected for the tested soils. It could
be seen that the Apn/Ayn Shows a very negligible
increasing trend within the above-mentioned stress ratio
range so that may be assumed unchanged in practice.
This proves that as long as the exerted stress ratio on a
soil mass doesn’t transgress a specific value, no
remarkable change is developed in the skeletal structure
of soil.

The performed examinations on potential
correlations among fabric anisotropy ratio Ay, /Ay tO
grading, shape and particles weight characteristics
demonstrated the levels of dependency to some extents.
In the meantime, the relevant property to particles shape
possesses the largest effect on the ratio while the grading
and weight properties indicated lower influences. In this
regard, the most pronounced equations from conducted
regression analyses could be given as the following:

2L = 1.07957043 ; RZ = 0.569, N = 25 (5)

vh

j—h: =1.309D%07% ; R2 = 0.225,N = 28 (6)

2 = 1.211C,"° ; R? = 0.153,N = 28 (7)
vh

Where S is the representative of sphericity, Dax
introduces the maximum grain size, and C, represents
the uniformity coefficient, respectively. R? is the
coefficient of determination and N shows the number of
data points involved in analyses.

Conclusions

In general, the following results could be attained
from the performed analyses by this study:
1. From comparing the anisotropic components of soil
fabric in vertical and horizontal planes it could be
figured out that the sands reveal stronger fabric in
horizontal planes relative to the vertical ones.
2. The variations trends of shear stiffness and fabric
anisotropy ratios within a limited stress ratio ranging
from 0.25 to 2.5 displayed that the Gy}, /Gy, increases as
on/ oy increases while Ap,/Ay, Stays constant
practically without any significant change.
3. From inspecting the dependency of A,/Ayn, ON
grading, shape and particles weight features it was
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observed that variables S, D« and C, have the most
contributions in variability of fabric anisotropy ratio;
however, other parameters including effective size
(D10), median grain size (Ds(), coefficient of gradation
(C.) and specific gravity Gg have the lowest influences.
4. The findings of this study may be utilized as an
affordable reference for predicting shear stiffness and
fabric anisotropy ratios in sandy soils without use of
time-consuming and costly laboratory tests.
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Table 1. Some parameters related to elastic properties, corresponding stress and void ratio in Ticino sand

Soiltype | (¥ | 9 (Kpa) | Gua(Mpa) | Guu(MPa) | By (Mpa) | Ej (Mpa) | e F(e)
50 25 56.1 57.0 160.3 133.8 0.790 1.359
100 50 77.1 79.5 225.0 184.1 0.787 1.364
150 75 92.9 96.8 274.6 222.0 0.785 1.370
200 100 106.1 111.2 316.2 253.7 0.783 1.375
250 125 117.6 124.0 353.1 281.4 0.780 1.381
300 150 127.8 135.4 386.6 306.2 0.779 1.383
50 50 76.8 63.2 146.1 177.6 0.791 1.356
100 100 106.9 88.9 204.7 248.8 0.789 1.362
150 150 129.8 108.6 250.0 303.5 0.786 1.367
200 200 149.1 125.2 287.9 349.4 0.784 1.373
250 250 166.0 139.9 321.4 790.0 0.781 1.378
300 300 181.3 153.2 351.4 426.5 0.779 1.383
50 75 92.6 73.1 137.8 214.7 0.789 1.362
67 100 106.1 87.9 160.2 247.8 0.787 1.364
100 150 128.7 102.0 198.8 304.1 0.784 1.373
150 225 156.0 123.9 245.9 3725 0.780 1.381
200 300 178.8 142.3 285.8 429.9 0.778 1.386
250 375 198.8 158.4 321.5 480.8 0.776 1.392
Ticino 300 450 216.9 173.0 353.5 526.6 0.773 1.397
sand 50 100 108.8 744 132.9 253.1 0785 |1.370
60 120 118.5 81.3 145.3 276.1 0.780 1.381
100 200 150.9 104.4 188.5 353.8 0.777 1.389
150 300 182.9 127.4 231.8 430.7 0.774 1.394
200 400 209.6 146.6 268.1 495.0 0.771 1.402
250 500 233.2 163.7 301.3 552.6 0.771 1.402
300 600 254.3 179.1 330.2 603.6 0.769 1.408
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Table 2. The values of the fabric anisotropy ratio (4,,/A,,) along with the characteristics of grading, shape and weight of the soil

particles studied in this research.

Soil type Specimen/Test Ann/Avn | Cu Cec Gs ?nl]?n) ?ni?m (Er)]:::) S Reference
Tx CI P14 .
KS-K=05 Fioravante
Kenyasand oo s 1140 | 1.860 | 0.829 | 2.785 | 0.085 | 0.130 | 0.486 | N/A gto i|3
KS - K =2.0
H304
:'airg river Eggi 1.065 | 1.670 | 0.990 | 2.657 | 0.178 | 0.270 | 0.597 | 0.705
H385
Ea‘;gkerq”e ng§ 1316 | 1.821 | 0.910 | 2.652 | 0.163 | 0.270 | 1.935 | N/A glegggze;
G911& G912 | 0.984 | 1.284 | 1.03 | 2950 | 0.220 | 0.270 | 0.41 | 1.000
GB G922 1011 | 1.629 | 0.970 | 2.950 | 0.104 | 0.144 | 0.247 | 1.000
GB 127 | 1140 | 1.030 | 2,510 | 1.612 | 1.800 | 2.245 | 1.000 3“%%
390
Ticino sand ggi 1170 | 1.583 | 0.939 | 2.69 | 0.402 | 0.549 | 0.851 | 0.732 5?’"10;26“
385
DT 1548 | 3.892 | 1.293 | 2.81 | 0.191 | 0.602 | 3.960 | 0.454
DF 1368 | 3.892 | 1.293 | 2.81 | 0.191 | 0.602 | 3.960 | 0.454
S1 sand AP 1917 | 3892 | 1.293 | 281 |0.191 | 0.602 | 3.960 | 0.454
WP 1510 | 3.892 | 1.293 | 2.81 | 0.191 | 0.602 | 3.960 | 0.454
MT 1583 | 3.892 | 1.293 | 2.81 | 0.191 | 0.602 | 3.960 | 0.454
DT 1141 | 1550 | 1.041 | 2.64 | 0.130 | 0.179 | 0.463 | 0.635
DF 1113 | 1.550 | 1.041 | 2.64 | 0.130 | 0.179 | 0.463 | 0.635
Mol sand AP 1180 | 1550 | 1.041 | 264 | 0.130 | 0.179 | 0.463 | 0.635 gg'zft al.,
WP 1169 | 1.550 | 1.041 | 2.64 | 0.130 | 0.179 | 0.463 | 0.635
MT 1.047 | 1550 | 1.041 | 2.64 |0.130 | 0.179 | 0.463 | 0.635
SMol sand AP 1299 | 1.550 | 1.041 | 2.81 | 0.130 | 0.179 | 0.463 | 0.485
sD1 sand AP 1535 | 1.550 | 0.850 | 2.81 | 0.270 | 0.354 | 1.202 | 0.472
SD2 sand AP 1.734 | 1550 | 0.880 | 2.81 | 0.550 | 0.709 | 2.440 | 0.445
sCUlsand | AP 1640 | 1.705 | 1.015 | 2.81 | 0.390 | 0.643 | 1.930 | 0.451
scu2sand | AP 1595 | 7.756 | 0.932 | 2.81 | 0.113 | 0.643 | 4.278 | 0.456
Toyoura sand gg,t\‘/:aﬁon by | 104 | 1415 | 1022 |26 | 0244|0322 | 0.440 | 1.000 ,%Jl‘;t al.,
A¥
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P 1.185 | 1.422 | 1.062 | 2.65 | 0.260 | 0.350 | 0.902 | 0.723 | Ezaoui
and
Hostun sand P+V 1.204 1.422 1.064 | 2.65 0.260 | 0.350 | 0.902 | 0.723 Benedetto
P+T 1.126 | 1.422 | 1.061 | 2.65 | 0.260 | 0.350 | 0.902 | 0.723 | , 2009
Toyoura sand | Toyoura sand 1.22 1.360 | 0.258 | 2.64 | 0.213 | 0.240 | 0.360 | 0.743 Dutta et
Kashima RS 136 | 1.253 | 0967 | 262 | 1.510 | 1.720 | 2.247 | N/A | al., 2020
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Table 3. The results of stepwise multiple regression analysis to predict the dependence of fabric anisotropy ratio on soil properties.

Independens .

. sig Beta B
variable
Constant 0.046 - 0.037
S 0.000 -0.745 -0.423
Cec 0.343 -0.143 -
Gs 0.296 -0.161 -
So 0.368 -0.181 -
Cu 0.295 -0.198 -
Dio 0.232 0.172 -
Dso 0.593 0.080 -
Drmax 0.753 0.056 -
ADJ.R?=0.55 R?=0.56

iy SB il kil Slssl clodilys 5ol auglio 3 -)
38l Sl TE doale a5 bl %ol i m ol 5 381
mso Dbl 955l (3508 Sz S (M g o ) 65058
&5,l38

9 B Sl Glueal lacens Dl &y, Jdos g 4525 -V
L aS as oo (L e 5L Ll o ke oS3
saly> (slala>Me BB Ol (B (Slaveal Sl (A5 S 03
2 bSE f eg ol po dl tle Slaanl 45 S50 o bl
Sygliss ol 1 e so ool Ly YIO b /YD L5 godgime
9 (ldime) Cmmdige (Slp Madgm (a>LE Sy plyie 4 Wl oo
039 3 P 5 e (L LS Sloals o j8 50 SESS5
g, IS 45 ST gg) 1 ods b slmojlus

Slasie 4 SB il il laedl Coms (Siuds 3, b -F
Siles (sl piiie 4 30,5 saaline )] DS 39 9 UK (ganails
4 il ) 55555ty 5 Dimag) b asis oS) s S
«Gs) o5y Sz (D1o) Fpo ojldl sloyialll 5 eonyiiin oy
6 a8 S 3 (Dig) damsgie 035l 5 (Co) gisads cu ps
p5 o pEapl ) gl b cales po wnilbe s o 0l 2,

g0l 5 Jaw 5l yiie plos S jal)b 5l e 40 SPSS (g Ll 53

A4

S s 61,5050 (Sl Byee i 4 Y s o Beta B
S SIG Xy (o yeite (g0 0 Juli] ol 5 Gigams )Ty el ]
b ol s o Sy ADIR? 5 (Lo JLaiol) (5l sie rbas
il o Joaas
b (39 oS Jedo a4 S paite i 28 o0 il oS sl Lo
C120) ogail nl sl oad a8 5 15y (gllas Jloiol il Gl (s o sime
GRS s 4y Jites sl eiie plo 5 Cosl oal 0)ls plapls” oo
Cos b ogllae  Staon il b Cog)S it b (as sl
6o Joe i oo 1 s 4zt LS Jows 5o il il Slaasly
)5 obml 5 ©j90 & Cug)S Gy i ol 1,
:}—L‘: = 1089570423 ; R2 = 0,56, N = 25 %
sibie LU S s92g Sk (V) salasl, ;0 R? (YL jlode
SSle Slewal cos § SB slaails cug,S Sl o
walr w5zl DS 09z (el o il ol (2L
31 sl lgi oo wiilge S 5l b 50,2 a5 (V) 5 (VF) Ll
et g alfoin ew S, g o o )& Ly, Jlesl
gl 5o alides Jl8le 5 90 Lawgs axd; IS o o8] sl
b oledlbl


http://dx.doi.org/10.22034/KJES.2024.10.1.107021
https://dor.isc.ac/dor/20.1001.1.2538449.1403.10.1.4.6
https://gnf.khu.ac.ir/article-1-2908-fa.html

[ Downloaded from gnf.khu.ac.ir on 2026-07-01 ]

[ DOR: 20.1001.1.2538449.1403.10.1.4.6 ]

[ DOI: 10.22034/K JES.2024.10.1.107021 ]

v glagel b as T Sy Gioiw g awle jo 8l lisle Sleeals

RUL OV RPRIESTIv gt

o3l g 03gy Cenyy Jazma b 5l aslllae ol o ol (sloacdly -¥

apy g by sbogesl @ 5l e ale Slallas o Ll
b e (goladl g 48 o 4y 50 jluns ¢ 2K lo3]

References

Baxter, C. D. P., Sharma, M. S. R., 2012. Shear wave velocity
of weakly cemented silty sand during drained and
undrained triaxial ~compression.  Proceedings  of
GeoCongress 2012, ASCE, 890-899.

Bellotti, R., Jamiolkowski, M., Lo Presti, D. C. F., O’Neill, D.
A., 1996. Anisotropy of small strain stiffness in Ticino
sand. Geotechnique, 46, 1, 115-131.

Clayton, C. R. 1., 2011. Stiffness at small strain: research and
practice. Geotechnique, 61, 1, 5-37.

Das, B. M., Sobhan, K., 2014. Principles of Geotechnical
Engineering, 4" Edition. Cengage Learning, Stamford,
USA.

Dutta, T. T., Otsubo, M., Kuwano, R., Sato, T., 2020.
Estimating multidirectional stiffness of soil using planer
pizoelectric transducers in a large triaxial apparatus. soil
and faundation, 60, 1269-1286.

Ezaoui, A., Di Benedetto, H., 2009. Experimental
measurements of the global anisotropic elastic behaviour of
dry Hostun sand during triaxial tests, and effect of sample
preparation. Geotechnique, 59, 7, 621-635.

Fioravante, V., Giretti, D., Jamiolkowski, M., 2013. Small
strain stiffness of carbonate Kenya Sand. Engineering
Geology, 161, 65-80.

Gu, X. Q., Hu, J., Huang, M., 2017. Anisotropy of elasticity
and fabric of granular soils. Granular Matter, 19:33.

Gu, X. Q., Li, Y., Hu, J., Shi, Z., Liang, F., Huang, M., 2022.
Elastic shaer stiffness and fabric anisotropy of natural
clays. Acta Geotechnica, 17, 3229-3243.

Gu, X. Q., Yang, J., Huang, M., 2013. DEM simulations of the
small strain stiffness of granular soils: effect of stress ratio.
Granular Matter, 15, 287 -298.

Handy, R. L., Spangler, M. G., 2007. Geotechnical
Engineering: Soils and Foundation Principles and Practice,
5% Edition. The McGraw-Hill, New York, USA.

Ku, T., Mayne, P. W., 2013a. Profiling of Ky lateral stress
coefficient in soils using paired directional Go ratios.
Jouranl of Applied Geophysics, 94, 15-21.

Ku, T., Subramanian, S., Moon, S. W., Jung, J., 2017. Stress
dependency of shear wave velocity measurements in soils.
Journal of Geotechnical and geoenvironmental
Engineering, 143, 2, 04016092.

Kuwano, R., Jardine, R.J., 2002. On the applicability of cross-
anisotropic elasticity to granular materials at very small
strains. Ge otechnique 52 (10), 727-749.

2 09 sa Jo 3l oy b ¢y pite lgii Glgieds Cug S e
2 55 S Lasls plyie 4 S S Cug S el el ol
s Jdo 500 (i sy ST 28 sl Slasal ga o e

Sl oays § &l el )l el olal b 8l ksl Slueals

Masin, D., Rott, J., 2014. Small strain stiffness anisotropy of
natural sedimentary clays: review and a model. Acta
Geotechnica, 9, 299-312.

Pegah, E., Gu, X. Q., Liu, H., 2024. Fabric anisotropy of
granular soils and its dependency on grading and particles
specifications. Acta Geotechnica,
https://doi.org/10.1007/s11440-024-02357-1.

Pegah, E., Liu, H., 2020a. Evaluation of hyperbolic stress-
strain and bulk-modulus model parameters in granular soil
mass using seismic surveying. Engineering Geology, 266,
105456.

Pegah, E., Liu, H., 2020b. Evaluating the overconsolidation
ratios and peak friction angles of granular soil deposits
using noninvasive seismic surveying. Acta Geotechnica,
15, 3193-32009.

Pegah, E., Liu, H., Gholami, A., 2021. Estimating drained
cross-anisotropic elastic parameters in saturated clays
using the undrained properties. Engineering Geology, 293,
106340.

Pegah, E., Liu, H., Gu, X. Q., Gholami, A., 2022. A semi-
analytical approach for efficient calculation of drained
cross-anisotropic elastic moduli in saturated granular soils
from undrained attributes. Computers and Geotechnics,
148, 104794,

Pegah, E., Mahmoodi, M., Siavashpoo, A., 2016. Evaluation
of seismic hazard and site geodynamic properties by using
geophysical methods in the north of Iran. Journal of Civil
Engineering and Construction, 5 (2), 126-142.

Shi, J., Haegeman, W., Cnudde, V., 2021. Anisotropic small-
strain stiffness of calcareous sand affected by sample
preparation, particle characteristic and gradation.
Geotechnique, 71, 4, 305-319.

Styler, M. A., Howie, J. A., 2014. Continuous monitoring of
bender element shear wave velocities during triaxial
testing. Geotechnical Testing Journal, 37, 2, 218-229.


http://dx.doi.org/10.22034/KJES.2024.10.1.107021
https://dor.isc.ac/dor/20.1001.1.2538449.1403.10.1.4.6
https://gnf.khu.ac.ir/article-1-2908-fa.html
http://www.tcpdf.org

