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STgﬁZSVg;eI s:(seoltert((’)’;y SZZ”md.Z characteristics. To this end, by presuming the transverse isotropy in the soil medium, the elastic
wave velocity, Grains physical ~ coefficients obtained from 419 laboratory tests on 28 different samples of 17 different sands were
properties . 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

Abstract

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 o} stresses. By a simple
manipulation, the Egs. (1) and (2) might be rearranged
as follows:

1 _11Myh
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analyses on the paired data points Fo P, P2 d
« Ghn _ U_;1 2% - :
) Po (Pu) , it would be feasible to attain the

vertical and horizontal components of soil fabric
individually, and lastly calculate the ratio of fabric
anisotropy (Apn/Ayn) for each soil tested in this
research.

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
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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,/Ay, 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.

. R DlO DSO Dmax
Soil type Specimen/Test Ann/Avn | Cu Cec Gs mm) | (mm) | (mm) S Reference
Tx Cl P14 .
KS-K=05 Fioravante
Kenya sand RS K=10 1.140 | 1.860 | 0.829 | 2.785 | 0.085 | 0.130 | 0.486 | N/A | etal,
KS-K=2.0 2013
H304
Ham river H935 1.065 | 1.670 | 0.990 | 2.657 | 0.178 | 0.270 | 0.597 | 0.705
sand H601
H385
Pegah et
Dunkerque D902
sand 5903 1.316 | 1.821 | 0.910 | 2.652 | 0.163 | 0.270 | 1.935 | N/A | al., 2022
G911& G912 0.984 | 1.284 | 1.03 | 2.950 | 0.220 | 0.270 | 0.41 | 1.000
GB G922 1.011 | 1.629 | 0.970 | 2.950 | 0.104 | 0.144 | 0.247 | 1.000
GB 127 | 1140 | 1.030 | 2510 | 1.612 | 1.800 | 2.245 | 1.000 | Duttaet
al., 2020
390
. 383 Bellotti et
Ticino sand 384 1170 | 1583 | 0.939 | 2.69 | 0402 | 0549 | 0.851 | 0.732 | ™ oo
385
DT 1548 | 3.892 | 1.293 | 2.81 | 0.191 | 0.602 | 3.960 | 0.454
DF 1.368 | 3.892 | 1.293 | 2.81 | 0.191 | 0.602 | 3.960 | 0.454
S1 sand AP 1.917 |3.892 | 1.293 | 2.81 | 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 1.141 | 1550 | 1.041 | 2.64 | 0.130 | 0.179 | 0.463 | 0.635
DF 1.113 | 1.550 | 1.041 | 2.64 | 0.130 | 0.179 | 0.463 | 0.635
Mol sand AP 1180 | 1.550 | 1.041 | 264 | 0.130 | 0.179 | 0.463 | 0.635 gg'zft al.
WP 1.169 | 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 1.299 | 1550 | 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 | 1.550 | 0.880 | 2.81 | 0.550 | 0.709 | 2.440 | 0.445
SCU1 sand AP 1.640 | 1.705 | 1.015 | 2.81 | 0.390 | 0.643 | 1.930 | 0.451
SCU?2 sand AP 1595 | 7.756 | 0.932 | 2.81 | 0.113 | 0.643 | 4.278 | 0.456
simulation by Guetal.,
Toyourasand | Je 1.04 1.415 | 1.022 | 2.6 0.244 | 0.322 | 0.440 | 1.000 | -
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P 1.185 | 1.422 | 1.062 | 2.65 | 0.260 | 0.350 | 0.902 | 0.723 | Ezaoui
Hostun sand P+V 1.204 1.422 1.064 | 2.65 0.260 | 0.350 | 0.902 | 0.723 and
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
river sand

VIOF B+ IV 0,205 131, (5 polie cogs b (g3920 b a5 (5 jobo 4y 05

B .
GOg%0 Mgy jud G 5 Cd ]38 b IS ey el ool lis

She (V) dolas Sjae 4 g oo 1) Cod g0l bl I clls aalys
Vg0

Q)

Ghh _
Ghv

Sl 1YY L g5 0 R2 = 0.32 (oo o po a5 b

1.189(24)0312

!

N . Oh N e e e e
‘olowaooyJ%‘_;”ﬁ (T:])WMA_A‘MA.")@»)J

Sl olss ol Ledse sl 51 o5k wilgs o e Z8A a5 Jl> o

G s 4 3t S5 bl Ky i
o Al g (6,108 gany al 8 s @ lbasle o 5w Slueals

G =
555k (?h:) T VL SRR E WU I IR JP E S IR WOV

Lo 5 25 it 4 255 50 03,2 0 (ST Juvanls 428 ol
Ghn
Gyn

Olgre & = doanle o (S Slsal (50 s slo Sy

4
0,

ol idgh slaauls gyl 5l oo b yo U:;'l Oi S ] 2l
el 00 o TS 50 o (00l T sl b aslllas oyl (o

VIO U IV o5l jo jblie i lacans Gl 4 05 o0 cnnlin

il S sl sl w2l 99, OoF e 53 slalidlo JB AL (o5 Joie slatanns
2.5
*
2 4
= 15
a2
(&)
~
=
§ 1
0.5
R? =0.304
0 T T T T
0 0.5 1 15 2 2.5
on/ oy

!
. - PR e- . G & A . . . . &
@méumuﬁ% s @)xwugc—:: St i gl s alad, tales -F S8

Fig 4. Showing the relationship between shear stiffness anisotropy (%) and stress anisotropy (%) in different sands
vh v

Sl Slaanl Cand O JSCo 0503 s i (25 Cond Dy Blae o
g awle £43 VY 5l diged YA soles (gl [l s cons (28U
Ol yais gy a0 g0 i | ools (galadi FAQ olawi b Gudon (ol 40 oo

AO

o S 43 (8L LSl (Slodl S (Sunnly (s
IS o 6l Ann/Avn) 5 (Op/ 07) poliae izils L3l b
b 5l sl Eas S o3l lyicse ssliols SlocSs



v glayel b as T Sy Gioiw g awle jo 8l jlisle Sleeals

RUL OV RPRIESTIv ppretis

Sl o S Sl sl o Sl Sl 0aiiS 553l ilize
&S ol S plees i bylll o aS sged az gl b cl Jlesl
3 s leadls s o Jlos] (15 50 pas gy o = 1

Al oo (1) s Sl 5 l3les cpl oaamslis Tamis

2.5

ol 0391 S35 Sl YIO b IV 51 25 s il338 b App/Apn
Ll Glaoal Cond Somlas Gline 5 g oo Joe )3 S50k &
ol 35 gt oad S5 ol 0o i i 3 ST il
Kuwanno and Jardin, ) cpo,l> 5 silssS oy26 Slaslise b azs
b o 55k (Guatel., 2013, 2022, 2017 ) )| SKan ¢ 5 4 (2002
3 L Glaasls Sy 5 55 3L B 45 b |

o dasl s 3o s cpl Sl sy e 1 0l co ES Cd o

0.5

15 2 2.5

on/ oy

!

Oh ... . . Arh L. . C .

Fig 5. Relationship between fabric anisotropy ratio (Zﬂ) and stress anisotropy (%) in different sands
vh v

loails o35 JEz oS I3 (Cp) sanails 5 (Cy) S35y ol
Dimax) azias ol 9 Do) Ghe o3l (D1g) Fge o3l «Gs)
Jgaz Ve B F glaygiw jo Mollone yize Yo 51 (S) cug,S g laals
@ o alfais g ool g )5 Judow plonl b aslsl jo .diass Sz 0 ¥
5 souals sl Jlio 3 S 8 JbSle Slaeal o (59,

950 sy il G (Kran daalls lasine

AF

ool Cawdds gulis g ool Juloxs
Cod (Nl (213 caalllae (2l )3 (6565 9550 Sloal 152 yins ]
W) 5 S 5 K 5 oty Elosgas 4 i il iluasb
lo S nl s 2 (8L )bl (Slaoals S (gl winsges laly,
Sply S sl (ohp (ol Sl dslone (g (2 B 23 oo

Cans o8 55 polate (nl gl 0 pdy plonl 410 4 (950 9 @ o gno

Jolis dodle ;0 ouls SO plem 4 bogyye ons 6)516"’- Sledol



v glayel b as T Sy Gioiw g awle jo 8l jlisle Sleeals

RUL OV RPRIESTIv ppretis

R Ske & 285 oayol S il ksl Slesal ooy
oyl 5t oo 8l sl Slawal Cons 45 358 o0 i
o 59) Dingx 1 a5 Jp0 0,5 od )13 loails lawgio g 50
iy o 83 K0 olal g0 b aglie jo S il sl lesal
3 sa i peie 95 a1y (5 foline Lind (St o+ IVY (s
i a4 (Bl Ll (Glueal Coud (Soouly i
©lyd (399
stsﬁ“ewmﬁémej_:: O abaly olulid jelate o

ngwlww)ﬁélﬁdﬁgu&@m‘dep
oy JE= 9 (8) bails Cug)S :Slhe polae g 28L LSl Slueals

T 5" polie (o sioeie i b ol 4585 90 (G aals
Ll 4225 Lol (V8) 5 (10) Lalg, %;@"%— s "

j—;‘: = 1079570436 . R2 = 0.569 , N = 25 0 0)
‘:—'x = 0.847G%**2 ; R = 0.012,N = 28 (%)

S 8 Sl Sleeal Cans Ol s 663l diged laie 4
39 50 0dline anl 00l ooly Hlas # USS j0 Cug S Kl >
Sl 4z 53 (S glaals (69,5 5 Cug,S (e Sle faie (il L &S
JB ke ool adly ol o pfein b 4 S L LSl
Sle (30,0 OV) gl (Siod Sl 55 s o el
O 0 88 Candloy3 cpl il o S gall 9 Apn/Apn s
O Pl BB 9 522l jls alaly 005 asb (0 9) ala, o Ol b
Cawladils pgare B> g S 3L LSl Sl cod

AY

sl ol 4 (8L HLSle Gluodl Comd (Siumly (orw
Gosedils
4 cesiio Syl )b 9 Apn/Apn o Jx! by, (o) Cox
s>16Ss ol s 9 (D10, Doy Dipgy) ails slal Jolis S gasails
el 0 ol 03ls g Sy el (S 23 (Cp) goaids 5 (Cyp)
oo e o0 53 (b puiie pmr (szeie 3l 5 VB () +) (sl Jone
2 (o (e 0 G5 o0 00 02l et ulp0 4 a2 L
ol il o S gdl sl Sleeal cod 5 (ganails sla il
() Ly, " — " 5" — " sliosds 235 53 1 gonie
o (503N O (53 yais b a5 095 c0 oalin .loals e (V) 4

Comad Oy Jlade ol @l b as” o o sl a0 cwguuo i jhh
vh

e Gl oo e b S il Jtisle Slasals
;ﬂ = 1.309C,%**° ; R? = 0.033,N =28 (O+)
vh

% =1.211¢,°*** ; R? = 0.153,N = 28 ()

vh
Ann/Apn DS S35 p O3Sy Jubos sl Al (S @
) (\Y) Ly, ool 4 yzie (D19, D5, Dipgy ) oails slel Jilase 4o

Sl 00 (\f) 9

ML = 1.329D%0%5 ; R? = 0.001,N = 28 ("

vh

M = 1.396D%%7 ; R? = 0.059,N = 28 (")
vh

% = 1.309D3%7° ; R? = 0.225,N =28 (\F)
vh

SulSB il ksl Slawal 403 59, 5 Dsg it a> 31
2 6l R? s gy e Jg el 00 saaline Dig il 51 i

9o ol 3 Ol o &5 Codl 522l 5 S5 g0 4 ieeS (nl 599



sl 4 T Sly o g ladwle jo 8L sl Slesals

RUL OV RPRIESTIv ppretis

1.8

1.6

1.2

App/App

0.8

0.3 0.4 0.5

0.6

S

0.7 0.8 0.9 1 11

ladawle ;0 S Cug,S 9 Apn/Apn 3L S le Slaesl S o (Siasen —F IS
Fig 6. Correlation between fabric anisotropy ratio Ay, /A, and sphericity S in sands
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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
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