Vol. 11, No. 2, Autumn and Winter 2025, pp. 366-394 ISSN (Print): 2538-449X  ISSN (Online): 2981-1619

Research Article
OPEN (=) ACCESS

e Kharazmi Journal of Earth Sciences
“oor ¥ Journal homepage https:/gnf.khu.ac.ir

Formulation of a largely theoretical approach for inferring anisotropic drained elastic stiffnesses in saturated
granular soils from undrained features

Ehsan Pegah'*
1. Department of Applied Geology, Faculty of Earth Sciences, Kharazmi University, Tehran, Iran

Article info Abstract

Article history The anisotropic elastic stiffnesses of granular soil sediments play an important role in analyzing
Received: 13 October 2025 - . . . . - .
many geotechnical and geological engineering problems. In this study, the feasibility of calculating
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Keywords: drained elastic stiffnesses in saturated granular soils based on undrained features was investigated. By
g?ggsa;erﬁg;?g;?rs;’;ie d assuming cross-anisotropy in granular soils, a set of equations from the theory of elasticity was
elastic stiffness, Undrained extracted from the literature and then combined with an experimentally developed relationship in this
szié?t;eﬁ%ﬁgésfbsggawaves study to establish a link between drained and undrained parameters. Subsequently, a novel approach
seismic methods. was proposed for computing the drained anisotropic Young’s moduli from two anisotropic components
3 of the shear modulus and the vertical component of the Young’s modulus under undrained conditions.
To evaluate the accuracy and reliability of the proposed approach, data related to anisotropic elastic
parameters from 46 laboratory tests conducted on seven different soil specimens representing three
types of sand from various sites worldwide were compiled from the literature. The drained anisotropic
Young’s moduli for each test were then calculated using the proposed method and compared with
directly measured values. The results showed a strong agreement between the calculated and measured
moduli, confirming the validity and efficiency of the developed approach. The findings of this study
can serve as a reliable basis for the rational and cost-effective characterization of anisotropic elastic
stiffnesses in saturated granular soils using nondestructive seismic testing techniques.

Introduction
Accurate characterization of elastic properties in

parameters are therefore of primary engineering
importance (Clayton, 2011; Das and Sobhan, 2014).

[ DOR: 20.1001.1.2538449.1404.11.2.4.5]

granular soils is central to many problems in soil
mechanics and geotechnical engineering. Elastic
stiffnesses at very small strains play a fundamental role
in analyses ranging from seismic site response to
foundation stiffness and ground improvement design
(Anhdan and Koseki, 2005; Gu and Yang, 2018; He et
al., 2017; Pegah et al., 2022; Pegah and Liu, 2025;
Talaee Firozjaee et al., 2024; Zhu et al., 2020).

Depending on drainage conditions in a saturated soil
mass, elastic stiffnesses are commonly classified into
two sets: undrained moduli (total-stress stiffness) and
drained moduli (effective-stress stiffness). In granular
soils, owing to their typically high hydraulic
conductivity, drainage is usually rapid and drained

Direct determination of drained elastic parameters in the
laboratory is technically challenging. Sources of
uncertainty include: instability or poor contact of strain
gauges around the specimen, misalignment and
coupling of transducers, calibration errors, non-uniform

deformability — of  specimens, and ambiguous
identification of P- and S-wave arrivals in
bender/extender element tests. These practical

difficulties can compromise accuracy of drained
stiffness measurements (Gu et al., 2015; Kuwano and
Jardine, 2002; Khan et al., 2011; Nishimura, 2014).
Thus, the main objective of this study is to present a
novel technique for computing two drained cross-
anisotropic Young’s moduli, E;, and E},, from undrained
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features, which in turn can be calculated based on P-
and S-wave seismic velocities. These velocities may be
measured through nondestructive seismic surveys. The
proposed approach therefore enables the use of
nondestructive — i.e., in situ — seismic measurements
to obtain the required wave velocities, allowing rapid
and environmentally friendly stiffness calculation under
natural field conditions (Foti et al., 2015; Pegah and
Liu, 2016, 2020a, 2020b; Pegah et al., 2016; Sloan et
al., 2013; Uyanik, 2011).

In cross-anisotropy in saturated granular sediments, we
combine elasticity theory with (i) the relation proposed
by Lings (Lings, 2001), (ii) the linear inequality by
Chowdhury and King (Chowdhury and King, 1971,
1972) that links anisotropic Poisson ratios and Young’s
moduli ratios, and (iii) an experimentally developed
correlation derived in this study. The resulting system
yields a practical route to compute E,, and Ej, for cross-
anisotropic saturated granular media from undrained
parameters. To validate the method, anisotropic elastic
properties from 46 laboratory tests on seven different
soil specimens (three sand types) were compiled from
the literature and used to evaluate the accuracy of the
proposed procedure.

Skeleton of the proposed approach

The assumption of cross-anisotropy in natural soil
sediments is a reliable and widely adopted
simplification for characterizing various geotechnical
features (Clayton, 2011; Dutta et al., 2020; Fioravante,
2000; Gu et al., 2017; Pegah et al., 2017, 2024). Pegah
et al. (2021) demonstrated that three independent elastic
parameters under undrained conditions can be
confidently calculated based on the seismic wave
velocities Vpn, Vsv, and Vsy obtained from seismic
refraction surveys, as expressed by Egs. (1)-(3):

E} = pVSZH[3 - 4’(VSH/VPH)2] (1)
Ey = P[(3VEH - 4V52H)/((VPH/VSH)2 - 1] 2
oh = PV 3)

where EY and E}' are the undrained Young’s moduli in
the vertical and horizontal directions, respectively; Ven
is the P-wave velocity in horizontal direction, Vsy is the
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vertically polarized S-wave velocity, Vsy is the
horizontally polarized S-wave velocity, and p is the soil
density.
Lings (2001) and Nishimura (2014) showed that the
undrained elastic stiffness EY in a cross-anisotropic soil
mass can be expressed as a function of the drained
elastic parameters:
Ey = Ep[2(1 — vpp)Ey + (1 — 4vyp)Epl/
[2(1 — vaR) Ey — 4(vpn)* Er] (4)
where v, and vy, are the drained Poisson’s ratios
(Vi'j denotes the strain produced in direction j due to a
unit strain in direction i), and E,, and Ej;, are the drained
Young’s moduli in the vertical
directions, respectively.

It has also been shown that the shear moduli G,,;, and
Gy, are practically independent of drainage, and thus
equal to their undrained counterparts:

Goh = Gyn ()
Ghn = Ghn (6)

According to the developed experimental correlation
proposed in this study (Eg. (7)), which is based on a
comprehensive database of reported elastic parameters
from the literature (Bellotti et al., 1996; Dutta et al.,
2020; Ezaoui and Di Benedetto, 2009; Fioravante, 2000;
Fioravante et al., 2013; Gu et al., 2017), the horizontal
drained Young’s modulus E}; can be expressed as a
power function of the anisotropic shear modulus ratio:
Ep, = Ey(Ghn/Gon)*® ()

From the theory of elasticity, the Poisson’s ratio vy,
can be rewritten as vy, = (Ej,/2Gpy,) — 1. Substituting
this expression into Eqg. (4), along with Egs. (5)-(7),
yields a quadratic equation in terms of E, with
coefficients defined as functions of E, G}, Gpy. and

and horizontal

Von-

Moreover, considering the physical condition
proposed by Chowdhury and King (1971, 1972) for the
combination of elastic parameters (Eg. (8)), and
assuming the upper bound as the maximum theoretical
value of E},, the following expression is obtained:

Vin < 1= (En/Ep)vin (8)
Ey = (4B} Gy ) /[Gh " (GRi + ER)] ©)
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Finally, by substituting E,, from Eq. (9) into Eq. (7),
the horizontal drained Young’s modulus Ej, can be
readily obtained.

Conclusions

The main objective of this study was to develop an
efficient approach for calculating the drained elastic
stiffnesses in saturated granular soils based on measured
undrained stiffnesses. By employing several equations
derived from the theory of elasticity and combining
them with an experimental correlation developed in this
research, novel relationships for the drained elastic
moduli E;, and E}, were established. These relationships
enable their calculation from three undrained moduli,
EY, Gy, and Gpy,. The latter parameters were, in turn,
expressed as functions of the anisotropic components of
P- and S-wave seismic velocities, whose field
measurements can be conducted through nondestructive
seismic techniques. To evaluate the accuracy and
validity of the proposed approach, a comprehensive
dataset comprising anisotropic elastic parameters from
46 laboratory tests on different sand types was compiled
from the literature. The drained Young’s moduli E;, and
E; for each test were calculated using the proposed
method and subsequently compared with the directly
measured reference values. The results demonstrated a
strong agreement between the calculated and reference
values, confirming both the reliability and robustness of
the developed approach.
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Table 2. Compiled database of anisotropic elastic parameters for 7 different specimens representing 3 types of sand, measured through laboratory tests
conducted by Kuwano (1999) and Kuwano and Jardine (2002), together with the corresponding stress conditions and other supplementary information
(Parameter K. = ay,/a;, denotes the effective consolidation stress ratio, and the superscript OC over the o values corresponds to measurements obtained
under an overconsolidated stress condition characterized by an OCR of 2)

Soil type Specimen ID Soil origin Soil characteristics K, o, (kPa) E* (MPa) E,, (MPa) E}, (MPa) Gy, (MPa) i (MPa)
0.95 80 260 225 190 77 81
0.95 120 305 280 215 93 96
0.95 160 360 320 250 111 115
H304 0.95 200 400 370 290 125 131
0.95 300 550 460 380 151 157
A well-characterized quartz sand | 0.95 400 670 560 430 178 189
commonly used in research, 095 o
composed mainly of subangular to : 20009 420 350 N/A 120 125
angular particles with a moderately | 0.95 80 350 280 220 86 93
. uniform medium grain size ranging

Ham River . 0.95

from approximately 0.15 to 0.5 : 120 420 300 260 114 118
Sand Chertsey, It exhibi iformi

(new- England mm. It exhibits a uniformity 095
HRS) H935 coefficient of C, = 1.67, and the : 160 480 360 320 124 135

three specimens investigated— 0.95
H304 (D, = 38%, loose), H935 (D, 200 540 420 360 141 155
= 63%, dense), and H601 (D, = | 0.95 300 690 540 450 173 182

60%, dense)—represent varying

initial relative densities. 0.95 400 780 640 570 196 218
0.45 43 280 260 130 72 62
045 80 340 330 190 97 87
H601 045 120 420 410 220 119 104
045 160 470 460 250 138 119
045 200 540 520 280 155 131
Dunkerque The A naturally occurring marine quartz | 0.95 80 300 250 270 91 123

Sand D903 Coastline of sand characterized by well-sorted 095
(DKS) Northern fine to medium grains with ' 120 380 330 320 111 143

379
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Soil type Specimen ID Soil origin Soil characteristics K, o, (kPa) EY (MPa) E;, (MPa) E}, (MPa) Gy, (MPa) Gy, (MPa)
France predominantly subrounded particle | 0.95 160 440 400 380 133 160
shapes, typically spanning the size
range of 0.1-0.6 mm. The material | 9-95 200 520 460 420 145 175
was reconstituted to achieve a 0.95
medium-dense packing condition, ' 300 680 570 520 168 209
corresponding to an initial relative | 0.95 400 760 650 600 198 245
density of approximately D, = 57%.
095 | 20000 500 420 N/A 146 195
0.95 80 220 200 180 71 78
0.95 120 290 240 230 94 98
0.95 160 320 300 260 110 114
G911 0.95 200 400 380 300 121 127
0.95 300 500 430 360 150 152
0.95 400 600 540 400 169 168
) ) 0.95 | pppeo) 370 340 N/A 118 138
The glass bead specimens consisted
of nearly perfectly spherical 0.45 42 200 170 85 55 41
particles produced in two distinct 045
Go12 size ranges: 0.210-0.325 mm for 80 210 260 120 74 59
Glass mm for G922. The particles had a
Beads N/A specific gravity of Gs = 2.95, with 045 160 410 370 180 105 87
(GB) corresponding uniformity
coefficients of C, = 1.28 for G911- 0.95 300 500 430 360 139 136
initial void ratios were measured as
eo = 0.705, 0.689, and 0.680 for the | 095 |  200©© 370 340 N/A 110 116
respective specimens. 0.95 20 220 210 200 20 1
0.95 120 300 280 240 91 88
G922
0.95 160 420 370 280 107 104
0.95 200 480 420 320 119 117
0.95 300 590 530 400 147 143
0.95 400 670 600 450 164 162
095 | 20000 460 370 290 106 106
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Table 1. A database compiled from anisotropic Young’s and shear moduli measured under different stress conditions for a range of
granular soils (o7, and o), denote the applied vertical and horizontal effective stresses on the specimens during the testing process)

Soiltype | Tesusample name | 2 (IZD;la) (hcx;l;ﬁlé) (MPa) (I\fl;léa) ik | GG | EW/E | o
50 25 56.1 57.0 133.8 160.3 0.986 0.835
100 50 77.1 795 184.1 225.0 0.969 0.818
290 150 75 92.9 96.8 2220 | 2746 0.960 0.809
200 100 106.1 111.2 253.7 316.2 0.953 0.802
250 125 117.6 124.0 281.4 353.1 0.948 0.797
300 150 127.8 135.4 306.2 386.6 0.944 0.792
50 50 76.8 63.2 177.6 146.1 1.215 1.215
100 100 106.9 88.9 248.8 204.7 1.203 1.215
283 150 150 129.8 108.6 3035 250.0 1.196 1.214
200 200 149.1 125.2 349.4 287.9 1191 1.214
Ticino sand 250 | 250 | 1660 | 1399 | 3900 | 3214 1.187 1.214 Be'('ggég)ta'-
300 300 181.3 153.2 426.5 351.4 1.183 1.214
50 75 92.6 73.1 214.7 137.8 1.267 1.559
67 100 106.1 87.9 247.8 160.2 1.207 1.546
100 150 128.7 102.0 304.1 198.8 1.262 1.530
384 150 225 156.0 123.9 372.5 245.9 1.259 1.514
200 300 178.8 142.3 429.9 285.8 1.257 1.504
250 375 198.8 158.4 480.8 321.5 1.255 1.495
300 450 216.9 173.0 526.6 353.5 1.254 1.489
285 50 100 108.8 744 253.1 132.9 1.461 1.905
60 120 118.5 81.3 276.1 145.3 1.457 1.899
YAY
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Soiltype | Test/sample name (l?P;a) (kb (ncxl'ﬁ'é) (MP2) (l\ﬁﬁ'a) (I\féa) Gin/Gon | Ei/Ey | oforance
100 200 150.9 104.4 353.8 188.5 1.445 1.876
150 300 182.9 127.4 | 4307 231.8 1.436 1.859
200 400 209.6 146.6 495.0 268.1 1.429 1.847
250 500 233.2 163.7 552.6 301.3 1.424 1.834
300 600 254.3 179.1 603.6 330.2 1.420 1.828
N/A N/A 61.5 65.8 141.0 131.2 0.934 1.075
N/A N/A 83.9 91.1 195.3 185.6 0.921 1.052
TS K=05 N/A N/A 99.8 109.9 235.8 225.5 0.908 1.046
N/A N/A 112.8 126.5 269.0 259.5 0.892 1.037
N/A N/A 123.7 140.2 298.7 290.0 0.882 1.030
N/A N/A 1345 153.3 324.7 316.1 0.878 1.027
N/A N/A 81.7 73.5 187.0 130.1 1.113 1.437
N/A N/A 110.0 101.1 259.3 183.1 1.088 1.416
Ticino sand _ N/A | NA | 1300 | 1223 | 3129 | 2237 1.063 1399
Ts-K=l NA | NA | 1477 | 1309 | 3576 | 2567 1.055 1.393
N/A N/A 162.4 155.2 397.0 286.7 1.046 1.385
N/A N/A 175.9 169.3 431.7 313.8 1.039 1.376
N/A N/A 114.8 88.6 251.3 143.5 1.296 1751
N/A N/A 1435 112.2 273.0 184.3 1.279 1.481
TS-K=20 N/A N/A 170.4 135.8 347.0 2245 1.255 1.545
N/A N/A 193.3 154.9 417.8 259.0 1.248 1.613 _
NA | NA | 2131 | 1721 | 4778 | 2883 1.238 1.657 F'E’ng‘égr)‘te
N/A N/A 59.9 56.5 134.8 122.9 1.059 1.097
N/A N/A 735 69.5 166.1 146.1 1.058 1.137
KS-K=05 N/A N/A 84.4 80.4 192.6 164.6 1.050 1171
N/A N/A 93.9 91.3 215.8 181.0 1.029 1.192
N/A N/A 104.1 98.8 236.9 195.4 1.054 1212
N/A N/A 59.2 46.9 135.5 1015 1.262 1.335
N/A N/A 82.7 67.4 193.0 137.3 1.226 1.405
~ N/A N/A | 1014 83.9 2381 | 163.2 1.209 1.459
Kenya sand KS-K=10 N/A N/A 116.7 96.8 276.3 183.8 1.206 1.503
N/A N/A 130.2 109.1 309.7 203.8 1.193 1.520
N/A N/A 1425 119.7 340.8 219.1 1.191 1.556
N/A N/A 82.5 57.8 193.9 113.8 1.426 1.704
N/A N/A 100.5 71.1 239.1 136.1 1414 1.757
KS-K=2.0 N/A N/A 115.6 81.9 2776 154.7 1411 1.794
N/A N/A 128.8 92.2 311.4 170.4 1.398 1.827
N/A N/A 140.3 101.2 342.7 184.8 1.386 1.854
Hostun TC_H400.82p 50 50 71.4 62.9 162.8 147.3 1.135 1.106 Ezaoui and
sand 100 100 96.0 825 218.9 1951 1.164 1.122 Di Benedetto
YAA
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Soiltype | Testamplename | (& | by | S |G | O | s | S/ | EW/Be | eference

200 | 200 | 1268 | 1151 | 3017 | 2675 | 1102 1128 (2009)
400 400 169.0 151.6 415.7 367.7 1115 1.131
600 | 400 | 1781 | 1733 | 4378 | 467.4 1.028 0.937
800 | 400 | 1836 | 1915 | 369 | 5311 | 0959 0.823
1200 | 400 | 1633 | 2154 | 3723 | eee5 | 0758 0.556
1200 400 155.8 220.7 361.2 662.2 0.706 0.546
800 | 400 | 157.0 | 1894 | 3640 | 580.9 0.829 0.627
600 | 400 | 1524 | 1774 | 3566 | 484.9 0.859 0.735
400 | 400 | 1522 | 1506 | 3622 | 3880 1011 0.933
100 100 102.8 85.2 226.2 195.4 1.207 1.157
200 | 200 | 1268 | 1166 | 3006 | 2719 | 1087 1138
300 | 300 | 1470 | 1396 | 3556 | 3276 | L1053 1.086
400 400 167.1 160.6 400.9 383.4 1.040 1.046

TE_H400.80p 300 | 400 | 1690 | 1513 | 3991 | 3252 | LA17 1227
200 400 167.1 124.1 400.9 235.7 1.346 1.701
200 400 170.3 114.3 412.0 190.5 1.490 2.163
300 400 170.3 127.9 412.0 231.1 1.332 1.783
400 400 170.3 1425 412.0 2828 1195 1.457
100 100 110.7 99.0 254.4 240.2 1.118 1.059
200 200 152.4 134.2 347.2 309.1 1.136 1.123
400 | 400 | 2089 | 1815 | 4803 | 4311 1151 1114
800 400 208.3 226.1 491.4 597.2 0.921 0.823

1C oo Tapey | 1200 | 400 | 2057 | 2014 | agso | 7ars | O08%2 0.672
1600 | 400 | 1802 | 2553 | 4360 | 7782 0.706 0.560
1600 | 400 | 167.9 | 2453 | 3929 | gosg | 0684 | 0486
1200 | 400 | 1648 | 2244 | 3954 | 7511 0.734 0526
800 | 400 | 1589 | 2002 | a3g43 | 6157 | 0794 0.624
400 | 400 | 1576 | 1707 | 3782 | 4188 0.923 0.903
200 | 200 | 1352 | 1300 | 3378 | 3080 | L1040 | 1.097
300 | 300 | 1655 | 1551 | 4167 | 377.0 1.067 1.105
400 | 400 | 1907 | 1810 | 4602 | 4311 | 1054 1.089

TE nacorapey |00 | 400 | 1913 | 1660 | aza2 | 3046 1152 1.300
200 400 192.1 141.2 480.3 271.1 1.360 1.772
200 | 400 | 2057 | 1220 | 4975 | 2132 1.686 2.333
300 400 215.3 140.4 503.7 261.2 1.533 1.928
400 400 212.0 157.1 496.3 306.8 1.349 1.618
100 100 96.2 99.2 217.4 234.9 0.970 0.926

1 aooTas |20 | 200 | 1272 | 1303 | gs4s | s 0.976 0.882
400 | 400 | 1769 | 1858 | 4040 | 437.2 0.952 0.924
800 400 187.2 240.1 4225 583.7 0.780 0.724
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Soil type Test/sample name (IETP ;a) ( IZD ha) (I\G/IIIID% ) (Mﬁ'é ) ( l\ﬁ Sa) (I\féa) Ghn/ G EL/E, reflzraetﬁce
1200 400 178.7 252.8 4003 726.5 0.707 0.551
1600 400 158.4 255.5 354.8 897.1 0.620 0.395
1200 400 153.9 241.7 347.4 760.9 0.637 0.457
400 400 149.1 180.5 332.6 4483 0.826 0.742
200 200 129.8 134.6 293.2 3229 0.964 0.908
300 300 151.1 155.1 335.4 383.6 0.974 0.874
400 400 171.2 172.4 388.0 436.0 0.993 0.890
TE_ HA00.73pst 300 400 170.4 160.2 390.5 384.3 1.064 1.016
200 400 172.5 144.4 3892 283.4 1.195 1.374
200 400 170.8 109.4 385.5 2157 1.561 1.787
300 400 1743 124.4 3905 2711 1.401 1.440
400 400 171.2 163.8 388.0 331.4 1.045 1171
50 25 35.1 36.6 85.5 111.0 0.957 0.770
100 50 50.1 52.8 121.2 157.6 0.949 0.769
150 75 61.9 65.6 149.0 193.8 0.944 0.769
200 100 71.8 76.4 172.4 224.3 0.940 0.768
251 125 80.8 86.2 193.3 251.6 0.937 0.768
261 300 150 88.8 95.0 212.0 276.2 0.935 0.768
350 175 96.1 103.1 229.2 298.6 0.932 0.767
400 200 103.1 110.7 245.2 319.7 0.931 0.767
450 225 109.5 117.8 260.3 339.4 0.929 0.767
500 250 115.8 124.8 275.0 358.6 0.928 0.767
549 275 121.6 131.2 288.4 376.2 0.927 0.767
599 300 1275 137.7 301.9 394.0 0.926 0.766
50 51 45.7 40.6 113.7 90.5 1.124 1.256

Kenya sand 100 100 67.0 59.3 165.0 131.3 1.130 1257 | Eioravante et

150 151 84.2 74.4 206.2 164.0 1.132 1.257 al. (2013)
200 200 98.9 87.2 240.9 191.6 1.134 1.258
249 250 112.0 98.6 271.9 216.1 1.136 1.258
460 300 300 124.2 109.3 300.9 239.2 1.137 1.258
350 351 1355 119.1 327.5 260.2 1.138 1.258
400 400 146.3 128.4 352.6 280.2 1139 1.259
450 450 156.3 137.2 376.2 298.9 1.140 1.258
499 500 165.9 1455 398.6 316.8 1.140 1.259
549 550 175.0 153.4 419.8 3335 1141 1.259
599 599 183.9 161.1 440.5 350.0 1141 1.259
25 50 457 374 114.7 70.6 1221 1.626
469 50 100 67.6 54.1 169.6 95.6 1.249 1774
75 150 85.0 67.1 213.0 114.2 1.266 1.866
100 200 100.2 78.3 250.9 129.6 1.280 1.936
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Soiltype | Test/sample name (l?P;’a) (b) (n(/;ﬁ'v'é) (MPa) (l\‘/f Pa) (ME F%a) G/ G | EW/By | fctorence
125 250 113.7 88.2 284.5 142.8 1.289 1.992
151 300 126.6 97.6 316.6 155.2 1.297 2.040
174 350 137.9 105.8 344.6 165.7 1.304 2.079
200 400 149.1 113.9 372.6 176.1 1.310 2.116
50 25 57.8 54.6 126.3 121.0 1.058 1.044
100 51 815 75.9 177.7 172.3 1.074 1.032
150 75 99.1 91.6 215.8 210.6 1.083 1.024
200 100 114.1 104.7 248.1 243.4 1.090 1.020
250 125 127.4 116.4 276.8 272.6 1.094 1.015

463 300 150 139.4 126.9 302.6 298.9 1.098 1.012
350 175 150.3 136.5 326.4 323.2 1102 1.010
400 200 160.7 145.4 348.6 346.1 1.105 1.007
449 225 170.2 153.6 369.0 367.1 1.108 1.005
500 250 179.5 161.7 389.1 387.8 1.110 1.003
550 275 188.0 169.0 407.3 406.7 1112 1.002
599 300 196.4 176.2 425.4 425.4 1114 1.000
49 51 75.0 61.8 177.3 141.7 1.214 1.252
100 101 106.3 86.8 247.6 194.7 1.224 1.272
151 152 130.5 106.0 301.2 234.8 1.231 1.283
201 201 150.3 121.6 344.7 267.1 1.236 1.291
250 250 167.8 135.4 382.8 295.3 1.239 1.296

462 300 301 184.1 148.2 418.1 321.3 1.242 1.301
350 351 199.2 160.0 450.6 345.2 1.245 1.305
400 401 213.1 170.9 480.4 367.1 1.247 1.309
449 450 225.8 180.8 507.8 387.1 1.249 1.312
499 500 238.1 190.4 534.0 406.3 1.251 1.314
549 549 249.7 199.4 558.9 4245 1.252 1.317
599 600 261.2 208.3 583.3 4422 1.254 1.319
13 25 54.5 43.3 121.6 72.3 1.260 1.682
26 51 77.0 59.6 176.7 99.2 1.292 1.781
50 100 106.6 80.5 251.0 133.6 1.325 1.878
76 151 131.0 97.4 313.0 161.2 1.345 1.942
100 200 150.3 110.6 362.8 182.7 1.359 1.985
126 250 168.1 122.7 408.8 202.3 1.370 2.021

466 150 299 183.6 133.1 449.1 219.1 1.379 2.049
175 350 198.5 143.1 488.0 235.2 1.387 2.075
200 401 212.0 152.1 523.5 249.6 1.394 2.097
225 450 224.8 160.6 557.3 263.3 1.400 2.116
250 500 236.5 168.2 588.2 275.7 1.406 2.134
275 549 248.0 175.8 618.6 287.7 1.410 2.150
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Soilype | Testsamplename | (b | n) | G | Db | ik | /G | EWES | etorence
45 100 140.1 106.1 357.8 205.7 1.320 1.739
47 100 143.1 1109 | 3639 | 2230 1.290 1.632
Triaxial Extension 50 100 | 1466 | 1169 | 3730 | 2453 1.254 1521
(TE) 60 100 154.4 1331 | 3932 | 305.1 1161 1.289
70 100 159.7 144.9 404.4 347.6 1.102 1.163
81 100 162.8 153.7 | 4125 | 377.0 1.059 1.094
Toyoura
sand 120 100 169.0 | 1728 | 4257 | 449.0 0.978 0.948
bs; rglﬂitri?e 140 100 1685 | 177.6 | 4257 | 4713 0.949 0.903 Guetal.
Element 160 100 167.0 180.1 4216 487.5 0.927 0.865 (2017)
Method 180 100 162.8 180.4 | 4084 | 500.7 0.902 0.816
(DEM) Triaxial 190 | 100 | 1592 | 1801 | 3993 | 5047 | 0.884 0.791
Compression (TC) 200 100 155.2 | 1781 | 3892 | 507.8 0.871 0.766
210 100 | 1504 | 1756 | 3740 | 50638 0.857 0.738
220 100 1431 | 1716 | 3557 | 502.7 0.834 0.708
230 100 | 1333 | 1650 | 327.4 | 4946 0.808 0.662
240 100 121.0 | 1542 | 2919 | 4743 0.785 0.615
30 30 73.8 500 | 1707 | 1393 1.249 1.225
50 50 88.9 713 | 2046 | 166.9 1.248 1.226
T‘;Zﬁgra TS 100 | 100 | 1224 | 1015 | 2743 | 2423 1.206 1.132
200 200 1596 | 1314 | 3559 | 308.8 1215 1152
400 400 2169 | 177.7 | 480.1 | 413.0 1221 1163
30 30 60.9 61.3 170.6 138.5 0.994 1232
50 50 79.7 76.3 2195 | 170.6 1.044 1.286
rf/aesrhs';'r‘% RS 100 | 1200 | 1089 | 1026 | 2990 | 2217 1.061 1.349 D‘Etztgzeé)a"
200 200 148.7 | 1402 | 4040 | 3252 1.060 1.242
400 400 2031 | 1915 | 5534 | 436.0 1.061 1.269
30 30 63.0 55.9 169.2 | 1327 1128 1.275
50 50 86.3 75.9 2319 | 169.2 1137 1371
Glass beads GB 100 100 121.7 113.5 328.1 277.1 1.073 1184
200 200 165.2 | 154.2 | 4499 | 3675 1.071 1224
400 400 2252 | 2033 | 5935 | 4813 1.108 1233
WOl o ool Hlis aslol jo aS > (oyle ) B lS L ) el Sl (10) alsbee 6l A & e
A >0 6 lg0n a5 3,5 Sl g oo
4= [E* +4(64 2 /61°®) + (1 — av,)Gr] - M)
1651111[(5%1'8/0#}10'8) - ;%G#h]
yay
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Wby (lg8 oo ol pl
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