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Abstract

The construction of geotechnical structures in sandy soils requires load bearing evaluation in
undrained conditions. Undrained shear strength depends on many factors, including principal stress
rotation (anisotropic behavior). However, the effect of this inclination angle (a.°) is often ignored due to
the difficulty in reflecting this phenomenon in laboratory research, the hollow cylinder torsional shear
apparatus provides the possibility of examining the anisotropy of soils. On the other hand, most of the
sand sediments contain different amounts of silt particles, which have a significant effect on the behavior
of the sand, and investigating the anisotropic behavior of these mixed soils (especially in low content)
has not been fully studied. This research includes 18 undrained tests using a hollow cylindrical apparatus
on Firoozkuh sand with low silt content. The samples have 0, 5 and 10% silt content. Inclination angle
(a°) is considered as a key parameter that shows the characteristics of anisotropy, and the values of 15,
30 and 60° are applied in the experiments. Based on the obtained results, increasing the inclination angle
leads to more contractive behavior in sand. By adding a small percentage of layer, the overall structure
of the sand skeleton remains constant and the samples can still be evaluated based on the general behavior
of the host sand. In the samples containing 5%, reduction of contractive behavior and increase of
resistance (18.5%, 12% and 7.7% for angles of 15, 30 and 60°, respectively) are observed, but with an
increase of 10%, the strength is decreased (less than the host sand) and the contractive behavior is
increased. In anisotropic behavior, with the increase of the inclination angle, the effect of fine grains in
increasing the strength and reducing the contractive behavior of the samples as an important parameter
in mixed soils is decreased.

Introduction

Undrained shear strength is one of the basic
parameters determining the mechanical properties of
sandy soils. The value of this parameter depends on many
factors, including the rotation of the principal stress. The
studies carried out so far show the significant effect of
rotation of principal stress on undrained shear strength of
sand, and many researchers consider this dependence on
rotation of principal stress (anisotropic behavior) as one
of the most important characteristics of soil (Radjai and
Azéma, 2009). In anisotropic behavior, the rotation of the
principal stress (o°) relative to deposition (vertical
direction) is used to show the rotation of the main

stresses, and the parameter (b=(02-63)/(c1-03)) indicates
the ratio of intermediate stresses. Principal stress
directions and b values can cause changes in soil
behavior. Therefore, a and b are chosen as the key
parameters to investigate the anisotropic of sands, and in
this regard, the hollow cylindrical torsion shear (HCTS)
is the best device to study these parameters. Many
experiments have been carried out by hollow cylinder
torsional shear (HCTS) to prove the effect of anisotropy
on the behavior of sands. The effect of anisotropy in
Toyora sand has been studied by Yoshimine et al.
(Yoshimine et al., 1998). As the inclination angle
becomes larger, the softening behavior becomes obvious
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and shows more contractive behavior. This significant
dependence of the behavior of sand on the tendency of
the main stresses shows the inherent anisotropy in the
material due to the arrangement of soil particles. But in
most cases, it is observed in the investigation of soil
stress-strain behavior and reports of liquefaction of sands
containing silt (Yamamuro and Lade, 1998) and natural
sand are often contains different amounts of fine grain
(FC).

There have been limited studies on the effect of fines
content on the anisotropic behavior of sand, and these
studies have also focused on high percentages of fine
grain. Bahadori et al. (Bahadori et al., 2008) conducted a
comprehensive study using a hollow cylinder torsional
on Firoozkuh silica sand and different percentages of
sand and silt (30, 15 and 70% silt). In this research, the
value of a varies between 15° and 75°. In the test at
a=15", the behavior of the sand is completely hardening,
while at 0=75°, the softening behavior is visible. By
comparing the results of the mixture of sand and 15% silt
with pure sand, it can be seen that the effect of anisotropy
in the mixture of sand and silt is less than that of pure
sand samples, and the addition of 30 and 70% silt to the
sand caused a sharp decrease in the shear strength of the
sands and increasing the inclination angle has less effect
on the behavior of these compounds. In another study on
the effect of silt (15, 30 and 50%) on the behavior of
Hamedan and Tehran sands, respectively, with round and
very angular grains, and similar results It has been
reported (Khayat et al., 2014).

According to the mentioned cases, the study process
and points of interest and goals of this research article can
be stated as follows:

* Different behavior of sand containing low and high
percentage of fine grains according to technical literature
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* Investigating the effect of low percentage of non-
plastic silt (0, 5 and 10%) on the anisotropic behavior of
sand using a Hollow Cylinder Torsional Shear Apparatus

* Conducting tests on samples under inclination
angles of 15, 30 and 60°

* Presentation of results in the framework of stress-
strain and stress path curves based on silt percentage and
variable inclination angle

* Interpretation of results and interpretation of
behavioral mechanisms

Materials and Methods
Materials

Firoozkuh's standard quartz sand, designated F161,
was used as the sand material for the experiments. This
sand has a golden yellow color. The used silt is also a
non-plastic silt with brown color. The plasticity index of
the silt is about 2 and can be considered non-plastic
because its plasticity index is less than 5%.

Hollow Cylinder Torsional Shear Apparatus

The behavior of the soil is basically depends on the
applied stress path, which for geotechnical structures
includes the rotation of the main stress direction around
three axes. The hollow cylinder torsional provides the
possibility of simultaneous application of axial load,
torque, internal and external pressures. Therefore, a
control on both principal stress and intermediate
principal stress directions is included in the stress path
approach. Figure (1) shows the Urmia University HCTS
device used in this study and its schematic form. In order
to study the effect of inherent anisotropy, the angle a°
and the parameter of the intermediate stress ratio (b) are
kept constant during torsional shearing. In order to
control a and b to achieve the desired stress paths, the
general equations of the hollow cylinder torsion have
been defined in the device by Bahadori et al. (Bahadori
et al., 2008).
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Fig. 1. Hollow cylindrical apparatus. a) HCTS of Urmia University with a specimen in the test. b) Schematic view of torsional shear
hollow cylindrical. c) Geometric characteristics and stress conditions applied to HCTS.
sand. In this research, the value of the intermediate stress
Results and Discussion ratio is 0.5 and the inclination angles are set at 15, 30 and
In order to investigate the effect of low silt content on 60°. The data of the tests are presented in Table 1.
the anisotropic behavior of sand, a series of tests of
undrained hollow torsional were performed on Firoozkuh

181



Mohammadi Ghaleh Aziz and Bahadori Influence of the principal stress rotation on the undrained ...

Table 1. Summary of torsional shear hollow cylindrical tests performed during the present study

No. FC (%) P'c (kPa) a® e Emin Emax D,

T1 0 100 15 0.738 0.548 0.874 41.7
T2 0 100 30 0.739 0.548 0.874 414
T3 0 100 60 0.737 0.548 0.874 42

T4 0 200 15 0.727 0.548 0.874 45

T5 0 200 30 0.728 0.548 0.874 44.8
T6 0 200 60 0729 0548 0.874 445
T7 5 100 15 0732 0519 0.892 429
T8 5 100 30 0.73 0.519 0.892 434
T9 5 100 60 0729 0519 0.892 43.6
T10 5 200 15 0.722 0.519 0.892 455
T11 5 200 30 0719 0519 0.892 46.3
T12 5 200 60 0.72 0.519 0.892 46.1
T13 10 100 15 0691 0491 0.911 52.3
T14 10 100 30 0.69 0.491 0911 52.5
T15 10 100 60 0689 0491 00911 52.8
T16 10 200 15 0678 0491 0.911 55.4
T17 10 200 30 0681 0491 00911 54.8
T18 10 200 60 0.68 0.491 0.911 55

direction of the longitudinal axis of the sand particles (Li

Behavior of host sand under rotation of principal and Yu, 2009; Xiong et al., 2016).

stress direction

Figure (2) shows the results of clean sand under initial
effective stress of 100 and 200 kPa, according to the
results with as the main stress angle (a°) is increased, the
behavior becomes softer and more contractive. The
minimum strength occurs when the main stress angle is
60°. Such systematic softening has been attributed to
inherent anisotropy in sedimentary sands (Arthur and
Menzies, 1972). During shearing, the sand particles
continuously restructure by sliding and moving to create
an optimal and unique anisotropic structure with respect
to the loading conditions in the critical state, and
according to the results, entanglement between the sand
grains along the long axis parallel to the direction of the
shear plane is the worst case in terms of resistance. In
other words, sand particles have the greatest tendency to
slide on each other when the main stress is parallel to the
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Behavior of silty sand under rotation of principal
stress direction

In figures (3) and (4), respectively, the effect of rotation
of the main stress angle on the behavior of sand
containing 5 and 10% silt can be evaluated. The addition
of 5% of silt increases the peak shear strength of the
sample by about 18, 12, and 7%, respectively, for angles
of 15, 30, and 60° (comprehensive stress of 200 kPa).
However, with the increase in the amount of fine grains
(from 5% to 10%), the process is reversed and with the
involvement of silt particles in the loading cycle, they
have a negative effect on the structure of the sand and the
behavior becomes more contractive, so that the peak
shear strength of the sample reduces by about 14, 13 and
12% for angles of 15, 30 and 60°, respectively.
Therefore, the presence of fine grains mixed with sand
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changes the structure of the soil compared to the host

sand.
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Fig. 3. Effect of inclination angle on the behavior of Firoozkuh sand with 5% silt content.
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Fig. 4. Effect of inclination angle on the behavior of Firoozkuh sand with 10% silt content.

Conclusions

In this article, the effect of anisotropy on the stress-
strain behavior of sand and silt mixtures was studied
using hollow cylinder tests, and the main results can be
summarized as follows:

1. The behavior of sand in this research, according to
the category of undrained behavior of sands, is similar to
the behavior of loose sand, which is a strain softening
behavior with limited strain. This type of behavior is
characterized by the initial maximum shear strength at a
small strain, then at moderate strains the shear resistance
reaches the minimum value (quasi-stable point (QSS)).
After the minimum strength, the shear strength is
increases to its maximum value with a re-hardening.

2. As the main stress angle (a°) increases, the behavior
becomes more softening and contractive. Under the angle
of 60°, the behavior of the sample is strongly contracted
and the greatest decrease in the strength of the sand
sample is observed, and such strain softening is attributed
to the inherent anisotropy in sedimentary sands. This

increase in strain softening behavior increases the
brittleness index.

3. By adding a small percentage of layer, the overall
structure of the sand skeleton remains constant and the
samples can still be evaluated based on the overall
behavior of the host sand.

4. Under the main stress angle of 15°, with the addition
of 5% of the silt, the strength of the sample reaches its
maximum value, but with the addition of more silt
content (10%), the strength is decreased, so the value 5%
is the turning point of the behavior of the sample.

5. To check the anisotropic behavior, the samples were
evaluated under the main stress angle of 30° and 60°.
Under these angles, same as at a=15° with the addition
of 5% of the silt, it strength is more than the host sand,
but the amount of this increase in the strength of the
sample has an inverse relationship with the increase in
the angle of the main stress. In other words, with the
increase of the inclination angle (a°), the effect of fine
grain in increasing the strength and decreasing the
contractive behavior of the samples is decreased.

184



Mohammadi Ghaleh Aziz and Bahadori

Influence of the principal stress rotation on the undrained ...

6. In the examination of the anisotropy index
parameter, which shows the amount of changes in the
strength of the samples with the increase of the main
stress angle, it is observed that the increase in confining
stress causes a decrease in the anisotropy index. Also,
with the increase in the percentage of the silt content, the
anisotropy ratio has slightly decreased. In other words,
with increase in the percentage of the silt, influence of
the inclination angle is decreased.
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Fig. 1. Materials used in this study. a) Firoozkuh sand (F161). b) Firoozkuh silt.
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Fig. 2. Grain size distribution curves of tested materials
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Table 1. Physical properties of tested materials

Material Gs €min €max D10 (mm) D50 (mm) LL PL Pl Cc Cu Soil type
F16l1sand 2.65 0.548 0.874 0.16 0.27 - - - 0.88 1.87 SP
Silt 2.67 0612 1.21 - d50=0.03 24 22 2 - - ML

Note: Gs =specific gravity; Cu = coefficient of uniformity; Cc = coefficient of curvature; LL= liquid limit; PL= plastic
limit; Pl=plasticity index

&Y oot izl Y Jgu
Table 2. Chemical components of silt

Material SiO2 Al203 Fe203 Cao MgO KO NaO TiO2z SOs LOI

Silt 78.2 5.87 412 2.82 0.35 0.42 0.11 0.3 0.13 7.68
09.4.4.:‘;: .bj.:fo ] 5 Al ilo QO o;xis_..‘ﬁ:w" > Le od.)}wr:): ol )‘ ‘5‘2 9 awlo Jogl.’xo’ Jé‘» 9 ).ZS‘AD lJLL”U. RS Cohraiind - 5
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Fig. 3. Minimum and maximum void ratios for the Firoozkuh sand-silt mixtures

adsl 5l 3550 (red 115 4 azgi b oY g anle bglire oy

() G

1+ () (&)

= .Y
S (1 + emax(1 - Dr) + €min- Dr) v

Vi

S STas 55 S Bmax omd o513 DI alal, ! o
Lylses o,m MS (bgliee S Jilas 555 Cord €min cboslies
0559 0555 GSS (gY 0315 0055 GsM iges S o VM 5V 5 auslo

il o oY il a0 FC g anle
s 99 ol 5 (CO2) 12,5 arSlso «(slogltsl al> o 51 L3

A5 S aeaSles sl (89,5 ey s se 0310 j5ne diges ]

M

14

& lwaigad
oobde o slals Gl dges colw gl Gel.ou sl g,
gll b iz wosb e wilg o 4l SB 0l 052g (KL Loj]
b aSiall 505 a0y Sypots B o plgion | diges ol
S Sy Ghe) sl anllae (ul 53 ged 03,83 ) diged (05 S
Wgad led co aF ool colaiul Aiged agd ST lgie 4 28 L
Bahadori et al., 2008; Khayat et al., ) s, ags 1, 251650
40 a8 aib (s SWS 4 aiges (2014; Miura and Toki, 1982
) ho Lo bgie i)l b 2,5 e 8 LB S5l s
O 00 sl A, (Mged S50 9,55 o2 @ 3l xS el

ouls a8 5 Ly 1o baaigad plod (gl doyo Ve adgl aiils guas

* Threshold Fines Content



o Sy Sy Caglin ol 25 S 25 il

&l 5 i anld oo

o9 03 )Li W'“S"’U O e Gu&b) (_gl.b)...m GALAS | 009
0555 Jabo ;0 diged 5l oo adse Ol ke 5 gl o Jhaile piws
—o3lail alo o ol slel g ol yo e slael (uilss b oles oo |,

)5M“ﬂb6mfdbjajo¢»wm,wwjo;6rf

s (595 Ol (0 45 Sl (38 (0 oS 45 ARES y0 423 ¢ /0
-l 555 S Galojl pladl 5l e 205 (o0 550 13,5 Jlasl
Sydse drwle odd G pSoilul Cugh, woys bl n e
VWYoglas,l 4 ages ool (Verdugo and Ishihara, 1996)
F IS asboe ol Ve 57 ()1 g (JSlo Jhad g el
WS 93 ¢ Sgpm 5 5 LSEY) T 6lix 5 ou oolel diges ol e

B o Hlid | (JEddie S (g9l diges

Deposition of sample
into the mold by funnel
(Dry Funnel Deposition
Method)

Fixing two thin latex
membranes and assembly
of the mold around the cell
pedestal

Fig. 4. Prepared hollow cylinder specimen and specimen components

woysme S lozen Jlasl Sl (HCTS) Jg ailgal iy
S gy ol 5l S e molp 1) (B g (A3 sl liad (jliis
5,559y 0 Sl (ol (23 g (Lol 15 Sz 90 2 (59, J5S

Olaoals L8 sy )y Sl L sl ol oniliS 15

w28 (@5l 5 o) G5,S- 05 5B, ol slasely 5 S G

Completed specimen

Vay

Lletal 5 s bawgt ond plnil lagialejl )5 ouss b s
A g e anle gl aids Y- (Zlatovic and Ishihara, 1997)
obey Sl g Plas pols addllas [0 0e ol oY ly celw
O 0 3 CO2 wlie aiges ol 5l g2 90 oI CO2 50,5 5
W) S (o0 S9d diged slaoyix pled 4y g oad 3)ly (IS
30 sdhie o s g Wb oo dolol asl> aen Hlzs oldl L gl
@ o) B siloglidl al> e 098 oo (6 pS0slal al>pe (poiz
&ly 09 oo 00l anlsl o )0 AY (YL (B) geSl o po o
O o laad O g0 4 diged ol Sluwal 5151 6 5ol
M) & dmgi b g e S JISlyskS Y-

(CU) saizs 28 g9 5] Gudzs ol 50 00 ploil o yiule;] oles

5\”4.5.3[.?4.‘0&

; __Upper porous disk

|
Outer membrane %
(3F 3 .
-7 Lower porous disk
Specimen components

dged g3 g oo oolel S5 dilginl aiges -F IS

S o ez dilginl olliwd
oS wil oo oad Jlosl (25 e 4y atanly Lolul S L3,
O S Sz Bl (SeSS g5 slaejle sl 5 s
e L i Lo
e s (S S iy Ol ol 25 slacer S



o Sy Sy Caglin ol 25 S 25 il

&l 5 i anld oo

b iomg Ghp Job ,0 ) Sl i Ces pal )l g @4l
Sy & sy (6132 D 5 0 J5S jline ay g o ails 4S5
s By algil piomy oSws (LS SVolre olais g0 yiiS
, (Bahadori et al., 2008) l,San g (5,0l Lawss cwgidel
0l 4M5 Hoboay ¥ Jgaz 0 E¥olee ol a5 Wlowds iy a5 olSts

————

o ————

N - e

Vertical rod

Inner cell L1
pressure ——

i Jlae! sl [E/P] Silogil S i Jukee das 31 ol o
oolaiul (5 970 S350 5 Jobo (21> 5 o jLad sl slis e
Ol yo oolaiwl 590 drng )l olKisls HCTS olfiws o JSKi 094 oo
Sl gl olBtws ol 5o amo o ylid |y o] Soleds [ g andllas
IS Glesl sl DC (55850 5l sl abii 5l oy S L3,
A88S j0 a0 /0 HoliiS Cae 4T 04d oo ooliiul s (WS
(18 slaoal Sladlas jslais 4050 co Jlos! o iole;] ples 5o

I Bearing
Outer cell 4}—; ‘
pressure r}_ Valve
| |
Rubber H = ] Cell
M
)i
by Sample

Porous stone

O-ring

Cell pressure
drain

e . “‘:xllji—

~ Back pressure

T (Monotonic torque)

Fz (Axial load)

Ag (Cross section of specimen)
A, (Cross section of axial rod)
r; (Inner radius of specimen)
7, (Outer radius of specimen)
P, (Outer cell pressure)

Py (Inner cell pressure)

(€ . iz chp JB g alginl Soled sles 0. iulesl b 50 igei o b el olftiils HCTS slfiws @ . g5 ailginl stz olStws -0 S

HCTS Ko L) 03 JLo.C‘ w.ﬁ Ja)‘).w 9 (W le.lb‘;).ls

Fig. 5. Hollow cylindrical apparatus. a) HCTS of Urmia University with a specimen in the test. b) Schematic view of torsional shear
hollow cylindrical. c) Geometric characteristics and stress conditions applied to HCTS.
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Table 3. General equations of torsional shear hollow cylindrical apparatus
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Shear stress
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Fig. 6. Classification of the undrained behavior of sands. a) Stress path b) Stress-Strain
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Fig. 7. Schematic representation of loading conditions. The no-go area: inclination angle and intermediate stress ratio
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Table 4. Summary of torsional shear hollow cylindrical tests performed during the present study

No. FC (%) P'c(kPa) «° e Emin emax D,

T1 0 100 15 0.738 0.548 0.874 41.7

T2 0 100 30 0.739 0.548 0.874 414

T3 0 100 60 0.737 0.548 0.874 42

T4 0 200 15  0.727 0.548 0.874 45

T5 0 200 30 0.728 0.548 0.874 448

T6 0 200 60 0.729 0.548 0.874 445

T7 5 100 15 0.732 0.519 0.892 42.9

T8 5 100 30 0.73 0.519 0.892 434

T9 5 100 60 0.729 0.519 0.892 43.6

T10 5 200 15 0.722 0.519 0.892 455

T11 5 200 30 0.719 0.519  0.892 46.3

T12 5 200 60 0.72 0.519  0.892 46.1

T13 10 100 15  0.691 0491 0911 52.3

T14 10 100 30 0.69 0491 00911 52.5

T15 10 100 60  0.689 0491 0911 52.8

T16 10 200 15 0.678 0491 0911 554

T17 10 200 30 0.681 0.491 0.911 54.8

T18 10 200 60 0.68 0.491 0.911 55
G5 gl o 5553 b lis Bl 2 2bgn (QP) S e 5 (0E) shol i arsls Gis 2w Gljmo awle 413,
VO aygly o diged D9l o0 2l g ey zedy 4 LS, (0) Lol Voo g Ve adgl Jgo a5 Cow | el anle mls A SO
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