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ABSTRACT
The tendency of the sliding mass to deform or deposit during the flow strongly depends on the earth pressure coefficient (K)
in the dynamics of a finite mass of cohesionless granular material discharged from rest on a rough inclined plane. When the

.. . X pas .. .
flow velocities along the x and y-axes are decreasing, K = K|, :;as , the flow becomes convergent, and depositional behavior

appears. On the other hand, if the flow velocity is increasing along x-axis but decreasing along y-axis, K = Kt and the flow

y pas
KX act

. . X pas . . . . .
is divergent and hence mass spreads. For K = K PaS and K = 3 act » the flow is neither convergent nor divergent, it remains

y act
constant throughout the domain. The mathematical relationship provided here and the associated 2D and 3D representation
demonstrate how the internal angle (¢) and basal angle () of frictions have a significant impact on the earth pressure coefficient

in the dynamics of dry granular mass along a rough plane. The mathematical relations for the soil mechanics are also discussed

along with these coefficients.

Keywords: Active and passive earth pressures, internal angle of friction, basal angle of friction

INTRODUCTION

Earth pressure problems encountered in engineering practice
are concerned with the determination of internal stresses
acting on the soil masses or the stresses between the soils and
the contiguous structures (Abdul, 1966; Lin ¢7 a/., 2020). Earth
pressure is the lateral force exerted by the backfill on the
retaining structures (Kafle ez a/., 2016; Kafle ez al., 2019; Kafle
et al, 2023b). The retaining wall frequently pulls away from
the backfill as a result of excessive pressure from the retained
soil. By resisting forces that are created along the plane of the
failure wedge in a direction away from the retaining wall due
to the soil’s shear strength, the retaining wall is kept in
equilibrium (Pirulli ef 4/, 2007; Khosravi et al., 2016; Kafle e
al., 2023b). The pressure is limited by the distance that the
retaining wall may move from the backfill. Active earth
pressure is the least amount of pressure the soil can apply to
the retaining wall (Levesque ¢f al, 2017). The earth pressure
increases whenever the retaining wall shifts toward the
backfill as a result of any natural event because the retaining
soil becomes compressed, increasing its shearing strength
(Kafle e al, 2023b). When the soil’s shearing resistance has
fully mobilized, the pressure has reached its maximum level.
Passive earth pressure is the maximum earth pressure
brought on by the retaining wall’s greatest shear stress. Earth
pressure at rest is the pressure that forms as a result of
backfilling when there is no movement. Its value exceeds
limiting active pressure but falls short of passive pressure
(Abdul, 1966; Pudasaini & Hutter, 2007; Lin e# al., 2020).
The largely unpredictable and devastating natural events like
landslides, rockfalls, and snow and ice avalanches occur on
steep slopes of mountainous regions that can travel large
distances before they come to rest and they frequently pose a
threat to human life and their settlements (Kafle e @/, 2016;
Kafle ez al., 2019; Kafle e al., 2022; Kafle ¢# al., 20232; Kafle ez

al., 2023b). It is extremely challenging and complex to direct
observation of the movement of rockfalls or avalanches
which is possible only by remote sensing techniques (Gubler,
1987). The study of the dynamics of snow flow avalanches
employing radar Doppler techniques was experimented with
by Gubler (1987), however it is difficult to study the
measurement of the large masses of rocks or soil. Mcfall ez .
(2018) carried out laboratory experiments dealing with gravel
flow to enable the description of the temporal evolution of
the front and rear edges as they traveled down a plane surface.
Based on continuum mechanics, Savage and Hutter (1989)
developed a model to describe the evolving geometry of a
finite mass of cohesionless granular material released from
rest on a rough inclined plane. The masses of numerous
discrete grains initially accelerate quickly downward the slope
until the angle of inclination of the bed approaches the
horizontal, and bed friction ultimately causes them to come
to rest. The granular material is treated as an incompressible
Coulomb continuum (Savage & Hutter 1989). Since the
sliding of the grains takes place along the bed, the friction
angle between the gravel and the rough bed and the internal
angle of friction between the grains are actively involved in
the model (Hamzah & Omar, 2018).

Numerical simulation can be a helpful tool for examining the
propagation phase of phenomena involving granular material,
like rock avalanches, when realistic geological contexts are
taken into consideration as part of a better territory risk
assessment and decision-making process (Faug ez a/., 2009;
Kafle, 2019). Cohesionless granular material free surface
gravity-driven flows down a rough inclined plane and
overflowing a wall perpendicular to the bottom are examined
under steady and erratic incoming flow circumstances (Faug
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et al, 2009). The down-slope divergence function Z—Z is
introduced, and its smooth variation and monotonically
declining function is used to regularize the down-slope earth
pressure coefficient, which approaches the limiting values,

K, K, pas for large divergence and convergence

. a .
respectively. At ﬁ = 0, the down slope eatth pressure is at
rest (Tai et al, 2001; Pudasaini & Hutter, 2007). A crucial

act and

7~

S
/L‘\\}\
e

A

R

0

N

Y.
x
X

~a

ox

N
i)
e

%

\

7
A

.

\
2
2
N

>
A

-
N

F
/\\
.\‘\\ %
=

Ly
v

X
S

o
K

component of designing passive avalanche defense structures
and avalanche hazard zoning is knowing how snow
avalanches react to obstacles. Experimental investigations
continue to be a crucial method in avalanche science because
there isn’t a well-established equation that can accurately
describe the impact pressure of avalanches on objects of
diverse sizes and shapes (Pudasaini & Hutter, 2007; Baroudi

¢t al., 2011).
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Figure 1. Retaining wall supporting the backfill, Left: Active case where wall moves away from the backfill, Right: Passive case
where wall moves towards the backfill (Rankine, 1857)

Coulomb (1776) initially took into account the cohesionless,

more flexible mass of dirt moving across a shear surface. By

arriving at a solution for an entire soil mass in a failure

surface, Rankine (1857) introduced earth pressure. With the

aid of the Mobhr circle, Rankine analysis was completed. It is

usual practice to estimate the active and passive lateral earth

pressures using the Rankine theory and the Coulomb theory.

Yang and Deng (2019) talked about the implications of
backfill width, internal soil friction angle, and wall-soil
friction angle in calculating active earth pressure coefficients

and classifying them for rigid retaining walls. Levesque et. al.

(2017) showed that employing K-values that are calculated as
a function of backfill geotechnical characteristics and
excavation geometry will increase the precision of the
Marston technique for estimating horizontal earth pressure.
Mayne et al. (2011) discussed coefficient of earth pressure at
rest. The numerical simulation makes clear about the
significance of adopting a distinct earth pressure coefficient
value (K) for the flux’s direction of convergence and
divergence. Yan ez al. (2020) determined the distribution of
earth pressure by contrasting the impacts of the total active
force on the beginning phase, the amplification factor, and
the angle of soil friction. The limit equilibrium analysis
method is also demonstrated in this study for determining the
non-linear distribution of the active earth pressure on stiff
retaining walls with constrained backfills (Fig. 1). This study
presented the idea that soil deflection plays a more significant
role with the narrower width of the backfill and the
inclination angle of the triangular failure wedge is connected
to the value of the internal friction angle of the solids (Yan ez
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al, 2020). Based on laboratory studies or analytical and
numerical models, different researchers proposed various
values for the earth pressure coefficient (K). Marston (1930)
presented K as the active earth pressure developed by
Rankine (K, = 0.33) however Li ¢ al. (2009) proposed it as
0.5 to study the deformation of the mass. The properties of
the granular material and the roughness of the basal surface
specify these coefficients.

The present work demonstrates the characteristics of the
earth pressure coefficients in active and passive conditions in
different ranges of parameters in both cross-slope and down-
slope directions and also varies the ratio of parameters used
in the formulation of earth pressure coefficient in the Savage-
Hutter model (Savage & Hutter, 1989). Firstly, we discuss the
mathematical formulations of the active and passive earth
pressure coefficient in Savage-Hutter model for the flow of
granular mass in two dimensions. Secondly, we exhibit the
reduction of the pressure coefficients in the soil mechanics
along cross-slope and down-slope by neglecting the basal
angle of friction. Finally, we present some plots to study the
variations of the active and passive earth pressure coefficients
due to the changes in internal and basal friction angles and
their ratios along cross-slope and down-slope directions.

MATHEMATICAL THEORY

An infinitesimal cubic element with a surface perpendicular
to the coordinates as extracted from the flowing granular
mass. In view of the dominant downward motion, the
primary spreading is most probably to occur in the



longitudinal direction, and lateral spreading is almost small.
The dominant shearing in the ditection parallel to the xz-
plane produces the dominant shear stresses T,, and normal
stresses Oxx, Oyy, Oz as shown in figure 2. Shear stresses
Tyz and Ty, also occur but they are significantly smaller than
Ty, (Savage & Hutter, 989). It is reasonable to suppose that
the lateral confinement pressure dy,y, is close to the principal
stress say 07 because the majority of shearing occurs on
vertical surfaces that are parallel to the direction of tangential

velocity. The major principal stress is given by (Savage &
Hutter, 1989; Kafle ¢z al.,, 2023b)

1 1
0y = E (Uxx + Uzz) + E\/(Uxx - Gzz)z + 479%2

and the minor principal stress is given by

1 1
03 = E (axx +0,,) — E\/(Uxx —0,)%+ 479%2

The shear stress T, and the normal stress 0., at the bed must
be such that they both lie on the wall yield line as indicated in
figure 2. It should be noted that two potential Mohr circles
can be made through the point corresponding to the stress
state meeting the basal sliding law (62, 72,). According to
the wusual terminology in soil mechanics, the one
corresponding to a higher value of the normal stress is
referred to as the passive state of stress, while the other is the
active state of stress. We assume that the active or passive
state of stress is developed depending on whether an element
of granular material is being elongated or compressed in the
direction parallel to the bed.

It is assumed that the basal normal stress equals 6, and shear
stress equals —T2,. As a result, the basal down-slope normal
stress 02, can take on two values, one on the smaller circle
ok, < b, and other on the larger circle 2, > g, which are
associated with active and passive stress states, respectively.
The basal cross-slope stress a},’y has four possible values since
there are four possible values for the major and minor
stresses, 02 and o?

Kb

X

. The ecarth pressure coefficients

act/pasand K;,’act/pas are defined as follows

b
Oxx

b’
GZZ

b
_ Oyy

b
Ozz

b
y act/pas —

Kb —

x act/pas —

In order to establish the value of K2, Savage and Hutter
(1989) employed simple arguments, and Hutter e¢f a/ (1993)
used the Mohr-circle representation to define KJI,’ as a

function of internal (¢) and basal angle (8) of friction, to
deduce.

Ky act/pas = 25€c?@ (1 ¥ 1—cos?@ sec?s ) -1
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1
Ky act/pas = E (Kx act/pas + 1)

¥ J(Kx act/pas — 1)2 + 4tan?6

which ate real for § < ¢. The following equation defines
the earth pressure coefficient Ky g¢t/pqas 2 active or passive
depending on whether the down-slope motion is dilatational
or compressional in order to uniquely calculate the value of
the earth pressure coefficient associated with a certain
deformation (Savage & Hutter, 1989).

_Ou
X B Kx act if a >0
x act/pas — ou
Kx pas if a <0

Figure 2. Top: An infinitesimal cubic element with a surface
perpendicular to the coordinate axes as extracted from the
sliding granular mass. Bottom: Mohr’s circle of two-
dimensional state of stress representing the relationship
between normal and shear stresses (Piruli er al, 2007
Pudasaini & Hutter, 2007)

Comparatively, the dilatational or compressional nature of
the down-slope and cross-slope deformation is taken into
account when computing the earth pressure coefficients in
the lateral direction.
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KX act ifa—u > 0,@ >0
yac 0x dy

Jdu v
if —>0—<0

KX act
b YPas T gx dy
Ky act/pas = ou ov
KXP% if —<0,—>0
y act ox "oy
ou v
xpas .
K pas 1fa<0,£<0

The down-slope and cross-slope normal surface stresses at
the avalanche’s traction-free surface are

o5, =0, gy, =0
Now, intermediate values can be interpolated in accordance
with the values of 0, and 0, at the base and the free surface.
According to the Savage and Hutter theory, through the
depth of the avalanche, the down-slope and cross-slope
stresses change linearly with normal stress. The following
expression accomplishes this. While looking at the
rectangular triangle given by the vertices origin, the center of
the circle, and the intersection of the circle and tangent, the

relation becomes (Pudasaini & Hutter, 2007; Kafle e a/,

2023b).
-
‘r =

T €y
% (Uxx + azz)

Radius of the Mohr circle,

1
r= \/TZ +Z(axx — 04,)°

Substituting the values of 7 and r in (1)

\/aZZZ tan?s + % (Oxx — 0,,)?

r = 1
7 (Gxx + azz)

. o . .
Since Ky act/pas =2 | squaring both sides then above
Z

equation becomes,

1 . 2 1 2
ZSanQ (Kx act/pas T 1) = tan’§ + 4 (Kx act/pas — 1)
This implies

4tan?6 + (Kg?act/pas —2K, act/pas T 1) -
SinZQ)(K,?act/pas +2K, act/pas T 1) =0

4tan®S + K7 4ot 1pasC0S>® — 2K, get jpas (1 + sin*@) +
cos’® =0

tan?s

=0
cos%Q

2
Kfact/pas -2 (m - 1) K, act/pas +1+

This is the quadratic equation, its solution is given by

2
Kx act/pas — (m - 1)

* \](coiz(b B
K

2
x act/pas — (m - 1)

4 4 (1 + tan?6)
cos*® cos?Q an

1)2 tan?é6 1
cos?@

cos?@
c0s26

2 _
Kxact/pas = m 1+ |1-

-1 (2)

Active pressure is denoted by the minus sign, while passive
pressure is denoted by the plus sign. In this way Ky gc¢/pas 1S
depending on the two material constants. In terms of down-
slope deformation, Ky g¢r and Ky pqs represent the extensive
and compressive modes, respectively.

In the study of soil mechanics for geotechnical stability, there
we ignore the effect of bed friction in relation (2)

K, act/pas — m (1Fsin@) -1 3)

If we consider lower sign,

_2(1+sin @) — (1 — sin*@)

pas = 1 — sin2@Q
p _1+sing ”
Pas T 1 _sin @ )
Also

3, \?
_1+sin@ ([1l+tan />

P =156 \1- tan9,
We get

Kpas = tan? (34 2) ®)

Likewise, if we take the upper sign in relation (2)

@ 2
1-sing [1-tan®/,

K = =
act = 1 +sin® 1+tan®/2

(6)



Relations (4), (5) and (6) are frequently used in the soil
mechanics when stability of the retaining wall against the
backfill is analyzed (Marston, 1930). Similatly, for cross-slope
the relation is,

K.

1 —_
yact/pas = 3 [(Kx act/pas T 1) +

2
J(Kx act/pas — 1) + 4tan25J @)

If we ignore the effect of bed friction angle in relation (7)

1 —
y =5 N
K act/pas 2 {(Kx act/pas + 1) + (Kx act/pas 1)}

1 2 _ .
Ky act/pas = E {m (12 F sin @)
+ (cosZ(Z) (1 sind) — 2>}
Ky act/pas = m (1 F sin (Z))
_ 1 _
+ (cosz(z) (1 ¥ sin®) — 1) (8)

If we consider positive sign in relation (8), then

2(1 + sin®) 1

Kx pas _
Yy pas cos2%@
_ 2(1 +sin@) — (1 — sin*@)
- 1 — sin2@

@ 2
_1+4+sing [1ttan />

S 1-sin® \1_tan?
1—tan”/ 2

7

4

As we take positive and negative sign respectively in relation

(8), then

= tan® (E + 9

4

xpas _
yact — cps2@
=1

(1+sin @) — (ﬁ (1 + sin®) — 1)
(10)

Likewise, if we take negative and positive sign in (8), then

1 ) 1 )

Kyget = 5520 (1—-sin®)+ (COSZQ) 1- SLT;Q)) — 1)
1 T

Kigst = — (1 =sin 0) — 1 = tan? (Z_ Z) 1)

And if we take negative sign in (8), then
1 1

xact — i _ o _
Ky act cos20 (1 sin Q)) (COSZQ) (1 San)) 1)
=1 (12)
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Relations (2), (10), (11) and (12) are the cross-slope earth
pressure coefficients in the soil mechanics. In reladon (10)
and (12) we can see the the equation gives the constant value
1 which shows that the longitudinal or lattitudinal pressures
and overburden pressure are equal.

RESULTS AND DISCUSSION

To compate the influence of internal friction angle ¢ and bed
friction angle 8 on the earth pressures along down-slope and
cross-slope, we present vatious two- and three-dimensional
plots demonstrating the active and passive earth pressures
with regards to the variation in friction of basal surface and
/ot internal fricton angles of grains and their ratios. We
describe the material responses in the granular flows in both
directions as we mentioned before.

Comparison of effect on the variation of separate friction
angles on pressure coefficients along down-slope and
cross-slope direction

In the reference graph with the constant bed friction angle
309, the active and passive catth pressute as a function of the
internal angle of friction becomes complex valued when § <
¢ and the theory becomes invalid in both down-slope and
cross-slope. Indeed, there may be a strong shrearing and
depth averaging is not adequate. This natural phenomenon is
exposed in figures 3A and 3B where the active and passive
earth pressure coefficients in both cross-slope and down
slope ditections have no values for ¢ < § = 30°. Inidally,
when ¢ = 6 = 30°, both active and passive coefficients are

K,

pas along cross-slope are 1.2 and 1.7 respectively. When

approximately 1.7 in down-slope, whereas

K,

the internal angle of friction is progressively incteased to 609,
active earth pressure coefficient along down-slope decreases
from 1.7 to 0.4 while passive coefficient increases shatrply

act and

from 1.7 to 13.5. Regarding along the cross-slope, K &t
and Kjjet slightly decreases whereas K;c P increases

act

xpas prx
K K5 pas

y act
from 1.7 to 13.5. The earth pressure depending on both
directions is relatively more realistic than that depending on
only one direction as dry granular mass advects not only in
the down-slope but also disperses along cross-slope.

slightly. On the contrary, sharply increases

x pas
Ky pas
coarse particle with greater internal friction angle of the grain

increases the resisting force to bear the destabilizing force
(normal stress). In this situation, the passive earth pressure is
smooth along the cross-slope direction. This demonstrate
that the internal friction angle has major influence on the
passive carth pressure coefficient, but it has negligible

increases sharply when when ¢ exceeds 45 as the

influence on Kj getand K; 5;5 however moderate influence
on the active earth pressure coefficients. This is due to the
fact that as the internal friction angle decreases, the lateral
shearing stress of the material also decreases, making the
granular mass more extensive along both down-slope and

cross-slope. Proximity of both friction angles results in the
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closer values of both earth pressure coefficients in granular
mass.
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Figure 3. Active and passive earth pressures along A) down
slope and C) cross-slope with the variation in internal friction
angle with constant basal angle of friction as 30° and B) down
slope and D) cross-slope with the change in bed friction angle
with constant angle of internal friction as 60°

Figures 3B and 3D exhibit the graph of the active and passive
pressure coefficients depending on the bed friction angles
while the internal friction angle of the grains is assumed to be

constant as ¢ = 60°. Firstly, when basal friction angle § =
09, the active and passive earth pressute coefficient are 0 and
13.9 in down-slope respectively however they are 0.07 and
13.9 along cross-slope respectively. As § increases, Ky pqs
decreases from 13.9 to 7, and K, 4 increases to 7 wheteas

X pas .
K, 5‘15 decreases from 13.9to 7 and Kjjst increases
X pas
smoothly from 4 to 7 and K, 5“ decreases smoothly from
0.1to0 0.

The evolution of the pressure coefficients in figures 3B and
3D are reverse in comparison to that in figures 3A and 3C.
When there is a significant difference between the friction
angles, the active and passive coefficients diverge significantly
from one another. The active and passive earth coefficients
become closer in accordance with the increasing proximity of

K Kx act

the friction angles and hence K, 4o =

S as xpas> Bypas
K, 5‘15 , K G = K st when § = ¢. Additionally, we can

observe that when § varies from 0°to 45°, K, pqs and

x pas
Ky pas
increases. On the contrary, when & exceeds 45, K, 5 and

x pas
Ky pas

x act
Ky act
roughness of the inclined plane tends the flow more
compressive rather than extensive. Both the earth pressures

changes abruptly when § exceeds 45° and similar behavior

decreases marginally while Ky 4. and K £ gradually

both decline rapidly but K, ,.; increases rapidly while

increases slowly. It depicts that the increment of the
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can be obsetved in figure 3(A) when ¢ > 45°. Howevert,
K & has no substantial shift in its graph as compared to the
active earth pressure in down slope, it concludes that active
coefficient changes abruptly along down-slope direction

rather than in cross-slope direction.

Also, from the results, we can conclude that the value of K is
consistent if the values of § and ¢ are close to each other.
The further values of K can not be obtained when & exceeds
60°. In figures 3A, 3C and figutes 3B, 3D, we obsetve that
K, pas = K act and K;;Jgss 2 K;gcctt~
coefficient is always greater than or equal to the active
pressure coefficient along both down-slope and cross-slope
direction.

That is passive earth

Comparison between the earth pressure coefficients
against internal friction angle for different ratios of basal
to internal friction angles along cross- and down-slope
direction

The variation and proximity of the friction angles are very
common material properties of the various granular mass.
Now, we discuss the proportional effects on the earth
pressures along longitudinal and lateral directions. For this
purpose, we vary the ratio of these friction angles, and
induced longitudinal and lateral pressure coefficients are
plotted in figure 4.

Figure 4A shows the graph of active pressure coefficients as
a function of internal friction angle for three different ratios

of § and ¢. As % = 1, K, increases from 1 to 7, whereas
it decreases from 1 to 0.47, and from 1 to 0.07 When% =

0.5 and %= 0 respectively. Instead, the value of the

coefficient is the least if the internal angle of friction is much

larger than that of bed. For % 1, value of K,; increases
more rapidly for values of ¢ higher than 45°. On contraty, it
decreases significantly when ¢ < 45°, in case if% = 0.5

0. So, ¢ = 45° is somehow behaves as a critical

and% =
friction angle. There is not much larger difference in the

values of K, when the ratio % < 0.5. It is equally interesting
to observe that K, is increasing When% = 1l,ie,ford =
@ but slowly decreases when % = 0.5, ie,6 = %d) and

rapidly decreases for% = 0,ie,6 = 0.

For different ratios of § and ¢, figure 4B represents the graph
of passive earth pressure coefficients against internal friction

angles. As % = 1, K,qs increases from 1 to 7 which is the

same graph of K, as in figure 4A. It means that active and
passive pressure coefficients are both equal when ¢ = 4.

When % = 0.5, K,qs increases from 1 to 13.5. In similar



.. S .
mannert, it increases from 1 to 13.9 when — = 0. Like the

. .. S
active pressure, K;,4 also has a smaller deviation when 2 <

%. As the ratio of basal angle and internal angle of friction

decreases, the active pressure decreases but the passive

pressute increases. When ¢ exceeds 45°, the pressute
coefficients change significantly.
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Figure 4. Down-slopes of: A) Active and B) Passive earth
pressure coefficients and cross-slopes of C) K} 3¢ , D) K} 555,

X pas X pas . e PO . e
E)K, b and F) K y 5“ due to the variation in internal friction

angle with constant basal angle of friction as 30°

On the other hand, figure 4C shows K & as a function of

the internal friction angle for the aforementioned ratio. As
)

- =1,K,. increases from 1 to 7, whereas it decreases from
) s> ract 5

1 to 0.47 and from 1 to 0.07 When% = ; and % =

respectively along down-slope. The same thing takes place in
cross-slope direction as g= 1, K 3§ decreases from 1 to
0.57, whereas it decreases from 1 to 0.05 and from 1 to 0.04
when % = % andg = 0, respectively. It means that if the
velocity gradient is positive, the flow is highly extensive
whenever ¢ and § are higher and equal. But if the velocity
gradient is positive in both initial and final state, the flow is

slightly compressive. On contrary, it decreases significantly
when ¢ < 45 in case of cross-slope it continues down to
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. . . S5
decreasing. But in case of cross-slope in figure 4D, as i 1,
K;‘ggg increases from 1 to 7.5 whereas it increases 1 to 1.5

) 1 . . .
for 2 2 and it remains constant throughout the domain

8 1, ) .
and for 5 = pit decreases from 1 to 0.95 and as— = 1, it

decreases from 1 to 0.05. As the ratio of the basal and
internal angle of friction decreases, the active earth pressure
also decreases but passive earth pressure increases along the

down-slope. On the other hand, K §&f and K §¢ decreases

but K;ggs and K;gfts increases when ¢ exceeds 40°.
Comparison between changes in coefficients against
basal friction angle for different ratios of friction angles
along down-slope and cross-slope

Earth pressure coefficients depend on the basal angle of
friction. By considering different ratios of friction angles,
figure 5 illustrates the active and passive earth pressure
coefficients as a function of bed friction angle along down-
slope and cross-slope. Figures 5A and 5B are the evaluation
of active and passive earth pressure coefficients for different
values of basal friction angles along down-slope and figures
5C-F are the evaluations of earth pressure coefficients along
cross-slope.

As § = ¢, active earth pressute is increases from 1 to 1.7,
passive earth pressure is increases from 1 to 10 till the bed
angle is 25°. After exceeding 259, it increases rapidly along
down slope. The earth pressure coefficient Kjf 36 decreases
from 1 to 0.67 and whereas K jstincreases from 1 to 2 and

x pas xpas .
Ky act decreases from 1 to 0.7 and Ky pas increases from 1

to 1.5. In contrast, active earth pressure dectease from 1 to
0.73 and 1 to 0.48 when % = % and 5% = %respecdvely
along down slope, and passive earth pressure, increases from
lto4and1to?2 When% = % and% = % along cross-slope

respectively. We clearly observe that active earth pressure in
figure 4A is much higher than figure 5A. So, we conclude that
the influence of internal friction angle (¢) is higher than the
basal friction angle (6) for the varation of active earth
pressure K., along both directions. Active earth pressure
decreases as internal friction angle increases relative to the
basal friction angle. But Ky,q5 shows completely opposite
behavior that can be seen in the figure 5B in down-slope. In

. . x pas
different circumstances Ky act

basal angle. But K; 5;: show the complete opposite behavior

that can be seen in figure 5F. The pressure coefficients at
various basal friction angles are significantly affected by the
inclusion of cross-slope and down-slope directions. In a real-
world setting, cross-slope and down-slope have an impact on
each other’s earth pressure.

decreases as the increasing
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Figure 5. Down-slopes of: A) Active and B) Passive earth
pressure coefficients and cross-slopes of C) K} 3% , D)
Ky ek, B) K bef and F) K3 Do¢ due to the vatiation in basal

friction angle with constant internal angle of friction as 30°

Comparison between earth pressure coefficients as
functions of both angles of basal and internal friction
along down and cross-slope

The values of the earth pressure coefficients as a function
of both basal angle and internal angle of friction is
represented in 3-D graph along down-slope and cross-
slope direction. Two-dimensional graph revealed that K,
is maximum when § = ¢, and this result can also be seen
in figure 6A within the entire domain 0 < ¢ < 60°,
0 <8 < 60° maximum of K, is 7 when § = ¢ =
60°. Similarly, the maximum value of K4 is 14 at § =
0%, ¢ = 60° and minimum valueis 1at§ = ¢ = 0°
which can also be observed in figure 6B along down-slope.

In a similar manner K} &5 is maximum at 1 and minimum

at 0 within the domain0 < ¢ < 50° 0 < & < 50°,

K} 355 is maximum at 7 and minimum at 1 within the

domain 0 < ¢ < 50° 0 < & < 60°, K:P¥

y act
maximum at 1 and minimum at 0 within the domain 0 <

¢ < 50° 0 < & <50°Kj o is maximum at 14 and

minimum at § = 0° , ¢ = 60° and minimum value is at 1
at 8§ = ¢ = 0° which is obsetved in figure GF.

is

Figure 6. Down-slopes of: A) Active and B) Passive earth
pressure coefficients and cross-slopes of C) K} 25 , D) K3 565,

E) Kot and F) K3 P0¢ due to the 3-D variation in internal

friction angle and basal angle of friction

Comparison between earth pressure in soil mechanics
along down and cross-slope

The ratio of horizontal stress to vertical stress in soil
mechanics is the earth pressure coefficient. In figure 7A, K,
becomes less than 1 as the vertical stress dominates the
horizontal stress, and as ¢ increases K,¢¢ decreases, Kpqq

H x act x act x pas
increases, Ky gcr decreases, Kjpas decreases, K ;.
. xpas . . .
increases and K, gas increases because a higher internal
friction angle makes the soil more compressive.
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Figure 7. A) Earth pressure coefficients along down-slope B)
Earth pressure coefficients along cross-slope



CONCLUSIONS

The gravity driven dry granular materials advects not only in
the down-slope, but also disperses along cross-slope. So, the
study of earth pressure coefficients along both directions is
essential and realistic. Normally, active earth pressure
coefficients refer that the flow divergent affecting the larger
area whereas the passive earth pressure coefficient describes
that the flow is convergent affecting the smaller area in the
sliding zone. If the basal friction angle exceeds the internal
friction angle, the flow will have large spreading and hence
depth average will not be adequate for numerical modeling.
The ecarth pressure coefficient is an isotropic pressure
coefficient if there is no internal friction angle or basal
friction angle. Initially, when the basal angle is fixed at 60° the
earth pressure has no effect dll ¢ < 307 in both ctross-slope
and down slope direction but after the internal angle reaches
the passive earth pressure increases drastically up to 13.9 and
the active earth pressure decreases smoothly within the
domain 0 < ¢ < 60°. Similatly taking the internal angle fixed
at 60°, the passive earth pressure decreases down to 7 along
both cross-slope and down-slope direction. The substantial
increment or decline in the earth pressure coefficients are
studied in the vicinity of 459 of internal friction angle. So, 45¢
is the critical angle of internal friction. We can conclude that
the passive earth pressure coefficients vary directly with the
internal angle of friction and inversely with the basal angle of
friction along both directions.
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