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ABSTRACT: In 1981 it was suggested from experimental work that the peak vertical
force at the base of a sand-pile does not occur directly beneath the vertex of the pile,
but rather at some intermediate point so that there is a ring of maximum vertical
pressure. Practising engineers have some reservation on this result and since that time
numerous discrete theoretical and computational models of granular sand-piles have
been proposed to explain this phenomenon, with varying degrees of success. Here for
two-dimensional wedge and three-dimensional conical sand-piles we estimate the hor-
izontal and vertical force distributions using the proper continuum mechanical theory
of granular materials. For an infinite sand-pile we determine the force distributions at
a certain height, and we argue that these forces should approximate those for a sand-
pile of finite height resting on a horizontal surface. We exploit an adaptation of the
classical Jenike radial flow solutions for granular flow in a converging wedge and show
that for realistic angles of internal friction there is a solution such that the sand-pile
is not entirely at yield, but has an inner dead region and an outer yield region. From
this model we determine a solution that does predict the dip in the vertical force as
suggested from experimental work.

1 INTRODUCTION

Throughout the world, granular materials are commonly used in many industries.
These industries, such as the chemical industry that use fine powders, and the min-
ing industry that deals with large irregularly shaped ores, frequently store granulated
material in heaps. Knowledge of the stress distribution throughout the heap and par-
ticularly at the base, is therefore of importance, as this will enable us to be able to
predict the amount of settlement, caking, comminution and overall deterioration of
the stored material. Knowing the location of the maximum vertical pressure ensures
that stock-piles can be arranged to ensure the best endurance of the stored material.
Intuitively, we might expect that the maximum vertical pressure lies directly beneath
the vertex of the sand-pile. However, Smid & Novosad (1981) showed experimentally
that this is not the case, but rather that it occurs at some intermediate point, so that
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Figure 1: Coordinates for two and three-dimensional sand-piles with an inner dead
region and an outer yield region with the boundary at § = . ((a) two-dimensional
and (b) three-dimensional).

there is a ring of maximum vertical pressure. This result has attracted much attention,
both in the popular scientific literature (see for example Watson (1991, 1996)) and
has produced numerous discrete and computational models which attempt to explain
this curious phenomenon (see Savage (1997) for an extensive and critical review of the
literature). In this paper for two-dimensional and three-dimensional sand-piles we use
the proper continuum mechanical theory of granular materials and we propose a model
which is not entirely at yield, but contains an inner dead region. This model does give
rise to the essential profile of the M-shaped curves from the experimental work of Smid
& Novosad (1981). We comment that such models are by no means unique and that
similar models incorporating inner elastic regions have been proposed by Cantelaube
and Goddard (1997), Cantelaube, Didwania and Goddard (1998) and Didwania, Can-
telaube and Goddard (2000). The present work differs in that the inner dead region is
not prescribed to be elastic, but merely is a possible equilibrium state. We utilize the
solutions first used by Jenike (1962, 1964, 1965) and Johanson (1964) which describe
gravity flows of granular materials in converging wedges and cones. We note that these
solutions have been re-examined more recently by Bradley (1991) and Spencer and
Bradley (1996) and for convenience we follow the notation of the latter authors, with
the exception that gravity in our problem is acting in the opposite direction to their
problem. We also note that these authors adopt the unusual convention of the x-axis
being vertical.

We consider an ‘infinite’ two-dimensional and three-dimensional sand-piles and set
up the coordinate axis at the vertex of the sand-pile as indicated in Figure 1, with
gravity shown acting in the vertically upwards direction. Our basic idea is that we
attempt to determine the stress distribution in a sand-pile of infinite height and then
we evaluate the horizontal and vertical forces acting along a horizontal plane at a finite
height. Clearly the problem for a finite sand-pile and resting on a rigid horizontal
plane is different to that examined here, but nevertheless we might expect the two
force distributions to be similar. If we use the solutions for gravity flow of granular



materials in converging wedges assuming that the entire sand-pile is at yield, then
from Hill & Cox (2000), for the special case of an angle of internal friction equal to
ninety degrees, we determine a formal exact parametric solution which coincides with
the full numerical solution. In fact it is only for this special case that it is possible to
determine a numerical solution which satisfies all the necessary boundary conditions.
Accordingly, here we propose a sand-pile that is made up of two regions, an inner
dead region and an outer yield region. For two-dimensional sand-piles we find from a
full numerical solution for the outer region that the solution actually follows a known
simple exact solution of the governing equations for which the stresses are linear in
both x and y. From this we then deduce a possible stress distribution in the inner
dead region that is also linear in both z and y and which satisfies the equilibrium
equations. We note that the stress distribution in the inner region satisfies the strict
inequality of the Coulomb-Mohr yield condition which means that the material in the
inner region is not at yield and also that the stresses are not uniquely determined.
However, we find that the resulting force distribution does have the essential profile
of the M-shaped curves of the experimental curves of Smid & Novosad (1981). For
three-dimensional sand-piles a similar situation applies except that in the outer plastic
region we are only able to determine a numerical solution, while in the inner dead
region we assume stresses involving quintic polynomial expressions in sin ©® and cos ©
which we subsequently show determines a stress distribution that has the essential
M-shaped profile.

In the following section we briefly state the basic equations of the continuum theory
of granular materials and we give expressions for the horizontal and vertical force
resultants. As previously mentioned we follow the notation of Spencer & Bradley
(1996), noting again that in our problem gravity acts in the opposite direction and
the z-axis denotes the vertical direction. As shown in Hill & Cox (2000) additional
boundary relations can be derived on the assumption that the derivative of the stress
angle 1 defined by (4) at the surface of the pile remains finite. However, for a sand-pile
which is entirely at yield, a numerical scheme making use of these additional relations
indicates that for two-dimensional sand-piles no solution exists, and therefore we need
to focus on the case when this derivative becomes infinite. Hill & Cox (2000) derive
a formal exact solution of the governing equations for two-dimensional sand piles that
are entirely at yield for the special case of an angle of internal friction equal to ninety
degrees and it turns out that only for this special case does the formulated problem
admit a solution. Accordingly in this paper we consider sand-piles that have an inner
dead region and an outer yield region, and we determine solutions that exhibit the
same behaviour as the experimental data shown in Smid & Novosad (1981). In the final
section of the paper we show graphically numerically determined stress solutions for the
model and we compare the force on the base with the experimental force distribution
curves.

2 BASIC EQUATIONS OF CONTINUUM THEORY

In the following two subsections we briefly state the two and three dimensional basic
equations for continuum theory.



2.1  Two dimensional basic equations

In cylindrical polar coordinates (7,0, z) as defined in Figure 1, the stress components
for quasi-static flow satisfy the equilibrium equations
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where p is the density, g is acceleration due to gravity and o,,, 049, and o, denote
the in-plane physical stress components. Following Spencer & Bradley (1996) these
components can be expressed in the standard form

= pgsind,

Opp = =P+ qCOS2tp, 0gg = —p — qCOS2¢, oy = ¢sin2y, (2

where p and ¢ are defined to be
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and physically 9 is the angle between the maximum principal stress axis and the radial
direction, in the direction of increasing . For a cohesionless material, the Coulomb-
Mohr yield condition takes the form

q = Pp, (5)

where = sin ¢ and ¢ is a material constant referred to as the angle of internal friction.
Following Jenike (1964) and Spencer & Bradley (1996) we examine solutions of the
form

v =1(0), q=—pgrr(0), (6)
and from the above equations we may deduce

dF  Fsin2y 4+ Bsin(0 + 2v)

a0 B+ cos 29 ’
(7)
dep 1o F (B! = B) + cosf + Bcos(f + 21)
do 2F (8 + cos 2¢) ’

In order to determine the appropriate boundary conditions, we assume zero stress along
the sand-pile slope, that is 0,9 = 099 = 0 at 6 = «, which gives rise to the condition

F(a) =0, (8)



where o denotes the semi-vertex angle. Secondly, we observe from the equilibrium
equations (1) that if o, and ogy are assumed to be even functions of 0, then o.gmust
be an odd function or skew-symmetric and therefore 0,9 must vanish at the origin
giving rise to the second boundary condition

¥(0) = 0. (9)

Thus, we need to solve (7) subject to (8) and (9). However, in general this can only
be attempted numerically. We note that for the special case of § = 1 a possible
alternative boundary condition to (8) is ¥(«) = £7/2, which is sufficient in the special
case to guarantee zero stress on the surface, and also indicates possible non-uniqueness
in the decomposition (2). Alternatively, if we eliminate F' from (7), we may deduce
the following second order differential equation for (),

(B + cos 21p)[cos O + B cos(2¢) + )]
= 2(¢)' + 1) {sin 2¢)[cos O + (3 cos(2¢ + 0)]|y’ (10)

—203(8 + cos 2¢) sin(2¢) + 0)y)" — (36% + 2B cos2¢) — 1) sin(2¢) + 6)} .

From Hill & Cox (2000) the vertical and horizontal force distributions acting along
a plane x = constant = h are

F(0)

_ o FO) [1 B .
Oy = hcos& {5 — cos 2[00 + w(ﬁ)]} , Oy = —pghcose sin 2[0 + 1 (0)], (11)
respectively. We also note that (7) admits the special exact solution
() = =0+, F(O)= —(1_552){0089 + [ eos(21y — 0)}, (12)

where 1) is a constant, but in general, we observe that (12) can only satisfy one of the
boundary conditions (8) or (9).

Finally, as shown in Hill & Cox (2000), equations (7), (8), and (9) for the special
case of § =1 admit the following exact parametric solution
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where the parameter A is such that, 0 < A < oo and J(A) is defined by
J(A) = (2m)Y2erf(2/2)Y2. (14)
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As described in Hill & Cox (2000) for a two-dimensional sand-pile entirely at yield, a
bonafide solution of the formulated problem (7), (8) and (9) appears only to exist for
this special angle of internal friction. For all other values of (3 at least one of the stated
conditions appears not to be satisfied. Accordingly, we are lead to propose a model
which incorporates an inner dead region.

2.2 Three-dimensional basic equations

For quasi-static axially symmetric flow, the stress components in a spherical polar
coordinate system (R, O, ®) satisfy the equilibrium equations
do RR 1 0o RO 1

OR R 96O + E(ZURR — 0o — 0gp + Ope Ot O) = —pg cos O,

(15)
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where p is the density, g is the acceleration due to gravity and ogg, 0o, 0se and ore
denote the physical components of stress. Assuming the ‘Haar-von Karman’ region for
which two principal stresses coincide, we may deduce

Orr = —p+qcos2¥, ogg = —p — qcos 2V,

(16)
Oro = qsin2V¥, Opp = —P — ¢,
where

1 1 2 9 M2 17
p=—3(0rr+0e0), ¢={}(0rr—00e)’ +ohe} . 17

while WU is defined by

2

tan 20 = RO (18)

(orR — 000)’
and physically ¥ is the angle between the direction of the maximum principal stress
and the radial direction, measured in the direction of © increasing.

Following Jenike (1964) and Spencer & Bradley (1996) we examine solutions of the
form

U =¥(0), q=-pgRG(O), (19)
and from the above equations we can deduce
dG  2Gsin W{cos ¥ — feosecOsin(O + ¥)} + Fsin(O + 2V)

de (5 + cos 2¥ ’
(20)
dv 1o G{B ' —28—-1—(1+ B)cosecOsin(O + 2¥)} + cos © + [ cos(O + 2V)
de B 2G( + cos 2V) '

Now for a symmetrical stress distribution and for zero stress along the sand-pile slope,
we require the following conditions

T(0) =0, G(a)=0, (21)

I



where « denotes the semi-vertex angle. We observe from the equilibrium equations (15)
that if oggr, 0ee, and gge are assumed to be even functions of ©, then ore is necessarily
an odd function or skew-symmetric and therefore ogg vanishes at the origin, and hence
condition (21);. Thus we need to solve (20) subject to (21). In general this can only
be attempted numerically.

Similarly from the previous section, we determine expressions for the vertical and
horizontal force distributions along the plane Z = constant = h where R = hsec© to
be

G(©)
cos ©

oz = pghG<@) {1 —cos2[V(O) + @]} , 0. =—pgh sin2[U(0) + O], (22)

cos® | G

where in this context r and Z denote the cylindrical polar radius and height as indicated
in Figure 1.

3 TWO-DIMENSIONAL SOLUTION STRUCTURE INCORPORATING AN IN-
NER DEAD REGION

In this section we assume that there is an inner dead region for 0 < 6 < ~, and an
outer yield region for v < 6 < «, where 6 = 7 is the boundary between the two regions
as shown in Figure 1. In the following two subsections we examine the two regions
within the sand-pile.

3.1 Outer yield region

In the outer yield region of the sand-pile, the stresses are at equilibrium and also
at yield. This means that the stresses satisfy the equilibrium equations (1) and the
Coulomb-Mohr yield condition (5), and therefore the governing equations (7). Again,
we assume that there is zero stress on the slope of the sand-pile which provides the

boundary condition for F'(«) of (8), and upon assuming that ¢’ («) is finite we see from
Hill & Cox (2000) that 1(«) is given by

(o) = —; {7?+a—cos_1 (C";O‘)}, (23)

and remarkably, that ¢/(«) is given by the simple result

V() = —1. (24)

This gives us two boundary conditions at # = « from which we can numerically solve
(7) backwards towards 6 = ~.

In the final section we find that the numerical solution of (7) subject to (8) and (23)
remarkably turns out to be the simple exact solution (12), where the constant g is
determined from (12); and (23). This means we know the exact form of the solution
in the outer yield region, and from (2), (5), (6) and (12) we find that the cylindrical



polar stresses o,,, 0gg, and g,y become

_pgr[1 — Beos2(ho — 0)] [cos§ + B cos(2¢0 — )]

Oppr =

(1—05%) ’

- pgr[1+ Bcos2(gy — 0)] [C(Z)S 0 + [ cos(2¢y — 0)] | (25)
(1—05%)

~ pgrBsin2(yy — ) [cos O + (3 cos(2thy — 0)]
e (1= |
which from (11) or Hunter (1983, page 102), gives

pglt— Beosaun][(1 + Beos 20y)e + Bysin 24

oy = pg[1+ Beos 2] [(1 "‘_ﬁ C(;S 2¢)x + By sin 24 ’ (26)
(1-062)

pgBsin 29 [(1 + B cos 2¢)x + By sin 2¢)]
e (1= |

In the following subsection we assume that the stresses are not at yield in an inner
dead region, but satisfy the equilibrium equations and remain continuous across the
boundary at # = ~, where 7 is yet to be determined.

3.2 Inner dead region

In the inner dead region of the sand-pile, we assume that the stresses satisfy the
equilibrium equations, but not the equality of the Coulomb-Mohr yield condition (5).
The stresses are not uniquely determined but must satisfy the strict inequality

q < Bp, (27)

where p and ¢ are defined by (3). Now, we need to make an assumption about the
form of the stresses. From (26) we see that the stresses in Cartesian coordinates in the
outer yield region are linear in both x and y, and therefore we assume that the stresses
in the inner dead region are also linear in both x and y so that

0ss = —pg(Az + By), o0y = —pg(Cx + Dy), o0y = pg(Ex+ Gy), (28)

where A, B,C, D, E/, and G denote constants. We note that the equilibrium equations
(1) in Cartesian coordinates become

004, O0gy 004y 0oy,
ox oy PI “ox dy ’ (29)
so that the stresses defined by (28) satisfy
E=D, G=A-1 (30)
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Across the the boundary # = + between the two regions, we require that both o,
and ogg remain continuous. Therefore, from (28), (30), and Hunter (1983) we find

Opr = —pgr { {A cos? + C'sin®§ — Dsin 29} cost
+ [B cos?f + Dsin?f — (A — 1) sin 20} sin@} ,

Ogg = —pgr { Asin? 0 + C cos® 0 + Dsin 20} cos (31)
+ |Bsin? + Dcos?0 + (A — l)sinQQ} sin@},

o9 = pgr {[(A — C)sinf cosd + D cos 20| cos 6
+[(B — D)sinfcosf + (A —1)cos26]sinb},

and upon equating (25); with (31)s and (25); with (31); at # = 7, we determine
expressions for C' and D in terms of A and B, namely

[cosy + [ cos(2¢y — )] [1 — 3sin?y + B cos 2ty — Bsinysin(2ep — fy)]

©- (1= /?)cos®y
+ 3Atan?~y + 2B tan3 vy — tan?,
(32)
D — [cosy + B cos(2tpg — )] [siny + Fsin(2yg — 7)]

(1= ) coy
—2Atan~y — Btan?~ + tan-y.

Now in order to determine A and B, we assume that o,, and o,, are continuous at
0 = ~, and hence, from comparing (26); with (28); we find

[1 — B cos 2¢] [cos ¥ + [ cos(2¢ — )]
(1 —pB2)siny

and then from comparing (26); with (28)3 at § = ~, noting (30) and (32), we find

[1 — B cos 24pp] [cos ¥ + 3 cos(2thp — 7)]

(L= P)cosy

and we note that the two equations (33) and (34) coincide. In order to ensure that o,¢
is an odd function or skew-symmetric we choose B such that o,y = 0 at # = 0, and
then from (32) and (34) we find

B= — Acotr, (33)

A= — Btanv, (34)

[1 4 3 cos 21| Bsin(2yg — )
A 1-3?) ll T sin 7y ] 7
B [siny — Bsin(2tpo + 7)] [cosy + Beos(2v0 — )] cot 7, (35)

(1 p3?)sin®y

1+ Beos 2] B cos(21 — )
C = ) [1+ cos 1,

O
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Figure 2: Typical variation of o,,, 0,9, and oy for two-dimensional sand-pile with an
inner dead region and an outer yield region for 5 = cosa and v = 0.382. ((a) 0., (b)
o9, and (c) ggy).

and D = 0. We note that assuming the stresses ogg, 079, 04z, and o, are continuous
across the boundary at 6 = v, ensures that both o,, and o,, are also continuous at
6 = ~. However, from Figure 2 we see that while the derivatives of gy and o,9 are
continuous across the boundary, the derivative of o, is discontinuous. We note that
if we alternatively determine B so that the derivative of ¢,, is continuous across the
boundary at 8 = v, then we obtain a stress distribution that has 0,4 being an even
function. However, as previously stated we require ,4 to be an odd function to satisfy
the equilibrium equations (1), because both o, and oy are even functions with respect
to 6. This means that if we assume all the stresses and their derivatives are continuous
across the boundary € = v then the full equality of the yield condition (5) holds in the
dead region. In other words, there is no dead region as the inner region is also at yield.
Thus, we need to assume that the derivative of o,, remains discontinuous across the
boundary at 6 = 7.

Now, we attempt to determine a value of ~, which is not unique but which is such
that the stresses satisfy the strict inequality (27) throughout the entire inner dead
region. Numerical results indicate that if the strict inequality (27) is satisfied at 6 = 0,
then it is always satisfied throughout the entire inner dead region. This is shown in
Figure 3, where for 7 = 0.37 and v = 0.39 we have plotted the LHS (——) of the
inequality (27) versus the RHS (---) of the inequality (27). The value v = 0.37 is such
that the inequality (27) is not satisfied at # = 0 and elsewhere, whereas for v = 0.39,
we see that the inequality (27) is satisfied at # = 0 and also throughout the entire
inner dead region which means that the value v = 0.37 is too small but v = 0.39 is
sufficiently large to ensure the inequality is satisfied throughout the entire dead region.
Therefore, upon considering the inequality (27) at # = 0, where we have used the
Cartesian stresses (28) with constants A, B,C, D, E, and G defined by (30) and (35),
we may deduce the inequality

sin? (29 — 27) < [sin 2y + Bsin 2¢)° (36)



Figure 3: Variation of the LHS ( ) of the inequality (27) versus the RHS (---) of
the inequality (27) for the two values of v = 0.37 and = 0.39 showing that the value
~v = 0.37 is too small whereas the value 0.39 is sufficient.

and upon assuming that sin(2yy — 27y) < 0, we obtain the inequality

v > ; [1/10 + 7 —cos (B cos wg)} ) (37)

However, of course (37) does not give a unique value of 7, but only determines a range
for v which ensures that the inequality (27) is satisfied. Here we adopt the smallest
value of v which satisfies (37). In the following section, we display graphically the
stress distributions for the three proposed models for a two-dimensional sand-pile.

4 THREE-DIMENSIONAL SOLUTION STRUCTURE INCORPORATING AN IN-
NER DEAD REGION

In this section, for three-dimensional sand-piles, we assume that there exists an inner
dead region for 0 < © < 7, and an outer yield region for v < © < «a, where © =
is the boundary between the two regions as shown in Figure 1. In the following two
subsections we provide details for the two regions.

4.1 Outer yield region

In the outer yield region of the three-dimensional sand-pile, the stresses are at equilib-
rium and also at yield. This means that the stresses satisfy the equilibrium equations
(15) and the Coulomb-Mohr yield condition (5), and therefore the governing equations
(20). Again, we assume that there is zero stress on the slope of the sand-pile which
provides the boundary condition for G(«) of (21),, and upon assuming that ¥'(«) is
finite we see that ¥(«) is given by

W(a) = —; {W—I—oz—cosl (COSO‘>}, (39)

&)

which gives us two boundary conditions at © = « from which we can numerically solve
(20) backwards towards © = ~.
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In the following section we find that the numerical solution of (20) subject to (21)y
and (38) does not remain continuous throughout the entire region 0 < © < a. Instead,
the solution encounters a singularity, in the sense that the denominators of (20) become
zero. This means there is a value of © which W satisfies the equation

cos2¥ + 3 =0, (39)

and we denote this value by © = . In other words, the location of the boundary
between the inner dead region and the outer yield region is where the numerical solution
first encounters the singularity defined by (39), when (20) is solved backwards from
© = «, and this defines the angle 7.

In order to obtain a continuous solution throughout the entire sand-pile, we need
to know the value of the outer yield stresses at the boundary © = . We know that ~
is determined numerically, and that ¥() is defined by (39), so that if we assume that
U () is the first negative root of (39), then

¢ m
M) =-5 -, (40)
recalling that 3 = sin¢. Now, assuming that G'(vy) and ¥'(~) are finite, we see that
(20) at © = ~, yields

G(7) sin 2V () — 2sin ¢G(7y)cosecy sin U () sin[y + V(7]

+sin ¢ sin[y 4+ 2¥(y)] = 0,
(41)
(1 +sin¢)G() {2 — cosecp — cosecy sin[y + 2W ()]}
+ cosy + sin ¢ cos[y + 2¥(y)] = 0,
and from (40), we find that both (41); and (41), give
Gly) = sin ¢ siny cos(y — @) (12)

 singsin(y — ¢) —sin(y + @)

Accordingly, 7 is analytical indeterminant from this approach. Now, from (5), (16),
(19), (40), and (42) we determine expressions for the stresses orr, ore, oo, and oes
at © =~ to be

(1 4+ sin? ¢) siny cos(y — ¢)
sin ¢gsin(y — ¢) — sin(y + ¢)’

orr(R,7) = pgR

cos? ¢ siny cos(y — ¢)
sin ¢sin(y — @) — sin(y + @)’

cee(R,7) = pgR
(43)
sin ¢ cos ¢ sin y cos(y — ¢)
sin g sin(y — @) — sin(y + @)’

UR@(Rv ’Y) = pgR

(1 + sin @) siny cos(y — @)
sin gsin(y — @) — sin(y + ¢)’

19

ooa(R,7) = pgR



and (43) enables us to ensure that the solution is continuous across the boundary at
© = v. We also find using (15) and (43) that the derivatives of ore and cge with
respect to © at © = v, will be continuous across the boundary between the inner dead
region and the outer yield region. To ensure that all stresses have continuous derivatives
across the boundary, we need to determine the value of the derivatives of the stresses
in the outer yield region at the boundary. We first need to determine the finite values
of ¥'(~) and G'(7y) in order to determine the derivatives of the stresses defined by (16).
At © = 7, we have determined that W(v) is given by (40) and G(v) is given by (42),
which means that the numerators and the denominators of both equations (20) vanish
and therefore from ¢’Hopitals rule, (20) gives

G’ [2V' cos ¢ + cosecy sin(y + ¢) — sin ¢cosecy sin(y — ¢)]

= sin ¢sin(y — @)(1 + 2¥’) — 2G'¥’ sin ¢ecosecy[siny — cos(y — ¢)] + (1 + sin ¢)G sin ¢eosec?y,

(14 sin¢)G' [2 — coseco — cosecy cos(y — ¢)]
= —4GV"? cos ¢ — 2V'[2G cos ¢ + (1 + sin ¢)Geosecy sin(y — ¢) — sin ¢ cos(y — )]
—(1 + sin ¢)G cos ¢cosec?y — cos ¢ sin(y — @),

where G is defined by (42). Upon eliminating G’ from (44), we find that ¥’ satisfies
the cubic equation

_8G cos? U — 4 cos GU2[AG cos & — sin cos(y — &)]

420 [(1 + sin ¢)Geosecy {2 cos?y — 4 cos ¢sin 7y cosy — 5 cos? ¢

+(1 — sin¢)(2 cos? y + 3sin ¢ + Hsiny cos(y — @)} ()
+(1 + sin §) cosy — (1 — sin ) cos ¢ cos(y — @] = 0,

and obviously, one solution is ¥/ () = 0. The non-trivial solutions are given as the
roots of a quadratic, thus

/ _ —1 o . . 2 2 . . 92
V' (y) = 1Gcosd {4Gcos¢ sin g cos(y — ¢) £ [2(1 + sin ¢)G=cosecy [GSlnqﬁsm y
+2cos ¢sinvycosy — 2(1 — sin ¢ + 3sin® ¢) — 10sin ¢ cos v sin(y — ¢)} (46)

—4(1 + sin ¢)G sin ¢sin(y — ¢) + sin® ¢ cos*(y — ¢) } 1/2} ’

where the numerical results presented in the following section indicate that W’(y) takes
the + sign in (46). Now, upon substituting (46) into (44), and using MAPLE, we find

192

(44



that G'(y) is given by

G'(7) = — {2(1 + sin ¢)Gcosecy [cos ¢ sin 7y cos ¥ — 3sin ¢ cos y[cos y + sin(y — ¢)]
+4sin ¢(1 — sin @) — 2sin(y — @) sin(y + ¢)] + sin(y + ¢)
+(1 — 2sin ¢ — 2sin? ¢) sin(y — ¢) + (1 + sin @) sin pcosecy sin(y — ¢) cos(y — gb)}

/{2 cos ¢(1 + sin ¢)[2 — cosecp — cosecy cos(y — @)]} .

2cos ¢ — (1 + sin ¢)cosecy sin(y — @)

2cos ¢(1 + sin ¢)[2 — coseco — cosecy cos(y — ¢)]

[ sin® ¢ cos*(y — @)

+2(1 + sin ¢)G*cosec?y {6 sin ¢ sin? y + 2 cos ¢siny cosy — 2(1 — sin ¢ + 3sin? ¢)

—10sin ¢ cosysin(y — ¢)] — 4(1 + sin )G sin ¢ sin(y — @) ]1/2 ;

where the + sign in (47) corresponds to the =+ sign in (46), respectively. Now, from
(5), (16), and (17) we find that the derivatives of the stresses in the outer yield region
at the boundary © = v are given by

80RR

00

@0’@@

00

dore
00

(3aq>q>

00

= pgR{G'(7)[cosece + sin @] — 2 cos 9G(7)¥'(7)},
= pgR{G"(7)[cosece — sin ¢] + 2 cos G (7)¥' ()},
(48)

= pgR {cos pG'(7) + 2sin oG(7)¥'(7)},

= pgRG'(7)(1 + cosec),

where G(v) is given by (42), ¥'(v) is given by (46), and G'(v) is given by (47). In
the following subsection we assume that the stresses are not at yield in an inner dead
region, but satisfy only the equilibrium equations and remain continuous across the
boundary at © = .

4.2  Inner dead region

In the inner dead region of the sand-pile, we assume that the stresses satisfy only the
equilibrium equations (15), but not the equality of the Coulomb-Mohr yield condition
(5). Accordingly, the stresses are not uniquely determined but must satisfy the strict
inequality (27) and we need to make an assumption about the form of the stresses.
We assume that the non-zero spherical polar stresses are quintic expressions involving
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sin © and cos O of the form
orr = pgR {cl sin® © + ¢y sin* © cos © + ¢3sin® O cos? O
+c4sin% © cos® © + ¢5 sin O cos* © + ¢4 cos® @} ,

oee = pgR {07 sin® © + cg sin® © cos © + ¢g sin® O cos? O

+¢108in% O cos® © + ¢11 sin O cos* © + ¢4 cos® @} ,

(49)
ore = pgR {613 sin® © + ¢4 sin? O cos © + ¢45 sin® O cos® O
+c165in% O cos® © + ¢17sin O cos? O + ¢ cos® @} ,
oo = pgR {619 sin® © + ¢ sin? © cos O + o1 sin® O cos? O
+Co9 5102 O €08 O + 93 8in O cos? O + ¢yy cos® @} ,
where ¢; is a constant, for ¢ = 1,...,24. Now, upon substituting (49) into the equilib-
rium equations (15), we find
(3¢c1 — 7 — c14 — €19) 8in® © + (3cy — ¢ + 613 — 2¢15 — €99 + 1) sin® O cos O
+(3¢3 — cg + 5y — 3cig — co1) sin? O cos? O
+(3c4 — €19 + 4eys — 4eyr — cop + 2) sin® © cos® ©
+(3c5 — c11 + 3c16 — Heig — C3) sin ©2 cos? O
+(3cg — c12 + 2¢17 — coq + 1) 8in O cos® © + ¢y cos® O = 0, (50)

(—cg +4ci3 — 1) 8in® © + (6¢7 — 2¢ + 414 — c19) sin® O cos ©

+(5Cg — 3610 + 4615 — Co0 — 2) SiIl4 C] 0082 © + (469 — 4C11 + 4616 — 621) SiIl3 © COS3 C)
+(3c19 — He1g + 4 — cop — 1) sin©% cos? © + (2¢11 + 4ejg — co3) cos O cos® O
+(c12 — coq) cos®© =0,

15



which is certainly satisfied provided each of the coefficients vanish and from which we
may deduce

1 1
Ceg — —3(262 + 304 - 308 - 2010 - 3612 + 10), Cg = 5(301 + 303 + 705 - 707 - 3011),

1 1

ey = (s + 1), e = 7= (15e1 + 10¢g + 14es — 35er — Gen),
1

C15 = 1(202 —3cs+2c10+3), c16=c11 — Cs,

1
ciy = §(202 +3cq — 3cg — 2¢10 + Heip +6), 13 =0,

1
Cl9 = T5(3061 — 6¢c3 — 14es + 20c7; + 6011), Coo = 2¢9 + 2c8 — c19 + 1,

1 1
Co1 = 5(1261 + 1263 + 1665 — 2867 — 12611), Cog = 5(262 + 364 — 368 + 4010 — 5C12 + 4),

C23 = 2C11,  Cog = C12.

Now, in order to determine the remaining unknown constants, we firstly assume that
the stresses are continuous throughout the entire sand-pile. This means that we need
to ensure that the stress solution from the outer yield region into the inner dead region
remains continuous at the boundary © = ~. Therefore, we equate (43) with (49) at

1A
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O = v, and using MAPLE we find

= — { 50 cos ¢ cos® v cos(y — @) + 23 cos y(sin? ¢ — cos? )

6 sin® v cos

5y cos (3 cos? vy — 2)

—7sin ¢ cos gsin~y — 7 cosy(cos?y + sin ¢) + cos? ¢ cos~y } + —3
24 sin” y

Scpcos®y  cg(3costy — 2cos?y + 14) | Cucos (9 cos? vy + 14)

16 sin® v 48 sin® vy cos 7 24 sin® v

L cos® y(3cos® v + 4) N 7c1p cos® (3 cos? v + 5) N 15cos*y +15cos?y — 7

3sin? v 16 sin® v 24 sin® 7 cos 7

3 28 sin ¢ cos 7y cos(y — ¢) + 32 cos ¢ sin y cos® y cos(y — ¢)

- 6 sin® y cos3 v {

—T7sin¢sin~y cosy — 6 cos?ycos(y — @) sin(y + @) + 7cos(y + @) sin(y — ¢)

, , co(8costy —17cos® v+ 14) ¢y cosy(16 cos? v — 21)
-3 (1 2 sin? } —
( T sing + 2sin ¢) 24 sin® y cos y * 16sin® v
cg(11 cos? v — 10 cos® v + 14) N c10(20 cost v — cos?y — 14)  2¢11(3cos® 7y + 2)
48 sin® v cos3 7 24 sin® 7y cos y 3sin?y

~ Beigcosy(8 cos’y +7) n 20 cos® v — 3costy — 19cos? vy + 7

)

16sin® v 24 sin® vy cos3 v
and also

H
cs = B TCIup. { 4 sin ¢ cos 7y cos(y — ¢) + 2sin ¢ cos ¢ cos® ¥ — sin ¢ sin 7y cos v
sin“ vy cos3 y

cy(cos?y +2) | 9cqcosy  cg(5cos’ y +2c08*y +2)

+cos(y + ¢)sin(y — ¢) } + 8 sin~y cos y 16 sin~y 16 sin 7y cos3 7y

c10(5 cos? y — 2) 15ci3cosy  Heosty + cos?y — 1
- C11

(53)

8 siny cos y 16 siny 8 sin 7y cos3 ~y

H
2sin® y

Cg COS Y

cr = {4cos¢cosvcos(’y— ¢) — 2 cos? gsin®y — (1 + sin @) COSQ’}/} —

2sin 7y

cipcosy  cppcosty  3eipcos’y cos 7y

2sin® sin® v 2sin’ y 2sin® ~’

where H = Gcosecp. We note that (52) and (53) ensures that the stresses are con-
tinuous at the boundary between the inner dead region and the outer yield region at
© = 7. Secondly, we assume that the derivatives of the stresses at the boundary are

17



continuous. As previously stated, if the stresses are continuous and satisfy the equi-
librium equations (15) throughout the entire sand-pile, then we see from (15) that the
derivatives of ore and oge must also be continuous throughout the entire sand-pile,
and hence, we only need to examine the continuity of the derivatives of ogr and oge.
Therefore, from (48) and (49) and using MAPLE, we find

H

C4o= —VT=%5 5
9sin® v cos? v

{ — 8cos? ¢siny cos (82 cos* v — 74 cos® y + 19)
+48%’(y) sin ¢ cos ¢ sin® y — 4 sin ¢ cos ¢ sin® (146 cos* v — 37 cos? v — 28)
— sin ¢ siny cos y(19 cos? v — 218 cos® y + 118) + siny cos (629 cos? v — 862 cos? y + 314) }

2co(5cos’y —2)  c10(25cost v + 16 cos? v — 14) n 8cy1(3cost v + 2 cos?y — 2)
9cos? y 9 sin? 7y cos? 7y 3sin® 7y cos y

+5012(8 cost v + 8cos?y — 7) n (2cos?y + 7)(5cos® v — 2)
3sin® 9sin® vy cos? v (54)
G'(7) {24 cos? psin® v + (1 — sin ¢)(cos* v + 22 cos? v — 14) — 50 cos* +52 cos? v — 20}

+ . :
9sin ¢ sin® y cos? v

?

H

— { 4sin? ¢ cos ¢sin (10 cos® v — 1) + 8sin ¢ cos? ¢ cos (5 cos® v — 2)
sin ¢ sin” ~y

Cg = —

3 2
—sin? ¢ cos (5 cos? v + 4) — sin ¢ cos 7(29 cos? v — 20) } + w
sin® ~y
8¢y cos® y N 15¢15 cost B cos® y(1 + sin ¢)G'(7) (- 4 cos? )

sin® sin® v sin ¢ sin® v sin? v

)

where G'(7) is given by (47), ¥'(~) is given by (46), and H = Gcosec¢. Therefore, we
have now ensured that the derivatives of the stresses throughout the entire sand-pile
will remain continuous across the boundary at © = v. Now, recall that we are looking
for a symmetrical stress distribution where orr, 0o, and oee are even functions and
ore is an odd function. This means that the derivatives of oggr, 0ge, and oee directly
beneath the vertex of the sand-pile must be zero, and the value of ore directly beneath
the vertex must also be zero. From (49)s, and noting from (51) that ¢35 = 0, we see
that ore must be zero directly beneath the vertex at © = 0. From (15), and (49), we
see at © = 0 that for doge /00O to be zero, we require co3 = 2¢1; which is also required
directly from satisfying the equilibrium equations (15) as given in (51). However, upon
differentiating (49), with respect to O, we see for doge /IO (R, 0) = 0, that ¢;; = 0, and
hence ¢o3 = 0. For Joge /00, we find from differentiating (49), with respect to © that
as o3 = 0, then Joge/0O(R,0) = 0. Finally, for dogr/00 we find from differentiating

1R



(49); with respect to © that ¢y is given by

H
G2 = _281n47 { 120/ (7) sin ¢ cos ¢ sin® v + 6 cos? ¢ cos (19 cos® v — 7)

+32sin ¢ cos ¢ siny(3 cos® y + 1) + sin ¢ cos y(11 cos? 7 — 38)

c10(b cos? v + 4) N 15¢15 cos® y(cos? v + 2) (55)
2sin? y 2sin? y

—cos (121 cos? v — 94) } +

_singsiny(5cos*y —4) — G'(v)[sin® (6 sin® ¢ — sin ¢ + 5) — 3(1 + sin ¢)]
2sin ¢ sin® y

Therefore, it remains only to specify constants c¢;p and c15. The former is arbitrarily
chosen so as to satisfy the Coulomb-Mohr inequality while the latter is completely
arbitrary and the value c15 = —0.08 is adopted.

5 NUMERICAL RESULTS

The experimental results of Smid & Novosad (1981), were obtained at various stages
during the pouring of a three-dimensional heap. When the heap was at height h, the
horizontal and vertical stresses were measured at the base of the heap. The material
used was sand for which the angle of repose was 32.6° and the average bulk density
was determined to be p = 1567kg/m?. From Burden & Faries (1993), we use a Shoot-
ing Method incorporating a Runge-Kutta scheme of order 4, to do all the numerical
solutions presented in this paper.

In section 3 we examine a two-dimensional sand-pile with an inner dead region and
an outer yield region, where # = ~ is the boundary between the two regions. We
note that remarkably the numerical solution for the outer yield region always gives
identically the special solution of (12) where v is determined to be the smallest value
that satisfies the inequality (37). As described in section 3, we are consequently able
to analytically determine the stresses in the outer and inner regions. Figure 2 shows
the variation of o,,,0,9, and ggy with respect to 6 for 3 = cosa, v = 0.382, and
h = 0.575m. We note from Figure 2 that both the derivatives of g,9 and oy with
respect to 6 remain continuous across the boundary between the inner dead region and
the outer yield region at # = ~, whereas the derivative of o, is discontinuous. This
means that the derivatives of horizontal and vertical forces will also be discontinuous
as shown in Figure 4. However, from Figure 4 we see that the horizontal and vertical
forces do indeed possess the qualitative features of the experimental results presented
in Smid & Novosad. In fact, we may identify the location of the maximum vertical
stress to be the boundary between the inner dead region and the outer yield region at
0=nr.

In section 4 we examine a three-dimensional sand-pile with an inner dead region
and an outer yield region, where ® = ~ is the boundary between the two regions.
Unlike the two-dimensional sand-pile, the numerical solution in the outer yield region
does not seem to follow a known exact special solution. This inevitably means that -
must be determined numerically and for g = 0.69 we find that v = 0.3. As detailed
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(a). (b).

Figure 4: Variation of the horizontal and vertical force distributions for a two-
dimensional sand-pile with an inner dead region and an outer yield region for stresses
from Figure 2.

in section 4, the stresses in the outer yield region are given by (49), and the stress
distribution throughout the entire sand-pile is shown in Figure 5. We note that all the
stresses and their derivatives remain continuous across the boundary at © = v, and
ORR, 000, and 0gee are even functions of ©, while oge is an odd function. This means
that unlike the two-dimensional sand-pile, the horizontal and vertical stresses and their
derivatives also remain continuous as shown in Figure 6. We note that the horizontal
and vertical stresses in Figure 6 also have the M-shaped profile.

6 CONCLUSIONS

We have proposed a possible model to solve the problem of determining the force
distribution at the base of two-dimensional and three-dimensional sand-piles. We have
made use of the Jenike solutions for radial flow in converging wedge or cone shaped
hoppers, but with gravity acting in the opposite direction. For a two-dimensional sand-
pile entirely at yield and for the special case of an angle of internal friction equal to
ninety degrees Hill & Cox (2000) have determined an exact analytical solution which
coincides with a full numerical solution of the problem. However, for more realistic
angles of internal friction, numerical results indicate that it is not possible to determine
such a solution which satisfies all the required conditions. While many materials such
as Coal and Silica do exhibit large angles of internal friction such as 80 degrees and
78.34 degrees respectively, the exact analytical solution for an angle of internal friction
equal to ninety degrees does not exhibit the experimentally determined profile obtained
by Smid & Novosad (1981). In this paper for both two and three-dimensional piles we
have assumed that the sand-pile has an inner dead region and an outer yield region.
For the two-dimensional sand-pile, by numerically solving the outer yield region we
have determined that the solution follows the special exact solution of (12), which
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Figure 5: Variation of oggr,0ee,0re, and oee for three-dimensional sand-piles with
inner dead region and outer yield region using an angle of repose of 32.6° (o« = 1.0018)

for 5 =0.69 ((a) ogr, (b) cee, (¢) ore, and (d) oee).
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(a). (b).

Figure 6: Variation of the horizontal and vertical stresses in a three-dimensional sand-
pile. ((a) horizontal and (b) vertical).

means that we may analytically determine the stress profile throughout the entire
sand-pile, with stresses which are linear in both x and y. This model does exhibit the
experimentally determined M-shaped profile as obtained by Smid & Novosad (1981),
where the location of the maximum vertical pressure is at the boundary between the
two regions at ¢ = v, where 7 is determined as the smallest value satisfying the strict
inequality (37). For three-dimensional sand-piles a similar situation applies except
that the numerical solution in the outer yield region appears not to coincide with a
simple analytical solution one possible solution for the polar stresses in the dead region
involves quintic expressions of sin © and cos © which also give rise to the observed
M-shaped profile.

ACKNOWLEDGEMENTS

The authors are grateful to Professor A J M Spencer for many helpful discussions,
numerous insights into the problem and in particular for suggesting the model which
incorporates an inner dead region. JMH is grateful to the Australian Research Council
for providing a Senior Research Fellowship. The authors are also grateful to Professor
J D Goddard for sending an early version of reference [6] prior to publication.

References

[1] Bradley, N. J. 1991. Gravity flows of granular materials. Ph.D. Thesis, Department
of Theoretical Mechanics, University of Nottingham.

[2] Brooks, G. R. & Bagster, D. F. 1984. The slack contact model of stresses in a
heap of particles. J. Powder Bulk Solids Tech. 8, 18-28.

22



3]

[4]

[14]

[15]

[16]

[17]

Burden, R. L. & Faries, J. D. 5" ed. 1993. Numerical Analysis. International
Thomson Publishing, 580-609.

Cantelaube, F., Didwania, A. K. & Goddard, J. D. 1998. Elasto-plastic arching
in two dimensional granular heaps. Physics of Dry Granular Media. Proc. NATO
ASI, Cargese, France, 15-26 1997, (ed. H. J. Herrmann, J.-P. Hovi & S. Luding),
pp- 123-127, Kluwer, Dordrecht.

Cantelaube, F. & Goddard, J. D. 1997. Elastoplastic arching in 2D heaps. Powders
and Grains, Proc. Third Int. Conf., Durham, NC, USA, 18-23 May, 1997, (ed. R.
P. Behringer and J. T. Jenkins.) Balkema, Rotterdam. pp. 231-234.

Didwania, A. K., Cantelaube, F. & Goddard, J. D. 2000. Static multiplicity of
stress states in granular heaps. accepted for publication for Proc. R. Soc. Lond. A

Hill, J. M. & Cox, G. M. On the determination of sand-pile force distributions
using continuum theory. Q. J. Mech. Appl. Math. submitted for publication.

Hunter, S. C. 2™ ed. Mechanics of continuous media. Ellis Horwood Limited, p.
102.

Jenike, A. W. 1962. Gravity flow of solids. Trans. Inst. Chem. Engrs. 40, 264-271.

Jenike, A. W. 1964. Steady flow of frictional-cohesive solids in converging channels.
J. Appl. Mech. 31, 5-11.

Jenike. A. W. 1965. Gravity flow of frictional-cohesive solids - Convergence to
radial stress fields. J. Appl. Mech. 32, 205-207.

Johanson, J. R. 1964. Stress and velocity fields in the gravity flow of bulk solids.
J. Appl. Mech. 31, 499-506.

Savage, S. B. 1997. Problems in the statics and dynamics of granular materi-
als. Proc. “Powders and Grains '97” (eds. Behringer, R. P. and Jemkins, J. T.)
Balkema, Rotterdam. pp. 185-194.

Smid, J. & Novosad, J. 1981. Pressure distribution under heaped bulk solids. 1.
Chem. E. Symp. 63, D3/V/1-12.

Spencer, A. J. M. & Bradley, N. J. 1996. Gravity flow of granular materials in
converging wedges and cones. In World Scientific. Markov, K. Z. (ed.), Proc 8 Int.
Sym. Continuum Modes and Discrete Systems, June 11-16 1995, Varna, Bulgaria,
581-590.

Watson, A. 1991. The perplexing puzzle posed by a pile of apples. New Scientist
1799, 15.

Watson, A. 1996. Searching for the sand-pile pressure dip. Science 273, 579 - 580.

99



