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1 INTRODUCTION 

The phenomenon of hang-up in an ore pass is of in-
terest to underground mine operators as it may lead 
to loss of productivity and a heavy financial cost to 
clear them. There are two types of hang-up. One 
type is governed by the ratio 𝐷/𝑑, where 𝐷 is the 
ore pass width and 𝑑 is a characteristic dimension 
of the ore, usually the size of the largest ore frag-
ments, and is referred to as an interlocking hang-up 
(Hadjigeorgiou & Lessard 2010; Jenike 1961; 
Kvapil 1965). The other type forms as a result of 
sticky, fine particles adhering to each other and the 
ore pass wall and depends primarily on the cohesion 
of the ore material and its moisture content 
(Hambley 1987). Ore materials generally contain 
particles ranging in size from one or two meters to 
just a few micro-meters in diameter. Ore segregates 
during handling, tipping and flow through an ore 
pass. It is the fine component of the ore material 
which builds up on the ore pass walls and causes 
hang-up (Fig. 1). This is exacerbated by moisture in 
the fine component as the moisture induces a suction 
increasing its strength and the possibility of hang-up 
formation. Suction and cohesion induced hang-ups 
are problematic. They are more difficult to dislodge 
with explosives than interlocking hang-ups 
(Hadjigeorgiou et al. 2005). There is also a risk of 
mud rushes (Butcher et al. 2005) when water is in-
troduced to lower suction and release the hang-up.  

There have been related studies on a range of 
blockage and arching problems in ore passes and 
hoppers. Amongst the first were Jenike (1961) and 
Kvapil (1965) which involved small scale experi-

ments focussing on blockage at narrow discharge 
zones. Others involved analytical and numerical 
work (Arnold & McLean 1976a, 1976b; Drescher 
1991; Enstad 1975; Jenike 1961; Mróz & Drescher 
1969; Pariseau & Pfleider 1968; Walker 1966) and 
experiments (Drescher et al. 1995a, 1995b; Guo et 
al. 2014). However, hang-ups are formed by differ-
ent mechanisms to blockages (Hadjigeorgiou & 
Lessard 2007) as they develop in the flowing zone 
where the ore pass is wider and approximately con-
stant. Research has used empirical and numerical 
methods to study the influences of ore pass geome-
try and ore properties on the frequency of hang-ups 
(Esmaieli 2010; Hadjigeorgiou & Lessard 2007; 
Holl & Fairon 1973), but there has been no mecha-
nistic analyses of the hang-up problem. This paper 
addresses this knowledge gap. 

In this paper the hang-up problem is solved ana-
lytically using the methods of discontinuous stress 
and velocity fields. They are suitable for the ore 
hang-up problem because the system consisting of 
broken ore material passing through a stiff walled 
ore pass can be idealised as a plastic-rigid continu-
um. This greatly simplifies analysis. The versatility 
of the analysis is demonstrated by adapting a simple 
hang-up failure mechanism to plane vertical and in-
clined ore passes. 

Critical to the stability of an arch, and therefore 
hang-up, are the cohesion of the ore material and its 
moisture content. The paper includes a suction influ-
ence (which exists when the ore is moist) in addition 
to a cohesion influence in the governing mechanics. 
It is demonstrated how suction can be used in a defi-
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nition of the effective stress and shear strength and 
then appear in the governing equations.  
 

 
Figure 1. The photograph shows the inside of an ore pass 
(looking down) once a hang-up had been dislodged by inter-
vention. The remains of the sticky, fine particles which adhered 
to the ore pass wall are clearly visible. The ore pass is circular 
in section with a diameter of 2.8 m and its inclined at 70° 
above the horizontal. The ore contains particles as large as 1.2 
m, although larger particles do not adhere to the ore pass wall 
so they are not present in the photo. 

2 ANALYSIS 

2.1 Effective stress and shear strength for 
unsaturated geomaterials 

An effective stress for saturated soils was defined by 
Terzaghi (1936) as: 𝜎′ = 𝜎 − 𝑢w (1) 

where, 𝜎′ ≡ effective stress; 𝜎 ≡ total stress and 𝑢𝑤 ≡ pore water pressure. For unsaturated soils and 
other geomaterials, Bishop (1959) proposed an ex-
tension of Terzaghi’s effective stress as: 𝜎′ = (𝜎 − 𝑢a) + 𝜒(𝑢a − 𝑢w) = 𝜎net + 𝜒𝑠  (2) 

where, 𝑢a ≡ pore air pressure; 𝜒 ≡ effective stress 
parameter; 𝜎 − 𝑢a = 𝜎net ≡  net stress (i.e. total 
stress in excess of pore air pressure) and 𝑢a − 𝑢w =𝑠 ≡ suction. Bishop (1960) suggested that 𝜒 de-
pends on many factors including degree of saturation 
(𝑆𝑟), 𝑠, whether the material is undergoing drying or 
wetting and stress history. 𝜒 attains a value of 1 for 
saturated conditions and 0 for dry conditions. A 
prime indicates that the stress is effective. 

For simplicity it is assumed that the ore’s strength 
can be defined by the Mohr-Coulomb failure criteri-
on, in which friction angle (φ') and cohesion (c') are 
independent of s, meaning the same values apply to 
saturated, dry and unsaturated conditions. There is 
experimental evidence showing this to be a reasona-
ble approximation (Escario 1980; Gan et al. 1988; 
Likos 2010). The shear strength () is then: 

𝜏 = 𝑐′ + 𝜎′ tan 𝜑′ = 𝑐′ + (𝜎net + 𝜒𝑠) tan 𝜑′ (3)  

For simplicity it is also assumed that the product 𝜒𝑠, representing the contribution of suction to the ef-
fective stress, is constant.  

2.2 Work dissipated in a hang-up section 

To calculate the work dissipated in a hang-up sec-
tion, a dissipation function must be defined. It is as-
sumed in this paper that the ore material is unsatu-
rated and obeys the associated flow rule. An 
increment of work dissipated per unit length of ve-
locity discontinuity for a unit width can be found by 
a procedure similar to Davis (1968) and Atkinson 
(2014). At a velocity discontinuity an increment of 
internal work dissipated (δ𝑊int) is given by: δ𝑊int = 𝜏δ𝑑t + 𝜎δ𝑑n (4) 

where, δ𝑑t ≡ displacement increment tangential to 
a velocity discontinuity and δ𝑑n ≡  displacement 
increment normal to a velocity discontinuity. Equa-
tion 4 is valid for a constant 𝜒𝑠 condition (with no 
associated work) and for a plane problem because 
the quantities δ𝑑t  and δ𝑑n  are conjugate to the 
quantities 𝜏 and 𝜎. Substituting δ𝑑t = −δ𝑑n/ tan 𝜓 
and Equation 3 into Equation 4, assuming atmos-
pheric air pressure and evoking the associated flow 
rule to obtain: δ𝑊int = (𝜒𝑠 sin 𝜑′ + 𝑐′ cos 𝜑′)δ𝑑max  (5) 

where,  δ𝑑max ≡  total displacement increment at 
the velocity discontinuity. It is accepted that the as-
sociated flow assumption here is highly idealised at 
the interface between a hang-up and an ore pass 
wall, particularly when their mineralogy is signifi-
cantly different. When 𝜒𝑠 = 0, Eq. 5 reduces to the 
usual expression δ𝑊int = (𝑐′ cos 𝜑′)δ𝑑max for dry 
geomaterials. Equation 5 is used for all calculations 
involving internal work dissipation in this paper. 

2.3 Investigation of the ore pass hang-up problem 
by discontinuous stress and velocity fields 

In this section, it is assumed that a compressive arch 
is formed underneath a hang-up section and the 
normal stress on the arch surface is zero. A pressure 𝑞s is assumed to act perpendicular to the surface of 
the hang-up section in the direction of gravity. The 
limit load can be calculated by summing 𝑞s over 
this surface. 

The existence of an arch underneath the hang-up 
section requires average normal stresses to increase 
with height (Brown et al. 2000; Guo et al. 2014; 
Rotter et al. 2002). This means that to break away 
from static equilibrium, the arch is more likely to 
burst than to collapse. A bursting failure is charac-
terised by an initial upward movement of the ore 
material in a hang-up section. A trigger of a bursting 



failure may be a mechanical impact or blast. For a 
bursting failure mechanism, the limit loads calculat-
ed from a discontinuous stress field are larger than 
the limit loads calculated from a discontinuous ve-
locity field. In the presentation that follows the limit 
surcharge load (𝑞s) features in the normalised pres-
sure ratio 𝑞s/(𝜒𝑠 + 𝑐′ cot 𝜑′). 

2.3.1 Hang-up in a plane vertical ore pass: the 
bursting mechanism 

The geometry of a hang-up in a plane vertical ore 
pass section is shown in Figure 2a. The arch under-
neath the hang-up is idealised in that it is bounded 
by two linear segments. It is assumed in Figure 2a 
that the in-plane dimension is infinitely long. As the 
section is symmetric the displacement increment di-
agram for only half of it is shown in Figure 2b. 
 

a. Geometry showing different regions. 
 

b. Displacement increment diagram. 
 
Figure 2. A plane vertical ore pass. 

 
Equating the sum of external work inputs (δ𝑊ext) 
due to gravity and surcharge to the sum of internal 
works (δ𝑊int) dissipated at velocity discontinuities 
OB and BC to obtain: 
 𝑞s𝜒𝑠+𝑐′ cot 𝜑′ + 𝛾𝜒𝑠+𝑐′ cot 𝜑′ (𝐷 tan 𝜂G4 +
𝐿 cos 𝜑′2 δ𝑑OBδ𝑑OC) = −sin𝜑′ (2𝐿𝐷 δ𝑑OBδ𝑑OC + 1cos𝜂G δ𝑑CBδ𝑑OC)   (6) 

Equation 6 shows that 𝑞s is a function of weight 
and ore pass geometry. The influence of ore pass 
geometry on 𝑞s can be separated from the influence 
of weight. The influence of ore pass geometry on 𝑞s 
is revealed by putting 𝛾 = 0 in Equation 6 so it be-
comes: 𝑞s𝜒𝑠+𝑐′ cot 𝜑′ = −sin𝜑′ (2𝐿𝐷 δ𝑑OBδ𝑑OC + 1cos𝜂G δ𝑑CBδ𝑑OC)  (7) 

 

a. Vertical stress is the minor principal stress in zone C. 
 

b. Vertical stress is the major principal stress in zone C. 
 
Figure 3. Mohr’s circle plot showing stress discontinuities and 
stress states. 

 
Figures 3a and 3b show the stress states of regions B 
and C on Mohr’s circle plots for two statically ad-
missible mechanisms. For one mechanism the verti-
cal stress is the minor principal stress in region C 
(Fig. 3a). For the other mechanism the vertical stress 
is the major principal stress (Fig. 3b). The pole point 𝑃C is located on the horizontal axis so that the shear 
stress on the axis of symmetry is zero. 



With reference to Figures 3a and 4a, the follow-
ing relation is obtained:  𝑞s+𝛾(𝐷 6⁄ ) tan 𝜂G𝜒𝑠+𝑐′ cot 𝜑′ = sin 𝜑′1−sin 𝜑′ [1 + sin(180°−2∆B−C)sin(∆B−C−𝛿B−C′ )] −sin 𝜑′ [1 + sin 𝜑′1−sin 𝜑′ + sin(180°−2∆B−C)sin(∆B−C−𝛿B−C′ ) sin 𝜑′1−sin 𝜑′]   (8) 

With reference to Figures 3a and 4b, the follow-
ing relation is obtained:  𝑞s+𝛾(𝐷 6⁄ ) tan 𝜂G𝜒𝑠+𝑐′ cot 𝜑′ = sin𝜑′1−sin𝜑′ [1 + sin(180°−2∆B−C)sin(∆B−C−𝛿B−C′ )] +sin𝜑′ [1 + sin𝜑′1−sin𝜑′ + sin(180°−2∆B−C)sin(∆B−C−𝛿B−C′ ) sin𝜑′1−sin𝜑′]  (9) 

Since the right-hand side of Equation 8 is smaller 
than that of Equation 9, the mechanism shown in 
Figure 3a is more critical than Figure 3b. 
 For the case when the ore self-weight is neglected 
(𝛾 = 0) the influence of ore pass geometry on the 
stability of a hang-up section is studied. Figures 4a 
and 4b show that the stress and velocity solutions 
bound regions containing the exact limit loads. This 
region is defined as (and denoted in Figures 4a and 
4b) a region of possible instability. This means that 
for a given value of 𝛼G  there exists a range of 𝑞s/(𝜒𝑠 + 𝑐′ cot 𝜑′) where a hang-up is potentially 
unstable. Outside this region a hang-up is stable. 
 

Figure 4. Comparison of discontinuous stress and velocity so-
lutions for a bursting failure mechanism in plane vertical ore 
pass for when 𝜑′ = 40°. 

2.3.2 Hang-up in a plane inclined ore pass 

The geometry of a hang-up in a plane inclined ore 
pass is shown in Figure 5a. When the influence of 
ore self-weight is neglected (𝛾 = 0), the influence of 
ore pass geometry on the stability of hang-up can be 
studied from discontinuous stress and velocity solu-
tions. Figure 5b shows the influence for 𝜑′ = 40°. 
The discontinuous velocity solutions are plotted 
for   𝐿/𝐷 = 0.5  and 𝑢 = 𝑣  (Fig. 5a). For clarity, 
only admissible discontinuous velocity solutions are 
shown. The discontinuous stress solutions are plot-

ted for an inclined ore pass for two cases. In one 
case, 𝐿/𝐷=constant (the thick dashed curves in Fig. 
5b). In the other case, δ’B-C=constant (the thin 
dashed curves in Fig. 5b). Figure 5b shows that in 
both cases the discontinuous stress solutions in-
crease as 𝛽G  reduces from 90° i.e. the assumed 
bursting failure mechanism is less likely to occur in 
an inclined ore pass than in a vertical ore pass. Fig-
ure 5b shows that the discontinuous velocity solu-
tions at 𝛽G = 75° are close to the discontinuous ve-
locity solutions at 𝛽G = 90° but at 𝛽G = 30° they 
are significantly smaller than the discontinuous ve-
locity solutions at 𝛽G = 90°. This indicates that the 
assumed bursting mechanism is less likely to occur 
in an ore pass inclined at 𝛽G = 30° than in a verti-
cal ore pass. 
 

a. The geometry of a hang-up in a plane inclined ore pass. 

 
 

 
b. Discontinuous stress solutions and discontinuous velocity 

solutions for when 𝜑′ = 40. 
 
Figure 5. Influence of ore pass inclination angle on discontinu-
ous stress and discontinuous velocity solutions for when 𝜑′ =40.  

3 ASSESSING HANG-UP STABILITY 

When the width to length ratio of an ore pass is ap-
proximately zero (i.e. 𝐿/𝐷  is large), Hambley 



(1987) suggested a design criterion to prevent cohe-
sive hang-ups of the form: 𝐷 > 𝑐′𝛾 𝐴0  (10) 

where, 𝐴0 = 6(1 + sin 𝜑′). 
In Section 2, the method of stress discontinuity 

was used to find a condition separating a stable 
hang-up from a potentially unstable hang-up. In a 
vertical ore pass, for non-zero values of 𝛾 and 𝑞s, 
the critical condition is expressed by Equation 8, 
which can be written in an alternate form: 𝑞s+𝛾(𝐷 6⁄ ) tan 𝜂G𝜒𝑠+𝑐′ cot 𝜑′ = sin 𝜑′ sin 2𝛼Gsin 2𝜂G   (11) 

 It follows, for 𝑞s = 0, that the required 𝐷  to 
cause potential instability for a given χs, φ', c' and 𝛾 
is: 𝐷 > (𝜒𝑠+𝑐′ cot 𝜑′𝛾 ) 𝐴1  (12) 

where, 𝐴1 = 3sin 𝜑′ sin 2𝛼G(sin 𝜂G)2 . 

Equation 12 can be made closer to the exact value 
by minimising the quantity 𝐴1 subject to 𝛼G ≥ 𝜂G 
(as  𝛼G ≥ 𝜂G  is essential for the validity of the 
problem geometry used in the derivation). The quan-
tity 𝐴1 becomes smallest when 𝛼G = 𝜂G so the cri-
terion in Equation 12 becomes: 𝐷 > (𝜒𝑠+𝑐′ cot 𝜑′𝛾 ) min{𝐴1} =(𝜒𝑠+𝑐′ cot 𝜑′𝛾 ) 6 sin 𝜑′ cos 𝛼Gsin 𝜂G  (13)  

Examples are now given to illustrate how the cri-
terion given by Equation 13 can be applied using 
strengths and suctions for a typical ore (Vo et al. 
2016). 

In the first example the peak strength of the ore 
material (c' = c'p = 10 kPa and 𝜑′ = φ'p = 57.4°) is 
assumed to prevail at the onset of instability. It is as-
sumed that e = 0.22, d = 2600 kg/m3 and 𝛾 = 25.48 
KN/m3. It is required to estimate 𝐷 to make hang-
up instability possible for different 𝜒𝑠. Substituting 
these properties into Equation 13 gives: 𝐷 > (𝜒𝑠+6.4025.48 ) 24.97 (m) (14) 

For dry conditions, 𝜒𝑠 = 0  and Equation 14 
gives 𝐷 > 6.3 m. For the ore at a moisture content 
(ω) = 2.5 % (when 𝜒𝑠 = 6.81 kPa) 𝐷 > 12.9 m. 
For the ore at ω = 5 % (when 𝜒𝑠 = 3.60 kPa) 𝐷 > 
9.8 m. It is noted that for dry conditions (i.e. 𝜒𝑠 =0), Hambley’s solution gives 𝐷 > 4.2 m, compared 
to 𝐷 > 6.3 m from the new solution presented here. 

In the second example the softened strength (c' = 
c's = 0 kPa and 𝜑′ = φ's = 49.6°) is assumed to pre-

vail at the onset of instability. Substituting these 
properties into Equation 13 gives: 𝐷 > ( 𝜒𝑠25.48) 18.46 (m) (15) 

For dry conditions, 𝜒𝑠 = 0 so 𝐷 > 0 m mean-
ing hang-up would not occur. For ω = 2.5 %, 𝜒𝑠 = 
6.8 kPa and 𝐷 > 4.9 m. For ω = 5 %, 𝜒𝑠 = 3.60 
kPa and 𝐷 > 2.6 m.  

The examples given show a significant effect of 
ω (through 𝜒𝑠) on the 𝐷 needed for possible hang-
up instability. If peak strengths are used, a 2.5 % 
moisture content requires 𝐷 to be more than double 
that of dry conditions. However, a 5 % moisture 
content requires 𝐷 to be only 1.6 times that of dry 
conditions. It is evident that there is a diminishing 
effect with increasing ω, since 𝐷 reduces as ω in-
creases.  

The strength used also has a significant influence 
on 𝐷 needed for possible hang-up instability. At ω 
= 2.5 % and ω = 5 % the softened strength requires 𝐷 > 4.9 m and 𝐷 > 2.6 m, respectively. These are 
much different from the requirements 𝐷 > 12.9 m 
and 𝐷 > 6.3 m, respectively, calculated when peak 
strength is used. 

The criterion in Equation 13 was derived assum-
ing a plane vertical ore pass. It was shown that the 
potential for hang-up instability does not differ sig-
nificantly between vertical (𝛽G = 90°) and near ver-
tical (𝛽G > about 65°) ore passes. (𝛽G is the angle 
above the horizontal). The potential for hang-up in-
stability drastically reduces for ore passes inclined at 𝛽G < 45°. Consequently, the criterion in Equation 13 
should not be used when ore passes are not vertical 
or near vertical. Also, other complex aspects of ore 
pass design, such as the effects of shape and dimen-
sion, need further investigation.  

4 CONCLUSION 

A new criterion for cohesion and suction induced 
hang-up was presented for plane and inclined ore 
passes. It was derived using the methods of stress 
and velocity discontinuities. A hang-up was assumed 
to consist of three rigid blocks. In the method of 
stress discontinuity, the rigid blocks satisfy equilib-
rium and the Mohr-Coulomb failure criterion. In the 
method of velocity discontinuity, the rigid blocks 
were assumed to undergo small displacements con-
sistent with a bursting failure. The displacement in-
crements satisfied the associated flow rule and kin-
ematic restrictions at the boundaries.  

The influences of suction were incorporated using 
the effective stress concept for unsaturated geo-
materials. The contributions of suction to effective 
stress, 𝜒𝑠 , and strength properties were assumed 
constant. A simple function was used to calculate the 
internal work dissipated and it is valid for plane 



analyses. The function enabled stress solutions to be 
linked to the velocity solutions.  

The analysis showed a significant influence of the 
ratio 𝐿/𝐷 on the stability of a hang-up.  

For dry ore materials the new criterion was com-
pared to that of Hambley (1987). For a set of typical 
ore properties, the new criterion specifies that the 
ore pass width 𝐷 to cause potential instability must 
be at least 6.3 m, 1.45 times the value using the cri-
terion of Hambley (1987). Also, it was shown that a 
2.5 % moisture content increases the minimum 𝐷 
to 12.9 m, more than double the dry value. For sof-
tened strength parameters and a 2.5 % moisture con-
tent the new criterion specifies that 𝐷 must be at 
least 4.9 m. The effect of moisture on 𝐷 was signif-
icant. 
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