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ABSTRACT 

The work presented in this paper is derived from a Master’s Dissertation undertaken 
at the University of the Witwatersrand, and facilitated by the CMA, that was aimed at 
investigating the performance of unidirectional idlers under different inclined 
conveyor belt operating conditions.  Up until now, very little work has been done in 
researching the performance of unidirectional idlers.  As such, the CMA commissioned 
a test rig to be used to measure the resistance to motion between an inclined belt and 
a set of idler rolls locked in place.  The experiments conducted on this rig varied a total 
of seven belt conveying factors in order to investigate the effects of these factors on 
the measured unidirectional idler resistive force.  In order to plan and analyse the 
experiments, statistical Design Of Experiment (DOE) techniques were employed in the 
design of a series of experimental programmes.  Overall, it was found that material 
load, troughing angle and idler pitch have the most significant effect on the braking 
ability of unidirectional rollers.  Additionally it was identified that although contact 
friction affects unidirectional idler performance, the presence of non-friction 
resistances (such as belt sag) strongly influence resistive force at belt slip.  Based on 
these findings, a conservative numerical method for specifying the required quantity 
of unidirectional idler rolls was derived through the separation of friction and non-
friction effects and the use of experimental data. 
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1.  INTRODUCTION 

1.1. BACKGROUND AND MOTIVATION 

Due to the inherent danger involved in the handling of bulk materials, it is vitally 
important that the associated safety risks are mitigated.  A specific concern in this 
regard is the transport of material using steep inclined belt conveyors which are 
vulnerable to rollback and runaway.  One particularly serious cause of a belt runaway 
occurs in the event of a belt snap which results in the loaded conveyor belt overcoming 
the rotational resistances of the idler rolls and accelerating down the incline [1].  
Figure 1 illustrates the repercussions of such a catastrophic event.  Without adequate 
safety precautions in place, a belt runaway can lead to fatalities or injuries of 
personnel, damage to conveying equipment and loss of productivity [1]. 

 

 

Figure 1.  Schematic of a Conveyor Belt Snapping at the Head Pulley; adapted from [1] 

 

To avoid a calamity such as this, safety devices can be used.  One such run-back 
preventing device is the backstop, which permits belt motion in the forward direction 
and prohibits it in the reverse direction.  Backstops are usually mounted to the drive 
shaft of the head pulley and are effective in preventing runaways when the motor is 
not energised [2].  However, when considering the event of a belt snap, a backstop is 
unable to stop the belt from accelerating down the incline.  To prevent this type of a 
runaway, unidirectional idlers may be used.  These safety devices make use of high 
torque rated single-direction bearings installed within the shells of conventional idler 
rolls [3].  This mechanism allows the roll to freely rotate in the forward direction, but 
prevents rotation in the opposite direction when the device is engaged – effectively 
locking the roll in place.  Figure 2 demonstrates this functionality.  

 

Despite their use in industry, very little work has been done in researching the 
performance of unidirectional idlers to date.  Considering the higher costs of these 
idlers, as well as the additional rotational resistance that they impart to the system, 
the importance of correctly specifying the required quantity of unidirectional idlers 
may be appreciated. 
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Figure 2. Schematic Diagrams Illustrating the Functioning of Unidirectional Idlers 

 

In order to develop a better understanding of unidirectional idlers, the Conveyor 
Manufacturers Association of South Africa NPC (CMA) commissioned a test rig to be 
built that could measure the resistance to motion between an inclined belt and a 
stationary idler.  This test rig was designed to study the effects that the following list 
of belt conveying factors have on the performance of unidirectional idlers: 

i. Inclination angle (𝛼) 
ii. Troughing angle (𝛽) 

iii. Belt sag (𝐾𝑆) 
iv. Idler pitch (𝑎) 

v. Idler roll type (𝜇) 
vi. Idler roll diameter (𝐷) 

vii. Belt tension (𝑇) 
viii. Material loading (𝑞𝑚) 

 

1.2. LITERATURE REVIEW 

1.2.1. Belt Conveying Factors 

Considering unidirectional idlers as the solution to inherent safety concerns associated 
with steep inclined conveyors, the factors that possibly influence these safety devices 
will be explored in the following sub-sections. 

 

Inclination Angle:  When a belt is inclined, it is necessary to consider the relationship 
that material load and belt weight have on unidirectional idlers.  The force component 
of material load and belt weight acting along the incline increases with inclination, 
thus requiring more unidirectional idlers to inhibit belt motion. 

 

Troughing Angle:  In a three-roll idler set, the troughing angle (𝛽) is the angle created 
by one of the wing rolls and the centre roll (as shown in Figure 3).  Different troughing 
angles result in different wing roll contact pressures.  Previous research has shown 
that the normal force experienced at the wing rolls increases with increasing troughing 
angle.  Ilic and Wheeler [4] referenced research by Behrens which showed that the 
wing roll normal force is 1.2 and 1.9 times greater than would be expected with gravity 

acting alone on a wing roll troughed at 30 and 45 respectively. 
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Figure 3. Three-Roll Troughed Idler System 

 

In terms of the effect that troughing angle has on the braking performance of 
unidirectional idlers, the greater normal force experienced by a wing roll troughed at 
a steeper angle will improve the friction braking capability of a unidirectional wing roll 
according to the following equation: 

 𝐹𝑓 = 𝜇𝑁 (1) 

where 𝐹𝑓 is the friction force [N], 𝜇 is the coefficient of friction and 𝑁 is the normal 

force [N]. 

 

Despite the contact pressure multipliers observed in wing rolls, the majority of the 
conveyed material exists in the region above the centre rollers and as such, normal 
forces on these rollers tend to be larger.  A recent study by Liu et al. [5] recorded the 
total percentage of normal force on the centre belt section of a 35° troughed three-
roll idler system to vary from 66.2% to 74.2%. As such, centre rolls should be prioritised 
in the installation of unidirectional devices. 

 

Belt Sag and Idler Pitch: The friction developed between a locked unidirectional idler 
and the conveyor belt is not the only factor that affects the resistance to motion of 
the belt.  Instead, the inherent belt sag in the system (as depicted in Figure 4) requires 
additional pulling force to lift the belt up and over each successive idler set.  Belt sag 
(𝐾𝑆) is the ratio of maximum vertical belt deflection (𝑦max) to idler pitch (𝑎), and is 
typically expressed as a percentage [6].   

 

Figure 4. Belt Deflection and Idler Pitch 
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Idler Roll Type: In the past, the material choice for idler roll shells was invariably steel, 
due to its availability and durability.  In recent years, polymer shells have become more 
prevalent.  The most frequently chosen polymer shells are made from Nylon and High 
Density Polyethylene (HDPE) [7].  With unidirectional idler performance in mind, it is 
intuitive that the belt and idler roll material combination (with its corresponding 
friction coefficient) will directly affect the friction braking capability of the 
unidirectional idler, according to Equation 1. 

 

Idler Roll Diameter:  When it comes to the diameter of unidirectional idler rolls, this 
factor is likely to affect belt resistance to motion due to the development of 
indentation rolling and rotating resistance, and/or as a result of the relationship 
between belt-roll contact pressure and the coefficient of friction (see Section 4.2).  
Indentation rolling resistance develops in conveyor systems as a result of the 
asymmetric compression of the belt bottom cover as it traverses over successive idler 
rolls, while idler rotating resistance develops as a result of the torsional resistance to 
rotation experienced by the roller bearing sub-assembly. 

 

Belt Tension:  In the event of a belt snap, the complete release of conveyor belt 
tension is likely to result in considerable belt sagging between successive idlers.  This, 
in turn, increases the force required to cause belt slip, thus helping to prevent a 
runaway.  In terms of the experiments conducted in this research venture, tension was 
chosen as a variable in order to observe the effects of belt tension from a resistance 
to belt sliding point of view.  This provided sufficient insight into the low/no tension 
case to be able to state whether the snapped belt would likely runaway in reality. 

 

Material Loading:  The mass of material load per metre of conveyor belt (𝑞𝑚) plays a 
major role in unidirectional idler functionality.  The greater the material loading is, the 
larger the unidirectional idler normal force and associated friction will be.  However, 
a larger load also results in a larger downslope component of weight which needs to 
be resisted by the unidirectional idlers (refer to Figure 2.b).  Furthermore, in the event 
of a belt snap, the loss of tension in the belt and the downslope component of the 
material weight will increase the belt sag between idlers; thus assisting the 
unidirectional mechanism. 

 

1.2.2. Design of Experiment Techniques 

When undertaking experimental research in which many parameters are varied, it is 
useful to employ statistical Design Of Experiment (DOE) techniques in order to identify 
the variables that have significant influence on a measured output, and to make better 
informed conclusions about the relationships between parameters and the measured 
outcome.  Of particular interest to this research are the DOE techniques associated 
with fractional factorial designs – studies in which a subset of all the possible level 
combinations of multiple factors of an experiment are investigated [8,9]. 
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Once a carefully selected experimental design has been conducted, an analysis of 
variance may be performed to determine which factors (and interactions) have the 
most significant effect on the measured outcome.  The results of an analysis of 
variance are most appreciably summarised in the form of a half-normal plot (see 
Figure 5).  In these plots, the distance between points and the insignificance line 
indicates the level of significance.  If a point lies on or close to the insignificance line 
then the factor or interaction can be categorised as insignificant.  With this in mind, 
the hypothetical half-normal plot presented in Figure 5 shows that the main effects of 
factors 𝐴 and 𝐶 are significant, as well as that of the interaction 𝐵𝐶. 

 

 

Figure 5. Half-Normal Plot for Hypothetical 23 Factorial DOE 

 

One of the most advantageous benefits of factorial DOEs is the identification of 
interactions.  In complex study areas, the factors being varied may interact with each 
other, and therefore simply assessing the main effects can be misleading.  To better 
understand how interactions affect the measured outcome, interaction effect plots 
(see Figure 6) can be generated following an analysis of variance. 

 

Figure 6. Interaction Effect Plot for Hypothetical 23 Factorial DOE 
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An interaction effect plot presents the average measured outcome on the 𝑦-axis, the 
varied levels of one of the factors making up the interaction on the 𝑥-axis, and 
individual lines for each level of the other factor.  When interpreting one of these 
plots, it is important to consider the difference in gradient of the interaction lines.  The 
greater the difference in line gradient is, the greater the strength of the interaction.  
With this in mind, Figure 6 reveals a considerable interaction to exist between factors 
𝐵 and 𝐶.  In this case, it can be seen that the effects of factor 𝐵 are more significant 
at higher levels of factor 𝐶 (indicated by the steeper gradient of the 𝐶+ line). 

 

For a more detailed explanation of the theory behind design of experiments and the 
statistical techniques used to construct and analyse the designs (including analysis of 
variance, null hypotheses, factor confounding and design resolutions), refer to the 
Master’s Dissertation on which this research paper is based [10].  The design 
ultimately chosen for the initial stages of experimentation in this research case was a 
26−1 fractional factorial design of experiment.  This design was particularly favourable 
in that it allowed for the effects of a large number of belt conveying factors to be 
investigated with a manageable set of 32 factor screening experiments [11].  Following 
the completion of the experiments, this factor screening exercise allowed for 
subsequent focused experimental programmes to be designed that were able to 
explore more significant factors in greater depth.  

 

2. EXPERIMENTATION 

2.1. RESEARCH METHODS 

In order to determine which belt conveying factors have the greatest impact on 
unidirectional idler performance, a range of experiments was planned using DOE 
techniques.  These experiments were executed using the Unidirectional Roller (UDR) 
Test Rig that was designed and constructed by various member companies of the 
CMA.  The experiments conducted with this rig were designed to determine the 
resistive forces that develop between locked rolls (i.e. unable to rotate) and a 
conveyor belt being pulled over these rolls, to represent a belt slipping down an incline 
in the event of a belt snap. 

 

The mechanism used to simulate a unidirectional roller and infer the resistive force 
between locked rolls and the belt is illustrated in Figure 7.  It is important to note that 
conventional idler rolls were installed on the UDR Test Rig, not unidirectional idler 
rolls.  These rolls were, however, secured to the rig in such a way as to imitate the 
functionality of unidirectional rolls.  This was achieved through the use of a rigid 
connection between the idler roll face and the fixed cantilever load cell. 
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Figure 7. Diagram of the Resistive Force Measurement Technique 

 

From Figure 7 it can be seen that the induced force (𝐹) measured by the load cell at 
an eccentric distance (𝑒) from the roll axis was used to determine the rotation resisting 
torque (𝜏) according to: 

 𝜏 = 𝐹𝑒 (2) 

Since the forces are in equilibrium just before the belt slips, the opposite oriented 
resistive torque acting at the belt-roll interface (𝜏𝑟𝑒𝑠 = 𝐹𝑟𝑒𝑠𝑟) has the same magnitude 
as the measured torque (𝜏).  Therefore load cell measurements were used to calculate 
resistive slip forces at the belt-roll interface according to: 

 𝐹𝑟𝑒𝑠 = 𝐹 (
𝑒

𝑟
) (3) 

 

2.2. UNIDIRECTIONAL ROLLER TEST RIG 

The UDR Test Rig consisted of a steel frame onto which idler sets, sheave wheels, 
winches and a belt tensioning frame were fitted (Figure 8.a).  A ten-metre length of 
conveyor belting, troughed to the same degree along its entire length, was tensioned 
over the idlers with cables that were connected to both ends of the belt via clamps 
attached to trolleys.  These cables were guided by four sheave wheels to the bottom 
of the rig where they were connected to the tensioning frame.  This frame used a six-
tonne lever hoist to provide the necessary belt tension, in the range of 5 to 25 kN, 
which was measured with a load cell (Figure 9). 

 

The belt pulling force was provided by a winch fixed to the rig which pulled the 
tensioning frame along steel rails.  The rig could also be rotated through one of its 
ends, thus allowing tests to be run at inclinations between 0° and 15° in 5° increments 
(Figure 8.b). I t is also important to note the mechanism used to simulate 
unidirectional rolls and measure slip forces, as shown in Figure 7, was installed onto 
the six rolls of the two idler sets in the centre of the rig. 
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Besides varying the inclination angle, other important belt conveying parameter levels 
could also be changed with the rig.  Troughing angle (0°, 35° and 45°), idler roll type 
(steel, Nylon and HDPE), idler roll diameter (127 and 152 mm) and idler pitch (1200, 
1500 and 1800 mm) were varied by attaching idlers to the steel frame at different 
spacings, with different troughing angled frames, installed with rollers of varying size 
and type.  Different levels of belt sag could also be achieved by varying idler pitch, 
tensioning the belt at different levels and varying the material loading.  The belt load 
was simulated through the use of sand bags (as shown in Figure 9). 

 

 

Figure 8. Annotated Diagrams of the Unidirectional Roller Test Rig 
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Figure 9. Images of the UDR Test Rig and its Key Components 
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3. DISCUSSION OF RESULTS 

Before the results of the experimental programmes are presented, a typical example 
of the data collected during a UDR Test Rig experiment will be considered.  Once all 
the test runs of a particular experiment had been conducted, a resistive force graph 
was plotted by averaging the force response data from all test iterations and across 
both of the measured idler sets.  An example of the resulting resistive force plot is 
shown in Figure 10.  From these graphs, the mean slip force for each experiment was 
determined using a MATLAB program which calculated the average slip force over an 
interval of three seconds, beginning at the user defined onset of kinematic slip. 

 

Figure 10. Typical Averaged Resistive Force Graph (Experiment A26) 

 

Following the overall resistive force line shown in Figure 10, it may be seen that after 
the instance of initial belt pull (when time = 0), the average idler set resistive force first 
increases sharply together with the increasing belt pulling force.  Then the force levels 
off briefly (inflection region) as a result of the belt-roll friction limit being reached.  
However, the belt does not start to slip at this point since there is still not enough belt 
pulling force to overcome the non-friction sources of slip resistance (such as belt sag).  
This is why the inflection region is immediately followed by an increase in the resistive 
force as a result of the remaining resistance inherent in the conveyor belt which needs 
to be pulled up and over the locked idlers. 

This period of increasing resistive force ends with a peak force value being reached 
(the static resistive force limit), at which point the belt begins to slip over the locked 
idlers.  The resistive force seen to oscillate about a lower force value (the kinematic 
slip force) after the resistive peak is indicative of a typical slip-stick motion of the belt 
sliding over the locked rolls at a constant velocity. 
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3.1. FACTOR SCREENING EXPERIMENTAL RESULTS 

In order to determine which factors and combinations of factors contribute most 
significantly to the resistive force developed at the contact between the belt and a 
locked idler roll, a factor screening experimental study was conducted.  As mentioned 
in Section 1.2.2, the chosen DOE was a 26−1 fractional factorial design requiring a total 
of 32 experiments.  This series of factor screening tests involved two extreme values 
for each parameter, a high value and a low value, and was used to determine the 

kinematic belt slip force that results from varying inclination angle (0 and 15), idler 
pitch (1200 and 1800 mm), roll material type (either nylon or steel), roll diameter (127 

and 152 mm), troughing angle (0 and 45) and belt tension (5 and 25 kN).  For details 
regarding the specific test-rig set-up for each factor screening experiment, refer to the 
Master’s Dissertation on which this research paper is based [10]. 

 

The half-normal plot that was derived from this initial investigation (see Figure 11) 
shows idler pitch, troughing angle and belt tension to be the most consequential 
factors, while the interaction between pitch and trough, the roll type main effect and 
the interaction between roll type and diameter demonstrate a medium-to-low 
significance level.  Considering the half-normal plot, the exceptional significance of 
idler pitch is particularly appreciable.  This high level of consequence makes sense 
when considering the effect that idler pitch has on belt friction and sag.  The greater 
the pitch, the greater the loads being supported by each idler set will be (therefore 
resulting in greater frictional resistance according to Equation 1) and the greater the 
belt sag between successive idlers will be (thus requiring a greater downward pulling 
force do drag the belt up and over each idler set). 

 

 

Figure 11. Half Normal Plot for Experimental Programme A 
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Similarly to idler pitch, varying the troughing angle significantly affects slip resistance 
due to belt friction and sag.  When a belt is bent into a trough, the elastic potential 
energy stored in the belt tries to push the belt flat again, thus resulting in significant 
normal forces (and therefore friction forces) acting at the wing rolls.  In terms of non-
friction resistances, introducing a troughed belt profile results in a type of three-
dimensional belt sag when the belt trough opens up slightly between successive idler 
sets.  This means that in order for the conveyor belt to slip down the incline, the 
gravitational pull of the belt needs to be sufficient enough to flex the sides of the 
conveyor belt to the troughing profile at the idler sets.  Additionally, if the belt is 
loaded with material, the belt has to compress the material in order to pass the idler 
rolls. 

 

Figure 11 reveals belt tension to be the next greatest contributor to slip resistance.  
Although the magnitude of the belt tension main effect may seem reasonable, its 
direction (see Figure 12) is a bit more difficult to understand.  Numerically, the 
magnitude of the calculated main effect demonstrates the relative significance of the 
associated factor, while the sign indicates whether the effect increases or decreases 
when increasing the factor level.  With this in mind, the main effects plot shows belt 
tension to have a positive effect on belt slip; meaning that an increase in belt tension 
results in an increase in slip force.  This contradicted with the initial expectation that 
an increase in belt tension would reduce the belt sag and thus result in a decrease in 
the non-friction element of slip resistance. 

 

 

Figure 12. Main Effects Plot for Experimental Programme A 

 

At this point it is worth clarifying why tension was varied at all in the various 
experiments conducted.  Low and high tension states were explored in order to 
determine which tension state is better from a resistance to belt slip point of view.  
This therefore enabled sufficient insights into the low/no tension case (that would be 
expected when a belt snap occurs) to be able to state whether the belt will be likely 
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to run away or not.  With this in mind, it would appear from Figure 12 that when the 
conveyor belt is empty, the worst belt tension case is that when tension is low. 

In addition to the identification of significant factors, it is also interesting to note which 
factors were deemed to have little or no significance.  Inspecting the half-normal plot 
in Figure 11, it may be seen that inclination angle has no effect on belt slip.  This is 
because the test rig was designed to force belt slip.  Many of the experiments 
conducted were set up with operating conditions that would never otherwise have 
experienced slip (such as the horizontal belt case).  Despite this, slip was achieved 
every time by increasing the pulling force until the belt began to move.  As such, the 
inclination effect could not be deduced from the factor screening study, but was 
further explored in a series of additional experimental programmes. 

 

Finally, although idler roll type was observed to be a significant factor, its significance 
relative to the other factors was found to be lower than anticipated.  It was expected 
that the roll type would contribute more seriously to the braking of the locked rolls 
because of the effect that roll material has on friction.  Upon closer inspection, it was 
deduced that the range of coefficients of friction (COF) tested using nylon and steel 
rolls (0.3 and 0.4 respectively) was fairly small [10].  In addition, the lower than 
expected significance of roll type indicates the contribution of non-friction resistances 
(such as belt indentation and sag) to the overall unidirectional idler resistive force.  To 
gain further insight into the effects of this parameter, HDPE rolls (which exhibit a much 
lower COF) were incorporated into the experiments of subsequent programmes. 

 

The overall trends of the factor screening experiments may now be summarised.  
These are presented in the slip force column chart below (Figure 13).  It should be 
noted that in this figure, lower values are indicative of earlier belt slip, and are 
therefore of concern in the context of this research. 
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Figure 13. Slip Forces Grouped According to Tension, Pitch and Trough (Programme A) 

From this graph it may be seen that an increase in pitch, trough or tension results in 
an increase in the resistive force developed at a locked idler set.  For any particular 
combination of these three factors, the variation in inclination angle, roll diameter and 
roll material have little influence on the measured slip force.  This figure also shows 
that the worst inclined belt case in terms of unidirectional idler braking performance 
(i.e. the one resulting in the lowest resistive force at belt slip) is that where the idler 
pitch is the lowest (1200 mm), there is no troughing of the belt and the system tension 
is low.  Conversely to this, the best case scenario is seen to be when the idler pitch is 

the highest (1800 mm), the belt is troughed to 45 and belt tension is high. 

 

3.2 FOCUSED DOE TEST RESULTS  

Based on the results of the factor screening experimental programme, a series of 
additional experiments was conducted in order to develop a better understanding of 
how the various factors affect unidirectional idler performance.  A summary of the 
supplementary experiments conducted may be seen in the flow chart presented in 
Figure 14.  For more detail on these, refer to the Master’s Dissertation [10]. 
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Figure 14. Schematic Diagram of the Experimental Programmes Conducted 

In addition to the development of a better understanding of unidirectional idlers, the 
experiments presented in Figure 14 also allowed for a larger data set to be compiled 
and used to develop a unidirectional idler quantity specification model (as seen at the 
end of this paper).  The first of the supplementary experiments conducted, 
Programme B, was designed to gain further insights into the effect of idler roll 
material.  From this study it was found that a significantly lower force was required to 
pull the belt over locked HDPE rolls as compared to steel and Nylon.  The next study 
conducted, Programme C, was used to test whether or not the inclination angle of the 
Test Rig had any significant impact on the measured slip force.  Ultimately, very little 
difference in measured slip force was observed with increasing angles of inclination, 
thus confirming the insignificance of inclination angle.  This discovery allowed the 
majority of future experiments to be conducted with the test rig in the horizontal 
position. 

 

Experimental Programme D was designed to incorporate “paintless” steel rolls into 
the investigation, where the paint was removed from the rolls and the surfaces 
polished.  This was done to mimic the realistic surface condition of steel rolls, which 
are likely to lose their paint layers quite quickly when in operation.  In addition, this 
Programme also introduced the factor of belt loading for the first time.  Using the data 
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collected from this study, a half-normal plot was generated in order to reassess the 
significance of belt tension, idler pitch, idler roll type, material load and troughing 
angle.  The resulting plot is presented in Figure 15 and reveals the three significant 
main effects to be material load, troughing angle and idler pitch, and the significant 
interactions to be those between material load and troughing angle, and between 
material load and idler pitch. 

 

 

Figure 15. Half Normal Plot for Experimental Programme D 

 

In terms of the main factor effects, Figure 15 reveals material load to have by far the 
most significant influence on unidirectional idler performance.  This is because the 
introduction of material load onto the belt greatly affects the magnitude of supporting 
normal loads at each of the idler rolls, thus increasing the frictional braking potential 
according to the friction equation (𝐹 = 𝜇𝑁). In addition to this, a loaded belt 
experiences considerably more sag than an unloaded one.  Consequently, greater 
effort is required to pull the loaded belt up and over each idler set. 

 

With regards to the second and third most significant main factors (trough and pitch), 
it is interesting to note that although these factors were also identified as significant 
in the factor screening study (Figure 11), the order of their significance differs between 
the two studies.  In this case, troughing angle demonstrates greater significance than 
idler pitch.  This is because of the strong interaction between belt load and trough (see 
Figure 15).  This is better understood with reference to the interaction plot presented 
in Figure 16a.  In this figure, the notable difference in effect line gradient emphasises 
the strength of the interaction between load and trough.  The 𝛽+ and 𝛽− lines show 
that adding material to an empty belt has greater influence on slip when troughed 
belts (𝛽+) are used as opposed to flat belts (𝛽−).  This is interpreted from the steeper 
𝛽+ line and may be explained by considering how a fully loaded troughed belt would 
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demonstrate a much greater mass per metre than that of a fully loaded flat belt.  This 
heavier loading condition results in higher slip impeding belt sag and friction. 

 

 

Figure 16. Significant Interaction Effect Plots for Experimental Programme D 

 

Keeping the focus on interaction effects, the relationship between material load and 
idler pitch may be explained.  The effect plot of this two-factor interaction (Figure 16b) 
shows that material load has a greater effect on belt slip when larger idler pitches are 
used (as indicated by the steeper 𝑎+ effect line).  This is because the increase in slip 
restricting belt sag that results from adding material load to a belt is further intensified 
when the horizontal distances between successive idler sets are larger. 

Following on from this, Experimental Programme E was designed and conducted to 
expand on the three most significant factors as identified through the analysis of the 
factor screening experiments (i.e. pitch, trough and tension).  In the case of the first 
experimental programme, each factor was varied about two levels (low and high), 
whereas in Programme E, medium levels of idler pitch, troughing angle and belt 
tension were added.  The belt slip trends observed throughout this study are 
summarised by the kinetic slip force surface presented in Figure 17. 
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Figure 17. Three-Dimensional Surface of Tension Averaged Kinematic Slip Forces 

 

This three-dimensional graph illustrates the best and worst empty belt set up 
scenarios in terms of resulting belt slip.  It is important to reiterate that in the context 
of this paper; a low slip force is not desirable as it represents a situation of potential 
runaway in the event of a belt snap.  It is therefore preferable to maximise slip forces 
when possible.  With this in mind, Figure 17 reveals the best case to be when idler 

pitch and troughing angle are at their highest (1800 mm and 45 respectively), and the 

worst case to be when the idler pitch is 1200 mm and the belt troughing angle is 45.  
These findings make sense when considering that a lower idler pitch results in lower 
belt supporting normal forces which ultimately lowers the slip resisting friction forces 
at the idler roll-belt interface.  Conversely to this, the larger idler pitch results in higher 
normal and friction forces at the locked idler rolls.  In terms of troughing angle, it is 
interesting to note that both best and worst empty belt slip cases were observed when 

the troughing angle was set to its maximum level of 45. 

Although it was expected to observe the maximum slip force when the troughing angle 
was maximised, it was not expected to observe the minimum slip force at this level of 
belt trough as well.  A possible reason for this may be in the way that idler pitch and 
belt trough interact with each other.  Recall from the factor screening experiments 
that the most significant two-factor interaction was that between idler pitch and 
troughing angle.  When the idler pitch is small, not only are the effects of belt friction 
lower, but the non-friction effect of belt sag is lower – including three-dimensional 

sag.  When the belt is troughed to 45 and the idler pitch is minimised, not only is 
there lower three-dimensional sag due to the short distances between idler sets, but 
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there is also likely to be less conventional sag as a result of the greater degree of 
longitudinal belt stiffness gained through the curved profile of a troughed belt. 

 

Following this, five additional programmes were conducted (as seen in Figure 14).  The 
purpose of these experiments was to gain further insight into the effects of belt 
loading, idler roll material construction, the interaction between inclination angle and 

belt load, and the previously understudied medium troughing angle level of 35.  The 
results of these experiments will not be presented in this paper but can be found in 
the Master’s Dissertation on which this research paper is based [10].  In addition to 
the increased functional understanding gained from running these focused 
experiments, the collection of more slip force observations allowed for a larger data 
set to be established and then drawn from when deriving and training the 
unidirectional idler quantity specifying numerical model – to be presented in the next 
section.  Some of the key findings from the remaining experiments are listed below: 

• The results of Programmes F and G reiterated the findings of previous 
experimentation – that slip force increases with increasing idler pitch, material 
load and troughing angle, and that HDPE rollers result in noticeably lower slip 
forces when compared to other roll materials. 

• Programmes H and I showed that when an inclined belt is loaded, the material 
on the belt introduces an additional downward pulling force which causes a 
slight reduction in the critical slip force. 

• The analysis of substituted and repeated experiments showed that belt wear, 
which develops over time, affects the critical slip force.  An increase in belt 
wear results in a lower observed resistive force at belt slip (i.e. belt wear is 
detrimental to unidirectional idler performance). 
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4. SPECIFYING THE REQUIRED QUANTITY OF UNIDIRECTIONAL IDLERS 

4.1 PRELIMINARY ANALYSIS OF THE MECHANICS OF UNIDIRECTIONAL IDLERS 

In order to use the experimental findings to determine what quantities of 
unidirectional idlers are required for any given conveyor belt set-up, it was important 
to develop a better understanding of the mechanics of the system.  Initially, this was 
done by conducting a basic force analysis (see Figure 18) and deriving a simplified 
unidirectional idler quantity formula. 

  

Figure 18. Free Body Diagram of an Inclined Conveyor Belt 

Figure 18 illustrates the simple mechanics of a length of belt (𝐿), at a specific angle of 
inclination (𝛼), supported by idlers separated from each other by a constant pitch (𝑎).  
It is important to note that in this figure, the conveyor belt is assumed to be a rigid 
straight body and the resistive force is assumed to be as a result of belt-idler contact 
friction alone.  Knowing the system to be static, the force balances relating to this free 
body diagram can be stated as follows: 

 ∑ 𝐹𝑥 = 0     →      𝜂𝜇 ∑ 𝑁𝑖 = (𝑞𝑏 + 𝑞𝑚)𝑔𝐿 sin 𝛼 (4) 

 ∑ 𝐹𝑦 = 0     →      ∑ 𝑁𝑖 = (𝑞𝑏 + 𝑞𝑚)𝑔𝐿 cos 𝛼 (5) 

where 𝜂 is the required fraction of idlers that need to be unidirectional to prevent slip, 
𝑔 is the acceleration due to gravity (taken as 9.79 m/s²), 𝑁 is the normal force of the 
idler roll supporting the conveyor belt, 𝑞𝑏 is the mass per metre of the belt and 𝑞𝑚 is 
the mass per metre of the material load. 

 

Assuming that the material load is distributed evenly along the entire length of the 
conveyor belt, Equation 5 can be substituted into Equation 4 and the unidirectional 
idler quantity formula for this preliminary Friction Model can be stated as: 

Friction 
Model: 

𝜂 =
1

𝜇
tan 𝛼 (6) 
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4.2 ADDITIONAL FRICTION STUDY 

During the course of experimentation, it was discovered that the friction between 
locked idler rolls and the conveyor belt was not the only source of resistance to belt 
slip.  Thus, the need to isolate the friction force from the overall resistance measured 
became apparent.  In order to do this, a friction study was conducted in the TUNRA 
Bulk Solids Africa (TBSA) Laboratory, located at Wits University.  The experiments that 
were run in this lab were adapted from the standardised wall friction testing method 
by clamping belt samples to a shear tester and pushing loaded material samples along 
the belt (Figure 19).  This allowed for the determination of friction coefficients (𝜇). 

 

 

Figure 19. Diagram of the Friction Coefficient Measurement Technique 

 

This friction study examined four different belt samples tested against the three most 
common idler roll materials: steel, Nylon and HDPE.  A total of 25 experiments were 
conducted to measure the COF.  This study revealed COF to be slightly pressure 
dependant, with lower contact pressures usually resulting in lower COFs.  The results 
also showed HDPE and steel samples to yield the lowest and highest COFs respectively. 

 

From the conducted experiments, the worst case (i.e. lowest COF) for each roll 
material sample was identified.  With the slight pressure dependence of friction in 
mind, these worst case values were calculated using a contact pressure of 15 kPa – 
corresponding to a 900 mm wide, 15 kg/m conveyor belt supported by Ø152 mm idler 
rolls separated by a pitch of 1.2 m and demonstrating a roller wrap angle of 10°.  The 
COFs relating to this pressure state (see Table 1) were ultimately used to calculate 
non-friction coefficients (explained in the next section) for each of the experiments 
conducted using the UDR Test Rig. 

 

Table 1. Minimum Observed Coefficients of Friction (𝜇) at 15 kPa of Contact Pressure 
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4.3 QUANTITY FORMULA DERIVATION 

Since it was determined that the force resisting belt motion over locked idler rolls is 
not entirely due to friction, the conventional friction formula (𝐹𝑓 = 𝜇𝑁) could not be 

used to determine the resistive force acting at the belt-idler interface.  However, using 
a modified version of this formula, the overall resistance force could be related to the 
roll normal force.  This adapted formula is given by: 

 𝐹𝑟𝑒𝑠 = 𝜓𝑁 = 𝜆𝜇𝑁 (7) 

where 𝐹𝑟𝑒𝑠 is the resistive force and 𝜓 is the resistance coefficient given by the product 
of the friction and non-friction coefficients (𝜇 and 𝜆 respectively).  The conventional 
friction formula was adapted by replacing the friction term with a newly defined 
resistance coefficient.  This coefficient can be broken up into friction and non-friction 
coefficients, which contribute to overall slip resistance.  With the minimum recorded 
friction coefficients known (see Table 1) and the resistance coefficients determined 
from the measured slip forces and estimated loading conditions for each experiment 
(𝜓 = 𝐹𝑟𝑒𝑠/𝑁), the non-friction coefficient for each experiment was determined using: 

 
𝜆 =

𝜓

𝜇
 (8) 

The use of these empirically determined non-friction factors (𝜆) together with the 
measured COFs, allowed for the resistive force developed at a unidirectional idler set 
to be found, and for a table of non-friction factors at different operating conditions to 
be drawn up (see Table 2 in the Appendix).  In order to extend the empirical findings 
to the theoretical case, the equations for normal force acting at the unidirectional 
centre (𝑁𝑐) and wing (𝑁𝑤) rolls are given by the following two equations [10]. 

 
𝑁𝑐 = 𝑎 (𝑞𝑏 (

𝑙1

𝐵
) + 𝜌𝐴𝑐) 𝑔 (9) 

 
𝑁𝑤 = 𝑎𝜔 (𝑞𝑏 (1 −

𝑙1

𝐵
) + 𝜌𝐴𝑤) 𝑔 (10) 

 

where: 

 

𝜔 =  {

1.00,      if 𝛽 = 0°
1.43,     if 𝛽 = 35°
1.90,     if 𝛽 = 45°

 
 

 

In the above equations, 𝑙1 is the idler roll face length (m), 𝐵 is the belt width (m), 𝜌 is 
the bulk density of the material being conveyed (kg/m³), 𝐴𝑐 and 𝐴𝑤 are the cross-
sectional areas of the conveyed material directly above the centre and wing idler rolls 
respectively, and 𝜔 is the normal coefficient.  These normal coefficients apply to the 
wing rolls of troughed belts that experience greater normal forces than as a result of 
gravity acting alone (refer back to Section 1.2.1) [4]. 
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Based on the preliminary mechanical model presented in Section 4.1, a more in-depth 
analysis was conducted, and a unidirectional idler quantity model was derived.  This 
model incorporated the different resistive conditions of the centre and wing rolls 
resulting from their distinct normal forces (see Equations 9 and 10).  In addition to 
this, considering the significant difference in resistive force at centre rolls as compared 
to the wing rolls, the model stipulates centre rolls as unidirectional first and only when 
the required quantity of these exceeds 100% are unidirectional wing rolls designated.  
The corresponding formulae of this model (the Resistance Model [10]) are given by: 

 𝜂𝑐 =
𝑁

𝜓𝑐𝑁𝑐
tan 𝛼 (11) 

 
𝜂𝑤 = (𝜂𝑐 − 1)

𝜓𝑐𝑁𝑐

𝜓𝑤𝑁𝑤
;         if 𝜂𝑐 > 1 (13) 

 

Resistance 
Model: 

 

𝜂 = {

1

3
𝜂𝑐 ,              if   𝜂𝑐 ≤ 1

1

3
+

2

3
𝜂𝑤,     if   𝜂𝑐 > 1

 
(14) 

where 𝜂𝑐  and 𝜂𝑤  are the required fractions of centre and wing idler rolls respectively 
that need to be unidirectional in order to prevent slip based on the centre and wing 
roll resistance coefficients (𝜓𝑐  and 𝜓𝑤 respectively), and 𝜂 is the total percentage of 
idler rolls that need to be unidirectional in order to prevent slip. 

 

4.4 NUMERICAL MODEL RESULTS 

With all resistive and friction coefficients known for each measured belt slip force and 
knowing the relationship between these two factors (see Equation 8), the non-friction 
coefficients (𝜆) were calculated for each experiment.  These factors were then 
condensed into a list of the minimum recorded values corresponding to the varied 
levels of the three most significant belt conveying factors (belt load, idler pitch and 
troughing angle).  The resulting non-friction coefficients (calculated for centre rolls, 
wing rolls and idler sets) are summarised in Tables 2 to 4 in the Appendix. 

 

The non-friction coefficients listed in these tables were then used together with 
Equation 8 and the minimum observed coefficients of friction to predict the centre 
roll, wing roll and overall idler set resistance coefficients (𝜓𝑐, 𝜓𝑤 and 𝜓) for each 
experimental set-up.  These predictions were then plotted together with the actual 
resistance factors determined through experimentation.  An example of one of these 
comparison plots (in this case the one for overall idler set resistance coefficient) is 
shown in Figure 20.  This graph consists of a scatter plot of all the experimentally 
determined resistance coefficients re-ordered according to the ascending order of the 
resistance coefficient prediction model. 
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Figure 20. Predicted vs Actual Resistance Factors based on Minimum Values of 𝜆 

 

Figure 20 presents a comparison between the predicted and actual coefficients of 
resistances (𝑦-axis) for all the experiments conducted on the UDR Test Rig (𝑥-axis).  
This figure illustrates the relationship between the measured slip forces and the 
derived prediction model – the prediction line is seen to intersect the minimum 
resistance coefficients corresponding to the eight significant operating conditions (see 
Tables 2-4).  Knowing that lower coefficients of resistance are detrimental to the 
functionality of unidirectional idlers, Figure 20 shows that the prediction method used 
is rather conservative – predicting coefficients that are never higher than actual values 
(especially if a safety factor is used).  In summary, the above figure shows that if the 
Resistance Model is used to predict the resistance coefficient of a particular inclined 
belt operating scenario, the model will always err on the side of caution and use the 
worst observed case as the datum for predicting required quantities of unidirectional 
idlers. 

 

Considering the derived Resistance Model, as well as the preliminary Friction Model 
presented in Section 4.1, a comparison study was conducted for a wide variety of 
inclined belt operating conditions.  The comparison of these unidirectional idler 
quantity specifying methods was achieved with a numerical program that was 
designed to cycle through various levels of key conveyor belt factors and calculate the 
unidirectional idler quantities according to the different model equations.  The various 
factors and corresponding factor levels cycled through this program are summarised 
in Table 5 (see Appendix).  A total of 3240 different belt conveying scenarios were 
considered by varying these factors at all levels.  The factors chosen to be varied in 
this case were all those that have a direct effect on the resistance coefficients and 
normal loads, as well as the principal factor of inclination angle. 
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Although this original study [10] assessed a wide range of inclined belt operating 
conditions, many of the scenarios considered are very unlikely to occur in reality.  The 
two factors that this particularly applies to are troughing angle and idler roll type.  It 
is uncommon to design inclined conveyor belts without at least some degree of 
troughing (i.e. flat belts are unexpected).  It is also rare to find inclined belts installed 
with HDPE rolls; steel being the gold standard.  With this in mind, the more common 
operating conditions were applied to the numerical simulation.  The results of this 
condensed study, which only considered steel rolls and troughing angles larger than 
30°, are shown in Figure 21.  This figure illustrates the quantity predictions relating to 
the derived Resistance Model together with the preliminary Friction Model, grouped 
according to belt inclination and arranged in ascending order of the required quantity 
of unidirectional idlers. 

 

It should be noted that when calculating the required quantities of steel unidirectional 
rolls, the worst-case coefficient of friction corresponding to a worn roll, without any 
paint on its surface, was used (i.e. 𝜇 = 0.27).  It should also be noted that a safety 
factor of 1.15 was used for both models. 

 

 

Figure 21. Comparison of Quantity Prediction Models for Common Operating Conditions 

 

In the model comparison plot presented in Figure 21, the required quantity of 
unidirectional steel rolls as specified by the Friction Model is seen to depend on 
inclination angle alone and is not affected by the idler pitch, belt trough, belt width or 
material load.  This is in accordance with the model equation presented in Section 4.1 
(Equation 6).  The quantity of these safety devices according to the Resistance Model, 
on the other hand, is seen to change with changing levels of inclination angle as well 
as with idler pitch, troughing angle, belt width and material loading conditions. 
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With reference to the Resistance Model, it is also interesting to note the spike in 
required unidirectional idler quantities that occurs when the conveyor belt is empty.  
This is because an empty belt does not experience as much resistance from belt sag 
or belt cover indentation as one that is loaded with material.  In addition to this, the 
increase in COF experienced with increased contact pressure (see Section 4.2), means 
that loaded belts exhibit additional resistance to belt slip as a result of contact friction.  
One of the important conclusions that can be drawn from this observation is that an 
empty conveyor belt constitutes a worst-case scenario in terms of belt slip resistance.  
When specifying the required quantity of unidirectional idlers for an installation, the 
calculations must be done for an empty belt, not a loaded one.  If an inclined conveyor 
belt system has enough unidirectional idlers to prevent the runaway of an empty belt 
then it will also be able to hold the belt in place when loaded with bulk material. 

 

Comparing the two models presented in Figure 21 it may be seen that the Resistance 
Model derived from the experimentally determined friction and non-friction factors 
almost always specifies lower quantities of unidirectional idlers than the preliminary 
Friction Model.  In fact, only at an inclination angle of 18° does the Resistance model 
begin to specify larger quantities for certain combinations of inclined belt parameters 
(when the belt is empty and the idler pitch and troughing angle are minimised).  
Knowing the Resistance Model to already be very conservative in its estimation of 
required unidirectional idler quantities, the comparison plot presented in Figure 21 
shows the Friction Model to be somewhat wasteful – particularly in operating 
conditions that exhibit a high degree of conventional and three-dimensional belt sag 
(i.e. when the idler pitch and/or troughing angle is large). 

 

Finally, it was desired to condense all the findings down into a compact quantity matrix 
that may be used in industry as an initial approximate quantity specifying tool.  This 
matrix was generated by using the Resistance Model formulae to calculate the 
quantity of centre and wing rolls required to be unidirectional at varying angles of 
inclination for a worst-case scenario.  This being an empty conveyor belt troughed at 
45° and supported by idlers separated by a 1.2 m pitch.  The combination of a 1.2 m 
idler pitch and a 45° troughing angle constitutes a worst case scenario because of the 
very low non-friction coefficient that results from this particular pairing (see Tables 3 
and 4).  The results of this exercise, which was conducted for both steel and HDPE 
rolls, and which used a safety factor of 1.15, are presented in Table 6 in the Appendix. 

 

This table shows that it is unsafe to use steel unidirectional idlers for conveyor belts 
inclined at an angle greater than 21° and it is unsafe to use HDPE unidirectional idlers 
for inclines greater than 16°.  Knowing that inclination angles greater than 18° are 
uncommon in practice, it is justified to assume steel unidirectional idlers to be suitable 
runaway preventing safety devices regardless of operating conditions.  Unidirectional 
HDPE rolls, on the other hand, should be used with caution.  
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5. CONCLUSION 

The following lists the key findings of unidirectional idler experiments as well as the 
numerical simulation: 

• The conveyor belt experiences belt slip at the wing rolls before the centre roll.  
Therefore, centre rolls should be prioritised when specifying the required 
quantity of unidirectional idler rolls. 
 

• The friction developed between a locked idler roll and the belt is not the only 
source of resistance affecting the performance of unidirectional idlers.  
Instead, there are non-friction resistances at play (such as belt sag) that 
strongly influence the belt pulling force required to induce slip. 

 

• High Density Polyethylene (HDPE) rolls perform poorly when converted to 
unidirectional idlers, exhibiting low resistive forces at belt slip.  This is because 
of the lower COF of HDPE when compared to nylon and steel rolls. 

 

• The smoothing of steel idler rolls (resulting from the painted surface wearing 
away during operation) has a slight effect on the magnitude of the friction 
developed at the surface of these rolls, but ultimately has no significant 
influence on unidirectional idler performance. 

 

• The most significant inclined belt conveying factors (in terms of their effect 
on kinematic slip force) are material load, troughing angle and idler pitch – 
with material load having by far the most influence.  Increasing the levels of 
these factors results in increased resistive forces at belt slip. 

 

• The worst unidirectional idler performance case exists when HDPE idler rolls 
are used, when the idler pitch is low (1200 mm), the troughing angle is high 

(45) and the belt is empty. 
 

• A conservative method for specifying the required quantity of unidirectional 
idler rolls was derived through the separation of friction and non-friction 
effects and the use of experimental data collected with the UDR Test Rig. 

▪ This method took inclination angle, idler type, idler pitch, troughing 
angle and loading conditions into account whereas the preliminary 
friction method only considered inclination angle and idler type. 

 

• Contact friction between an idler roll and a conveyor belt exhibits a slightly 
positive pressure dependence – friction coefficient increases with pressure. 
 

• An empty conveyor belt constitutes a worst-case scenario in terms of belt slip 
resistance.  When specifying the required quantity of unidirectional idlers, the 
calculations must be done for an empty belt, not a loaded one. 

 

• It is not advisable to specify HDPE and steel unidirectional idler rolls for 
inclination angles greater than 16° and 21° respectively. 
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APPENDIX 

Table 2. Minimum Non-Friction Factor Matrix 

 

 

Table 3. Minimum Non-Friction Factor Values for Locked Centre Rolls 

 

 

Table 4. Minimum Non-Friction Factor Values for Locked Wing Rolls 

 

 

Table 5. Factors Cycled Through the Numerical Simulation 
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Table 6. Worst Case Unidirectional Idler Quantities Required at Various Inclination Angles 

 

 


