
 

 

 

The relationship between material displacement and pressure 

reduction in a mass flow hopper during initiation of flow 
 

Colin Haupt 

 

Faculty of Engineering and the Built Environment 

University of the Witwatersrand 

Johannesburg, South Africa. 

 

Supervisor: 

Mr. T Frangakis  

 

A research report submitted to the Faculty of Engineering and the Built Environment, 

University of the Witwatersrand, Johannesburg, in partial fulfilment of the requirements for 

the degree of Master of Science in Engineering. 

 

Johannesburg 2020  







 iv 

Dedication 
This work is dedicated to my loving and patient wife Carey Haupt for holding everything 

together during the many hours I spent working on this, and to our two children, Martin and 

Helen, who always encouraged me to continue to the end without being stressed. 

  



 v 

Acknowledgement 
I would like to acknowledge and thank Mr Terrence Frangakis for his thorough support and 

commitment in guiding my efforts in this research, and doing so during some of the most 

inconvenient of times. 

Also, I am grateful to the staff at North West Engineering laboratory for their efforts in 

construction of the test rig, as well as the Tunra Bulk Solids Africa team who provided 

support in performing the testing work. 

  



 vi 

Contents 
Declaration............................................................................................................................ ii  

Abstract ............................................................................................................................... iii  

Dedication ............................................................................................................................ iv 

Acknowledgement ................................................................................................................ v 

Contents ............................................................................................................................... vi 

List of Figures ...................................................................................................................... xi 

List of Tables ..................................................................................................................... xiv 

Nomenclature ..................................................................................................................... xvi 

 Introduction and Background ............................................................................. 1 

1.1 Summary of Chapter 1 ........................................................................................... 1 

1.2 Research Background/Context ............................................................................... 1 

1.2.1 Initial and flow stress conditions ........................................................................ 1 

1.3 Industrial Application ............................................................................................ 3 

1.4 Research Motivation .............................................................................................. 5 

1.5 Problem Statement ................................................................................................. 5 

1.6 Hypothesis ............................................................................................................. 6 

1.7 Research Questions ................................................................................................ 7 

1.8 Objectives .............................................................................................................. 7 

 Literature Review .............................................................................................. 9 

2.1 Introduction ........................................................................................................... 9 

2.2 Theoretical Analysis .............................................................................................. 9 

2.3 Experimental and Theoretical Investigations ........................................................ 12 

2.4 Industry Experience ............................................................................................. 13 

2.5 Practical Design Recommendations ..................................................................... 14 

2.6 Numerical Analysis (by DEM simulation) and Comparison to Analytical Methods .. 

  ............................................................................................................................ 14 



 vii  

2.7 Summary of literature review ............................................................................... 16 

 Experimentation ............................................................................................... 17 

3.1 Introduction ......................................................................................................... 17 

3.2 Test Rig ............................................................................................................... 17 

3.2.1 Design Basis .................................................................................................... 17 

3.2.2 Material pressures and strength design of the test rig ........................................ 17 

3.2.3 Variations in configuration ............................................................................... 21 

3.2.4 Load cell design and calibration ....................................................................... 22 

3.3 Material Properties .............................................................................................. 23 

3.3.1 Selected materials and parameters to consider .................................................. 23 

3.3.2 Selection of moisture content for moist sand test cases ..................................... 24 

3.3.3 Bulk density measured vs. selected values........................................................ 24 

3.3.4 Wall friction inclined chute test........................................................................ 26 

3.3.5 Selected wall friction and internal friction angles ............................................. 26 

3.4 Testing Procedures .............................................................................................. 27 

3.5 Selection of tests to perform to isolate relevant tests ............................................ 29 

3.6 Data Processing ................................................................................................... 31 

 Observations .................................................................................................... 38 

4.1 Introduction ......................................................................................................... 38 

4.2 Range of pressures encountered during testing, compared to design ..................... 38 

4.3 Behaviours noted during testing action ................................................................ 39 

4.4 Initial observations in test result data ................................................................... 40 

4.4.1 Comparisons between calculated and measured initial and flow pressures ........ 40 

4.4.2 Rate of pressure reduction ................................................................................ 40 

4.4.3 Effects of experimental events and anomalies. ................................................. 41 

4.5 Dimensional scaling of calculated loads and test rig dimensional constraints ....... 42 

 Results ............................................................................................................. 44 







 x 

D.4 Poured angle of repose ............................................................................................ 114 

D.5 Inclined chute test ................................................................................................... 115 

Appendix E Friction Angle Sensitivity Analysis ............................................................ 116 

Appendix F Sample Calculations ................................................................................... 122 

F.1 Calculation of hopper initial and flow pressures................................................... 122 

F.2 Calculation of material withdrawal volume.......................................................... 125 

Appendix G Test Results ............................................................................................... 126 

G.1 Set 2, 20-degrees, 120 mm slot, dry sand, bin levelled full .................................. 127 

G.2 Set 3, 20-degrees, 120 mm, dry sand, hopper only filled ..................................... 129 

G.3 Set 4, 20-degrees, 150 mm, dry sand, bin levelled full ......................................... 131 

G.4 Set 5, 30-degrees, 150 mm, dry sand, hopper filled ............................................. 133 

G.5 Set 6, 30-degrees, 120 mm, dry sand, bin levelled full ......................................... 135 

G.6 Set 7, 30-degrees, 120 mm, dry sand, hopper filled ............................................. 137 

G.7 Set 8, 20-degrees, 150 mm slot, dry sand, hopper filled ....................................... 139 

G.8 Set 9, 20-degrees, 120 mm, aggregate, hopper only ............................................. 141 

G.9 Set 10, 20-degrees, 120 mm slot, moist sand, hopper filled ................................. 143 

G.10 Set 11, 20-degrees, 120 mm, moist sand, hopper filled, PVC lined .................... 145 

G.11 Set 12, Time response test ................................................................................. 147 

Appendix H Test Rig Design Drawings ......................................................................... 152 

 

 

  

















 1 

 Introductio n and Background 

1.1 Summary of Chapter 1 

Chapter 1 consists of the background, problem statement, research question. 

1.2 Research Background/Context  

In the field of Bulk Materials Handling, the structural design of bulk storage bins, hoppers, 

silos, or stockpiles requires accurate analysis of the pressures induced by the stored material. 

This analysis is also significant for the design and sizing of the feeder equipment that controls 

the discharge of material from these facilities. 

The calculation of material-induced pressures is fairly complex, resulting from the nature of 

bulk solids which, unlike fluids, can maintain a certain amount of internal shear force without 

any shear motion. Variables that directly affect the flow of materials include bulk density, 

bulk compressibility, wall friction, internal friction, consolidation pressure and cohesive 

effects. These variables are affected by a number of material parameters including the 

material type, particle shape, surface roughness, size distribution, moisture content, etc. 

Additionally, the bulk material flow properties do not remain as constants in a particular 

application because they are affected by applied consolidation pressure and also other 

parameters such as dwell time. 

Many analytical methods are available for predicting pressures within storage equipment 

such as silos, bins, or stockpiles, and have been developed from empirical methods. Accurate 

prediction of flow properties requires the bulk material to be comprehensively tested under a 

range of consolidation pressures and differing moisture levels in order to arrive at a set of 

data that are appropriate for design calculations. 

1.2.1 Initial and flow stress conditions 

When a bulk solid storage system, for example a silo, is loaded with material from an empty 

condition, the material is gradually loaded on top of the material already in place. As a result, 

the weight of each particle resolves directly downwards. Lateral forces on silo walls also 

develop as far as is required to restrain the material from lateral movement, but the direction 

of the major principal stress field is essentially, vertically downwards. This results in a high 
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 Literature Review 

2.1 Introduction 

This section will review some of the theoretical basis for understanding the manner in which 

loads and stress fields develop in bins and hoppers for the initial filling and the flow 

conditions. It also considers how these relate to the loads onto the gate or feeder at the bin 

outlet. 

Thereafter, a review of previous research is presented in relation to methodologies available 

to calculate the loads quantitatively, and to provide understanding of the qualitative 

behaviours inside a bin and hopper. A summary is then provided of published reports and 

guidelines developed from industrial experience covering aspects of feeder start-up load 

management methods. 

Finally, a discussion is presented on previous investigation performed using numerical 

analysis (discrete element method, referred to as DEM). This provides some insight into the 

topic of the current research in that the method uses direct simulation of movement of 

particles in a bed. The scope of application was seen to be limited due to aspects relating to 

material characterising for DEM and validation against operational cases. It is however, of 

interest for comparative purposes. 

2.2 Theoretical Analysis 

A large portion of the body of knowledge used to perform material properties evaluation and 

analysis of pressures and flow of bulk solids in containers is based on the works of Janssen 

[1] and Jenike [2]. 

Developing largely from the theoretical basis of [1] and [2], and supplemented by various 

other pieces of subsequent research, the Australian Standard AS3774-1996 [12] was 

developed, which defines the required methodology to calculate the loads on bulk solids 

containers such as bins and silos, and also includes loads on gates and feeders. It is a statutory 

code in Australia and it also provides methodologies for consideration of the effects of 

material momentum induced compaction inside a container. The method presented by 

Roberts [5] and [6] uses a similar theoretical calculation but with different nomenclature and 

calculation forms to those used in [12]. 
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Roberts et al [9] performed an experimental investigation into the loads onto a laboratory-

scale rail load-out bin model as typically used for iron ore or coal products. This investigation 

suggested that initial loads are likely to correlate with values calculated for highly 

compressible materials and that the loads are likely to be significantly lower than the values 

typically selected as per the method following the Australian code. The results suggested that 

a value of j=1.8 was appropriate, whereas Roberts, [4] and Standards Australia [12] suggest a 

maximum value of j=0.9, even for flexibly supported feeders and highly compressible 

materials.  

This is significant because the test rig used by Roberts et al [9] intended to mimic a rigidly 

supported gate with low compressibility material which would traditionally be expected to 

match a value of j that was within the range of 0.1-0.45, whereas the behaviour of the system 

demonstrated a significantly higher value for j. 

Guo [10] performed an experimental study relating to the pull-out tensions of belt feeders, 

also considering the pattern of pressures on the outlet. This study gave insight into the 

behaviour of the hopper-feeder interface, considering the effects of the material arching 

above the feeder interface. It presented a phenomenon whereby material at the outlet of the 

hopper located underneath the passive stress field arch, and which is not supported by 

cohesive forces, continues to apply a load onto the feeder underneath even when a stable arch 

is present inside the material bed. The application to the current research is that a partially 

supportive (but not cohesively stable) arched stress field at the outlet of a hopper may be 

unable to provide support to material at the lower extents of the hopper, and loads at the 

outlet may be higher than expected in the flow condition. This assisted understanding of an 

increasing load at the outlet after full development of the flow condition 

2.4 Industry Experience 

The presentation by Leech [13] described initial and flow loads as measured from a large coal 

storage bin belt feeder, and demonstrated how these were significantly lower than the loads 

used in the calculation. This provided an example of how large belt feeders are frequently 

over-sized for loads, because of a lack of accuracy in theoretical models. The two feeders 

considered were over-sized by a factor of between 2.4 and 2.7 for the flow condition, and 

between 3.3 and 4.4 for the initial fill condition. This over-estimation in especially the initial 

case and which was used for equipment mechanical design, is an example of the failure to 
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consider the partial transition between the initial and flow case that tends to take place as a 

result of flexibility of the feeder and compressibility of the bulk solid. The loads used for 

design in the cases presented by Leech [13] and Roberts [11] were all based on initial 

conditions, with no account taken of the possibility to reduce loads based on the principle of 

feeder flexibility. 

It is worth noting that the calculations used by Leech [13] used a value of 0.25 for j as 

described by Roberts [6]. From the comparison to the actual initial loads encountered by 

Leech [13] it is apparent that the calculation should have been made with a value for j greater 

than 0.25 and which coincides with lower design loads. 

2.5 Practical Design Recommendations 

McGee and Bates [14] made reference to design considerations for feeder loads and included 

in the recommendations that several options were available to designers, including mounting 

the feeder on a flexible arrangement or allowing the feeder to be manually lowered before 

starting. No method was presented to quantify the recommended flexibility or displacement, 

and no method was suggested to estimate the reduced force. Therefore, although these were 

useful recommendations, they could not be practically incorporated into a design guideline 

because the required deflection, as well as the degree of force reduction, was not defined. 

Therefore, designing to a lower force would present a significant risk in terms of possibly 

under-sizing equipment or structures. This was because the consequence of under-specifying 

the load would carry the risk of structural failure or failure to perform the feeding duty. For 

this reason, large size mineral feeders have frequently been overdesigned by a substantial 

margin, which remains a common practice. 

2.6 Numerical Analysis (by DEM simulation) and Comparison to 
Analytical Methods 

Hose [15] presented an analysis of an industry-scale feeder hopper at Richards Bay Coal 

Terminal, which was added as a portion of the Phase V Expansion Project. The material 

pressures and loads were calculated analytically for the initial and running cases of the belt 

feeder operation. These calculated loads compared very well to the actual loads measured 

during the belt feeder commissioning. However, a relationship between displacement and 

load during the transition from initial to flow condition was not calculated analytically 
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(especially in the absence of a method to calculate this). Also, this data was not recorded 

during the field commissioning. However, a Discrete Element Modelling (DEM) exercise 

presented some information relating to the initiation of flow. The intention of the DEM 

analysis was to compare the feeder loads before and after initiation of flow. Some reasonable 

agreement was found to exist between the loads calculated through the DEM method and the 

loads identified analytically and experimentally. This would possibly suggest a reasonable 

match between the displacement of material required, as calculated by DEM, against the 

loads actually encountered in a real-world application. 

The time response of loads as a function of flow on the belt feeder, and therefore as a 

function of displacement through the hopper, was presented by Hose in [16] as a set of 

further data following on from [15]. 

Using the data presented by the DEM analysis, it was apparent that the calculated maximum 

belt pull-out tension occurred after a material displacement of approximately 1.8% of the 

hopper opening width. A notable reduction in load to approximately 80% of the initial load 

condition took place after a displacement of approximately 10% of opening width. A steady 

state load condition, which would correlate approximately with the flow condition in mass 

flow hoppers, was seen to have been established after a displacement of approximately 35% 

of opening width.  

Relevant parameters of this system described by Hose in [15][16] were an opening width of 

1000 mm, clean export coal with size of 95 percent passing a 50 mm mesh, moisture content 

of up to 20% and bulk density from 700 to 800 kg/m3. These properties correlate with typical 

expectation of a material with moderately high properties of cohesiveness and 

compressibility. 

It is noted specifically that these simulated data were not validated against practice in any 

way and, therefore, are only of general comparative interest. An additional consideration is 

that the DEM analysis uses significantly larger particle size than any practical fines-

containing material and therefore the effects of contained fines cannot be incorporated into a 

DEM model. It has been noted by numerous DEM-focused design presentations and also in 

work by software developers that it is feasible to determine loads from bulk solids in packed 

beds. This is, however, not a fully refined process yet and there are multiple DEM software 

suppliers who have each developed their models based on different mathematical and 



 16 

solution methods. Evaluation of the development of the switch pressure in a bin or hopper 

can likely be performed successfully with appropriately set up DEM models. This may be a 

field for subsequent research. However, the current study was focused on the traditionally 

used analytical methods as well as measured data. 

2.7 Summary of literature review  

Although there is significant research available to described the load states prior to the onset 

of flow, and after fully establishing flow, there is relatively limited research available to 

indicate how much material removal is required to establish this shift, either in whole or in 

part. On occasions where completed research included some limited information about the 

volumes of material that were withdrawn, this was not the primary research focus of the 

research and was not reported thoroughly in the resulting literature 

Industry experience generally aligns with the expectation that the transition is rapid, requiring 

only a small amount of material to be withdrawn, in comparison to the overall capacity of the 

bin system. 

The literature that is available to describe the process of transition from the initial fill (peaked 

stress field) to the flow condition (arched stress field) describes the progression of the loads 

and how the stress fields re-orient. They do not however present any quantitative analysis 

into how much movement of material is required to achieve this, or the shape of the 

deflection-force curve that results, or what parameters of the system have which effects. 
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The practicality of the system design and construction was such that test dimensions were not 

exactly on 150 mm /120 mm opening and 30°/20° slope. The configurations are as listed in 

Table 3-1. 

Table 3-1 - Nominal vs. Actual hopper dimensions 

Nominal dimensions Measured dimensions Actual dimensions (average) 

Opening 
(mm) 

Angle (°) Opening (mm) 
North / Mid / 

South 

Angle (°) 

West / East 

Opening 
(mm) 

Angle (°) 

150 20 145 / 145 / 148 17.6 / 19.0 146 18.3 

150 30 140 / 140 / 140 27.4 / 28.5 140 28.0 

120 20 120 / 121 / 120 18.7 / 20.2 120.3 19.4 

120 30 120 / 120 / 119 28.7 / 29.8 119.7 29.2 

 

In all analyses and calculations, the average measured dimensions listed in the right two 

columns were used. In discussion and graphing and for ease of discussion, these 

configurations are named according to the nominal dimensions. 

3.2.4 Load cell design and calibration 

The loadcell used was an S-type loadcell with load rating 100 kg. The calibration records, 

calculations, and datasheet are presented in Appendix C 

The calibration formula for Loadcell 1 and Loadcell 2, along with R-squared value are: 

Loadcell 1: Mass=24.739 x (Voltage) + 0.0532   (1) 

 R2 = 0.999 999 3 

Loadcell 2: Mass=25.116 x (Voltage) - 0.323   (2) 

 R2 = 0.999 988 

From observing the calibration curves of the two loadcells together, it was apparent that the 

errors of the two loadcells offset each other resulting in the overall system being more 

accurate than either individual loadcell in terms of conversion from recorded volts to 

measured load. 

Uncertainty of load readings for the overall system, in the load range of interest to the present 

research is 0.2%. This uncertainty was considered sufficiently to not carry through to data 
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material as a function of the distance of plate lowering and the assumed material properties. 

This load was in all cases treated as a measured load. 

A plot is then prepared for the curve of the converted pressure against the lowering distance 

of the feeder plate, with lowering distance as the product of the rotation of the adjustment nut 

with the pitch of the threaded bar. 

Due to the uncertainty of the material properties at the outlet, which are based on assumption, 

there is some uncertainty to the conversion of measured voltage to pressure at the outlet. A 

curve of upper bound and of lower bound withdrawn mass has been tabulated in Table 3-4 

and graphed in Figure 3-7. For the lower bound value, a minimum density and maximum 

repose angle have been used and the converse used for the upper bound value. Based on this, 

upper and lower bound values (denoted as Test 2 (H) and Test 1 (L) respectively) are plotted 

for the hopper pressure are calculated by subtraction and included in the results graph. 

Figure 3-8 and Figure 3-9 are expanded views of Figure 3-7 showing the first 5 mm and last 

10 mm of displacement respectively, allowing clearer view of the specific details in those 

zones. 

The lower bound value relates to a calculation case with high density and low repose angle, 

which implies a greater mass of material withdrawn as a function of plate displacement. 

This implies that if density was maximum (tapped bulk density) and repose angle was 

minimum (resulting in a wider pile), the mass of the pile would be higher. When subtracting 

this from the measured load, it defines the lower bound value, and the converse applies for 

low density with high repose angle which defines the upper bound value. 

It is apparent that the uncertainty (the deviation between the upper and lower bound load 

lines) increases with increasing displacement. After plate displacement of 5.25 mm (3 

rotations) the uncertainty range is -0.18% and +0.64%. After 49 mm displacement, the 

uncertainty increases to -4.3% and +19.7%. On the graphical presentation of each test set, the 

uncertainties are listed at feeder plate displacements of 5.25 mm and at 35 mm only, or where 

no available data is available at that point, the nearest available data point is used for 

comparison. The upper and lower result curves are not graphed for each set for reasons of 

results readability. 





 35 

 
Figure 3-6 Set 9, Case 10 - Loadcell volt readings per nut rotation (raw data) 

 
Figure 3-7 Set 9, Case 10, 20-degrees, 120 mm, 13 mm aggregate, hopper only - full range of test 
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Figure 3-8 Set 9, Case 10, 20-degrees, 120 mm, 13 mm aggregate, hopper only - range 1-5 mm 

 
Figure 3-9 Set 9, Case 10, demonstration of uncertainty and weight corrections, range 40-50 mm 
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In most test cases, including the test case above (case 9), the test was repeated several times 

in order to demonstrate the repeatability of results. An example of the combination of test 

repetitions for Set 9 is shown in Figure 3-10. 

Comparative data processing between the test cases were based on selection of the test result 

that most suitably demonstrated a correctly executed test.  

In all cases, only the test case that presented the most reliable test result was used for 

comparisons and further analysis. In the example of Set 9, only Test 2 was selected for use in 

comparative analysis. 

 
Figure 3-10 Result curves on Set 9 test repetitions 
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 Observations 

4.1 Introduction 

During testing, observations were made relating to the variations of loads on the feeder plate 

(recorded as voltage). These include the effects of time delay between nut adjustment and 

voltage reading, and also consideration of events occurring during a test that had the effect of 

presenting anomalies in the recorded data. Examples are incorrect rotation direction of a nut, 

a delay between adjustment and reading, or accidental bumping of the test rig. 

Observations of the test result include how the loads encountered relate to analytical 

calculated values, and how various test cases compare to each other. These are explored in 

the discussion section. However, it is noted in this section (prior to presentation of the full set 

of results) how test parameters fall acceptably within the design range of the test rig. 

4.2 Range of pressures encountered during testing, compared to 
design 

Comparing the loading capacity of the test rig, as listed in Section 3.2.2, which includes 

selection of the loadcells to be accurate in the range of 20 N to 1000 N, the range of measured 

tensions onto the loadcells across all tests performed, ranged from 52 N to 337 N. These 

extremes were all within the range of the loads calibrated for the loadcells. 

Also described in Section 3.2.2 was the intent that the test pressures be in the range of several 

kPa in order to reliably expect that cohesive properties present in the material were suitably 

demonstrated. 

The range of expected initial (high) pressures in the lower portions of the hopper were 

analytically calculated as between 4.5 kPa and 11.3 kPa using the method of Roberts [4]. 

Corresponding actual maximum measured pressures were in the range of 3.9 kPa and 7.4 

kPa. Based on this, the requirement that the maximum working pressures be in the range of 

several kPa (as noted in Section 3.2.2) was satisfied, and this implies that the test results will 

present some conclusions relating to material cohesion and pressure consolidation which does 

typically present in the range of several kPa.  
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4.3 Behaviours noted during testing action 

Due to the time requirements, it was not feasible to wait an average of five minutes between 

recording data collection points. As a result, all the pressure recordings were taken 

immediately after lowering the plate or within about 20 seconds. This ensured a consistent 

basis of comparison between readings. In some cases, when the measurements were 

interrupted by a minute or more, it was apparent in the pressure graphs that a reading was 

observably higher than measurements immediately before or after. The magnitude of this 

pressure increase was small and did not present a significant influence on the overall results, 

but it does demonstrate that time effects are at play in the seconds after plate lowering,  

It was noticeable from careful inspection through the Perspex wall at the back of the hopper, 

that several seconds after the screw loosening actions, some particles would make small, 

localised movements while the bed stabilised. This was consistent with the observed load 

increase. This leads to a conclusion that small-scale movements, mostly not visible, occur 

during the time after turning the nut, gradually taking the hopper into a stabilised state. 

In other test cases, when due to human error, a wing nut was turned the wrong way, or by the 

wrong amount, the effects on the measured pressures were clear. Tightening the nuts led to 

the plate being raised instead of lowered, compressing the bed of material and resulting in a 

steep increase in pressure. This pressure increase was observable on both loadcell sides due 

to prying action, although the most significant effect was on the loadcell where the error was 

made. This event only occurred a small number of times and the effect on the data was noted. 

Once corrected, it did not impact on subsequent measurements within that particular test. 

Converse to the above, over-loosening the nuts led to faster pressure reduction. Those tests 

were informative in terms of validating similarity of other tests performed on the same 

configuration, but in terms of basic data analysis, they were omitted from the analysis 

because sufficient tests were performed to establish the relative behaviours. In one case, the 

test data was retained and processed by smoothing between values before and after, in order 

to ensure sufficient number of tests to present reliability of data for comparative purposes. 
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4.4 Initial observations in test result data 

4.4.1 Comparisons between calculated and measured initial and flow pressures 

In Figure 3-7 and Figure 3-8, representing the test case using dry Quartz aggregate, it is 

apparent that the maximum and minimum pressures are similar to, but slightly lower, than 

those calculated by the analytical method. Based on the full composite average results for test 

case 10 (Set 9), pressure was measured as 92% of the calculated value and flow pressures at 

59% of the calculated values. It is not the scope of this present study to identify and define 

reasons for the deviations between analytically calculated and experimentally measured 

pressure results. The calculated values are used for reference and comparison purposes only, 

but they are used for comparative ratios and to support discussion as to why some material 

sets behave differently from others. 

Bulk density is a significant determinant of actual load, however with the characterisation 

testing performed, and the considerations to use a 25% consolidated density inside the bin for 

dry materials, there is limited uncertainty relating to bulk density. Rather than considering 

full theoretical extent of density range (from 0% to 100% consolidated), it can be reasonably 

assumed that deviations from the 25% consolidated state may be approximately 10% higher 

or lower than the selected value. Therefore, if the density range is selected as 15% to 35% 

consolidated, this implies a density variation of 1486 kg/m3 to 1522 kg/m3
. This represents a 

variation of only 1.23% above or below the assumed density. By contrast the deviation from 

calculated initial and flow pressures are larger than this. In both states the pressures that 

occurred were lower (92% and 59% respectively). 

4.4.2 Rate of pressure reduction 

Referring to Figure 3-8 it is apparent that within a distance of about 1 mm, the majority of the 

pressure reduction from initial to flow pressure was complete. 

Especially relevant to this test case was the rapid rate of pressure reduction from the initial 

case. The first one eighth rotation (vertical drop of 0.219 mm, or 0.182% of the 120.3 mm 

opening width) resulted in a reduction from  380 N to 230 N. This reduction of 150 N or 39% 

of the initial pressure represented a very rapid reduction of pressure from the initial filling  

case. Further discussion on results from other test sets is included in Chapter 6. 
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No further consideration was made in terms of dimensional scaling of results, other than 

noting the ratios of material displacement (as a percentage of opening width) to percentage 

reduction from initial to flow pressures.  
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 Results 

5.1 Introduction 

In this Chapter, the Results of all the tests are presented according to the different 

configurations (sets) as laid out in Table 3-3. A listing of the full set of results is tabulated 

and presented in graphical form in included in Appendix G. 

The graphical representation of each data set includes the calculated initial and flow loads for 

comparison. 

A graph of each results set is presented in Section 5.2 to Section 5.12: 

5.2 Test Set 2, 20-degree, 120 mm, dry sand, bin filled (levelled) 

Figure 5-1 shows that in this this test set, the initial pressure did not reach the calculated load, 

but that the flow case was relatively closely predicted by the calculation and that the load was 

consistent after the shift to flow load. 

 
Figure 5-1 Set 2, 20-degree, 120 mm, dry sand, Levelled 
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5.3 Test Set 3, 20-degree, 120 mm, dry sand, hopper filled 

Figure 5-2 presents the test results with a 20-degree slope and 120 mm opening with only the 

hopper loaded. 

It is notable that the rate of load reduction is rapid initially, and that after the pressure reaches 

its minimum, the load at the hopper outlet rebounds to a load slightly higher than the flow 

load. 

 

Figure 5-2 Set 3, 20-degree, 120 mm, dry sand, Hopper filled 
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5.4 Test Set 4, 20-degree, 150 mm, dry sand, bin filled (levelled) 

Figure 5-3 presents the case with a levelled bin with dry sand on 120 mm wide and 20-degree 

hopper slope. 

Each of the test curves indicated a test reading that indicated an increase in load during the 

portion of the drawdown when it would normally be expected that each reading with reduce 

load. These relate to experimental anomalies cause by delay or incorrect rotation direction. 

Besides this, it is apparent that the material load did not reach the calculated load value, and 

that the flow load was similar to the value as calculated analytically. 

 

Figure 5-3 Set 4, 20-degree, 150 mm, dry sand, Levelled 
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5.5 Test Set 5, 30-degree, 150 mm, dry sand, hopper filled 

Figure 5-4 presents the results for the 30-degree wall angle with 150 mm wide opening and 

hopper filled. 

It is notable that after completion of the test, the load at hopper appears to increase again to a 

magnitude significantly higher than the calculated flow load. 

 

Figure 5-4 Set 5, 30-degree, 150 mm, dry sand, Hopper filled 

  



 48 

5.6 Test Set 6, 30-degree, 120 mm, dry sand, bin filled (levelled)  

Figure 5-5 presents the flow profile of the case with entire bin filled (levelled to the top) with 

120 mm wide opening and 30-degree slope angle. 

The initial pressure did not reach a large percentage of the calculated initial load. The flow 

load calculation appeared to be a relatively reliable predictor of the actual load during 

withdrawal. 

 

Figure 5-5 Set 6, 30-degree, 120 mm, dry sand, Levelled 
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5.7 Test Set 7, 30-degree, 120 mm, dry sand, hopper filled 

Figure 5-6 presents the results for 120 mm wide hopper opening with a full hopper loading. 

Similar to Test Set 5, the load at hopper appears to increase again to a magnitude greater than 

the calculated flow load. 

 

Figure 5-6 Set 7, 30-degree, 120 mm, dry sand, Hopper filled 
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5.8 Test Set 8, 20-degree, 150 mm, dry sand, hopper filled 

Figure 5-7 presents the behaviour of the dry sand with a 150 mm wide hopper opening. The 

load reduced at a relatively high rate, and the profile after lowering of the plate was relatively 

consistent, and close to the theoretically calculated flow load. 

 

Figure 5-7 Set 8, 20-degree, 150 mm, dry sand, Hopper filled 
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5.9 Test Set 9, 20-degree, 120 mm, dry aggregate, hopper filled 

Figure 5-8 presents the test results from aggregate. It is notable that the initial load 

approached quite closely to the calculated initial load, and that the rate of reduction in load 

was very rapid initially. 

 

Figure 5-8 Set 9, 20-degree, 120 mm, dry aggregate, Hopper filled 
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5.10  Test Set 10, 20-degree, 120 mm, moist sand, hopper filled 

Figure 5-9 presents moist sand material in a 120 mm wide hopper. One test iteration was 

performed using the fast filling method to develop inertial compaction of the material. 

The balance of the tests, which are slow filling cases, do not present a consistent unloading 

profile, possibly because of some variation in the filling process between tests. 

 
Figure 5-9 Set 10, 20-degree, 120 mm, moist sand, Hopper filled 
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the fastest pressure reduction, followed by dry sand, and that moist sand displays the 

slowest reduction of pressure as a function of feeder plate displacement. 

The ratios presented provide insight into which material sets experience the largest 

percentage of their calculated load (aggregate) the load at the fastest rates after initiation of 

flow (aggregate and dry sand), and the percentages of opening width that are required for the 

various configurations. 

The effects of fast filling are seen to be significant for the moist material, in that a high initial 

pressure occurs and a more rapid reduction of pressure takes place after onset of flow. 

Withdrawal from bins filled fast with dry material filling by contrast did not indicate any 

demonstrable difference from the slow filled case. 

5.14  Comparative presentation of test data 

When comparing test results from differing test sets, including with differing bin outlet width 

(and therefore differing area), comparison is made on the basis of calculated pressure at the 

hopper outlet rather than loads. All comparative graphs are therefore presented in units of 

pressure, kilopascals (kPa). 

5.14.1 Variation of material types (fixed configuration) 

 
Figure 5-14 Comparative behaviours of materials with varying properties 
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5.14.2 Variation of wall angle (fixed materials, width and fill configuration) 

Figure 5-15 shows comparative pressure relieving behaviour of the 20-degree and 30-degree 

hopper wall slope angles based on dry sand and a filled hopper and bin vertical section and a 

120 mm opening width  

Figure 5-16 shows the comparison for a hopper only filled configuration with dry sand and 

with 120 mm opening width, and Figure 5-17 shows the comparison for hopper only filled, 

with dry sand, and 150 mm opening width. 

 
Figure 5-15 Comparative behaviours resulting from angle variation 20-degree to 30-degree - filled 120 mm 
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5.14.3 Variation of opening width (fixed materials, angle and fill configuration) 

Comparisons of the effects of variations to opening width are shown in Figure 5-18,  

Figure 5-19, and Figure 5-20 for the bin filled cases, and for the hopper filled cases (20-

degree wall angle and 30-degree wall angle), respectively. 

 
Figure 5-18 Comparison of the effect of outlet opening width - dry sand, filled bin, 20-degree hopper 
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Figure 5-19 Comparison of the effect of outlet opening width - dry sand, hopper filled, 20-degree hopper 

 
Figure 5-20 Comparison of the effect of outlet opening width - dry sand, hopper filled, 30-degree hopper 
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5.14.4 Variation of fill c onfiguration (fixed materials, angle, and opening width) 

The comparisons between behaviours of variation in bin fill configuration are shown in 

Figure 5-21, Figure 5-22, and Figure 5-23. The configurations are based on 120 mm, and 20-

degrees, 150 mm, and 20-degrees, and 12o mm and 30-degrees respectively, in all cases with 

dry sand, 

 
Figure 5-21 Effect of fill configuration, hopper only vs. filled bin, dry sand, 120 mm, 20-deg 
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Figure 5-22  Effect of fill configuration, hopper only vs. filled bin, dry sand, 120 mm, 20-deg 

 
Figure 5-23 Effect of fill configuration, hopper only vs. filled bin, dry sand, 120 mm, 20-deg 
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5.14.5 Variation of wall friction (fixed materials, angle, fill configuration and opening 
width) 

The comparative graph of wall friction materials is apparent as shown in Figure 5-24. 

 
Figure 5-24 Effect of wall friction at hopper surface 

5.14.6 Variation of rate of filling (fixed all other parameters) 

Figure 5-25, shows the effect on dry sand of compaction during filling for two configurations 

150 mm opening width and 120 mm opening width.  
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Figure 5-25 Fast-pour compaction effects - dry materials 

Figure 5-26 shows the same consideration for moist sand.  

 
Figure 5-26 Fast-pour compaction effects - moist (cohesive) materials 
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5.15  Overall summary of pressure reduction rates, all cases 

An overall view of the behaviour of each test case, in terms of rate of pressure reduction to 

50% and to 80% from measured to initial flow case is shown in Figure 5-27. In each data set, 

the first data point represents the feeder plate deflection to 50% and the second, to 80%. 

The vertical axis shows the averaged rate of pressure reduction from the measured initial 

pressure to the measured flow pressure. The horizontal axis shows the deflection of the feeder 

plate, as a function of the hopper opening width. 

 
Figure 5-27 Rate of pressure reduction per test case, to  50% and 80% reduced 

Overall trends per material type as noted in the above sections, are observable. For example, 

aggregate, with reduction of 50% at and 80% at 0.23% and 0.52% of opening width 

respectively. It is also observable that this case showed a rapid rate of pressure reduction as a 

percentage of opening width, of 13.2 kPa per percentage of opening width to the 50% 

reduced pressure state. The dry sand cases showed moderate rate of pressure reduction, 

whereas the moist sand (dashed lines at bottom of graph) showed low rates of pressure 

reduction. The two fast-fill cases for moist sand (case 12 and 14) showed very steep rate of 

pressure reduction due to the compacted state at the outlet.  
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range would have minimal to zero cohesiveness at any moisture level and would, therefore, 

be free-flowing, with low internal friction.  

Considering dry, cohesionless material, the expectation is that wall friction angle and internal 

friction angle will be relatively low compared with a moisture containing material with fine 

material present. 

In considering which particle sizes would be more prone to a rapid switch between the 

peaked (initial) to the arched (flow) condition, consideration is necessary to determine the 

mechanism by which the direction of the principal stress is re-oriented. The rate of change of 

the loads relates directly to the rate at which the re-orientation of principal stress fields takes 

place. 

If the mechanism requires that the particles must re-orient themselves, then it could be 

expected that large lumps would require more movement in the bed in order to re-orient or 

reposition themselves than would be the case with small lumps. 

If however the re-orientation of the stress field is based on the particles remaining in their 

previous orientations, but that only the stress fields change orientation due to small 

movements of the overall material bulk, then this stress field orientation is not dependant on 

individual particle re-orientation. In that case then, larger particle size should not require 

larger movement of the material bulk than for the small lump size materials. 

A comparison of how coarse and fine materials respond to material withdrawal (how quickly 

they effect the pressure switch) can provide insight into whether the load re-orientation is by 

particle re-orientation or by bulk movement without required particle re-orientation. 

The behaviours of the various materials can be seen in Figure 5-14 where the pressure 

behaviour on the feeder plate is plotted against the feeder plate displacement for aggregate, 

dry sand, and moist sand, and an additional case of a PVC hopper wall material. These are 

also plotted against their analytically calculated initial and flow pressures.  

Secondly, in relation to the internal material pressures, the quartz aggregate experienced the 

highest initial pressures, and this case also presented the fastest drop off in pressure. 
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After the concrete aggregate, the next highest loaded and fastest reducing pressure was that of 

the dry sand, which, due to no cohesion and low compressibility, as well as low friction 

properties, also demonstrated a high initial, and fast reducing, pressure. 

The moist sand, with higher internal friction and compressibility, as well as the effects of 

cohesion which further increase the internal friction, demonstrated significantly lower initial 

pressure and slower transition to the flow condition as a result of induced flow.  

Lastly, for the case of increased wall friction with lining by PVC, the initial pressure was 

lower than the equivalent case with the unlined steel surface, and the rate of pressure drop-off 

was slower than was the case for the lower-friction steel case.  

The tests performed on moist sand that included compaction by momentum effects, resulted 

in high initial pressures and rapid reduction of pressure with onset of flow. Effects due to 

compaction were not observed with dry materials. 

6.3 Comparison to theoretical calculations 

The theoretical calculation of loads at the hopper outlet only provide reference loads for 

initial and flow pressures for each test set. These are useful for observing the actual pressures 

encountered and whether they are in general higher or lower than the predicted values. The 

measured values and their behaviour during feeder plate lowering, is the subject of the 

present research. 

In terms of analysis of different material tests, and their pattern of pressure reduction during 

withdrawal it is only important to identify which material sets present more or less friction 

than each other. This is sufficient to make an appropriate comparison. 

To give some insight into the selected material friction properties and the actual pressures 

encountered, as well as how these can affect the initial and flow pressures, a sensitivity 

analysis has been provided in Appendix E. 

6.4 Hopper wall angle 

Because of the nature of the test rig, which alters the angle by lifting up the outlet and sliding 

the wall angles upward, there is less hopper height present for the 30-degree wall slope case 

than for the 20-degree wall slope. Therefore, the differences observed between the pressure 
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behaviours of the two cases also relate to the system depth. It is therefore not straightforward 

to isolate the effect of the wall angle compared to the hopper depth dimension. 

Although angle cannot be isolated without also introducing the height difference between test 

configurations, it is still interesting to see whether pressure reduction ratios and rates were 

significantly different as a function of the slope angle. 

From Figure 5-15, Figure 5-16, and Figure 5-17, it can be observed, that the shallower angle 

(30°) hopper case displays a more rapid drop-off in pressure than does the steeper angle (20°) 

hopper. This is the case even though the steeper case has more initial pressure to disperse 

than the shallower angle case has. This may be contributed to by the effect that the 20-

degrees hopper case does not reach as high a percentage of its calculated load (65%) than the 

30-degrees hopper case does (69%). This is to be expected because it is typical for deep 

hoppers with narrow hopper width to transmit loads less effectively than wider hoppers due 

to the edge effects, which are expected to be more significant for a steeper hopper wall (as 

per discussion of Roberts [4] in Section 2.2). This 4% difference is, however, not sufficient to 

explain why the 30° hopper experiences faster drop-off than the 20° hopper does. The data 

suggests that the stress fields are re-oriented more rapidly for a shallower wall hopper than 

they are for a steep wall hopper. 

To summarise the difference in rate of reduction in pressure of 20-degrees vs. 30-degrees, 

consider the parameters according to Table 5-1, which indicate for the required 

displacements, summarised in Table 6-2. This clarifies how in each case, the 20-degree 

example requires more displacement as a percentage of opening with to achieve 50% and 

80% reduction than the corresponding 30-degree example does. 

The hopper wall angle effects are summarised in Table 6-2. 
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Table 6-2 - Effects of variation to, hopper wall angle 

    

Displacement to 
cause reduced load 

to: 

Displacement  
as % of width 

Rate of 
load 

reduction 
Case 
No  Description 

min 
(mm) 

50% 
(mm) 

80% 
(mm) 

50%  
load 

80%  
load 

 

1 20-degrees, 120 mm slot, dry sand, 
levelled 10.5 0.8 2.2 0.69% 1.83% 

Low 

6 30-degrees, 120 mm slot, dry sand, 
levelled 4.4 0.4 1.1 0.35% 0.95% 

High 

9 20-degrees, 150 mm slot, dry sand, hopper 6.3 0.7 1.9 0.45% 1.32% Low 
4 30-degrees, 150 mm slot, dry sand, hopper 6.6 0.4 1.6 0.31% 1.12% High 
2 20-degrees, 120 mm slot, dry sand, hopper 5.5 0.6 1.4 0.50% 1.20% Low 
7 30-degrees, 120 mm slot, dry sand, hopper 5.7 0.3 1.3 0.23% 1.11% High 

 

6.5 Hopper opening width 

From Figure 5-18, Figure 5-19, and Figure 5-20, it can be seem that results from the 

variations between hopper opening width are more closely comparable than wall angle 

variations. This is because overall height of the loading configuration is unchanged between 

cases, and initial loading is only a function of surcharge pressure and depth of the sloped 

hopper, as noted by Roberts [5]. 

It would have been expected to observe a higher initial pressure for the case of the wider gap 

opening case, because of reduced local and edge effects present with a wider opening. This 

effect was apparent for the 20-degree case with filled bin and is observable as being 

marginally the case for the 30-degree case with only hopper filled. The case of only hopper 

filled with 20-degree wall angle however, presented a deviation from this expectation and it 

was seen that the 120 mm case showed higher initial pressure. This deviation may be due to a 

small variation within the experimental method. Overall, however, it is expected that the 

pressures would be similar between the various cases because the overall height from the top 

of material to the outlet is a constant across the comparable cases. 

It is apparent that for the case with filled bin (refer Figure 5-18), which applies greater 

surcharge pressure onto the hopper, that a wider hopper opening (150 mm) presented a higher 

initial pressure than the narrower (120 mm) opening did. This was to be expected due to 

reduced local effects and edge effects at the outlet of the 150 mm case compared to the 120 

mm case. This is consistent with the discussion in Section 2.2 per Roberts [6].  
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By contrast, the cases with only hopper filled, (refer Figure 5-19, and Figure 5-20), indicated 

a closer similarity of initial pressure between the two cases. This may be related to the 

absence of loads from the hopper above which would provide necessary pressures to cause 

edge effects due to compressibility and local deflections at the bottom of the hopper. With 

those effects absent, or present to a lesser degree, it is feasible that the initial pressures would 

be more similar between the cases. 

The feeder plate deflection needs to be considered in terms of the varied hopper opening 

width and not purely on the basis of the recorded distance of deflection. This is because for 

example, a plate displacement of 1 mm with a 120 mm bin opening width (where this is 

0.83% of opening width) is more significant than for a 150 mm width, (where it is only 

0.66% of the opening width). A set of data for a 150 mm opening gap may therefore show a 

higher rate of reduction on a linear basis, but not on an equivalent basis with deflection 

defined as percentage of opening width.  

When comparing plate displacements on the basis of percentage of hopper opening width, it 

is apparent only for the case with full loaded bin, that the narrower opening led to a more 

rapid reduction in pressure as result of the plate displacement. The difference in the rate was 

however small, differing only by approximately a factor of 10% between the two cases. 

The cases with the hopper filled were not significantly varied between the two cases, possibly 

due to less significant pressures forcing the development of the arched stress field. 

The summary of the effects of hopper width variation is shown in Table 6-3. 

Table 6-3 Effects of variation to hopper opening width 

   

Displacement to 
cause reduced load 

to: 

Displacement  
as % of width 

Rate of 
load 

reduction 
Case 
No  Description 

min 
(mm) 

50% 
(mm) 

80% 
(mm) 

50%  
load 

80%  
load 

 

1 20-degrees, 120 mm slot, dry sand, 
levelled 10.5 0.8 2.2 0.69% 1.83% 

High 

3 20-degrees, 150 mm slot, dry sand, 
levelled 12.0 1.1 3.0 0.76% 2.04% 

Low 

9 20-degrees, 150 mm slot, dry sand, hopper 6.3 0.7 1.9 0.45% 1.32% Neutral 
2 20-degrees, 120 mm slot, dry sand, hopper 5.5 0.6 1.4 0.50% 1.20% Neutral 
4 30-degrees, 150 mm slot, dry sand, hopper 6.6 0.4 1.6 0.31% 1.12% Neutral 
7 30-degrees, 120 mm slot, dry sand, hopper 5.7 0.3 1.3 0.23% 1.11% Neutral 
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6.6 Fill configuration (hopper only or filled bin) 

In comparing the level of fill in each bin configuration the expectation would be that the 

additional pressure from the upper portions of the bin will lead to an initial pressure at the 

outlet to be higher than the hopper only pressure, as is per the calculated case. 

The effects of varying fill configuration for dry sand are shown in Figure 5-21, Figure 5-22, 

and Figure 5-23.  

It is apparent that for the filled bin case, initial pressure was a lower percentage of calculated 

initial pressure than for the case with only the hopper filled. This was noted for all three 

comparisons. This was likely due to the higher pressure at the bottom of the hopper causing 

increased consolidation and deflections, thereby resulting in some load support from a 

partially formed arched stress field in the to the material in the hopper developing as per the 

description from Jenike & Johanson [3]. 

The slopes of the pressure curves as a function of the bottom plate lowering are very similar 

in each case regardless of the level of bin fill. This is likely due to the geometric effects that 

lead to re-orientation of the pressure fields in the lower portions of the hopper being constant 

as a function of the slope and opening width parameters. 

The comparative results are shown in Table 6-4. 

Table 6-4 Effects of variation to fill configuration  

Case 
No. 

Description 
Displacement to 

cause reduced load 
to: 

Displacement  
as % of width 

Rate of 
load 

reduction 

    
min 

(mm) 
50% 
(mm) 

80% 
(mm) 

50%  
load 

80%  
load 

 

1 20-degrees, 120 mm slot, dry sand, levelled 10.5 0.8 2.2 0.69% 1.83% Low 
2 20-degrees, 120 mm slot, dry sand, hopper 5.5 0.6 1.4 0.50% 1.20% High 
3 20-degrees, 150 mm slot, dry sand, levelled 12.0 1.1 3.0 0.76% 2.04% Low 
9 20-degrees, 150 mm slot, dry sand, hopper 6.3 0.7 1.9 0.45% 1.32% High 
6 30-degrees, 120 mm slot, dry sand, levelled 4.4 0.4 1.1 0.35% 0.95% Neutral 
7 30-degrees, 120 mm slot, dry sand, hopper 5.7 0.3 1.3 0.23% 1.11% Neutral 

 



 75 

6.7 Wall material 

The inclined chute test demonstrated that the wall friction angle for hopper walls lined with 

PVC sheeting was slightly higher than for plain steel. However, the test that was performed 

did not directly measure this wall friction angle.  

From Figure 5-24 it can be seen that the minimum pressure (consistent with the flow case) is 

observed to be lower than for the higher friction case, which is consistent with the calculated 

parameters as a function of wall friction angle. The rate at which the pressure reduced from 

initial state, was seen to be less rapid when wall friction was higher. This is consistent with 

the expected behaviours from above sections where it is generally apparent that force 

retarding effects have the consequence of a slower reduction in pressures as a result of 

bottom plate displacement. 

The comparative rate of reduction as a result of wall friction are shown in Table 6-5. 

Table 6-5 Effects of variation to wall friction 

Case 
No. 

Description Displacement to cause 
reduced load to: 

Displacement  
as % of width 

Rate of 
load 

reduction 

    
min 

(mm) 
50% 
(mm) 

80% 
(mm) 

50%  
load 

80%  
load 

 

11 20-degrees, 120 mm slot, moist sand, 
hopper 56.0 1.6 5.4 1.34% 4.46% 

Low 

13 20-degrees, 120 mm slot, moist sand, 
hopper only-PVC 17.5 2.6 7.1 2.15% 5.87% 

Lowest 

 

6.8 Rate of filling  

From comparing Figure 5-25 and Figure 5-26, it is apparent that the cohesive effects of the 

moist sand result in higher initial pressures and more rapid reduction in pressures, whereas 

with dry sand there is negligible effect. 

Pouring material into the hoppers at a high rate causes inertial forces due to the material 

deceleration as it lands onto the hopper surfaces and onto material already in place in the 

hopper. Materials with low cohesion are not affected significantly, whereas cohesive 

materials (mostly materials with moisture) undergo pressure induced consolidation which 

causes higher pressures and greater unconfined yield strength. 
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The large divergence between the fast poured PVC lined case compared to that of plain steel 

as shown in Figure 5-26 is not indicative specifically of effects from the wall friction 

properties, but is a consequence of the experimental procedure. In both cases, the buckets of 

test material were poured as fast as practicable, but in the case of the PVC test, this was done 

slightly faster and more effectively than for the plain steel case.  

The result was that larger compaction pressures were present for the PVC- fast fill case, and 

the effect of the additional compaction is apparent from the test results: a significantly higher 

initial pressure, and more rapid pressure reduction as a function of plate deflection. 

These results are summarised on Table 6-6. 

Table 6-6 Effects of variation to filling rate (cohesive materials) 

Case 
No. 

Description 
Displacement to 

cause reduced load 
to: 

Displacement  
as % of width 

Rate of load 
reduction  

    
min 

(mm) 
50% 
(mm) 

80% 
(mm) 

50%  
load 

80%  
load   

11 20-degrees, 120 mm slot, moist 
sand, hopper 56.0 1.6 5.4 1.34% 4.46% Very low  

12 20-degrees, 120 mm slot, moist 
sand, hopper - Fast Fill 10.5 0.3 0.9 0.22% 0.79% Very high  

13 20-degrees, 120 mm slot, moist 
sand, hopper only-PVC 17.5 2.6 7.1 2.15% 5.87% Very low  

14 20-degrees, 120 mm slot, moist 
sand, hopper only-PVC - Fast Fill 3.1 0.3 0.6 0.21% 0.46% Very high  

 

6.9 Time effects 

The results from the time effect test are shown in Figure 5-11, Figure 5-12, and Figure 5-13. 

It was apparent that on each occasion that the nut and plate were lowered, the initial load 

reduction was significant, but had not yet stabilised. In the seconds immediately after 

lowering the nut/plate, the load started to rise back up slightly, faster at first, and then 

slowing to a case where it was stable after approximately 5 minutes. 

The magnitude of the load after stabilising was typically about 10% higher than the initial 

load measured immediately after adjustment of the nuts. The reason for this time effect was 

apparent when looking through the Perspex sheet at the mass flow hopper, in that small 
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6.13  Recommendations for operational sized installations 

The test program was performed on a small sized test rig with less than 500 kg of material per 

test. Even so, many of the cohesive effects of bulk materials, which are significant also for 

larger scale applications have been shown to have an effect in this laboratory-scale example.   

Any industrial applications making use of these methods should be validated against a similar 

application, but this is a preliminary guideline which may be considered for trial on non-

critical production equipment, for example, stockpiles with multiple reclaim feeders. 

It is recommended that the parameters as listed in Table 6-7 be adopted as a design basis for 

full operational sized feeders. Equipment should in all cases have sufficient mechanical 

strength to withstand the theoretically calculated initial loads, but after lowering by the 

recommended distances, the appropriate 80% reduced loads can be used for the selection of 

feeder driving equipment. 
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 Conclusion 
A test rig was constructed and used to test a selection of materials in several differing layout 

and loading configurations, including variation of hopper angle, hopper opening width, height 

of bin filling and variation of wall slope angles. Three material sets were tested consisting of 

moist sand, dry sand, and dry aggregate. 

The feeder plate underneath the hopper opening was lowered on a screw mechanism and 

loads measured from loadcells were recorded and analysed to demonstrate the reduction in 

the pressure onto the plate as a function of the displacement of the plate.  

It is apparent that the reduction in pressures due to material drawdown takes place rapidly.  

Eighty percent of the reduction from measured Initial to measured Flow pressures was seen to 

take place after an average of 1.28% of hopper opening width for dry sand, and after 2.05% 

for the maximum case. 

Dry aggregate showed an even more rapid reduction, requiring displacement of only 0.52% 

of opening width. 

Cohesion in the sand, caused by moisture, required more displacement to achieve this 80% 

reduction, after an average of 2.4% of opening width, and maximum case value of 5.87%. 5% 

is an appropriate design recommendation for use for design considering that measured values 

are lower than calculated values for moist, cohesive materials. 

When cohesive materials were compacted by the inertial forces associated with rapid filling, 

the initial pressures were significantly higher, but the pressure reduction during onset of flow 

was much more rapid than in gently loaded cases. 

Mass flow feeder systems may be designed with provision to adjust vertically by a distance 

of 1% of opening width (for coarse, near-incompressible and free flowing materials), 2% of 

opening width (for fine, cohesionless materials with low compressibility) or up to 5% of 

opening width (for moderately cohesive, compressible materials). This design feature will 

make it acceptable to design the feeder mechanical components to withdraw at a load reduced 

by 80% of the difference between the calculated initial (active) and the flow (passive) loads. 

This recommendation excludes structural components, which must comply with statutory 

design codes based on maximum possible theoretical loads. 
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Figure B- 2 Sloped (dry) and near-vertical (moist) repose angles from dry and moist sand  
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Appendix C Loadcell calibration and tare 
weight evaluation 

Each loadcell was configured with a signal amplifier and a voltmeter to provide an accurate, 

readable voltage output. 

The two sets of loadcell and amplifier were calibrated on a bench with test weights. The 

minimum applied load was 238.5/239.2 g (for loadcell 1 and loadcell 2 respectively) for the 

mass of the rod, nut, wingnut, and washer.  

Test weights of 5 kg were incrementally added up to a total combed mass of 60.2 kg, 

including the support rod/washer/ nut assembly. A mass excluding the washer was used in the 

calibration procedure (9.5 g for the washer) whereas mass including the washer was used for 

data collection during main testing. 

A calibration curve was determined for each curve, ignoring values less than 5 kg, because 

the calibration readings indicated less stability for loads less than 5 kg and also considering 

that the configuration of the rig would see no values lower than 5 kg per loadcell in any test. 

Additional to the mass of the rods, the mass of the plate was measured as 6.63 kg. This mass, 

together with the mass of the rods, was subtracted from all measured forces to give an 

appropriate tare weight in the evaluation calculations. 

The two loadcells were calibrated together with their respective amplifiers. The calibration 

formulae were calculated from a line fit to measured readings taken of known loads. The 

formulae used in calculations are, 

Loadcell 1: Mass = 24.739 (V) - 0.0532 

Loadcell 2: Mass = 25.116 (V) - 0.323 

In calculations, converting from mass to force, gravitation acceleration was taken as 9.81 

m/s2, which is sufficiently accurate for the purposes of the study although gravitational 

acceleration in Johannesburg is slightly lower than 9.81 m/s2 

The configuration of the loadcell for calibration is as shown in Figure C- 1, complete with 

wingnut, washer, locking nut, and threaded bar. 
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Figure C- 1 Loadcell and amplifier 
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The calibration worksheets for the two loadcells are shown in Table C- 1 and Table C- 2. 

Table C- 1 Loadcell 1 calibration worksheet 

 

Loadcell Calibration #1 Calibrated, 2017/06/29 C. Haupt

Serial Number 5N11547
Amplifier Number TD004
Tare mass 238.5g (rod plus wingnut plus washer)
Tare mass 229 g (excluding washer)

Measuring range "5 - 100"
Calibration Curve - Loadcell #1

Volt (V)
Calibration 
Mass (kg) kg/Volt

Indicated 
Mass (kg) Error

0.078 0.2385 3.0576923
0.2091 5.2385 25.052606 5.2261 -0.24%
0.4118 10.2385 24.862797 10.2407 0.02%
0.614 15.2385 24.818404 15.2429 0.03%
0.817 20.2385 24.771726 20.2650 0.13%
1.017 25.2385 24.816618 25.2128 -0.10%
1.22 30.2385 24.785656 30.2348 -0.01%

1.422 35.2385 24.780942 35.2321 -0.02%
1.624 40.2385 24.777401 40.2293 -0.02%
1.826 45.2385 24.774644 45.2266 -0.03%
2.029 50.2385 24.760227 50.2486 0.02%
2.231 55.2385 24.759525 55.2459 0.01%
2.433 60.2385 24.75894 60.2432 0.01%

Average 24.787898
SD 0.032211 0.06%
SD (%Av.) 0.13%

Calibration Formula: Mass=24.739 x (Volt) +0.0532

y = 24.7390982x + 0.0532052
R² = 0.9999993
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Table C- 2 Loadcell 2 calibration worksheet 

 
 

Loadcell Calibration #2 Calibrated, 2017/06/29 C. Haupt

Serial Number 5016586
Amplifier Number TD003
Tare mass 239.2g (rod plus wingnut plus washer)
Tare mass 229.6g (excluding washer)

Measuring range "5 - 100"
Calibration Curve - Loadcell #2

Volt (V)
Calibration 
Mass (kg) kg/Volt

Indicated 
Mass (kg) Error

0.018 0.2392 13.288889
0.218 5.2392 24.033028 5.1523 -1.66%Loadcell1average
0.418 10.2392 24.495694 10.1755 -0.62% 0.02% -0.30%
0.618 15.2392 24.6589 15.1987 -0.27% 0.03% -0.12%
0.819 20.2392 24.712088 20.2470 0.04% 0.13% 0.08%
1.018 25.2392 24.792927 25.2451 0.02% -0.10% -0.04%
1.219 30.2392 24.806563 30.2934 0.18% -0.01% 0.08%
1.418 35.2392 24.85134 35.2915 0.15% -0.02% 0.07%
1.618 40.2392 24.869716 40.3147 0.19% -0.02% 0.08%
1.817 45.2392 24.897744 45.3128 0.16% -0.03% 0.07%
2.01 50.2392 24.994627 50.1602 -0.16% 0.02% -0.07%
2.21 55.2392 24.995113 55.1834 -0.10% 0.01% -0.04%
2.41 60.2392 24.995519 60.2066 -0.05% 0.01% -0.02%

Average 24.824566 -0.042% 0.004% -0.019%
SD 0.1564995 0.24% 0.06% 0.12%
SD (%Av.) 0.63%

Calibration Formula: Mass=25.116 x (Volt) -0.323

y = 25.116148x - 0.322982
R² = 0.999988
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Figure C- 2 Loadcell datasheet 
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D.1  Bulk density 

The summary of the measured bulk densities (loose poured, and tapped) are as listed in  

Table D- 1 and Table D- 1. 

Table D- 1 Bulk density, sand (dry and moist) 

 

Table D- 2 Bulk density, 13 mm quartz aggregate 

 

  

Sand - Dry Sand - (50% saturation)
Mass(water) 5.25Kg Mass(water) 5.25Kg
Volume(Bucket) 0.00525m3 Volume(Bucket) 0.00525m3

Loose Poured Density Loose Poured Density

Averages Averages
m1 m2 m3 m m1 m2 m3 m

Mass(Kg) 7.67 7.65 7.645 7.655 Mass(Kg) 6.1 6.055 6.295 6.15
Density(kg/m3) 1461 1457 1456 1458 Density(kg/m3) 1162 1153 1199 1171

Tapped Density Tapped Density

Averages Averages
m1 m2 m3 m m1 m2 m3 m

Mass(Kg) 8.665 8.56 8.66 8.628333 Mass(Kg) 8.24 8.335 8.52 8.365
Density(kg/m3) 1650 1630 1650 1643 Density(kg/m3) 1570 1588 1623 1593

Density used for calculation Density used for calculation
Loose + 25% of difference to tapped density 1504 Loose + 50% of difference to tapped density 1382

13 mm Quartz aggregate - full size fraction
Mass(water) 5.25Kg
Volume(Bucket) 0.00525m3

Loose Poured Density

Average
m1 m2 m3 m

Mass(Kg) 7.555 7.705 7.72 7.66
Density(kg/m3) 1439 1468 1470 1459

Tapped Density

Average
m1 m2 m3 m

Mass(Kg) 7.945 7.975 8.27 8.063333
Density(kg/m3) 1513 1519 1575 1536

Density used for calculation:
loose + 25% density increase from Tapped 1478
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Moist sand was reconstituted to 8.2% water by mass. 50% of saturation moisture was selected 

on the basis of experience which shows that maximum cohesive properties of a mineral bulk 

solid typically occurs in the range from about 50% to 60% of saturation moisture. 

After completion of test work, the moisture content was re-measured, and had reduced to 

7.3%, which represents 45% of saturation moisture. 

The calculation sheet for the moisture make-up is listed in Table D- 5. 

Table D- 5 Summary of water addition to give selected moisture content (50% saturation) 

 

  

TUNRA BULK SOLIDS AFRICA

Material Flow Property Testing
Reconstituting Moisture in Material Sample

Material type
Sample fraction
Moisture content Locked output cell
Date Drop down menu

Equipment and material
1. Material sample.
2. Calibrated scale.
3. Bucket or material container, and jug.
4. Water.

Procedure
1. Place an empty bucket or container on the scale and tare the scale so that it reads zero.
2. Add required mass of moist material to the container and record the mass in the table below.
3. Record the existing material moisture content % in the table below. 
4. Enter the desired moisture % (wet basis).
5. The calculation will determine how much water to add to sample to reconstitute the required moisture content.
6. Remove the container with material from the scale. Place the jug on the scale and tare so that it reads zero.
7. Add water to the jug to the required mass as calculated below. 
8. Add the water to the material while thoroughly stirring the material in order to evenly distribute the moisture.

Initial state
Material mass*, g or kg * dry material + existing moisture
Existing material moisture, % wb
Dry material mass, g or kg
Existing water mass, g or kg

Final state
Desired material moisture,  % wb
Total mass of water required, g or kg
Amount of water to add, g or kg <- Add this amount of water to sample

Total wet mass at desired moisture, g or kg

Revision no 3 : 20.02.2017

217.46

2793.36

Input cell

229.06

2575.90
0.45

2564.31
11.59

8.20

Full size fraction
Air dried (0.45%)
8/29/2017

River Sand
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The Quartz Aggregate saturation moisture is (1.3%) record is shown in Table D- 7. 

Table D- 7  Quartz aggregate saturation moisture test record 

 

  

TUNRA BULK SOLIDS AFRICA

Material Flow Property Testing
Moisture Content (Saturated)

Material type
Sample fraction
Moisture content
Date

Test data
- g
g g
g Initial water mass g
g g
% wet basis %

0 1169.8 3.50
15 1160.4 2.40
30 1156.5 1.94
45 1154.4 1.69
60 1153.1 1.53
75 1152.2 1.42
90 1151.7 1.38
105 1151.4 1.34
120 1151.2 1.32

Total mass of moisture in sample 10.6 g
Saturated moisture content 1.3 %, wet basis
Uncertainty % 0.47 %, based on meas. uncertainty of 0.05g and final water mass

% of total saturation 10 20 30 40 50 60 70 80 90 100
Material moisture % 0.1 0.3 0.4 0.5 0.7 0.8 0.9 1.0 1.2 1.3

Revision no 3 : 20.02.2017

817.9 0.9 Conduct another reading after 15 mins.
817.4 0.5 Conduct another reading after 15 mins.
817.1 0.3 Limit reached. Stop reading
816.9 0.2 Limit reached. Stop reading

818.8 1.3 Conduct another reading after 15 mins.

826.1 9.4 Conduct another reading after 15 mins.
822.2 3.9 Conduct another reading after 15 mins.
820.1 2.1

Instruction

835.5 - Conduct another reading after 15 mins.

Conduct another reading after 15 mins.

Time (min)
Total wet 
mass (g)

Material plus water 
mass (g)

Change in 
mass (g)

Moisture 
%, wb

0.3
Cone + material mass (AD MC) 1142.2

Variation limit (%) 0.04
Variation limit (mass)Cone + material mass (wet) 1169.8

Initial moisture content 0.20

1.62

Cone ID large
Dry material massCone mass (dry, empty) 334.3 806.3

Input cell
Locked output cell

807.9Damp sample mass

Air dried
05.07.2017 Drop down menu

Other :
Quartz aggregate

+6.3-16
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D.3 Particle size distribution 

The particle size distribution of the sand is as listed in Table D- 8. 

Table D- 8  Particle size distribution of sand 

 

 

TUNRA BULK SOLIDS AFRICA

Particle Size Distribution

Material type
Sample fraction
Date 0.5%

                                                                                                                       

Action
Sieve size  

(mm)

Mass 
retained 

(g)

Cumulative 
mass (g)

Percent 
retained 

(%)

Cumulative 
retained (%)

Percent 
Passing (%)

6.30 0.0 0.000 0.00 0.00 100.00
5.60 151.5 7326.100 2.07 2.07 97.93
4.00 431.8 7174.600 5.89 7.96 92.04
2.80 891.3 6742.800 12.17 20.13 79.87
2.00 1159.8 5851.500 15.83 35.96 64.04
1.40 1222.4 4691.700 16.69 52.64 47.36
1.00 932.9 3469.300 12.73 65.38 34.62
0.850 359.7 2536.400 4.91 70.29 29.71
0.710 437.4 2176.700 5.97 76.26 23.74
0.500 629.8 1739.300 8.60 84.86 15.14
0.355 425.1 1109.500 5.80 90.66 9.34
Pan 684.4 684.40 9.34 100.00 0.00

Sum (g) 7326.1

Template revision 3 : 2017.06.19

Add data for the mass 
retained per sieve 
aperture size, starting 
from the pan and 
working upwards. For 
non-standard sieve 
sizes (yellow) indicate 
zero if not used and 
hide the row so that it 
will not show on the 
graph. Have one row of 
zeros for the upper 
limit and hide all other 

Moisture content

River Sand
full size fraction
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The particle size distribution of the sand is as listed in Table D- 9. 

Table D- 9  Quartz aggregate particle size distribution 

 

 

 

  

TUNRA BULK SOLIDS AFRICA

Particle Size Distribution

Material type
Sample fraction
Date AD, 0.20

Action
Sieve size  

(mm)

Mass 
retained 

(g)

Cumulative 
mass (g)

Percent 
retained 

(%)

Cumulative 
retained (%)

Percent 
Passing (%)

16.00 0.0 1091.500 0.00 0.00 100.00
11.20 222.5 1091.500 20.38 20.38 79.62
8.00 786.0 869.000 72.01 92.40 7.60
6.30 77.0 83.000 7.05 99.45 0.55
Pan 6.0 6.00 0.55 100.00 0.00

Sum (g) 1091.5

Template revision 3 : 2017.06.19

Add data for the mass 
retained per sieve 
aperture size, starting 
from the pan and 
working upwards. For 
non-standard sieve 

Moisture content

Quartz aggregate
Other :
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D.4 Poured angle of repose 

Poured angle of repose was measured by placing a pile on a flat surface and taking 

measurement from a photograph of the material repose angle. The relevant photographs, with 

their indicated angles are shown in Table D-10. 

Table D-10 Poured angle of repose - photographic record 

Material  Photograph 

Dry 
Aggregate 

40 degrees 

 
Dry Sand 

35 degrees 

 

 

39° 

 

39° 

40° 

 

40° 

35° 

 

35° 

36° 

 

36° 
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As it is, the intention of the present research is to compare between sample sets, with regard 

to their rates of transition from initial to flow properties are and demonstrate qualitative 

effects. Numerical comparison between calculated and measured values are useful only in 

terms of comparison between test sets. 
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G.1 Set 2, 20-degrees, 120 mm slot, dry sand, bin levelled full 

Table G- 1 Test Set 2, 20-degrees, 120 mm, dry sand, bin filled 

 
 

Test Record Sheet Hopper base plate lowering force curve
Set Number 2
Test Name 20 degrees, 120 mm slot, dry sand, levelled

Calculated loads
Max Lump mm P80 Lump mm Moisture % Initial: 652.1   N
Width 120.33mm Length 480 mm Angle 19.4435degrees Flow: 63.7     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose) Initial Flow Average
Load record  
(screw turns)

Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 367 Volt 2 Load 1 Load 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3 DISP. (calc) (calc)

empty
max 392.804 462.2 392.8 423.6
min 52.4494 47.5 52.4 45.8
50% reduction 222.626 254.9 222.6 234.7
80% reduction 120.52 130.5 120.5 121.4
displacement - min10.5 11.4 10.5 10.5
displacement - 50% red.0.83339 1.3384 0.8334 0.5556
50% red displ as % of gap0.69% 1.112% 0.693% 0.462%
displacement - 80% red.2.19941 1.7033 2.1994 1.2747
80% red displ as % of gap1.83% 1.415% 1.828% 1.059%

0 0 1060 1125 914 987 926 1100 26223.4 28255.2 0.00 462.2 0.00 392.8 0.00 423.6 0 652.1 63.7 426.2
0.125 0.219 745 799 683 950 17886.4 23910.1 0.19 0.19 305.3 0.19 327.4 0.21875 652.1 63.7 316.4
0.25 0.438 723 952 638 723 677 821 15956.7 18861.8 0.38 337.5 0.38 260.4 0.38 294.0 0.4375 652.1 63.7 297.3

0.375 0.656 590 674 480 570 13878.6 16827.4 0.56 0.56 236.5 0.56 184.2 0.65625 652.1 63.7 210.3
0.5 0.875 645 751 570 625 420 507 12047.9 12381.9 0.76 268.6 0.76 219.4 0.76 153.9 0.875 652.1 63.7 214.0

0.625 1.094 555 601 426 489 10217.3 12005.1 0.95 0.95 209.6 0.95 150.7 1.09375 652.1 63.7 180.2
0.75 1.313 561 670 465 480 371 400 9153.48 10699.1 1.14 227.9 1.14 157.8 1.14 115.3 1.3125 652.1 63.7 167.0

0.875 1.531 439 464 335 367 9054.53 9619.11 1.33 1.33 147.3 1.33 98.2 1.53125 652.1 63.7 122.8
1 1.750 487 493 380 430 327 364 8411.31 8966.09 1.53 165.9 1.53 124.4 1.53 95.3 1.75 652.1 63.7 128.6

1.125 1.969 304 345 7669.14 8790.28 1.73 1.73 1.73 84.9 1.96875 652.1 63.7 84.9
1.25 2.188 413 478 350 420 276 315 7298.06 8564.23 1.93 143.9 1.93 114.3 1.93 70.5 2.1875 652.1 63.7 109.5

1.375 2.406 2.12 2.12 2.12 2.40625 652.1 63.7 
1.5 2.625 370 426 345 384 274 304 7867.06 8237.73 2.33 120.2 2.33 103.8 2.33 66.9 2.625 652.1 63.7 97.0

1.625 2.844 2.53 2.53 2.53 2.84375 652.1 63.7 
1.75 3.063 366 383 317 335 265 287 7446.49 8338.19 2.73 108.3 2.73 84.5 2.73 60.1 3.0625 652.1 63.7 84.3

1.875 3.281 2.93 2.93 2.93 3.28125 652.1 63.7 
2 3.500 340 357 290 323 245 294 6877.5 7660.06 3.14 95.1 3.14 74.6 3.14 56.6 3.5 652.1 63.7 75.4

2.125 3.719 3.35 3.35 3.35 3.71875 652.1 63.7 
2.25 3.938 310 350 249 280 6729.06 7534.48 3.55 85.7 3.55 3.55 53.7 3.9375 652.1 63.7 69.7

2.375 4.156 3.76 3.76 3.76 4.15625 652.1 63.7 
2.5 4.375 295 341 285 312 246 263 7025.93 7383.78 3.97 79.4 3.97 69.9 3.97 48.3 4.375 652.1 63.7 65.9

2.625 4.594 4.19 4.19 4.19 4.59375 652.1 63.7 
2.75 4.813 318 328 250 268 6753.8 7408.9 4.40 81.4 4.40 4.40 50.1 4.8125 652.1 63.7 65.7

2.875 5.031 4.61 4.61 4.61 5.03125 652.1 63.7 
3 5.250 301 332 267 302 241 266 6679.58 7333.55 4.83 77.8 4.83 62.2 4.83 47.0 5.25 652.1 63.7 62.3

3.125 5.469 5.0 5.0 5.0 5.46875 652.1 63.7 
3.25 5.688 5.3 5.3 5.3 5.6875 652.1 63.7 

3.375 5.906 5.5 5.5 5.5 5.90625 652.1 63.7 
3.5 6.125 278 305 270 295 253 267 6555.89 5.7 64.7 5.7 60.3 5.7 49.3 6.125 652.1 63.7 58.1

3.625 6.344 5.9 5.9 5.9 6.34375 652.1 63.7 
3.75 6.563 6.1 6.1 6.1 6.5625 652.1 63.7 

3.875 6.781 6.4 6.4 6.4 6.78125 652.1 63.7 
4 7.000 272 300 260 292 248 270 6382.72 6906.58 6.6 61.1 6.6 56.2 6.6 47.9 7 652.1 63.7 55.1

4.125 7.219 6.8 6.8 6.8 7.21875 652.1 63.7 
4.25 7.438 7.1 7.1 7.1 7.4375 652.1 63.7 

4.375 7.656 7.3 7.3 7.3 7.65625 652.1 63.7 
4.5 7.875 284 294 265 284 256 271 6531.15 6981.93 7.5 61.7 7.5 54.6 7.5 49.2 7.875 652.1 63.7 55.1

4.625 8.094 7.7 7.7 7.7 8.09375 652.1 63.7 
4.75 8.313 8.0 8.0 8.0 8.3125 652.1 63.7 

4.875 8.531 8.2 8.2 8.2 8.53125 652.1 63.7 
5 8.750 273 295 265 289 252 275 6531.15 7157.74 8.4 58.3 8.4 54.9 8.4 48.3 8.75 652.1 63.7 53.8

5.125 8.969 8.7 8.7 8.7 8.96875 652.1 63.7 
5.25 9.188 8.9 8.9 8.9 9.1875 652.1 63.7 

5.375 9.406 9.2 9.2 9.2 9.40625 652.1 63.7 
5.5 9.625 270 292 260 276 6555.89 7333.55 9.4 55.9 9.4 9.4 49.5 9.625 652.1 63.7 52.7

5.625 9.844 9.6 9.6 9.6 9.84375 652.1 63.7 
5.75 10.063 9.9 9.9 9.9 10.0625 652.1 63.7 

5.875 10.281 10.1 10.1 10.1 10.28125 652.1 63.7 
6 10.500 265 275 264 288 251 274 6704.32 7132.62 10.4 49.5 10.4 52.4 10.4 45.8 10.5 652.1 63.7 49.3

6.125 10.719 10.6 10.6 10.6 10.71875 652.1 63.7 
6.25 10.938 10.9 10.9 10.9 10.9375 652.1 63.7 

6.375 11.156 11.1 11.1 11.1 11.15625 652.1 63.7 
6.5 11.375 258 278 269 295 6852.76 7434.01 11.4 47.5 11.4 11.4 54.4 11.375 652.1 63.7 51.0

6.625 11.594 11.6 11.6 11.6 11.59375 652.1 63.7 
6.75 11.813 11.9 11.9 11.9 11.8125 652.1 63.7 

6.875 12.031 12.1 12.1 12.1 12.03125 652.1 63.7 
7 12.250 264 285 275 299 271 291 7397.01 7459.13 12.4 49.7 12.4 55.8 12.4 52.9 12.25 652.1 63.7 52.8

7.125 12.469 12.7 12.7 12.7 12.46875 652.1 63.7 
7.25 12.688 12.9 12.9 12.9 12.6875 652.1 63.7 

7.375 12.906 13.2 13.2 13.2 12.90625 652.1 63.7 
7.5 13.125 264 292 282 300 7372.28 7961.45 13.4 50.4 13.4 13.4 56.7 13.125 652.1 63.7 53.5

Test 1 Test 2 Test 3 Test 4 (kg)
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G.2 Set 3, 20-degrees, 120 mm, dry sand, hopper only filled 

The second test included a method inconsistency, which was corrected in the data to maintain its 
consistency with other data. 

Table G- 2 Test Set 3, 20-degrees, 120 mm, dry sand, hopper filled  

 

 
 

Test Record Sheet Hopper base plate lowering force curve
Set Number 3
Test Name 20 degrees, 120 mm slot, dry sand, hopper

Calculated loads
Max Lump mm P80 Lump mm Moisture % (air dry) Initial: 421.9   N
Width 120.33mm Length 480 mm Angle 19.4435degrees Flow: 60.9     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average
Load record  (screw 
turns)

Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3

Draw 
Load

Load-
Test 4 DISP. (calc) (calc)

empty empty 140.8 147.9 142.4 148.9 142.9 147.8 137 147
max 326.064 335.7 315.0 326.1 307.9
min 48.1141 47.7 47.4 48.1 45.4
50% reduction 187.089 191.7 181.2 187.1 176.6
80% reduction 103.704 105.3 100.9 103.7 97.9
displacement - min 5.46875 10.1 4.6 5.5 9.0
displacement - 50% red.0.60151 0.6716 0.3560 0.6015 0.4765
50% red displ as % of gap0.500% 0.558% 0.296% 0.500% 0.396%
displacement - 80% red.1.44567 2.0889 1.0825 1.4457 1.8118
80% red displ as % of gap1.201% 1.736% 0.900% 1.201% 1.506%

0 0 797 864 766 813 804 820 771 772 0.00 335.7 0.00 315.0 0.00 326.1 0.00 307.9 0 321.1
0.125 0.219 615 729 598 676 686 756 605 605 0.19 258.1 0.19 240.3 0.19 281.5 0.19 226.2 0.21875 421.9 60.9 251.5
0.25 0.438 513 625 421 469 594 572 504 526 0.38 207.5 0.38 146.1 0.38 213.6 0.38 182.1 0.4375 421.9 60.9 187.3

0.375 0.656 494 589 349 397 517 505 463 443 0.56 193.8 0.56 110.7 0.56 178.2 0.56 151.5 0.65625 421.9 60.9 158.6
0.5 0.875 442 517 347 408 469 478 413 443 0.76 163.3 0.76 112.7 0.76 159.7 0.76 139.2 0.875 421.9 60.9 143.7

0.625 1.094 429 487 337 368 383 409 377 375 0.95 152.6 0.95 100.3 0.95 121.7 0.95 113.5 1.09375 421.9 60.9 122.0
0.75 1.313 421 453 312 340 364 402 427 420 1.14 142.0 1.14 87.1 1.14 115.1 1.14 136.5 1.3125 421.9 60.9 120.2

0.875 1.531 365 407 293 320 332 358 374 365 1.33 116.9 1.33 77.4 1.33 96.3 1.33 109.9 1.53125 421.9 60.9 100.1
1 1.750 355 401 295 326 350 365 1.53 112.8 1.53 79.1 1.53 1.53 103.9 1.75 421.9 60.9 98.6

1.125 1.969 355 401 291 322 303 332 307 322 1.73 112.6 1.73 77.0 1.73 82.5 1.73 82.6 1.96875 421.9 60.9 88.7
1.25 2.188 317 385 1.93 99.3 1.93 1.93 1.93 2.1875 421.9 60.9 99.3

1.375 2.406 276 301 286 295 2.12 2.12 2.12 67.9 2.12 70.5 2.40625 421.9 60.9 69.2
1.5 2.625 314 367 2.33 93.7 2.33 2.33 2.33 2.625 421.9 60.9 93.7

1.625 2.844 257 282 291 315 271 277 2.53 2.53 58.1 2.53 74.6 2.53 62.0 2.84375 421.9 60.9 64.9
1.75 3.063 295 332 2.73 80.1 2.73 2.73 2.73 3.0625 421.9 60.9 80.1

1.875 3.281 262 280 286 296 2.93 2.93 2.93 58.5 2.93 69.9 3.28125 421.9 60.9 64.2
2 3.500 301 331 3.14 80.9 3.14 3.14 3.14 3.5 421.9 60.9 80.9

2.125 3.719 260 293 255 280 257 277 3.35 3.35 60.7 3.35 56.4 3.35 57.8 3.71875 421.9 60.9 58.3
2.25 3.938 278 325 3.55 73.4 3.55 3.55 3.55 3.9375 421.9 60.9 73.4

2.375 4.156 249 274 3.76 3.76 3.76 53.1 3.76 4.15625 421.9 60.9 53.1
2.5 4.375 270 304 3.97 65.9 3.97 3.97 3.97 4.375 421.9 60.9 65.9

2.625 4.594 234 268 247 266 245 252 4.19 4.19 47.4 4.19 50.2 4.19 47.9 4.59375 421.9 60.9 48.5
2.75 4.813 258 283 4.40 57.3 4.40 4.40 4.40 4.8125 421.9 60.9 57.3

2.875 5.031 4.61 4.61 4.61 4.61 5.03125 421.9 60.9 
3 5.250 276 301 4.83 65.7 4.83 4.83 4.83 5.25 421.9 60.9 65.7

3.125 5.469 245.5 268.5 246 262 242 269 5.0 5.0 49.4 5.0 48.1 5.0 50.5 5.46875 421.9 60.9 49.4
3.25 5.688 251 286 5.3 55.5 5.3 5.3 5.3 5.6875 421.9 60.9 55.5

3.375 5.906 5.5 5.5 5.5 5.5 5.90625 421.9 60.9 
3.5 6.125 5.7 5.7 5.7 5.7 6.125 421.9 60.9 

3.625 6.344 257 278 255 260 5.9 5.9 5.9 53.8 5.9 50.6 6.34375 421.9 60.9 52.2
3.75 6.563 254 283 6.1 54.6 6.1 6.1 6.1 6.5625 421.9 60.9 54.6

3.875 6.781 6.4 6.4 6.4 6.4 6.78125 421.9 60.9 
4 7.000 6.6 6.6 6.6 6.6 7 421.9 60.9 

4.125 7.219 257 269 268 296 247 270 6.8 6.8 50.6 6.8 60.1 6.8 50.2 7.21875 421.9 60.9 53.6
4.25 7.438 260 291 7.1 57.1 7.1 7.1 7.1 7.4375 421.9 60.9 57.1

4.375 7.656 7.3 7.3 7.3 7.3 7.65625 421.9 60.9 
4.5 7.875 7.5 7.5 7.5 7.5 7.875 421.9 60.9 

4.625 8.094 256 277 7.7 7.7 7.7 51.5 7.7 8.09375 421.9 60.9 51.5
4.75 8.313 250 274 8.0 49.6 8.0 8.0 8.0 8.3125 421.9 60.9 49.6

4.875 8.531 8.2 8.2 8.2 8.2 8.53125 421.9 60.9 
5 8.750 8.4 8.4 8.4 8.4 8.75 421.9 60.9 

5.125 8.969 264 273 241 264 8.7 8.7 51.4 8.7 8.7 45.4 8.96875 421.9 60.9 48.4
5.25 9.188 246 279 8.9 48.9 8.9 8.9 8.9 9.1875 421.9 60.9 48.9

5.375 9.406 9.2 9.2 9.2 9.2 9.40625 421.9 60.9 
5.5 9.625 9.4 9.4 9.4 9.4 9.625 421.9 60.9 

5.625 9.844 269 289 9.6 9.6 9.6 55.7 9.6 9.84375 421.9 60.9 55.7
5.75 10.063 251 273 9.9 47.7 9.9 9.9 9.9 10.0625 421.9 60.9 47.7

5.875 10.281 10.1 10.1 10.1 10.1 10.28125 421.9 60.9 
6 10.500 10.4 10.4 10.4 10.4 10.5 421.9 60.9 

6.125 10.719 275 287 261 283 10.6 10.6 55.6 10.6 10.6 53.0 10.71875 421.9 60.9 54.3
6.25 10.938 262 289 10.9 53.3 10.9 10.9 10.9 10.9375 421.9 60.9 53.3

6.375 11.156 11.1 11.1 11.1 11.1 11.15625 421.9 60.9 
6.5 11.375 11.4 11.4 11.4 11.4 11.375 421.9 60.9 

6.625 11.594 267 301 11.6 11.6 11.6 56.2 11.6 11.59375 421.9 60.9 56.2
6.75 11.813 264 283 11.9 51.3 11.9 11.9 11.9 11.8125 421.9 60.9 51.3

6.875 12.031 12.1 12.1 12.1 12.1 12.03125 421.9 60.9 
7 12.250 12.4 12.4 12.4 12.4 12.25 421.9 60.9 

7.125 12.469 277 293 272 284 12.7 12.7 55.5 12.7 12.7 53.9 12.46875 421.9 60.9 54.7
7.25 12.688 254 292 12.9 50.1 12.9 12.9 12.9 12.6875 421.9 60.9 50.1

7.375 12.906 13.2 13.2 13.2 13.2 12.90625 421.9 60.9 
7.5 13.125 13.4 13.4 13.4 13.4 13.125 421.9 60.9 

7.625 13.344 289 309 13.7 13.7 13.7 61.5 13.7 13.34375 421.9 60.9 61.5

Test 1 Test 2 Test 3 Test 4

Measured as 277
Measured as 337, nut 
turned wrong way
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Figure G- 3 Test Set 3, 20-deg, 120 mm, dry sand, hopper filled 

 
Figure G- 4 Test Set 3, 20-deg, 120 mm, dry sand, hopper filled 
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G.3 Set 4, 20-degrees, 150 mm, dry sand, bin levelled full 

Table G- 3 Test Set 4, 20-degrees, 150 mm, dry sand, bin levelled full 

 

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 4
Test Name 20 degrees, 150 mm slot, dry sand, levelled

Calculated loads
Max Lump mm P80 Lump mm Moisture % (air dry) Initial: 791.2   N
Width 145 mm Length 480 mm Angle 18.3171degrees Flow: 89.4     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2 DISP. (calc) (calc)

empty 137 147 138 149
max 582.89 582.9 488.9
min 77.411 77.4 85.1
50% reduction 330.15 330.2 287.0
80% reduction 178.51 178.5 165.9
displacement - min 12.031 12.0 13.3
displacement - 50% red. 1.0989 1.0989 0.7207
50% red displ as % of gap0.76% 0.758% 0.497%
displacement - 80% red. 2.9601 2.9601 2.4084
80% red displ as % of gap2.04% 2.041% 1.661%

0 0 1286 1381 1124 1162 0.00 582.9 0.00 488.9 0 791.2    89.4 535.9
0.125 0.219 1100 1277 985 954 0.23 511.9 0.23 403.7 0.21875 791.2    89.4 457.8
0.25 0.438 956 1091 815 847 0.45 430.9 0.45 335.8 0.4375 791.2    89.4 383.4

0.375 0.656 925 928 728 782 0.68 383.0 0.68 298.5 0.65625 791.2    89.4 340.7
0.5 0.875 673 679 0.91 0.91 259.5 0.875 791.2    89.4 259.5

0.625 1.094 815 793 643 648 1.14 322.6 1.14 244.4 1.09375 791.2    89.4 283.5
0.75 1.313 575 579 1.37 1.37 210.6 1.3125 791.2    89.4 210.6

0.875 1.531 734 731 556 558 1.60 287.2 1.60 200.6 1.53125 791.2    89.4 243.9
1 1.750 518 518 1.84 1.84 181.3 1.75 791.2    89.4 181.3

1.125 1.969 722 724 505 522 2.07 282.1 2.07 178.9 1.96875 791.2    89.4 230.5
1.25 2.188 2.31 2.31 2.1875 791.2    89.4 

1.375 2.406 600 644 483 486 2.55 232.3 2.55 164.2 2.40625 791.2    89.4 198.2
1.5 2.625 2.79 2.79 2.625 791.2    89.4 

1.625 2.844 500 550 461 470 3.03 184.4 3.03 154.5 2.84375 791.2    89.4 169.4
1.75 3.063 3.27 3.27 3.0625 791.2    89.4 

1.875 3.281 538 585 422 424 3.51 201.7 3.51 133.2 3.28125 791.2    89.4 167.4
2 3.500 3.76 3.76 3.5 791.2    89.4 

2.125 3.719 417 457 413 420 4.00 140.3 4.00 129.5 3.71875 791.2    89.4 134.9
2.25 3.938 4.25 4.25 3.9375 791.2    89.4 

2.375 4.156 372 406 4.50 116.3 4.50 4.15625 791.2    89.4 116.3
2.5 4.375 4.75 4.75 4.375 791.2    89.4 

2.625 4.594 361 399 388 401 5.00 111.5 5.00 117.8 4.59375 791.2    89.4 114.6
2.75 4.813 5.25 5.25 4.8125 791.2    89.4 

2.875 5.031 365 398 5.50 111.7 5.50 5.03125 791.2    89.4 111.7
3 5.250 5.76 5.76 5.25 791.2    89.4 

3.125 5.469 367 370 6.0 6.0 104.0 5.46875 791.2    89.4 104.0
3.25 5.688 6.3 6.3 5.6875 791.2    89.4 

3.375 5.906 313 354 6.5 87.2 6.5 5.90625 791.2    89.4 87.2
3.5 6.125 6.8 6.8 6.125 791.2    89.4 

3.625 6.344 384 421 7.1 7.1 119.7 6.34375 791.2    89.4 119.7
3.75 6.563 7.3 7.3 6.5625 791.2    89.4 

3.875 6.781 322 353 7.6 88.1 7.6 6.78125 791.2    89.4 88.1
4 7.000 7.8 7.8 7 791.2    89.4 

4.125 7.219 8.1 8.1 7.21875 791.2    89.4 
4.25 7.438 8.4 8.4 7.4375 791.2    89.4 

4.375 7.656 8.6 8.6 7.65625 791.2    89.4 
4.5 7.875 8.9 8.9 7.875 791.2    89.4 

4.625 8.094 338 348 9.2 9.2 88.4 8.09375 791.2    89.4 88.4
4.75 8.313 9.5 9.5 8.3125 791.2    89.4 

4.875 8.531 316 348 9.7 83.2 9.7 8.53125 791.2    89.4 83.2
5 8.750 10.0 10.0 8.75 791.2    89.4 

5.125 8.969 10.3 10.3 8.96875 791.2    89.4 
5.25 9.188 10.6 10.6 9.1875 791.2    89.4 

5.375 9.406 10.9 10.9 9.40625 791.2    89.4 
5.5 9.625 11.1 11.1 9.625 791.2    89.4 

5.625 9.844 348 357 11.4 11.4 90.8 9.84375 791.2    89.4 90.8
5.75 10.063 11.7 11.7 10.0625 791.2    89.4 

5.875 10.281 314 349 12.0 80.7 12.0 10.28125 791.2    89.4 80.7
6 10.500 12.3 12.3 10.5 791.2    89.4 

6.125 10.719 12.6 12.6 10.71875 791.2    89.4 
6.25 10.938 12.9 12.9 10.9375 791.2    89.4 

6.375 11.156 13.1 13.1 11.15625 791.2    89.4 
6.5 11.375 13.4 13.4 11.375 791.2    89.4 

6.625 11.594 356 359 13.7 13.7 90.9 11.59375 791.2    89.4 90.9
6.75 11.813 14.0 14.0 11.8125 791.2    89.4 

6.875 12.031 317 342 14.3 77.4 14.3 12.03125 791.2    89.4 77.4

Test 1 Test 2 Test 3 Test 4

Volt 2 turned 
wrong way

time response due 
to reading delay

(volt 2 turned wrong 
way) affects volt 1 also
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Figure G- 5 Test Set 4, 20deg, 150 mm, dry sand levelled full 

 

 
 

Figure G- 6 Test Set 4, 20-deg, 150 mm, dry sand, levelled full 
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G.4 Set 5, 30-degrees, 150 mm, dry sand, hopper filled  

Table G- 4 Test Set 5, 30-degrees, 150 mm, dry sand, hopper filled  

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 5
Test Name 30 degrees, 150 mm slot, dry sand, hopper

Calculated loads
Max Lump mm P80 Lump mm Moisture % (air dry) Initial: 306.5   N
Width 140 mm Length 480 mm Angle 27.9719degrees Flow: 73.9     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average

Load record  (screw turns)Disp. (mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2
Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3

Draw 
Load

Load-
Test 4 
(fast 
pour) DISP. (calc) (calc)

empty 146 148 148.5 148.3 147.7 148.8 135 149
max 270.904582 270.9 259.0 268.6 252.6
min 59.9538818 60.0 58.1 74.5 68.3
50% reduction 165.429232 165.4 158.5 171.6 160.4
80% reduction 102.144022 102.1 98.3 113.3 105.1
displacement - min 6.5625 6.6 4.8 6.1 5.3
displacement - 50% red. 0.43611686 0.4361 0.4045 0.3276 0.4668
50% red displ as % of gap 0.31% 0.312% 0.289% 0.234% 0.333%
displacement - 80% red. 1.56223758 1.5622 1.2737 1.3864 1.6270
80% red displ as % of gap 1.12% 1.116% 0.910% 0.990% 1.162%

0 0 712 690 684 672 709 686 658 659 0.00 270.9 0.00 259.0 0.00 268.6 0.00 252.6 0 264.9
0.125 0.219 543 571 542 554 521 534 534 532 0.22 200.4 0.22 195.2 0.22 185.3 0.22 191.0 0.21875 306.5 73.9 197.8
0.25 0.438 460 511 442 478 459 484 481 472 0.44 165.2 0.44 152.0 0.44 157.7 0.44 163.1 0.4375 306.5 73.9 158.6

0.375 0.656 435 489 398 441 431 461 441 431 0.66 153.5 0.66 132.0 0.66 145.0 0.66 143.1 0.65625 306.5 73.9 142.8
0.5 0.875 383 425 467 408 405 552 419 412 0.88 124.9 0.88 140.4 0.88 160.9 0.88 132.8 0.875 306.5 73.9 132.6

0.625 1.094 359 407 338 378 384 415 397 388 1.10 114.4 1.10 101.5 1.10 121.8 1.10 121.4 1.09375 306.5 73.9 107.9
0.75 1.313 357 388 333 368 374 404 384 376 1.32 109.0 1.32 97.6 1.32 116.5 1.32 115.0 1.3125 306.5 73.9 103.3

0.875 1.531 353 371 320 339 357 384 389 356 1.55 103.6 1.55 87.1 1.55 107.2 1.55 111.1 1.53125 306.5 73.9 95.3
1 1.750 334 348 303 324 349 382 341 349 1.78 93.1 1.78 79.0 1.78 104.5 1.78 97.5 1.75 306.5 73.9 86.1

1.125 1.969 295 318 2.00 2.00 75.4 2.00 2.00 1.96875 306.5 73.9 75.4
1.25 2.188 334 346 301 328 341 368 327 325 2.23 92.2 2.23 79.1 2.23 98.7 2.23 87.7 2.1875 306.5 73.9 85.6

1.375 2.406 2.46 2.46 2.46 2.46 2.40625 306.5 73.9 
1.5 2.625 293 319 277 304 322 344 317 318 2.69 75.1 2.69 66.9 2.69 87.7 2.69 83.1 2.625 306.5 73.9 71.0

1.625 2.844 2.93 2.93 2.93 2.93 2.84375 306.5 73.9 
1.75 3.063 311 328 277 298 308 336 303 303 3.16 81.2 3.16 64.9 3.16 81.9 3.16 75.6 3.0625 306.5 73.9 73.1

1.875 3.281 3.40 3.40 3.40 3.40 3.28125 306.5 73.9 
2 3.500 288 300 272 285 315 331 296 299 3.63 68.3 3.63 60.0 3.63 81.9 3.63 72.4 3.5 306.5 73.9 64.2

2.125 3.719 3.87 3.87 3.87 3.87 3.71875 306.5 73.9 
2.25 3.938 283 299 272 293 4.11 66.3 4.11 61.5 4.11 4.11 3.9375 306.5 73.9 63.9

2.375 4.156 4.35 4.35 4.35 4.35 4.15625 306.5 73.9 
2.5 4.375 307 324 293 297 4.59 4.59 4.59 77.2 4.59 70.2 4.375 306.5 73.9 

2.625 4.594 4.83 4.83 4.83 4.83 4.59375 306.5 73.9 
2.75 4.813 279 298 268 287 5.08 64.2 5.08 58.1 5.08 5.08 4.8125 306.5 73.9 61.1

2.875 5.031 5.32 5.32 5.32 5.32 5.03125 306.5 73.9 
3 5.250 308 324 286 300 5.57 5.57 5.57 76.5 5.57 68.3 5.25 306.5 73.9 

3.125 5.469 5.8 5.8 5.8 5.8 5.46875 306.5 73.9 
3.25 5.688 281 297 279 294 6.1 63.4 6.1 61.5 6.1 6.1 5.6875 306.5 73.9 62.5

3.375 5.906 6.3 6.3 6.3 6.3 5.90625 306.5 73.9 
3.5 6.125 304 324 6.6 6.6 6.6 74.5 6.6 6.125 306.5 73.9 

3.625 6.344 6.8 6.8 6.8 6.8 6.34375 306.5 73.9 
3.75 6.563 275 293 282 300 7.1 60.0 7.1 62.7 7.1 7.1 6.5625 306.5 73.9 61.3

3.875 6.781 7.3 7.3 7.3 7.3 6.78125 306.5 73.9 
4 7.000 325 347 287 308 7.6 7.6 7.6 84.3 7.6 68.5 7 306.5 73.9 

4.125 7.219 7.9 7.9 7.9 7.9 7.21875 306.5 73.9 
4.25 7.438 281 294 282 300 8.1 60.6 8.1 61.7 8.1 8.1 7.4375 306.5 73.9 61.1

4.375 7.656 8.4 8.4 8.4 8.4 7.65625 306.5 73.9 
4.5 7.875 312 329 8.6 8.6 8.6 75.6 8.6 7.875 306.5 73.9 

4.625 8.094 8.9 8.9 8.9 8.9 8.09375 306.5 73.9 
4.75 8.313 9.2 9.2 9.2 9.2 8.3125 306.5 73.9 

4.875 8.531 9.4 9.4 9.4 9.4 8.53125 306.5 73.9 
5 8.750 299 318 9.7 9.7 9.7 9.7 71.7 8.75 306.5 73.9 

5.125 8.969 10.0 10.0 10.0 10.0 8.96875 306.5 73.9 
5.25 9.188 287 304 302 322 10.2 62.4 10.2 69.8 10.2 10.2 9.1875 306.5 73.9 66.1

5.375 9.406 10.5 10.5 10.5 10.5 9.40625 306.5 73.9 
5.5 9.625 323 340 10.8 10.8 10.8 78.9 10.8 9.625 306.5 73.9 

5.625 9.844 11.1 11.1 11.1 11.1 9.84375 306.5 73.9 
5.75 10.063 11.3 11.3 11.3 11.3 10.0625 306.5 73.9 

5.875 10.281 11.6 11.6 11.6 11.6 10.28125 306.5 73.9 
6 10.500 307 325 11.9 11.9 11.9 11.9 73.2 10.5 306.5 73.9 

6.125 10.719 12.2 12.2 12.2 12.2 10.71875 306.5 73.9 
6.25 10.938 297 304 306 333 12.5 62.6 12.5 71.3 12.5 12.5 10.9375 306.5 73.9 67.0

6.375 11.156 12.7 12.7 12.7 12.7 11.15625 306.5 73.9 
6.5 11.375 327 344 13.0 13.0 13.0 78.6 13.0 11.375 306.5 73.9 

6.625 11.594 13.3 13.3 13.3 13.3 11.59375 306.5 73.9 
6.75 11.813 13.6 13.6 13.6 13.6 11.8125 306.5 73.9 

6.875 12.031 13.9 13.9 13.9 13.9 12.03125 306.5 73.9 
7 12.250 324 349 14.2 14.2 14.2 14.2 81.0 12.25 306.5 73.9 

7.125 12.469 14.5 14.5 14.5 14.5 12.46875 306.5 73.9 
7.25 12.688 312 328 330 345 14.7 69.9 14.7 77.8 14.7 14.7 12.6875 306.5 73.9 73.8

7.375 12.906 15.0 15.0 15.0 15.0 12.90625 306.5 73.9 
7.5 13.125 339 357 15.3 15.3 15.3 82.4 15.3 13.125 306.5 73.9 

7.625 13.344 15.6 15.6 15.6 15.6 13.34375 306.5 73.9 
7.75 13.563 15.9 15.9 15.9 15.9 13.5625 306.5 73.9 

7.875 13.781 16.2 16.2 16.2 16.2 13.78125 306.5 73.9 
8 14.000 346 370 16.5 16.5 16.5 16.5 89.1 14 306.5 73.9 

8.125 14.219 16.8 16.8 16.8 16.8 14.21875 306.5 73.9 
8.25 14.438 317 343 337 350 17.1 72.4 17.1 78.3 17.1 17.1 14.4375 306.5 73.9 75.4

Test 1 Test 2 Test 3 Test 4 (fastpour)

posible 
incorrect 
direction
Data not 
used
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Figure G- 7 Test Set 5, 30-degrees, 150 mm, dry sand, hopper filled 

 

Figure G- 8 Test Set 5, 30-degrees, 150 mm, dry sand, hopper filled, 1-5 mm range 
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G.5 Set 6, 30-degrees, 120 mm, dry sand, bin levelled full 

Table G- 5 Test Set 6, 30-degrees, 120 mm, dry sand, bin levelled full  

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 6
Test Name 30 degrees, 120 mm slot, dry sand, levelled

Calculated loads
Max Lump mm P80 Lump mm Moisture % (air dry) Initial: 488.7   N
Width 120 mm Length 480 mm Angle 29.2195degrees Flow: 67.7     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3

Draw 
Load

Load-
Test 4 DISP. (calc) (calc)

empty 152 149 145 148 143 146
max 342.295 347.9 342.3 328.4
min 51.1146 42.2 51.1 58.7
50% reduction 196.705 195.1 196.7 193.5
80% reduction 109.351 103.4 109.4 112.6
displacement - min 4.375 3.9 4.4 6.1
displacement - 50% red. 0.42045 0.3497 0.4204 0.4053
50% red displ as % of gap 0.35% 0.292% 0.351% 0.339% 0.000%
displacement - 80% red. 1.13684 0.8950 1.1368 1.3354
80% red displ as % of gap 0.95% 0.748% 0.950% 1.116% 0.000%

0 0 884 840 861 832 813 819 0.00 347.9 0.00 342.3 0.00 328.4 0.00 0.0 0 339.5
0.125 0.219 638 605 620 650 632 656 0.19 230.1 0.19 238.8 0.19 244.1 0.19 -0.2 0.21875 488.7 67.7 237.7
0.25 0.438 495 509 516 568 499 547 0.37 171.6 0.37 193.1 0.37 184.8 0.37 -0.4 0.4375 488.7 67.7 183.2

0.375 0.656 410 433 452 407 431 484 0.56 132.0 0.56 137.8 0.56 152.6 0.56 -0.6 0.65625 488.7 67.7 140.8
0.5 0.875 354 377 391 432 399 447 0.75 104.4 0.75 128.9 0.75 135.5 0.75 -0.8 0.875 488.7 67.7 123.0

0.625 1.094 325 358 356 396 362 413 0.94 92.5 0.94 111.4 0.94 118.0 0.94 -0.9 1.09375 488.7 67.7 107.3
0.75 1.313 301 332 344 367 362 398 1.13 80.1 1.13 101.1 1.13 114.1 1.13 -1.1 1.3125 488.7 67.7 98.4

0.875 1.531 295 322 326 341 342 361 1.33 76.0 1.33 90.2 1.33 99.9 1.33 -1.3 1.53125 488.7 67.7 88.7
1 1.750 280 299 317 329 327 348 1.52 66.5 1.52 84.8 1.52 92.9 1.52 -1.5 1.75 488.7 67.7 81.4

1.125 1.969 282 288 295 305 1.72 64.1 1.72 73.4 1.72 1.72 -1.7 1.96875 488.7 67.7 68.7
1.25 2.188 265 282 282 299 300 314 1.91 58.3 1.91 68.5 1.91 77.6 1.91 -1.9 2.1875 488.7 67.7 68.1

1.375 2.406 2.11 2.11 2.11 2.11 -2.1 2.40625 488.7 67.7 
1.5 2.625 245 265 266 292 279 300 2.31 48.8 2.31 62.5 2.31 68.6 2.31 -2.3 2.625 488.7 67.7 60.0

1.625 2.844 2.51 2.51 2.51 2.51 -2.5 2.84375 488.7 67.7 
1.75 3.063 238 266 271 287 290 300 2.72 47.0 2.72 62.1 2.72 70.9 2.72 -2.7 3.0625 488.7 67.7 60.0

1.875 3.281 2.92 2.92 2.92 2.92 -2.9 3.28125 488.7 67.7 
2 3.500 250 267 264 277 282 294 3.12 49.7 3.12 57.5 3.12 67.1 3.12 -3.1 3.5 488.7 67.7 58.1

2.125 3.719 3.33 3.33 3.33 3.33 -3.3 3.71875 488.7 67.7 
2.25 3.938 238 250 257 269 3.54 42.2 3.54 53.5 3.54 3.54 -3.5 3.9375 488.7 67.7 47.8

2.375 4.156 3.74 3.74 3.74 3.74 -3.7 4.15625 488.7 67.7 
2.5 4.375 245 273 267 283 3.95 3.95 51.1 3.95 59.9 3.95 -4.0 4.375 488.7 67.7 55.5

2.625 4.594 4.16 4.16 4.16 4.16 -4.2 4.59375 488.7 67.7 
2.75 4.813 239 259 261 275 4.38 43.8 4.38 55.1 4.38 4.38 -4.4 4.8125 488.7 67.7 49.5

2.875 5.031 4.59 4.59 4.59 4.59 -4.6 5.03125 488.7 67.7 
3 5.250 273 282 4.80 4.80 4.80 60.3 4.80 -4.8 5.25 488.7 67.7 60.3

3.125 5.469 5.0 5.0 5.0 5.0 -5.0 5.46875 488.7 67.7 
3.25 5.688 251 258 265 275 5.2 45.6 5.2 55.2 5.2 5.2 -5.2 5.6875 488.7 67.7 50.4

3.375 5.906 5.5 5.5 5.5 5.5 -5.5 5.90625 488.7 67.7 
3.5 6.125 266 286 5.7 5.7 5.7 58.7 5.7 -5.7 6.125 488.7 67.7 58.7

3.625 6.344 5.9 5.9 5.9 5.9 -5.9 6.34375 488.7 67.7 
3.75 6.563 245 262 262 279 6.1 44.3 6.1 54.6 6.1 6.1 -6.1 6.5625 488.7 67.7 49.4

3.875 6.781 6.3 6.3 6.3 6.3 -6.3 6.78125 488.7 67.7 
4 7.000 282 288 6.6 6.6 6.6 62.2 6.6 -6.6 7 488.7 67.7 62.2

4.125 7.219 6.8 6.8 6.8 6.8 -6.8 7.21875 488.7 67.7 
4.25 7.438 256 264 262 273 7.0 46.6 7.0 52.2 7.0 7.0 -7.0 7.4375 488.7 67.7 49.4

4.375 7.656 7.2 7.2 7.2 7.2 -7.2 7.65625 488.7 67.7 
4.5 7.875 277 295 7.5 7.5 7.5 61.8 7.5 -7.5 7.875 488.7 67.7 61.8

4.625 8.094 7.7 7.7 7.7 7.7 -7.7 8.09375 488.7 67.7 
4.75 8.313 276 284 7.9 7.9 57.4 7.9 7.9 -7.9 8.3125 488.7 67.7 57.4

4.875 8.531 8.2 8.2 8.2 8.2 -8.2 8.53125 488.7 67.7 
5 8.750 8.4 8.4 8.4 8.4 -8.4 8.75 488.7 67.7 

5.125 8.969 8.6 8.6 8.6 8.6 -8.6 8.96875 488.7 67.7 
5.25 9.188 269 275 273 286 8.9 50.6 8.9 56.2 8.9 8.9 -8.9 9.1875 488.7 67.7 53.4

5.375 9.406 9.1 9.1 9.1 9.1 -9.1 9.40625 488.7 67.7 
5.5 9.625 288 302 9.4 9.4 9.4 64.3 9.4 -9.4 9.625 488.7 67.7 64.3

5.625 9.844 9.6 9.6 9.6 9.6 -9.6 9.84375 488.7 67.7 
5.75 10.063 9.8 9.8 9.8 9.8 -9.8 10.0625 488.7 67.7 

5.875 10.281 10.1 10.1 10.1 10.1 -10.1 10.28125 488.7 67.7 
6 10.500 10.3 10.3 10.3 10.3 -10.3 10.5 488.7 67.7 

6.125 10.719 10.6 10.6 10.6 10.6 -10.6 10.71875 488.7 67.7 
6.25 10.938 277 285 285 297 10.8 53.0 10.8 59.9 10.8 10.8 -10.8 10.9375 488.7 67.7 56.4

6.375 11.156 11.1 11.1 11.1 11.1 -11.1 11.15625 488.7 67.7 
6.5 11.375 297 316 11.3 11.3 11.3 67.9 11.3 -11.3 11.375 488.7 67.7 67.9

6.625 11.594 11.6 11.6 11.6 11.6 -11.6 11.59375 488.7 67.7 
6.75 11.813 11.8 11.8 11.8 11.8 -11.8 11.8125 488.7 67.7 

6.875 12.031 12.1 12.1 12.1 12.1 -12.1 12.03125 488.7 67.7 
7 12.250 12.3 12.3 12.3 12.3 -12.3 12.25 488.7 67.7 

7.125 12.469 12.6 12.6 12.6 12.6 -12.6 12.46875 488.7 67.7 
7.25 12.688 291 300 296 303 12.9 58.1 12.9 62.0 12.9 12.9 -12.9 12.6875 488.7 67.7 60.0

Test 1 Test 2 Test 3 Test 4
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Figure G- 9 Test Set 6, 30-degrees, 120 mm, dry sand, bin levelled full 

 

Figure G- 10  Test Set 6, 30-degrees, 120 mm, dry sand, bin levelled full, 1-5 mm range 
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G.6 Set 7, 30-degrees, 120 mm, dry sand, hopper filled 

 
Table G- 6 Test Set 7, 30-degrees, 120 mm, dry sand, hopper filled  

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 7
Test Name 30 degrees, 120 mm slot, dry sand, hopper

Calculated loads
Max Lump mm P80 Lump mm Moisture % (air dry) Initial: 262.0   N
Width 119.7mm Length 480 mm Angle 29.22degrees Flow: 57.6     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3 
(fastpo

ur)
Draw 
Load

Load-
Test 4 DISP. (calc) (calc)

empty 146 157 146 158 146 161 145 159
max 215.9333 212.5 215.9 198.6 223.5
min 47.33482 59.3 47.3 48.3 51.4
50% reduction 131.6341 135.9 131.6 123.4 137.5
80% reduction 81.05452 89.9 81.1 78.4 85.8
displacement - min 5.6875 3.9 5.7 5.7 3.5
displacement - 50% red. 0.27573 0.3494 0.2757 0.3418 0.2169
50% red displ as % of gap 0.230% 0.292% 0.230% 0.286% 0.181%
displacement - 80% red. 1.332331 1.2626 1.3323 1.2431 0.9024
80% red displ as % of gap 1.113% 1.055% 1.113% 1.039% 0.754%

0 0 582 590 586 601 553 566 596 622 0.00 212.5 0.00 215.9 0.00 198.6 0.00 223.5 0 217.3
0.125 0.219 471 472 429 446 425 447 430 434 0.19 156.3 0.19 139.5 0.19 138.0 0.19 136.7 0.21875 262.0      57.6     144.2
0.25 0.438 397 407 369 384 376 391 364 368 0.37 122.1 0.37 109.4 0.37 112.1 0.37 104.3 0.4375 262.0      57.6     111.9

0.375 0.656 385 391 355 366 354 364 335 337 0.56 115.1 0.56 101.4 0.56 99.9 0.56 89.4 0.65625 262.0      57.6     102.0
0.5 0.875 366 386 341 347 339 341 329 331 0.75 109.1 0.75 93.1 0.75 90.4 0.75 86.3 0.875 262.0      57.6     96.2

0.625 1.094 340 353 325 334 334 328 318 328 0.94 94.4 0.94 85.9 0.94 85.8 0.94 82.7 1.09375 262.0      57.6     87.7
0.75 1.313 327 343 318 326 310 308 295 306 1.13 88.6 1.13 82.0 1.13 74.9 1.13 71.5 1.3125 262.0      57.6     80.7

0.875 1.531 311 325 292 310 278 286 1.33 80.1 1.33 71.6 1.33 1.33 62.2 1.53125 262.0      57.6     71.3
1 1.750 307 319 285 303 285 296 278 288 1.52 77.5 1.52 67.9 1.52 65.5 1.52 62.5 1.75 262.0      57.6     69.3

1.125 1.969 298 305 1.72 71.6 1.72 1.72 1.72 1.96875 262.0      57.6     71.6
1.25 2.188 291 302 269 283 281 294 270 278 1.91 69.0 1.91 58.7 1.91 63.6 1.91 57.7 2.1875 262.0      57.6     61.8

1.375 2.406 2.11 2.11 2.11 2.11 2.40625 262.0      57.6     
1.5 2.625 289 297 269 278 276 281 267 273 2.31 66.9 2.31 57.1 2.31 58.8 2.31 55.4 2.625 262.0      57.6     59.8

1.625 2.844 2.51 2.51 2.51 2.51 2.84375 262.0      57.6     
1.75 3.063 287 302 253 265 273 278 262 276 2.72 67.2 2.72 49.6 2.72 56.9 2.72 54.5 3.0625 262.0      57.6     57.1

1.875 3.281 2.92 2.92 2.92 2.92 3.28125 262.0      57.6     
2 3.500 255 267 257 270 3.12 3.12 50.2 3.12 3.12 51.4 3.5 262.0      57.6     50.8

2.125 3.719 3.33 3.33 3.33 3.33 3.71875 262.0      57.6     
2.25 3.938 275 285 262 269 259 271 3.54 59.3 3.54 52.0 3.54 51.0 3.54 3.9375 262.0      57.6     55.6

2.375 4.156 3.74 3.74 3.74 3.74 4.15625 262.0      57.6     
2.5 4.375 257 269 266 277 3.95 3.95 50.3 3.95 3.95 54.5 4.375 262.0      57.6     52.4

2.625 4.594 4.16 4.16 4.16 4.16 4.59375 262.0      57.6     
2.75 4.813 282 297 258 270 265 271 4.38 63.1 4.38 50.4 4.38 51.6 4.38 4.8125 262.0      57.6     56.8

2.875 5.031 4.59 4.59 4.59 4.59 5.03125 262.0      57.6     
3 5.250 264 274 4.80 4.80 4.80 4.80 52.4 5.25 262.0      57.6     52.4

3.125 5.469 5.0 5.0 5.0 5.0 5.46875 262.0      57.6     
3.25 5.688 287 301 255 264 259 267 5.2 64.5 5.2 47.3 5.2 48.3 5.2 5.6875 262.0      57.6     55.9

3.375 5.906 5.5 5.5 5.5 5.5 5.90625 262.0      57.6     
3.5 6.125 265 281 5.7 5.7 5.7 5.7 53.5 6.125 262.0      57.6     53.5

3.625 6.344 5.9 5.9 5.9 5.9 6.34375 262.0      57.6     
3.75 6.563 292 303 268 277 267 270 6.1 65.3 6.1 52.8 6.1 50.1 6.1 6.5625 262.0      57.6     59.1

3.875 6.781 6.3 6.3 6.3 6.3 6.78125 262.0      57.6     
4 7.000 269 286 6.6 6.6 6.6 6.6 54.8 7 262.0      57.6     54.8

4.125 7.219 6.8 6.8 6.8 6.8 7.21875 262.0      57.6     
4.25 7.438 285 298 7.0 61.5 7.0 7.0 7.0 7.4375 262.0      57.6     61.5

4.375 7.656 7.2 7.2 7.2 7.2 7.65625 262.0      57.6     
4.5 7.875 276 286 7.5 7.5 7.5 7.5 55.6 7.875 262.0      57.6     55.6

4.625 8.094 7.7 7.7 7.7 7.7 8.09375 262.0      57.6     
4.75 8.313 296 308 289 294 279 283 7.9 65.7 7.9 60.3 7.9 54.4 7.9 8.3125 262.0      57.6     63.0

4.875 8.531 8.2 8.2 8.2 8.2 8.53125 262.0      57.6     
5 8.750 281 290 8.4 8.4 8.4 8.4 56.9 8.75 262.0      57.6     56.9

5.125 8.969 8.6 8.6 8.6 8.6 8.96875 262.0      57.6     
5.25 9.188 8.9 8.9 8.9 8.9 9.1875 262.0      57.6     

5.375 9.406 9.1 9.1 9.1 9.1 9.40625 262.0      57.6     
5.5 9.625 285 296 9.4 9.4 9.4 9.4 58.4 9.625 262.0      57.6     58.4

5.625 9.844 9.6 9.6 9.6 9.6 9.84375 262.0      57.6     
5.75 10.063 313 325 292 304 285 291 9.8 72.1 9.8 61.6 9.8 55.9 9.8 10.0625 262.0      57.6     66.8

5.875 10.281 10.1 10.1 10.1 10.1 10.28125 262.0      57.6     
6 10.500 301 313 10.3 10.3 10.3 10.3 65.5 10.5 262.0      57.6     65.5

6.125 10.719 10.6 10.6 10.6 10.6 10.71875 262.0      57.6     
6.25 10.938 10.8 10.8 10.8 10.8 10.9375 262.0      57.6     

6.375 11.156 11.1 11.1 11.1 11.1 11.15625 262.0      57.6     
6.5 11.375 11.3 11.3 11.3 11.3 11.375 262.0      57.6     

6.625 11.594 11.6 11.6 11.6 11.6 11.59375 262.0      57.6     
6.75 11.813 316 316 299 309 296 301 11.8 68.6 11.8 62.5 11.8 59.1 11.8 11.8125 262.0      57.6     65.6

6.875 12.031 12.1 12.1 12.1 12.1 12.03125 262.0      57.6     
7 12.250 312 323 12.3 12.3 12.3 12.3 68.6 12.25 262.0      57.6     68.6

7.125 12.469 12.6 12.6 12.6 12.6 12.46875 262.0      57.6     
7.25 12.688 12.9 12.9 12.9 12.9 12.6875 262.0      57.6     

Test 1 Test 2 Test 3 (fastpour) Test 4
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Figure G- 11 Test Set 7, 30-degrees, 120 mm, dry sand, hopper filled 

 

Figure G- 12 Test Set 7, 30-degrees, 120 mm, dry sand, hopper filled, 1-5 mm range 
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G.7 Set 8, 20-degrees, 150 mm slot, dry sand, hopper filled 

Table G- 7 Test Set 8, 20-degrees, 150 mm, dry sand, hopper filled  

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 8
Test Name 20 degrees, 150 mm slot, dry sand, hopper

Calculated loads
Max Lump mm P80 Lump mm Moisture % (air dry) Initial: 511.9   N
Width 146 mm Length 480 mm Angle 18.32degrees Flow: 85.0     N
Tare 7.09kg Spec. wt 14756.7N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 35 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3 DISP. (calc) (calc)

empty 0 138 148 138 152 137 147
max 367.316 388.6 342.2 367.3
min 70.9252 80.4 70.8 70.9
50% reduction 219.12 234.5 206.5 219.1
80% reduction 130.203 142.0 125.1 130.2
displacement - min 6.34375 12.5 7.0 6.3
displacement - 50% red. 0.6582 0.7570 0.5621 0.6582
50% red displ as % of gap 0.45% 0.518% 0.385% 0.451%
displacement - 80% red. 1.92277 2.4071 1.6862 1.9228
80% red displ as % of gap 1.32% 1.649% 1.155% 1.317%

0 0 916 959 826 863 883 903 0.00 388.6 0.00 342.2 0.00 367.3 0 378.0
0.125 0.219 729 776 664 700 754 772 0.23 297.9 0.23 262.4 0.23 303.5 0.21875 511.9  85.0  300.7
0.25 0.438 653 727 581 602 659 670 0.45 267.2 0.45 217.9 0.45 255.1 0.4375 511.9  85.0  261.1

0.375 0.656 629 655 551 551 577 607 0.68 243.4 0.68 197.9 0.68 219.4 0.65625 511.9  85.0  231.4
0.5 0.875 588 618 509 519 565 569 0.92 224.1 0.92 179.5 0.92 206.9 0.875 511.9  85.0  215.5

0.625 1.094 551 573 457 469 537 531 1.15 203.8 1.15 154.4 1.15 190.5 1.09375 511.9  85.0  197.2
0.75 1.313 494 533 424 448 510 518 1.38 179.9 1.38 141.0 1.38 180.6 1.3125 511.9  85.0  180.2

0.875 1.531 491 515 387 406 465 474 1.61 174.5 1.61 121.4 1.61 158.6 1.53125 511.9  85.0  166.5
1 1.750 397 431 427 512 1.85 1.85 129.7 1.85 158.5 1.75 511.9  85.0  158.5

1.125 1.969 472 492 377 417 2.09 163.7 2.09 2.09 122.7 1.96875 511.9  85.0  143.2
1.25 2.188 344 380 2.33 2.33 103.8 2.33 2.1875 511.9  85.0  

1.375 2.406 429 446 388 419 2.57 141.5 2.57 2.57 125.4 2.40625 511.9  85.0  133.4
1.5 2.625 338 349 2.81 2.81 94.3 2.81 2.625 511.9  85.0  

1.625 2.844 395 416 344 370 3.05 125.4 3.05 3.05 102.1 2.84375 511.9  85.0  113.7
1.75 3.063 316 337 3.29 3.29 85.5 3.29 3.0625 511.9  85.0  

1.875 3.281 389 407 322 347 3.54 121.2 3.54 3.54 90.6 3.28125 511.9  85.0  105.9
2 3.500 314 345 3.78 3.78 86.5 3.78 3.5 511.9  85.0  

2.125 3.719 365 391 316 342 4.03 110.9 4.03 4.03 87.5 3.71875 511.9  85.0  99.2
2.25 3.938 4.28 4.28 4.28 3.9375 511.9  85.0  

2.375 4.156 4.53 4.53 4.53 4.15625 511.9  85.0  
2.5 4.375 318 338 4.78 4.78 84.7 4.78 4.375 511.9  85.0  

2.625 4.594 350 365 292 320 5.03 99.9 5.03 5.03 75.2 4.59375 511.9  85.0  87.5
2.75 4.813 5.29 5.29 5.29 4.8125 511.9  85.0  

2.875 5.031 5.54 5.54 5.54 5.03125 511.9  85.0  
3 5.250 302 333 5.80 5.80 78.6 5.80 5.25 511.9  85.0  

3.125 5.469 337 362 303 328 6.1 95.0 6.1 6.1 78.8 5.46875 511.9  85.0  86.9
3.25 5.688 6.3 6.3 6.3 5.6875 511.9  85.0  

3.375 5.906 6.6 6.6 6.6 5.90625 511.9  85.0  
3.5 6.125 313 326 6.8 6.8 78.5 6.8 6.125 511.9  85.0  

3.625 6.344 333 347 292 311 7.1 89.3 7.1 7.1 70.9 6.34375 511.9  85.0  80.1
3.75 6.563 7.4 7.4 7.4 6.5625 511.9  85.0  

3.875 6.781 7.6 7.6 7.6 6.78125 511.9  85.0  
4 7.000 299 313 7.9 7.9 70.8 7.9 7 511.9  85.0  

4.125 7.219 318 338 311 333 8.2 82.3 8.2 8.2 79.9 7.21875 511.9  85.0  81.1
4.25 7.438 8.4 8.4 8.4 7.4375 511.9  85.0  

4.375 7.656 8.7 8.7 8.7 7.65625 511.9  85.0  
4.5 7.875 9.0 9.0 9.0 7.875 511.9  85.0  

4.625 8.094 308 331 9.3 9.3 9.3 77.6 8.09375 511.9  85.0  77.6
4.75 8.313 9.5 9.5 9.5 8.3125 511.9  85.0  

4.875 8.531 9.8 9.8 9.8 8.53125 511.9  85.0  
5 8.750 313 332 10.1 10.1 76.7 10.1 8.75 511.9  85.0  

5.125 8.969 333 349 10.4 86.5 10.4 10.4 8.96875 511.9  85.0  86.5
5.25 9.188 10.6 10.6 10.6 9.1875 511.9  85.0  

5.375 9.406 10.9 10.9 10.9 9.40625 511.9  85.0  
5.5 9.625 11.2 11.2 11.2 9.625 511.9  85.0  

5.625 9.844 320 338 11.5 11.5 11.5 80.0 9.84375 511.9  85.0  80.0
5.75 10.063 11.8 11.8 11.8 10.0625 511.9  85.0  

5.875 10.281 12.1 12.1 12.1 10.28125 511.9  85.0  
6 10.500 324 340 12.3 12.3 79.1 12.3 10.5 511.9  85.0  

6.125 10.719 336 346 12.6 84.2 12.6 12.6 10.71875 511.9  85.0  84.2
6.25 10.938 12.9 12.9 12.9 10.9375 511.9  85.0  

6.375 11.156 13.2 13.2 13.2 11.15625 511.9  85.0  
6.5 11.375 13.5 13.5 13.5 11.375 511.9  85.0  

6.625 11.594 340 367 13.8 13.8 13.8 89.7 11.59375 511.9  85.0  89.7
6.75 11.813 14.1 14.1 14.1 11.8125 511.9  85.0  

6.875 12.031 14.4 14.4 14.4 12.03125 511.9  85.0  
7 12.250 335 352 14.7 14.7 82.4 14.7 12.25 511.9  85.0  

7.125 12.469 328 348 15.0 80.4 15.0 15.0 12.46875 511.9  85.0  80.4
7.25 12.688 15.3 15.3 15.3 12.6875 511.9  85.0  

7.375 12.906 15.6 15.6 15.6 12.90625 511.9  85.0  
7.5 13.125 15.9 15.9 15.9 13.125 511.9  85.0  

7.625 13.344 363 377 16.2 16.2 16.2 95.3 13.34375 511.9  85.0  95.3

Test 1 Test 2 Test 3 Test 4

pressure rise 
unexplained
Discard set
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Figure G- 13 Test Set 8, 20-degrees, 150 mm, dry sand, hopper filled 

 

Figure G- 14 Test Set 8, 20-degrees, 150 mm, dry sand, hopper filled, 1-5 mm range 
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G.8 Set 9, 20-degrees, 120 mm, aggregate, hopper only 

Table G- 8 Test Set 9, 20-degrees, 10 mm, Aggregate, hopper filled  

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 9
Test Name 20 degrees, 120 mm slot, 13mm aggregate, hopper only

Calculated loads 0.3935
Max Lump 13 mm P80 Lump 11.2mm Moisture 0.20% (air dry) Initial: 414.6   N
Width 120.33333mm Length 480 mm Angle 19.4435degrees Flow: 59.9     N
Tare 7.09kg Spec. wt 14501.6N/m3 (loose density  +25% of difference to tapped density)
Screw Pitch M12 1.75mm repose 43 degrees

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1-1 Volt 1-2 Volt 2-1 Volt 2-2 Volt 3-1 Volt 3-2 Volt 4-1 Volt 4-2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3

Draw 
Load

Load-
Test 4 DISP. (calc) (calc)

0 128 157 128 157 127 159 127 153
max 379.73728 375.1 379.7 390.3
min 34.147285 38.5 34.1 34.3 37.5
50% reduction 206.94228 206.8 206.9 212.3
80% reduction 103.26528 105.8 103.3 105.5
displacement - min 21 15.8 21.0 8.8 9.6
displacement - 50% red. 0.2736099 0.3005 0.2736 0.1841
50% red displ as % of gap 0.23% 0.250% 0.227% 0.153% 0.000%
displacement - 80% red. 0.6236624 0.8230 0.6237 0.5049
80% red displ as % of gap 0.52% 0.684% 0.518% 0.420% 0.000%

0 0 913 906 913 925 923 959 835 865 0.00 375.1 0.00 379.7 0.00 390.3 0.00 347.3 0 381.7
0.125 0.219 616 638 566 661 503 515 518 541 0.18 236.8 0.18 230.3 0.18 178.8 0.18 190.3 0.21875 414.6  59.9  215.3
0.25 0.438 427 499 377 470 354 389 369 399 0.37 156.5 0.37 137.2 0.37 111.4 0.37 119.0 0.4375 414.6  59.9  135.0

0.375 0.656 352 449 310 375 311 354 319 346 0.55 125.8 0.55 97.3 0.55 92.1 0.55 93.6 0.65625 414.6  59.9  105.1
0.5 0.875 317 378 300 340 277 321 270 301 0.74 99.6 0.74 86.1 0.74 75.6 0.74 70.4 0.875 414.6  59.9  87.1

0.625 1.094 294 348 280 317 249 295 269 302 0.93 86.4 0.93 75.4 0.93 62.2 0.93 70.2 1.09375 414.6  59.9  74.7
0.75 1.313 285 335 261 292 257 291 247 278 1.12 80.8 1.12 64.4 1.12 63.0 1.12 58.8 1.3125 414.6  59.9  69.4

0.875 1.531 275 324 261 301 258 281 248 276 1.30 75.5 1.30 66.5 1.30 60.5 1.30 58.4 1.53125 414.6  59.9  67.5
1 1.750 267 317 246 281 245 266 249 275 1.49 71.7 1.49 57.7 1.49 53.5 1.49 58.2 1.75 414.6  59.9  61.0

1.25 2.188 261 300 247 281 241 275 239 281 1.88 65.6 1.88 57.6 1.88 54.4 1.88 56.8 2.1875 414.6  59.9  59.2
1.5 2.625 240 279 231 270 237 275 244 271 2.26 55.0 2.26 50.6 2.26 53.0 2.26 55.2 2.625 414.6  59.9  52.9

1.75 3.063 239 271 231 265 232 268 238 265 2.65 52.4 2.65 49.0 2.65 49.7 2.65 51.9 3.0625 414.6  59.9  50.3
2 3.500 246 276 231 266 229 268 232 262 3.05 54.9 3.05 48.8 3.05 48.6 3.05 49.3 3.5 414.6  59.9  50.8

2.25 3.938 227 258 239 263 224 256 218 251 3.44 45.5 3.44 49.6 3.44 44.0 3.44 42.8 3.9375 414.6  59.9  46.4
2.5 4.375 229 264 223 261 212 247 223 255 3.84 47.0 3.84 44.8 3.84 38.5 3.84 44.6 4.375 414.6  59.9  43.4

2.75 4.813 228 259 231 273 214 246 223 260 4.25 45.2 4.25 49.3 4.25 38.3 4.25 45.4 4.8125 414.6  59.9  44.3
3 5.250 233 264 223 256 226 256 227 248 4.66 47.2 4.66 42.8 4.66 43.3 4.66 43.0 5.25 414.6  59.9  44.4

3.5 6.125 218 251 226 252 214 255 217 247 5.48 39.5 5.48 41.7 5.48 39.3 5.48 39.5 6.125 414.6  59.9  40.2
4 7.000 231 263 228 253 224 257 218 252 6.33 44.8 6.33 41.6 6.33 41.4 6.33 40.2 7 414.6  59.9  42.6

4.5 7.875 227 263 223 260 218 252 220 247 7.18 43.0 7.18 41.2 7.18 37.8 7.18 38.5 7.875 414.6  59.9  40.7
5 8.750 227 266 221 251 213 246 231 256 8.06 42.8 8.06 37.7 8.06 34.3 8.06 42.6 8.75 414.6  59.9  38.3

5.5 9.625 231 259 230 257 217 250 222 248 8.94 41.2 8.94 40.5 8.94 35.3 8.94 37.5 9.625 414.6  59.9  39.0
6 10.500 237 270 221 249 223 255 245 300 9.84 44.5 9.84 35.4 9.84 37.1 9.84 55.0 10.5 414.6  59.9  39.0
7 12.250 232 264 227 255 236 271 236 260 11.69 39.9 11.69 36.5 11.69 42.4 11.69 41.1 12.25 414.6  59.9  39.6
8 14.000 234 268 237 263 228 265 237 266 13.60 39.5 13.60 39.0 13.60 37.0 13.60 40.9 14 414.6  59.9  38.5
9 15.750 234 272 242 270 239 278 248 277 15.6 38.5 15.6 39.9 15.6 40.9 15.6 44.3 15.75 414.6  59.9  39.8

10 17.500 256 283 245 278 259 288 257 287 17.6 44.5 17.6 40.6 17.6 46.2 17.6 47.0 17.5 414.6  59.9  43.8
12 21.000 252 288 238 276 252 288 268 291 21.9 40.5 21.9 34.1 21.9 40.3 21.9 46.4 21 414.6  59.9  38.3
14 24.500 269 305 253 292 270 303 271 305 26.4 44.3 26.4 37.2 26.4 43.8 26.4 46.0 24.5 414.6  59.9  41.8
16 28.000 280 311 274 310 293 329 291 323 31.2 43.7 31.2 42.0 31.2 51.0 31.2 50.5 28 414.6  59.9  45.6
18 31.500 299 328 288 325 288 320 295 319 36.2 47.4 36.2 44.0 36.2 42.5 36.2 45.5 31.5 414.6  59.9  44.7
20 35.000 315 342 315 343 298 332 307 327 41.5 49.5 41.5 49.7 41.5 42.6 41.5 45.1 35 414.6  59.9  47.3
22 38.500 314 351 323 355 312 345 320 346 47.1 45.9 47.1 49.0 47.1 43.6 47.1 47.3 38.5 414.6  59.9  46.2
24 42.000 336 371 350 377 331 367 328 360 52.9 50.3 52.9 55.1 52.9 47.8 52.9 46.8 42 414.6  59.9  51.1
26 45.500 395 424 327 382 344 395 361 393 59.1 71.5 59.1 44.6 59.1 51.7 59.1 56.8 45.5 414.6  59.9  56.0
28 49.000 365 462 384 417 407 450 361 393 65.5 67.2 65.5 60.7 65.5 74.1 65.5 50.4 49 414.6  59.9  67.3

Test 1 Test 2 Test 3 Test 4

unexplained,
Dicard set
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Figure G- 15 Test Set 9, 20-degrees, 10 mm, Aggregate, hopper filled 

 
Figure G- 16 Test Set 9, 20-degrees, 10 mm, Aggregate, hopper filled, 1-5 mm range 
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G.9 Set 10, 20-degrees, 120 mm slot, moist sand, hopper filled 

data anomalies on test 1 and test 2 were are noted but the associated causes were not 
identified, this test data was not used for analysis. 

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 10
Test Name 20 degrees, 120 mm slot, moist sand, hopper

Calculated loads
Max Lump mm P80 Lump mm Moisture 8.20% Initial: 387.6   N
Width 120.33mm Length 480 mm Angle 19.4435degrees Flow: 46.0     N
Tare 7.09kg Spec. wt 13557N/m3 (loose density  +50% of difference to tapped density)`
Screw Pitch M12 1.75mm repose 90 degrees(compacted, so no additional flow-down)

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3

Draw 
Load

Load-
Test 4 
(fast 
pour) DISP. (calc) (calc)

empty 127 157 130 156 128 156 127 159
max 230.84 236.4 257.2 230.8 336.5
min 23.413 21.3 22.7 23.4 18.9
50% reduction 127.13 128.9 140.0 127.1 177.7
80% reduction 64.899 64.3 69.6 64.9 82.4
displacement - min 56 22.8 17.5 56.0 10.5
displacement - 50% red. 1.6116 1.6886 0.8516 1.6116 0.2679
50% red displ as % of gap1.34% 1.403% 0.708% 1.339% 0.223%
displacement - 80% red. 5.3654 4.4683 2.1698 5.3654 0.9494
80% red displ as % of gap4.46% 3.713% 1.803% 4.459% 0.789%

0 0 620 631 661 677 600 628 811 851 0.00 236.4 0.00 257.2 0.00 230.8 0.00 336.5 0 241.5
0.125 0.219 541 543 568 593 522 553 509 553 0.17 195.4 0.17 213.8 0.17 193.3 0.17 189.6 0.21875 387.6     46.0 200.8
0.25 0.438 513 533 505 559 488 527 394 452 0.34 186.0 0.34 190.0 0.34 178.4 0.34 136.6 0.4375 387.6     46.0 184.8

0.375 0.656 509 515 471 515 469 517 331 385 0.51 180.4 0.51 170.7 0.51 171.2 0.51 104.7 0.65625 387.6     46.0 174.1
0.5 0.875 473 481 396 450 435 476 294 349 0.69 163.1 0.69 136.3 0.69 152.7 0.69 86.7 0.875 387.6     46.0 150.7

0.625 1.094 431 458 350 389 421 457 270 323 0.86 147.1 0.86 109.9 0.86 144.4 0.86 74.3 1.09375 387.6     46.0 133.8
0.75 1.313 409 426 328 379 406 440 258 305 1.03 133.7 1.03 102.0 1.03 136.4 1.03 66.7 1.3125 387.6     46.0 124.0

0.875 1.531 491 422 318 353 397 422 246 284 1.20 152.4 1.20 93.0 1.20 129.6 1.20 58.5 1.53125 387.6     46.0 125.0
1 1.750 375 404 305 337 390 412 236 276 1.37 119.7 1.37 85.7 1.37 125.3 1.37 53.9 1.75 387.6     46.0 110.2

1.25 2.188 357 381 272 303 377 402 216 253 1.71 109.3 1.71 69.0 1.71 119.3 1.71 43.0 2.1875 387.6     46.0 99.2
1.5 2.625 333 350 251 292 347 391 202 238 2.06 95.5 2.06 60.8 2.06 109.0 2.06 35.6 2.625 387.6     46.0 88.4

1.75 3.063 313 338 237 269 337 369 193 226 2.40 87.3 2.40 51.4 2.40 100.8 2.40 30.1 3.0625 387.6     46.0 79.9
2 3.500 283 322 231 263 337 365 191 222 2.74 75.8 2.74 48.1 2.74 99.5 2.74 28.3 3.5 387.6     46.0 74.5

2.25 3.938 273 303 226 258 319 349 187 217 3.08 68.3 3.08 45.3 3.08 90.8 3.08 25.8 3.9375 387.6     46.0 68.2
2.5 4.375 268 296 215 249 295 326 178 212 3.43 65.0 3.43 40.1 3.43 79.0 3.43 22.0 4.375 387.6     46.0 61.4

2.75 4.813 252 281 206 239 287 315 176 206 3.77 57.1 3.77 35.1 3.77 74.0 3.77 19.7 4.8125 387.6     46.0 55.4
3 5.250 247 279 209 242 275 299 176 207 4.11 55.1 4.11 36.3 4.11 66.8 4.11 19.6 5.25 387.6     46.0 52.7

3.5 6.125 231 257 205 239 277 314 185 216 4.80 45.1 4.80 33.9 4.80 70.3 4.80 23.3 6.125 387.6     46.0 49.7
4 7.000 221 256 202 235 259 288 182 244 5.48 41.7 5.48 31.5 5.48 58.8 5.48 28.8 7 387.6     46.0 44.0

4.5 7.875 220 249 198 233 245 274 177 244 6.17 39.1 6.17 29.3 6.17 51.3 6.17 26.9 7.875 387.6     46.0 39.9
5 8.750 206 238 195 227 237 263 181 212 6.85 32.3 6.85 26.4 6.85 46.0 6.85 19.3 8.75 387.6     46.0 34.9

5.5 9.625 206 233 199 236 226 258 182 217 7.54 30.4 7.54 28.9 7.54 41.4 7.54 20.1 9.625 387.6     46.0 33.6
6 10.500 197 231 192 221 227 251 182 215 8.22 27.0 8.22 22.8 8.22 39.2 8.22 18.9 10.5 387.6     46.0 29.7
7 12.250 197 228 193 235 223 248 192 225 9.59 24.9 9.59 25.2 9.59 36.1 9.59 22.4 12.25 387.6     46.0 28.7
8 14.000 196 229 196 230 216 241 198 227 10.96 23.5 10.96 23.3 10.96 31.3 10.96 23.0 14 387.6     46.0 26.0
9 15.750 197 228 197 240 218 244 193 223 12.3 22.1 12.3 24.6 12.3 31.2 12.3 19.5 15.75 387.6     46.0 26.0

10 17.500 200 235 201 234 225 250 205 240 13.7 23.2 13.7 22.7 13.7 33.0 13.7 25.2 17.5 387.6     46.0 26.3
11 19.250 200 234 209 243 216 246 207 242 15.1 21.6 15.1 25.5 15.1 28.5 15.1 24.8 19.25 387.6     46.0 25.2
12 21.000 209 243 212 247 215 243 208 246 16.4 24.6 16.4 25.9 16.4 26.1 16.4 24.6 21 387.6     46.0 25.5
13 22.750 205 239 211 245 219 248 208 237 17.8 21.3 17.8 23.8 17.8 26.9 17.8 21.1 22.75 387.6     46.0 24.0
14 24.500 214 248 218 250 219 247 216 248 19.2 24.3 19.2 25.3 19.2 25.3 19.2 24.3 24.5 387.6     46.0 25.0
16 28.000 222 251 226 258 223 254 224 252 21.9 24.3 21.9 26.5 21.9 25.3 21.9 24.5 28 387.6     46.0 25.4
18 31.500 230 259 232 264 232 259 232 263 24.7 25.5 24.7 26.7 24.7 26.0 24.7 26.4 31.5 387.6     46.0 26.0
20 35.000 236 265 238 271 233 264 239 275 27.4 25.7 27.4 27.1 27.4 24.7 27.4 28.4 35 387.6     46.0 25.8
22 38.500 242 274 245 279 241 269 242 276 30.1 26.6 30.1 28.1 30.1 25.1 30.1 26.6 38.5 387.6     46.0 26.6
24 42.000 244 277 252 287 242 276 254 293 32.9 25.1 32.9 29.0 32.9 24.3 32.9 30.9 42 387.6     46.0 26.1
26 45.500 253 285 253 287 250 284 262 302 35.6 26.5 35.6 26.5 35.6 25.5 35.6 32.4 45.5 387.6     46.0 26.2
28 49.000 258 288 266 301 258 291 266 303 38.4 25.7 38.4 30.4 38.4 26.4 38.4 30.8 49 387.6     46.0 27.5
30 52.500 262 295 267 297 263 295 245 317 41.1 25.7 41.1 26.9 41.1 25.9 41.1 26.5 52.5 387.6     46.0 26.1
32 56.000 270 303 271 306 261 298 282 326 43.9 26.8 43.9 27.3 43.9 23.4 43.9 34.9 56 387.6     46.0 25.9
34 59.500 279 311 276 310 277 308 288 334 46.6 28.2 46.6 26.8 46.6 27.0 46.6 35.6 59.5 387.6     46.0 27.3
36 63.000 285 316 286 321 281 311 298 310 49.3 28.2 49.3 29.2 49.3 26.0 49.3 29.4 63 387.6     46.0 27.8
38 66.500 294 320 287 318 286 319 299 344 52.1 28.6 52.1 25.9 52.1 26.4 52.1 35.2 66.5 387.6     46.0 27.0
40 70.000 296 326 295 329 292 323 304 347 54.8 27.8 54.8 27.9 54.8 26.1 54.8 34.5 70 387.6     46.0 27.3
42 73.500 304 332 297 327 301 319 314 356 57.6 28.5 57.6 25.1 57.6 24.6 57.6 36.4 73.5 387.6     46.0 26.1
46 80.500 320 344 308 345 316 344 324 368 63.0 29.9 63.0 26.7 63.0 28.9 63.0 36.3 80.5 387.6     46.0 28.5
50 87.500 332 359 326 363 333 367 336 378 68.5 31.0 68.5 30.1 68.5 33.2 68.5 36.2 87.5 387.6     46.0 31.4

Test 1 Test 2 Test 3 Test 4 (fastpour)
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Table G- 9 Test Set 10, 20-degrees, 120 mm, moist sand, hopper filled  

 

Figure G- 17 Test Set 10, 20-degrees, 120 mm, moist sand, hopper filled  

 

Figure G- 18 Test Set 10, 20-degrees, 120 mm, moist sand, hopper filled, 1-5 mm range 
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G.10 Set 11, 20-degrees, 120 mm, moist sand, hopper filled, PVC lined 

Table G- 10 Test Set 11, 20-degrees, 120 mm, moist sand, hopper filled, PVC lined 

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 11
Test Name 20 degrees, 120 mm slot, moist sand, hopper only-pvc

Calculated loads
Max Lump mm P80 Lump mm Moisture 8.20% Initial: 387.6   N
Width 120.333mm Length 480 mm Angle 19.4435degrees Flow: 49.2     N
Tare 7.09kg Spec. wt 13557N/m3 (loose density  +50% of difference to tapped density)
Screw Pitch M12 1.75mm repose 90 degrees(compacted, so no additional flow-down)

Test 1 (Repose)Test 2 (Repose)Test 3 (Repose)Test 4 (Repose) Initial Flow Average

Load record  (screw turns)
Disp. 
(mm) Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2 Volt 1 Volt 2

Draw 
Load

Load-
Test 1

Draw 
Load

Load-
Test 2

Draw 
Load

Load-
Test 3

Draw 
Load

Load-
Test 4 
(fast 
pour) DISP. (calc) (calc)

empty 127 157 127 160 127 158 128 156
max 211.748 215.4 211.7 217.4 402.8
min 23.2049 27.8 23.2 28.4 16.9
50% reduction 117.477 121.6 117.5 122.9 209.9
80% reduction 60.9136 65.4 60.9 66.2 94.1
displacement - min 17.5 70.0 17.5 35.0 3.1
displacement - 50% red. 2.58857 1.8596 2.5886 1.9272 0.2532
50% red displ as % of gap 2.15% 1.545% 2.151% 1.602% 0.210%
displacement - 80% red. 7.06469 5.0734 7.0647 5.1240 0.5505
80% red displ as % of gap 5.87% 4.216% 5.871% 4.258% 0.458%

0 0 573 592 566 587 573 601 931 1000 0.00 215.4 0.00 211.7 0.00 217.4 0.00 402.8 0 214.9
0.125 0.219 520 524 511 537 507 532 570 642 0.17 185.6 0.17 185.9 0.17 184.2 0.17 226.8 0.21875 387.6 49.2 185.2
0.25 0.438 501 507 492 521 488 519 368 405 0.34 176.7 0.34 177.2 0.34 176.2 0.34 119.3 0.4375 387.6 49.2 176.7

0.375 0.656 472 493 486 504 460 499 282 293 0.51 166.0 0.51 171.4 0.51 164.3 0.51 70.6 0.65625 387.6 49.2 167.2
0.5 0.875 443 476 465 495 449 482 224 283 0.69 154.6 0.69 163.9 0.69 157.3 0.69 53.9 0.875 387.6 49.2 158.6

0.625 1.094 431 459 456 478 429 458 198 230 0.86 147.3 0.86 157.3 0.86 146.4 0.86 34.4 1.09375 387.6 49.2 150.3
0.75 1.313 421 437 430 469 420 449 193 228 1.03 139.3 1.03 148.6 1.03 141.8 1.03 32.5 1.3125 387.6 49.2 143.2

0.875 1.531 404 424 403 454 402 425 185 214 1.20 131.8 1.20 138.2 1.20 131.3 1.20 26.9 1.53125 387.6 49.2 133.8
1 1.750 393 408 406 438 396 422 186 208 1.37 125.0 1.37 134.8 1.37 129.0 1.37 25.5 1.75 387.6 49.2 129.6

1.25 2.188 379 394 388 429 370 388 180 204 1.71 117.8 1.71 127.9 1.71 113.9 1.71 22.7 2.1875 387.6 49.2 119.9
1.5 2.625 350 381 374 398 351 385 171 202 2.06 107.3 2.06 116.5 2.06 108.2 2.06 19.7 2.625 387.6 49.2 110.7

1.75 3.063 341 363 354 393 331 361 162 201 2.40 100.3 2.40 110.1 2.40 97.1 2.40 16.9 3.0625 387.6 49.2 102.5
2 3.500 330 358 337 377 319 342 174 205 2.74 96.0 2.74 101.7 2.74 89.2 2.74 20.5 3.5 387.6 49.2 95.6

2.25 3.938 311 334 325 362 305 332 173 206 3.08 85.2 3.08 94.7 3.08 83.0 3.08 20.2 3.9375 387.6 49.2 87.6
2.5 4.375 294 323 314 338 282 312 179 211 3.43 78.0 3.43 85.8 3.43 72.1 3.43 22.5 4.375 387.6 49.2 78.7

2.75 4.813 278 308 295 338 273 307 179 213 3.77 70.1 3.77 80.9 3.77 68.4 3.77 22.7 4.8125 387.6 49.2 73.1
3 5.250 282 313 267 332 270 296 182 213 4.11 71.9 4.11 72.2 4.11 64.6 4.11 23.0 5.25 387.6 49.2 69.6

3.5 6.125 270 300 283 310 251 295 185 217 4.80 65.1 4.80 70.0 4.80 59.1 4.80 24.1 6.125 387.6 49.2 64.7
4 7.000 254 285 259 302 252 277 191 222 5.48 56.9 5.48 61.5 5.48 54.2 5.48 26.1 7 387.6 49.2 57.5

4.5 7.875 247 281 256 287 227 269 189 224 6.17 53.5 6.17 56.4 6.17 45.5 6.17 25.4 7.875 387.6 49.2 51.8
5 8.750 248 282 240 279 232 261 196 228 6.85 53.3 6.85 49.9 6.85 44.0 6.85 27.4 8.75 387.6 49.2 49.1

5.5 9.625 232 267 239 272 225 254 194 232 7.54 45.0 7.54 47.2 7.54 39.9 7.54 27.2 9.625 387.6 49.2 44.1
6 10.500 232 264 209 281 229 255 199 229 8.22 43.6 8.22 41.5 8.22 40.4 8.22 27.0 10.5 387.6 49.2 41.8
7 12.250 229 259 221 262 223 251 208 237 9.59 40.3 9.59 38.4 9.59 36.6 9.59 29.8 12.25 387.6 49.2 38.4
8 14.000 229 263 206 262 218 250 207 239 10.96 39.9 10.96 33.3 10.96 33.8 10.96 28.7 14 387.6 49.2 35.7
9 15.750 223 257 210 263 216 251 204 239 12.3 35.6 12.3 33.2 12.3 32.2 12.3 26.6 15.75 387.6 49.2 33.7

10 17.500 223 261 207 231 218 256 210 238 13.7 35.2 13.7 23.2 13.7 32.5 13.7 26.4 17.5 387.6 49.2 30.3
11 19.250 221 257 214 266 219 250 215 245 15.1 32.4 15.1 32.2 15.1 29.9 15.1 28.0 19.25 387.6 49.2 31.5
12 21.000 226 263 222 262 226 253 215 244 16.4 33.7 16.4 31.7 16.4 31.0 16.4 26.4 21 387.6 49.2 32.1
13 22.750 229 253 229 270 228 260 219 245 17.8 30.6 17.8 34.0 17.8 31.8 17.8 26.2 22.75 387.6 49.2 32.2
14 24.500 237 265 229 266 227 259 223 247 19.2 34.1 19.2 31.7 19.2 30.0 19.2 26.3 24.5 387.6 49.2 31.9
16 28.000 238 266 219 271 237 263 229 249 21.9 31.9 21.9 27.8 21.9 30.6 21.9 25.5 28 387.6 49.2 30.1
18 31.500 238 268 234 277 240 267 245 271 24.7 29.6 24.7 30.1 24.7 29.6 24.7 32.1 31.5 387.6 49.2 29.8
20 35.000 245 282 244 278 239 274 247 273 27.4 32.0 27.4 30.1 27.4 28.4 27.4 30.3 35 387.6 49.2 30.1
22 38.500 249 278 246 285 246 285 252 279 30.1 29.3 30.1 29.5 30.1 30.0 30.1 30.3 38.5 387.6 49.2 29.6
24 42.000 262 288 255 291 254 287 256 288 32.9 32.2 32.9 30.5 32.9 29.7 32.9 30.7 42 387.6 49.2 30.8
26 45.500 258 290 258 294 257 294 262 293 35.6 28.9 35.6 29.2 35.6 29.4 35.6 30.6 45.5 387.6 49.2 29.2
28 49.000 268 298 262 299 265 302 273 307 38.4 30.6 38.4 28.6 38.4 30.6 38.4 34.0 49 387.6 49.2 29.9
30 52.500 274 301 261 304 271 305 281 322 41.1 30.0 41.1 26.9 41.1 30.1 41.1 36.9 52.5 387.6 49.2 29.0
32 56.000 285 307 268 310 284 315 285 327 43.9 31.5 43.9 27.3 43.9 32.9 43.9 36.4 56 387.6 49.2 30.6
34 59.500 283 311 276 313 289 321 292 340 46.6 29.2 46.6 27.3 46.6 32.9 46.6 38.5 59.5 387.6 49.2 29.8
36 63.000 291 317 285 320 293 325 295 345 49.3 29.9 49.3 28.4 49.3 32.1 49.3 37.8 63 387.6 49.2 30.1
38 66.500 295 324 290 326 298 327 303 351 52.1 29.8 52.1 28.4 52.1 31.1 52.1 38.4 66.5 387.6 49.2 29.8
40 70.000 295 327 297 335 300 331 312 357 54.8 27.8 54.8 29.6 54.8 29.8 54.8 39.4 70 387.6 49.2 29.1
42 73.500 306 334 300 340 309 339 316 363 57.6 29.5 57.6 28.8 57.6 31.2 57.6 39.1 73.5 387.6 49.2 29.8
46 80.500 316 345 315 353 329 353 327 370 63.0 29.2 63.0 30.1 63.0 34.0 63.0 38.0 80.5 387.6 49.2 31.1
50 87.500 330 359 328 366 336 368 356 387 68.5 30.5 68.5 31.0 68.5 33.9 68.5 43.7 87.5 387.6 49.2 31.8

Test 1 Test 2 Test 3 Test 4 (fastpour)
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Figure G- 19 Test Set 11, 20-degrees, 120 mm, moist sand, hopper filled  

 

Figure G- 20 Test Set 11, 20-degrees, 120 mm, moist sand, hopper filled, 1-5 mm range 
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G.11 Set 12, Time response test 

The time response test was performed with the same configuration as Test 11 (20-degrees, 

120 mm, moist sand, hopper filled with PVC wall lining). Recorded data for the time 

response test is listed in Table G- 11. 

The graph of load as a function of the time test is shown in Figure G- 21. 

The plot of pressure to displacement, with the same data set, is shown in Figure G- 22 with 

view of the 1-5 mm range in Figure G- 23. This format compares to graphs from other tests 

performed for standard, non-time response tests. 
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Table G- 11 Set 12, Time response test. 20-degrees, 120 mm, moist sand, hopper filled, PVC lined 

 

Test Record Sheet Hopper base plate lowering force curve
Set Number 12
Test Name 20 degrees, 120 mm slot, moist sand, PVC,  hopper -time response

Calculated loads
Max Lump mm P80 Lump mm Moisture 8.20%% Initial: 387.6  N
Width 120.3mm Length 480 mm Angle 19.4degreesFlow: 49.2     N
Tare 7.09kg Spec. wt. 13557N/m3 (loose density  +50% of difference to tapped density)
Screw Pitch M12 1.75mm repose 90 degrees(compacted, so no additional flow-down)

Time
Load record  
(screw turns)

Disp. 
(mm) Volt 1 Volt 2 Load 1 Load 2 Load Total N

Draw 
Load

Load-
Test 1

Initial 
(calc.)

Flow 
(calc.)

max 226.19
min 24.269
50% reduction 125.23
80% reduction 64.652
displacement - min 45.5
displacement - 50% red. 1.313
50% displ as % of gap 1.09%
displacement - 80% red. 3.938
80% displ as % of gap 3.27%
pre-load 0 128 159 31.6 36.0 67.6 0.0

8:04 0 0.000 594 618 144.7 149.1 293.8 226.2 0.0 226.2 0.0 387.6 49.2
8:09 0 0.000 592 617 144.2 148.9 293.0 225.5 0.0 225.5 0.0 387.6 49.2
8:14 0 0.000 591 616 144.0 148.6 292.6 225.0 0.0 225.0 0.0 387.6 49.2
8:15 0 0.000 591 616 144.0 148.6 292.6 225.0 0.0 225.0 0.0 387.6 49.2
8:16 0.125 0.219 522 541 127.2 130.1 257.3 189.7 0.2 189.6 0.2 387.6 49.2
8:17 0.125 0.219 528 545 128.7 131.1 259.8 192.2 0.2 192.0 0.2 387.6 49.2
8:18 0.125 0.219 529 546 128.9 131.4 260.3 192.7 0.2 192.5 0.2 387.6 49.2
8:19 0.125 0.219 530 547 129.1 131.6 260.8 193.2 0.2 193.0 0.2 387.6 49.2
8:20 0.125 0.219 531 547 129.4 131.6 261.0 193.4 0.2 193.2 0.2 387.6 49.2
8:21 0.125 0.219 495 493 120.7 118.3 239.0 171.4 0.2 171.2 0.2 387.6 49.2
8:22 0.25 0.438 501 504 122.1 121.0 243.1 175.5 0.3 175.2 0.4 387.6 49.2
8:23 0.25 0.438 503 506 122.6 121.5 244.1 176.5 0.3 176.2 0.4 387.6 49.2
8:24 0.25 0.438 504 507 122.8 121.8 244.6 177.0 0.3 176.7 0.4 387.6 49.2
8:25 0.25 0.438 504 508 122.8 122.0 244.8 177.2 0.3 176.9 0.4 387.6 49.2
8:26 0.375 0.656 443 461 108.0 110.4 218.4 150.9 0.5 150.3 0.7 387.6 49.2
8:27 0.375 0.656 456 476 111.2 114.1 225.3 157.7 0.5 157.2 0.7 387.6 49.2
8:28 0.375 0.656 459 479 111.9 114.9 226.8 159.2 0.5 158.7 0.7 387.6 49.2
8:29 0.375 0.656 461 482 112.4 115.6 228.0 160.4 0.5 159.9 0.7 387.6 49.2
8:30 0.375 0.656 463 483 112.9 115.8 228.7 161.1 0.5 160.6 0.7 387.6 49.2
8:31 0.375 0.656 464 484 113.1 116.1 229.2 161.6 0.5 161.1 0.7 387.6 49.2
8:32 0.375 0.656 464 485 113.1 116.3 229.5 161.9 0.5 161.4 0.7 387.6 49.2
8:33 0.375 0.656 465 486 113.4 116.6 229.9 162.4 0.5 161.8 0.7 387.6 49.2
8:34 0.375 0.656 466 487 113.6 116.8 230.4 162.8 0.5 162.3 0.7 387.6 49.2
8:35 0.375 0.656 466 487 113.6 116.8 230.4 162.8 0.5 162.3 0.7 387.6 49.2
8:36 0.5 0.875 454 539 110.7 129.6 240.3 172.7 0.7 172.1 0.9 387.6 49.2
8:37 0.5 0.875 457 539 111.4 129.6 241.1 173.5 0.7 172.8 0.9 387.6 49.2
8:38 0.5 0.875 457 539 111.4 129.6 241.1 173.5 0.7 172.8 0.9 387.6 49.2
8:39 0.625 1.094 389 445 94.9 106.5 201.4 133.8 0.9 133.0 1.1 387.6 49.2
8:40 0.625 1.094 402 454 98.1 108.7 206.8 139.2 0.9 138.3 1.1 387.6 49.2
8:41 0.625 1.094 407 458 99.3 109.7 209.0 141.4 0.9 140.5 1.1 387.6 49.2
8:42 0.625 1.094 410 460 100.0 110.2 210.2 142.6 0.9 141.7 1.1 387.6 49.2
8:43 0.625 1.094 412 461 100.5 110.4 210.9 143.3 0.9 142.5 1.1 387.6 49.2
8:44 0.625 1.094 413 462 100.8 110.7 211.4 143.8 0.9 143.0 1.1 387.6 49.2
8:45 0.625 1.094 414 463 101.0 110.9 211.9 144.3 0.9 143.5 1.1 387.6 49.2
8:46 0.625 1.094 415 464 101.2 111.2 212.4 144.8 0.9 143.9 1.1 387.6 49.2
8:47 0.625 1.094 416 464 101.5 111.2 212.6 145.0 0.9 144.2 1.1 387.6 49.2
8:48 0.625 1.094 416 465 101.5 111.4 212.9 145.3 0.9 144.4 1.1 387.6 49.2
8:49 0.625 1.094 416 465 101.5 111.4 212.9 145.3 0.9 144.4 1.1 387.6 49.2
8:50 0.75 1.313 378 404 92.3 96.4 188.6 121.0 1.0 120.0 1.3 387.6 49.2
8:51 0.75 1.313 390 416 95.2 99.3 194.5 126.9 1.0 125.9 1.3 387.6 49.2
8:52 0.75 1.313 394 420 96.1 100.3 196.5 128.9 1.0 127.8 1.3 387.6 49.2
8:53 0.75 1.313 397 424 96.9 101.3 198.2 130.6 1.0 129.5 1.3 387.6 49.2
8:54 0.75 1.313 399 425 97.4 101.5 198.9 131.3 1.0 130.3 1.3 387.6 49.2
8:55 0.75 1.313 400 427 97.6 102.0 199.6 132.0 1.0 131.0 1.3 387.6 49.2
8:56 0.75 1.313 402 429 98.1 102.5 200.6 133.0 1.0 132.0 1.3 387.6 49.2
8:57 0.75 1.313 403 430 98.3 102.8 201.1 133.5 1.0 132.5 1.3 387.6 49.2
8:58 0.75 1.313 404 431 98.6 103.0 201.6 134.0 1.0 133.0 1.3 387.6 49.2
8:59 0.75 1.313 404 432 98.6 103.3 201.8 134.2 1.0 133.2 1.3 387.6 49.2
9:00 0.75 1.313 405 432 98.8 103.3 202.1 134.5 1.0 133.5 1.3 387.6 49.2
9:01 0.875 1.531 374 405 91.3 96.6 187.9 120.3 1.2 119.1 1.5 387.6 49.2
9:02 0.875 1.531 384 414 93.7 98.8 192.6 125.0 1.2 123.8 1.5 387.6 49.2
9:03 0.875 1.531 387 417 94.4 99.6 194.0 126.4 1.2 125.2 1.5 387.6 49.2
9:04 0.875 1.531 389 419 94.9 100.1 195.0 127.4 1.2 126.2 1.5 387.6 49.2
9:05 0.875 1.531 390 420 95.2 100.3 195.5 127.9 1.2 126.7 1.5 387.6 49.2

turned wrong way

bumps

stable

missed a reading, 
filled it in

deleted the 
duplicate reading for 
09:12
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Time
Load record  
(screw turns)

Disp. 
(mm) Volt 1 Volt 2 Load 1 Load 2 Load Total N

Draw 
Load

Load-
Test 1

Initial 
(calc.)

Flow 
(calc.)

9:06 0.875 1.531 391 421 95.4 100.6 196.0 128.4 1.2 127.2 1.5 387.6 49.2
9:07 0.875 1.531 392 422 95.7 100.8 196.5 128.9 1.2 127.7 1.5 387.6 49.2
9:08 0.875 1.531 393 423 95.9 101.1 197.0 129.4 1.2 128.2 1.5 387.6 49.2
9:09 0.875 1.531 394 424 96.1 101.3 197.4 129.8 1.2 128.6 1.5 387.6 49.2
9:10 0.875 1.531 394 424 96.1 101.3 197.4 129.8 1.2 128.6 1.5 387.6 49.2
9:11 1 1.750 352 388 85.9 92.4 178.4 110.8 1.4 109.4 1.8 387.6 49.2
9:12 1 1.750 368 402 89.8 95.9 185.7 118.1 1.4 116.7 1.8 387.6 49.2
9:13 1 1.750 370 404 90.3 96.4 186.7 119.1 1.4 117.7 1.8 387.6 49.2
9:14 1 1.750 372 406 90.8 96.9 187.7 120.1 1.4 118.7 1.8 387.6 49.2
9:15 1 1.750 372 406 90.8 96.9 187.7 120.1 1.4 118.7 1.8 387.6 49.2
9:16 1.25 2.188 335 362 81.8 86.0 167.8 100.3 1.7 98.5 2.2 387.6 49.2
9:17 1.25 2.188 346 373 84.5 88.7 173.2 105.6 1.7 103.9 2.2 387.6 49.2
9:18 1.25 2.188 350 378 85.5 90.0 175.4 107.8 1.7 106.1 2.2 387.6 49.2
9:19 1.25 2.188 352 381 85.9 90.7 176.7 109.1 1.7 107.3 2.2 387.6 49.2
9:20 1.25 2.188 354 383 86.4 91.2 177.6 110.0 1.7 108.3 2.2 387.6 49.2
9:21 1.25 2.188 355 384 86.7 91.4 178.1 110.5 1.7 108.8 2.2 387.6 49.2
9:22 1.25 2.188 356 385 86.9 91.7 178.6 111.0 1.7 109.3 2.2 387.6 49.2
9:23 1.5 2.625 328 343 80.1 81.3 161.5 93.9 2.1 91.8 2.6 387.6 49.2
9:24 1.5 2.625 330 353 80.6 83.8 164.4 96.8 2.1 94.8 2.6 387.6 49.2
9:25 1.5 2.625 333 357 81.3 84.8 166.1 98.5 2.1 96.5 2.6 387.6 49.2
9:26 1.5 2.625 335 359 81.8 85.3 167.1 99.5 2.1 97.5 2.6 387.6 49.2
9:27 1.5 2.625 337 361 82.3 85.8 168.1 100.5 2.1 98.4 2.6 387.6 49.2
9:28 1.5 2.625 338 362 82.6 86.0 168.6 101.0 2.1 98.9 2.6 387.6 49.2
9:29 1.5 2.625 339 364 82.8 86.5 169.3 101.7 2.1 99.7 2.6 387.6 49.2
9:30 1.5 2.625 340 365 83.0 86.8 169.8 102.2 2.1 100.2 2.6 387.6 49.2
9:31 1.5 2.625 340 365 83.0 86.8 169.8 102.2 2.1 100.2 2.6 387.6 49.2
9:32 1.75 3.063 303 319 74.1 75.4 149.5 81.9 2.4 79.5 3.1 387.6 49.2
9:33 1.75 3.063 317 332 77.5 78.6 156.1 88.5 2.4 86.1 3.1 387.6 49.2
9:34 1.75 3.063 321 336 78.4 79.6 158.0 90.4 2.4 88.1 3.1 387.6 49.2
9:35 1.75 3.063 323 338 78.9 80.1 159.0 91.4 2.4 89.0 3.1 387.6 49.2
9:36 1.75 3.063 324 340 79.2 80.6 159.8 92.2 2.4 89.8 3.1 387.6 49.2
9:37 1.75 3.063 325 341 79.4 80.8 160.2 92.7 2.4 90.3 3.1 387.6 49.2
9:38 1.75 3.063 326 342 79.6 81.1 160.7 93.1 2.4 90.7 3.1 387.6 49.2
9:39 2 3.500 291 310 71.1 73.2 144.4 76.8 2.7 74.0 3.5 387.6 49.2
9:40 2 3.500 302 321 73.8 75.9 149.7 82.1 2.7 79.4 3.5 387.6 49.2
9:41 2 3.500 306 325 74.8 76.9 151.7 84.1 2.7 81.4 3.5 387.6 49.2
9:42 2 3.500 308 327 75.3 77.4 152.7 85.1 2.7 82.3 3.5 387.6 49.2
9:43 2 3.500 310 329 75.8 77.9 153.6 86.1 2.7 83.3 3.5 387.6 49.2
9:44 2 3.500 311 330 76.0 78.1 154.1 86.5 2.7 83.8 3.5 387.6 49.2
9:45 2.25 3.938 280 299 68.5 70.5 139.0 71.4 3.1 68.3 3.9 387.6 49.2
9:46 2.25 3.938 291 311 71.1 73.5 144.6 77.0 3.1 73.9 3.9 387.6 49.2
9:47 2.25 3.938 294 314 71.9 74.2 146.1 78.5 3.1 75.4 3.9 387.6 49.2
9:48 2.25 3.938 296 316 72.4 74.7 147.0 79.5 3.1 76.4 3.9 387.6 49.2
9:49 2.25 3.938 297 318 72.6 75.2 147.8 80.2 3.1 77.1 3.9 387.6 49.2
9:50 2.25 3.938 298 319 72.8 75.4 148.3 80.7 3.1 77.6 3.9 387.6 49.2
9:51 2.25 3.938 298 319 72.8 75.4 148.3 80.7 3.1 77.6 3.9 387.6 49.2
9:52 2.5 4.375 268 292 65.6 68.8 134.3 66.7 3.4 63.3 4.4 387.6 49.2
9:53 2.5 4.375 278 302 68.0 71.2 139.2 71.6 3.4 68.2 4.4 387.6 49.2
9:54 2.5 4.375 282 305 69.0 72.0 140.9 73.3 3.4 69.9 4.4 387.6 49.2
9:55 2.5 4.375 283 306 69.2 72.2 141.4 73.8 3.4 70.4 4.4 387.6 49.2
9:56 2.5 4.375 284 308 69.4 72.7 142.2 74.6 3.4 71.1 4.4 387.6 49.2
9:57 2.5 4.375 285 309 69.7 73.0 142.7 75.1 3.4 71.6 4.4 387.6 49.2
9:58 2.75 4.813 257 279 62.9 65.6 128.5 60.9 3.8 57.1 4.8 387.6 49.2
9:59 2.75 4.813 269 287 65.8 67.5 133.4 65.8 3.8 62.0 4.8 387.6 49.2

10:00 2.75 4.813 273 291 66.8 68.5 135.3 67.7 3.8 63.9 4.8 387.6 49.2
10:01 2.75 4.813 275 293 67.3 69.0 136.3 68.7 3.8 64.9 4.8 387.6 49.2
10:02 2.75 4.813 277 295 67.7 69.5 137.3 69.7 3.8 65.9 4.8 387.6 49.2
10:03 2.75 4.813 278 296 68.0 69.8 137.8 70.2 3.8 66.4 4.8 387.6 49.2
10:04 3 5.250 252 282 61.7 66.3 128.0 60.4 4.1 56.3 5.3 387.6 49.2
10:05 3 5.250 261 281 63.9 66.1 129.9 62.3 4.1 58.2 5.3 387.6 49.2
10:06 3 5.250 264 284 64.6 66.8 131.4 63.8 4.1 59.7 5.3 387.6 49.2
10:07 3 5.250 266 283 65.1 66.6 131.6 64.0 4.1 59.9 5.3 387.6 49.2
10:08 3 5.250 267 287 65.3 67.5 132.9 65.3 4.1 61.2 5.3 387.6 49.2
10:09 3 5.250 268 288 65.6 67.8 133.4 65.8 4.1 61.6 5.3 387.6 49.2
10:10 3 5.250 269 289 65.8 68.0 133.8 66.2 4.1 62.1 5.3 387.6 49.2

deleted the 
duplicate reading for 
09:12
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Time
Load record  
(screw turns)

Disp. 
(mm) Volt 1 Volt 2 Load 1 Load 2 Load Total N

Draw 
Load

Load-
Test 1

Initial 
(calc.)

Flow 
(calc.)

10:11 3 5.250 269 289 65.8 68.0 133.8 66.2 4.1 62.1 5.3 387.6 49.2
10:12 3.5 6.125 239 266 58.5 62.4 120.9 53.3 4.8 48.5 6.1 387.6 49.2
10:13 3.5 6.125 248 277 60.7 65.1 125.8 58.2 4.8 53.4 6.1 387.6 49.2
10:14 3.5 6.125 251 279 61.4 65.6 127.0 59.4 4.8 54.6 6.1 387.6 49.2
10:15 3.5 6.125 252 281 61.7 66.1 127.7 60.2 4.8 55.4 6.1 387.6 49.2
10:16 3.5 6.125 253 282 61.9 66.3 128.2 60.6 4.8 55.8 6.1 387.6 49.2
10:17 3.5 6.125 254 282 62.2 66.3 128.5 60.9 4.8 56.1 6.1 387.6 49.2
10:18 4 7.000 239 258 58.5 60.4 118.9 51.3 5.5 45.8 7.0 387.6 49.2
10:19 4 7.000 246 265 60.2 62.1 122.3 54.8 5.5 49.3 7.0 387.6 49.2
10:20 4 7.000 248 267 60.7 62.6 123.3 55.7 5.5 50.3 7.0 387.6 49.2
10:21 4 7.000 250 269 61.2 63.1 124.3 56.7 5.5 51.2 7.0 387.6 49.2
10:22 4 7.000 251 280 61.4 65.8 127.3 59.7 5.5 54.2 7.0 387.6 49.2
10:23 4 7.000 251 280 61.4 65.8 127.3 59.7 5.5 54.2 7.0 387.6 49.2
10:24 4.5 7.875 227 252 55.6 58.9 114.5 46.9 6.2 40.8 7.9 387.6 49.2
10:25 4.5 7.875 236 260 57.8 60.9 118.7 51.1 6.2 44.9 7.9 387.6 49.2
10:26 4.5 7.875 239 262 58.5 61.4 119.9 52.3 6.2 46.1 7.9 387.6 49.2
10:27 4.5 7.875 240 263 58.8 61.6 120.4 52.8 6.2 46.6 7.9 387.6 49.2
10:28 4.5 7.875 241 264 59.0 61.9 120.9 53.3 6.2 47.1 7.9 387.6 49.2
10:29 5 8.750 227 247 55.6 57.7 113.3 45.7 6.9 38.9 8.8 387.6 49.2
10:30 5 8.750 234 252 57.3 58.9 116.2 48.6 6.9 41.8 8.8 387.6 49.2
10:31 5 8.750 236 255 57.8 59.7 117.5 49.9 6.9 43.0 8.8 387.6 49.2
10:32 5 8.750 237 257 58.0 60.2 118.2 50.6 6.9 43.7 8.8 387.6 49.2
10:33 5 8.750 238 257 58.3 60.2 118.4 50.8 6.9 44.0 8.8 387.6 49.2
10:34 6 10.500 220 241 53.9 56.2 110.1 42.5 8.2 34.3 10.5 387.6 49.2
10:35 6 10.500 226 246 55.4 57.4 112.8 45.2 8.2 37.0 10.5 387.6 49.2
10:36 6 10.500 229 249 56.1 58.2 114.3 46.7 8.2 38.5 10.5 387.6 49.2
10:37 6 10.500 245 268 60.0 62.9 122.8 55.3 8.2 47.0 10.5 387.6 49.2
10:38 6 10.500 248 270 60.7 63.4 124.1 56.5 8.2 48.2 10.5 387.6 49.2
10:39 8 14.000 224 252 54.9 58.9 113.8 46.2 11.0 35.2 14.0 387.6 49.2
10:40 8 14.000 228 255 55.9 59.7 115.5 47.9 11.0 37.0 14.0 387.6 49.2
10:41 8 14.000 229 255 56.1 59.7 115.8 48.2 11.0 37.2 14.0 387.6 49.2
10:42 8 14.000 229 256 56.1 59.9 116.0 48.4 11.0 37.4 14.0 387.6 49.2
10:43 10 17.500 219 243 53.7 56.7 110.4 42.8 13.7 29.1 17.5 387.6 49.2
10:44 10 17.500 222 247 54.4 57.7 112.1 44.5 13.7 30.8 17.5 387.6 49.2
10:45 10 17.500 223 248 54.6 57.9 112.6 45.0 13.7 31.3 17.5 387.6 49.2
10:46 10 17.500 225 249 55.1 58.2 113.3 45.7 13.7 32.0 17.5 387.6 49.2
10:47 10 17.500 225 249 55.1 58.2 113.3 45.7 13.7 32.0 17.5 387.6 49.2
10:48 12 21.000 216 242 52.9 56.5 109.4 41.8 16.4 25.4 21.0 387.6 49.2
10:49 12 21.000 220 245 53.9 57.2 111.1 43.5 16.4 27.1 21.0 387.6 49.2
10:50 12 21.000 221 246 54.2 57.4 111.6 44.0 16.4 27.6 21.0 387.6 49.2
10:51 12 21.000 222 247 54.4 57.7 112.1 44.5 16.4 28.1 21.0 387.6 49.2
10:52 14 24.500 222 248 54.4 57.9 112.3 44.7 19.2 25.6 24.5 387.6 49.2
10:53 14 24.500 225 250 55.1 58.4 113.6 46.0 19.2 26.8 24.5 387.6 49.2
10:54 14 24.500 226 251 55.4 58.7 114.0 46.5 19.2 27.3 24.5 387.6 49.2
10:55 14 24.500 226 251 55.4 58.7 114.0 46.5 19.2 27.3 24.5 387.6 49.2
10:56 16 28.000 228 253 55.9 59.2 115.0 47.4 21.9 25.5 28.0 387.6 49.2
10:57 16 28.000 229 255 56.1 59.7 115.8 48.2 21.9 26.2 28.0 387.6 49.2
10:58 16 28.000 230 256 56.3 59.9 116.2 48.7 21.9 26.7 28.0 387.6 49.2
10:59 18 31.500 235 262 57.6 61.4 118.9 51.3 24.7 26.7 31.5 387.6 49.2
11:00 18 31.500 237 263 58.0 61.6 119.7 52.1 24.7 27.4 31.5 387.6 49.2
11:01 18 31.500 238 264 58.3 61.9 120.2 52.6 24.7 27.9 31.5 387.6 49.2
11:02 20 35.000 240 265 58.8 62.1 120.9 53.3 27.4 25.9 35.0 387.6 49.2
11:03 20 35.000 241 266 59.0 62.4 121.4 53.8 27.4 26.4 35.0 387.6 49.2
11:04 20 35.000 242 267 59.3 62.6 121.9 54.3 27.4 26.9 35.0 387.6 49.2
11:05 22 38.500 251 274 61.4 64.3 125.8 58.2 30.1 28.0 38.5 387.6 49.2
11:06 22 38.500 252 275 61.7 64.6 126.3 58.7 30.1 28.5 38.5 387.6 49.2
11:06 24 42.000 251 275 61.4 64.6 126.0 58.4 32.9 25.5 42.0 387.6 49.2
11:06 26 45.500 254 278 62.2 65.3 127.5 59.9 35.6 24.3 45.5 387.6 49.2
11:06 28 49.000 260 285 63.6 67.1 130.7 63.1 38.4 24.7 49.0 387.6 49.2
11:06 30 52.500 271 295 66.3 69.5 135.8 68.2 41.1 27.1 52.5 387.6 49.2
11:06 32 56.000 280 303 68.5 71.5 140.0 72.4 43.9 28.5 56.0 387.6 49.2
11:06 34 59.500 286 309 69.9 73.0 142.9 75.3 46.6 28.7 59.5 387.6 49.2
11:06 38 66.500 293 314 71.6 74.2 145.8 78.2 52.1 26.2 66.5 387.6 49.2
11:06 42 73.500 308 329 75.3 77.9 153.2 85.6 57.6 28.0 73.5 387.6 49.2
11:06 46 80.500 322 348 78.7 82.6 161.2 93.6 63.0 30.6 80.5 387.6 49.2
11:06 50 87.500 334 354 81.6 84.1 165.6 98.0 68.5 29.5 87.5 387.6 49.2

bumps

stable
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Figure G- 21 Results from Case 12, time response test 

 
Figure G- 22 Case 12, time response test, load-displacement plot 

 
Figure G- 23 Case 12, time response test, load-displacement plot: 1-5 mm 
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Appendix H Test Rig Design Drawings 
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