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In order to better understand the fundamental aspects of a belt con- 
veyor materials handling system, a model system With closed circulation has 
been constructed.   The evaluation ana the measure of its performance based 
on various factors of the system has been made using a statistical experi- 
mental design approach. 

Numerous problems were encountered, particularly at the material 
transfer points in the system.   These problems and their solutions are de- 
tailed in this report. 

Based on several tests, it was observed that tiie type of material 
being conveyed had a significant effect.   On the other hand, the equipment 
variables proved to be relatively insignificant for the range of variables con- 
sidered. 

During this investigation,  several conveyor belt simulator designs 
were considered and one of these was built.   The results of tests on the 
simulator were in general agreement with the model conveyor test resi Its. 
Based on limited results, the conveyor belt simulator appears to offer 
considerable potentiel for investigating the response of a conveyor belt 
system. 
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PREFACE 

: 
This report covers the final six months aocomplishments on 

Contract No. H0220042 in the research program entitled,  "The Effect 

of Material Properties on Materials Handling Processes," R. w. Heins, 
Principal Investigator. 
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SUMMARY 

This is the final report on Contract No. H0220042 under which a closed 

circulation belt conveyor materials handling system has been constructed 

and tested.   Also, an initial working model conveyor belt simulator was 

constructed and limited tests were run. 

Numerous problems were encountered, particularly at the material trans- 

fared points in the system.   Several designs were fabricated and tested 

before a workable system was developed.   This required changes in the slope 

and direction of the chutes , the addition of pneumatic vibrators and the 

use of baffles to control the velocity of flow of the material. 

A series of 16 tests and a series of 8 tests, respectively, were per- 

formed with the model conveyor system.   It wis observed that the type of 

material had a significant effect.   On the other hand, equipment variables 

proved to be relatively insignificant for the range of variables considered« 

The results of the conveyor belt simulator tests were in general ag- 

reement with the model conveyor test results.   Based on the limited results 

presented here, it would appear that a conveyor belt simulator offers 

considerable potential for investigating the response for a conveyor belt 

system. 
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CHAPTER I 

RESEARCH OBTECTIVES AND PIANS 

/ 

1.1   Introduction 

The development of large diameter tunnelling machines marks a new 

era in tunnelling practice.   While these machines are capable of excavating 

hard rock rapidly and continuously, new designs of even greater capacity are 

haing developed and tested.   With prototype excavators of extremely high 

capacity in the testing stage, the problems of materials handling associated 

with rapid excavation processes are enormous.   The research described in 

this report is an attempt to understand how material properties affect the 

way they are handled on a conveyor belt. 

The present tunnelling machines are an outgrowth of the continuous 

mining machines developed in the late 40's and early 50's by «-he coal pro- 

ducers.    In need of high productivity per man hour, these companies 

fostered the development of continuous mining machines which literally 

rip the coal from the face.   The continuous mining machines are equipped 

with loading devices that move the mined material away from the face and 

onto an extensible belt conveyor or to a shuttle car behind the miner.   The 

same machines that were developed for coal can also be used for soft rock 

excavations, for example, in potash. 

Having shown that continuous mining equipment was practical, various 

manufacturers began working on designs for equipment systems that could be 

used to mine rock of higher compressive strengths.   The machines currently 

in use represent a Dreakthrough in that rocks with compressive strengths in 

excess of 25,000 pounds per square inch can be excavated continuously. 

Tunnelling no longer suffers from the constidints imposed by the cyclic 

drill-blast method. 

The volume of rock produced by continuous excavating machines is 

largely a function of the speed of the cutting head and the thrust on the 

■aMBMMMaM 



I   »* cutting head.   Together with the type of cutter head , these parameters con- 

trol the rate of advance.   A number of types of cutter designs have been 

proposed and tried in practice.   These designs have drawn heavily on the 

technology developed by the oil industry in deep drilling practices through very 

hard rock formations     The particle size distribution and particle shape of the 

j excavated material are, in part at least, dependent on the type of cutter 

I used as well as the relative strength of the material in place.   The linear 

j or disc cutter as applied to soft to medium hard formations produces larger 

particles which tend to be plate-like in shape.   In contrast, the tungsten 

j carbide insert cui.ter which is used in very hard formations tends to produce 

fine chips of more equal dimensions.   Thus , it can be seen that both cutter 

j design and rock strength influence chip shape and size distribution.   These 

can be controlled variables if it can be shown that these properties have an 

important influence on the materials handling properties. 

1.2   Research Objectives 

Although the physical properties of bulk materials influence their 

| conveying in all materials handling systems ,the emphasis of this study 

is directed to rapid excavation during tunnelling.   A better understanding 

j of the fundamental aspects of the materials-system interface and interactions 

must be obtained in order to achieve the materials handling capabilities re- 

j quired.    In particular, the effect of the physical properties of the excavated 

material on the handling system must be investigated.   The selection of 

j equipment based on experience, tradition or intuition is no longer valid 

but must be based xn part on an analysis of the physical properties of the 
material to be handled. 

The purpose of this research is to attempt to identify the variables 

[ which control the r aterial handling processes.   The materials of extraction 

and excavation are man-made.   If optimum material characteristics can be 

found which will enhance the Output, it should be possible to modify their 

properties at or near the face of the excavation to improve their handle- 

ability.   Materials handling systems can be designed around those properties 

.—. —       -   -   — 



and variables which are shown to be Important In the handling process. 

1. 3   Research Plan 

A small size (model) conveyor has been designed and built for a test 

system.   The model conveyor, which Is equipped with an eight-Inch belt, 

Is connected to an 18-lnch belt, which serves as the return system, thus 

establishing a closed-loop materials handling system.   The small model 

belt was selected in order to reduce the total amount of material required 

to fill the system.   Numerous problems have developed with the system and 

these are detailed in a subsequent chapter of this report     Included are the 

detal.s of how these problems have been solved, 

A statistical experimental design has been employed for conducting the 

experimental investigation.   This program is very flexible and variables can 

be added or deleted ay necessary during the testing program.   Regardless of 

the number of important variables that are finally formed in the testing program, 

this method of experimental design will optimize the amount of significant 

data that can be obtained from a given number of experimental runs.   The 

statistical experimental design offers the best hope of maximizing the evalua- 

tion of a multiple-variable experimental system.   Details of the experimental 

design can be found in Appendix A. 

In an effort to reduce the size of the test system, several ideas for a 

conveyor belt simulator have been proposed.   One of the designs has been 

built and has, to a limited degree, been used to study certain aspects of the 

closed-loop belt conveyor system.   The simulator generates , over a short 

length of belt, the approximate belt conveyor conditions by passing Idlers 

under a stationary belt.   Up to four arms can be used on the simulator, each 

with an attached idler.   By varying the speed of rotation of the arms and the 

number of arms being used, variation in belt speed and idler spacing can be 

simulated 
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CHAPTER 2 

MODEL BELT CONVEVnR SYBTEM 

2 .1   Introduction 

The technology of the belt conveyor system design has been steadily 

developed and improved over a period of several decades.   Today, in the 

field of bmk materials handling, belt conveyors arc widely accepted as   a 

reliable and economical means of materials handling.   With the continuously 

growing demand for belt conveyors, manufacturers have standardized major 

system links and, as a rule, only minor modifications are made to suit the 

practical requirements of the particular installation. 

Most of the research carried out on belt conveyor systems as a mea..s 

of material landling has been by private manufacturers in the field, and 

directed toward technical developments and improvements of the various 

components of the sy.tem.   As a result, comparatively little literature per- 

taining to optimization analytical studies of conveyor systems is presently 
available. 

In order to accomplish the objectives of this investigation, a large 

number of experiments on an ideal belt conveyor system was originally con- 

sidered.   However, such an experimental undertaking on an actual belt 

conveyor system is time consuming, expensive, and requires a large quantity 

of material to fill the system.   It was decided to carry out all the experiments 

on a reduced size or model closed-loop conveyor system.   Details of the 

model belt conveyor system and equipment modifications required to achieve 

satisfactory operation of the system are discussed in this chapter. 

2.2   Design of Model Conveyor System 

A closed-loop model belt conveyor system was designed and built by 

the Physical Science laboratory, the University of Wisconsin-Madison 

Wisconsin.   An eight-inch wide belt conveyor was selected for the model 

test conveyer, with an 18-inch w.de belt which was used for the return 

conveyor.   Both the model conve/or and return conveyor vere connected 

through hopper and chute assemblies at the ends to form a closed-loop 

system.   The model conveyor system was designed to facilitate a study of 

- ■ -'■ -1 --     - - 



most of the machine variables and material variables discussed in Chapter 3. 

Many of the components were designed , constructed and modified as the 

need arose, both during construction and after testing began. 

The design requirements of the model conveyor system imposed many 

restrictions on the use of standard conveyor equipment in the system.   A case 

in point is the requirement of adjustability of the inclination of the model con- 

veyor bed.   In order to meet this specification, a telescope chute was required, 

eliminating the possibility of using standard chute comporents. 

2 . 3   Problems Encountered 

2.3.1   Initial Fabrication and Testing Facilities 

Because of the unusual requLements of the system, construction of 

the equipment was considerably delayed.   When the construction of the 

equipment was completed, it was dec ided to accept the delivery of the 

equipment on the University of Wisconsin campus,   Subsequent modifica- 

tions of the system components were made as the need arise 

Some difficulty was encountered in finding a suitable location for the 

model conveyor within existing facilities of the College of Engineering. 

An adequate location was found using a portion of a laboratory in the Department 

of Metallurgical and Mineral Engineering.   At this location, a major constraint 

WSG imposed in that dusting during testing must be minimized.   Figure 2.1 

shows two photographs of the conveyor system after some initial modifications 

in its present location. 

2.3.2   Belt Tracking 

Aftar the model conveyor system was assembled and all electrical 

connections were made, the conveyor was ready for initial shake-down tests. 

Several minor adjustments and modifications were required to get cte equip- 

ment in working order.   Tracking problems developed with the model conveyor 

belt because of misalignment of the idlers on the model conveyor bed, the 

belt was relatively new, and excessi-    tension on the model conveyor belt. 

The tracking problem waa partly solved when the belt tension was reduced to 
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one-half the original value, and special training idlers were mounted on 

either side of the conveyor bed as shown in the sketch on Figure 2.2.   However, 

aft^r the training idlers were mounted, appreciable rubbing developed on one 

side of the mode' conveyor belt.   This suggested that the drive pulley may have 

become misaligned during transportation of the equipment.   Subsequent adjust- 

ment of the alignment of the drive pulley solved the tracking problem.    A similar 

adjustment was required on the drive pulley of return conveyor to solve the 

tracking problem of that machine . 

2.3.3   Loading and Discharge of Materials 

Up to this point the model conveyor system had not been tested with 

material in the system     It was necessary to use materials other than the bulk 

samples during the calibration tests in order to avoid exhausting or segregating 

the prepared muck samples prior to the actual production tests .   During the 

calibration tests, several additional problems in the component design were 

discovered during a short period of operation of the system with sard as the 

material medium.   The problems encountered in maintaining a steady flow of 

material through the system were centered at the discharge and loading ends 

ci the model conveyor.   Figure 2.3 shows a schematic diagram of the model 

conveyor system before modification. 

2.3.3.1   Problems with the discharge end of the model conveyor. 

The first major problem was created by the original design 

of the receiving hopper.   The inclination of the walls of the hopper 

bottom were designed on the assumption that the angle of repose 

for the dry material would be approximately 2 0°; hov/ever, the 

actual angle of repose for the sand (slightly moist) proved to be 

approximately 27°.   As a result, the hopper walls were not sloped 

at a sufficiently steep angle and material accumulated in the re- 

ceiving hopper (Point AA, Figure 2  3).   One obvious modification of 

the existing hopper; i e. , steepening the walls, was impossible since 

the difference in height between the model conveyor discharge end 

in the horizontal position and the lower end of the return conveyor 

is fixed.   In order to overcome the problem, the receiving hopper 

was eliminated and a loading chute was construv;ted leading directly 

■   —■— —        ■ BM^^^^M 
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from the te'cscopic chute to the return conveyor.   The chute was 

built from light gauge galvanized steel sheets and performed quite 

satisfactorily up to two-thirds of the loading capacity of the model 

conve yor. 

A second problem developed at the transfer point from the 

loading chute to the return conveyor.   The use of a wing take-i.p 

pulley on the lower end of the return conveyor caused conpiderable 

vibration of the belt and excessive spillage at the loading point. 

This problem was solved by mounting a straight roller between the 

wing take-up pulley and the loading point and on top of the brit 

which effectively reduced the vibrations to an acceptable level, 

"i'he same problem occurred at the loading cna of the model con- 

veyor and was resolved in the same manner. 

2-3.3.2   Problems with the loading end of the model conveyor. 

The inclination of the model conveyor bed is adjustable 

within a range of 0° to 20°.   This unusual feature requires the 

loaning end to extend 40 inches downward from tne horizontal 

position in order to achieve the maximum inclination of 20°. 

As a result, the inclination of tne telescopic chute connecting 

the loading end hopper and skirts must vary from 20° to 61° with 

the horizontal.   The slope of the telescopic loading chute becomes 

very steep with the model conveyor bed inclination as low as 8° , 

causing the material to impact the conveyor belt with very high 

momentum.   Furthermore, the horizontal component of the flow 

velocity vector was perpendicular to the direction of the belt 

♦ravel.   These conditions made it extremely difficult to load 

the model conveyor belt uniformly and without spillage.   The 

problem was resolved by fabricating adjustable baffle plates on 

the loading chute as shown on Figure 2.4.   Except for the time con- 

suming adjustments required with each change in inclination of the 

conveyor bed, the loading chute was found to be satisfactory. 

■ -  ' — 
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A second major difficulty encountered at the loading end 

of the model conveyor involved the design of the skirts and skirt 

board.   The original design did not provide uniform and smooth 

loading on the belt because the momentum of the material approach- 

ing the belt was at right angle to the belt travel.   The problem was 

temporarily resolved by constructing an additional chute box located 

behind the skirts as shown in Figure 2.4.   In the final configuration, 

the material is first dropped in the chute box and from there feeds 

onto the belt with a small momentum in the dilution of the belt 

movement.   This arrangement has proven to be quite satisfactory 

and produces uniform loading of the belt up to two-thirds of tho maximum 

capacity. 

After the necessary modifications on the model conveyor 

system had been accomplished, a series of tests was run to 

evalu^e the overall performance characteristics of the conveyor 

system.   A detailed discussion and analysis of the experimental 

study is presented in Section 3.3. 

2.3.4   Final Modifications 

Examining the results of the initial experimental study (Section 3.3) it 

was observed that at a drive pulley speed of 130 rpm, the material flow-through 

galvanized steel chute near the discharge end was not satisfactory.   The rate 

of flow of the material from the chute on the return conveyor was lePo than 

the rate of flow from tho model conveyor to the chute resulting in  'dead 

pockets."   This would be a ^erious drawback w\en the belt was running at 

a higher capacity.   This difficulty would be further amplified when wet material 

was used 

Similar "dead pockets" of material were observed at the loading end 

hopper.   Also the rate of loading on the conveyor belt was reduced due to the 

jamming of the material In the telescopic chute and skirt boar:i.   At full capacity, 

since the material had to alter its course of direction 90° to get on the belt, the 

velocity was reduced resulting in the conveyor belt running at a very low capacity. 

1   „J_^-^_^M_.^..            ^  ^  
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In order to overcome these difficulties when the conveyor w^s run at high 

oopacities, the following final modifications were made. 

2.3.4.1 New design of discharge end hopper. 

Figure 2.5 is a photograph of the modified model conveyor 

system.   The galvanized steel sheet chute is replaced by a 

discharge end hopper,   This hopper waj designed to be used when the 

model conveyor was set between 0° and  10° inclination.   The movement 

of the chute connector to the model conveyor system was controlled by 

a cable passing through the top end of the hopper.   This control helped 

to vaiy the steepness of the chute depending on the requirements 

of the experiments.   The slope of the chute was Increased when 

handling large quantities of materials and/or when moist materials 

were used.   The top of the chute was covered which helped control 

dus   during material transfer. 

2.3.4.2 Re-positioning the loading end hopper. 

Even though the volume of the loading end hopper was 

sufficient to load the belt to its full capacity, this was seldom 

a case.   The sides of the hopper lacked the adequate slope to move 

the mterial fast enough to maintain continuity at full capacity. 

Hence it was felt that the material should be accelerated when it 

was discharged in the hopper.   This was done in two steps.   Firstly, 

the "throw" of the material from the return conveyor (running at 

constant speed) was increased by changing the size of the drive 

pulley of the return conveyor.   Secondly, this "drop" (of material 

from the return conveyor) occurred in a sheet having a steep angle. 

This helped to move the material to the exit in the hopper at a 

faster rate. 

The accumulation of the material in the telescopic chute was 

due to the loss of velocity at the 90° turn.   Hence it was decided 

to re-position the loading end hopper.   This position enabled 

 -..-. _    ^m. ■ ' »MM ■■«MUdliMiMlliMiiHiaHlUMta 
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the iTiaterial to mov*» ^om the hopper to the telescopic chute in the 

same directio-  as that of the conveyor belt.   This also helped in 

the uniforr.i Loading of the belt and prevented excessive spillage. 

For wet material the friction was sufficient to reduce the 

flow of material in the hoppers and chutes.   Thin sheets of teflon were 

glued to the surfaces of hoppers and chutes.   This reduced the flow- 

friction and permitted the use of wet material. 

The performance due to the above modifications was felt to be 

satisfactory for commencement of the experimentation. 

2,4   Conveyor Belt Simulator 

Several concepts of conveyor belt simulation were considered 

before developing the   simulator use .1 in the tests reported here.   The 

purpose of the simulation program was two-fold .   Considerations of scaling 

factors indicated that vertical motions experienced by the material 

on the belt is a fundamental factor determining the handling characteristics. 

Secondly, constructing an efficient experimental design requires 

preliminary knowledge of the variables, their possible ranges, and the 

enteractions with other variables.   For these reasons , the program of 

developing a simulator was pursued in two stages. 

The first simulator consisted of a container designed to approxi- 

mate the geometry of a conveyor belt cross section.   The sides were 

adjustable so that various troughing angles could be obtained.   The 

material was placed in the container at the angle of repose and the 

whole apparatus was vibrated by an electromagnetic shaker with the 

frequency dependent on the mass of the sample and the amplitude of 

vibration dependent on the frequency.   The frequency of vibration 

was increased to the point where the material became severely agitated . 

Profiles of the material before and after testing were made for comparative 

purposes. 
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While this device did not simulate a conveyor, the following 

conclusionc were made: 

1.   At low frequencies relatively large amplitude could be 

tolerated before significant alteration of the sample cross 

section occurred. 

? .   As the frequency of vibration increased less amplitude was 

needed to alter the cross section. 

3.    Peak vertical acceleration is the major factor controlling 

the ultimate angle of surcharge achieved by the material 

when subjected to vertical vibration. 

To more nearly approximate a moving belt, the simulator shown in 

Figure 2.6 was designed and built     It consists of up to four rotating 

arms    to which an idler can be attached   and a piece of stationary 

belt    The bulk of each revolution is circular   but as the idler 

passes under the short piece of belt   the track is straight     The use 

of one or more idler-arm units rotating at variable speeds is analogous 

to changing the belt speed and changing the idler spacing.   Although 

the design of the simulator is not as versatile -is tha^ of the model 

conveyor, in terms of different variables of the conveyor system, 

the variables of idler spacing, belt speed, and the moisure condition 

of the material were studied and are reported in Section 3.5.2 o< this 

report. 

__^ ^aHM-MMaaMBaMBHt^aa, 
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3.1 General Considerations 

In order to investigate the influence of material properties on the 

material ha idling characteristics, a series of experiments were performed 

using the model belt conveyor and conveyor simulator described in 

Chapter 2, 

The relationship which might exist between the performance of model 

conveyor or the conveyor simulator and a full-scale belt conveyor installation 

involves unknown scaling factors.   In the early stages of this investigation, 

it was anticipated that a study of these scaling factors might be undertaken 

within the scope of this investigation.   However, because of the difficulties 

encountered in designing and constructing the experimental equi. ment and 

the lack of a readily available full-scale conveyor installation that could be 

utilized in a comparative study   the scaling factors were not evaluated. 

In view of the uncertainty between effects observed in model tests and 

full-scale installations, the results of model tests, as carried out in this 

investigation, are useful primaril/ in a qualitative sense.   It is believed that 

the general trends observed in the model tests are also valid for full-scale 

installations, although the magnitude of the effects may differ substantially. 

It is also believed that the methodology developed for performing and analyz- 

ing the model tests may be quite useful in the design (or modification) of 

full-scale installations. 

3.2 Belt Conveyor System Variables 

A belt conveyor system for materials handling is a complex installation 

involving a large number and variety of variables.   Moreover, it may be anti- 

cipated that the overall economy and efficiency of the system will be influenced 

not only by the individual variables but also by the interaction effects of 

•»MMMB^MaM - -       ■  - - 
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any one of the variables on another. 

A complete listing of the variables that would influence the performance 

of any belt conveyor system is impractical for the purposes of this investiga- 

tion.   However, certain variables associated with the equipment itself and 

the material to be transported are common to most systems.   The following 

is a list of the most common and easily identifiable system variables. 

Equipment Variables: 

(1) Belt speed 

(2) Belt inclination 

(3) Belt material 

(4) Belt tension 

(5) Idler spacing 

(6) Troughing angle 

(7) Cross sectional configuration of conveyor bed 

Material Variables: 

(8) Particle size distribution 

(9) Particle shape 

(10)   Angle of interval friction 

(11 )   Moisture content 

The effects of several of these variables have been investigated In this 

study, the results of which are presented in a subsequent section of this 

report. 

3. 3   Experimental Design 

Due to the large number of variables involved, a considerable amount 

of experimental data is required to evaluate the effects.   Therefore, the 

collection and analysis of the data requires a systematic experimental program. 

A statistical experimental design provides a convenient and economical approach 

for this purpose.   Advantage , of the statistical experimental design approach 

include minimizing the number of tests required, systematic procedures for 

-   —   -  -- --^..—- ^A^^. .-^  I I  -■     - -'- --   ■       -   ' 
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analysis and interpretation of data, reduced experimental costs, and 

greater overall efficiency of the experimental program.   A summary of the 

theory and methodology of this method is piesented in an Appendix A. 

:. 

3.4   Testing Program 

As previously noted, the experimental program was carried out using two 

experimental devices which were designed and constructed as part of this 

study; i.e. , a model belt conveyor and a conveyor simulator. 

The model conveyor has the advantage of including a greater number of 

equipment variables which is a valuable feature for studying interaction 

effects between equipment variables and material variables.   It also obviously 

provides a more realistic approximation of the full-scale conveyor system. 

The primary disadvantages of the model conveyor are the complexity of the 

system, cost of construction, and the greater difficulty of isolating the effects 

of individual variables. 

The conveyor simulator offers an economical and easy-to-use alternative 

to the model conveyor.   The conveyor simulator greatly reduces the time 

and expense of the testing program and the degree of experimental control is 

far superior to the model conveyor.   The disadvantages of this system are the 

elimination of many of the effects that may influence the performance of an 

actual conveyor system and the difficulty of matching the mechanics of belt 

conveyor action. 

3.4.1    Materials Tested 

The primary objective of this study was to investigate the effects of 

material properties on the materials handling characteristics on belt conveyors 

Early in the investigation, samples of materials obtained from various tunnel- 

ing projects were collected and tested.   The mechanical properties of these 

materials are presented in Appendix B. 

MMÜMÜ -   ■■-     ■    •' ■ "- - ' ■'■' 
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For the experimental program, the materials selected consisted of the 

crushed rock obtained from a tunneling project in Milwaukee, Wisconsin 

and a washed, bank run sand.   These materials were chosen to provide con- 

trasting material properties.   The crushed rock consists of angular particles, 

is very well graded, and has a high angle of repose (approximately 45 degrees). 

The sand has rounded to subrounded particles, relatively uniform particle 

size, and has an angle of repose c-f approximately 34 degrees.   The range of 

material properties represented by these two materials is considered to be 

repre sen to »live of the range that would normally be encountered in materials 

handling applications involving natural materials. 

The two contrasting materials were tested in both "wet" and dry condi- 

tions.   However, since both materials are relatively coarse-grained, their 

moisture retention capabilities are quite low and the resulting contrast between 

the wet and dry states was relatively minor. 

3.4.2     Model Belt Conveyor Tests 

Following the initial "shakedown tests , " two series of tests were per- 

formed using the   model conveyor.   The first series consisted of sixteen tests 

involving six variables.   The low and high levels of the six variables used 

in the factoricil design are listed below. 

Level 
Variable 

A -   Belt Tension 

B -   Troughing Angle 

C -   Bed Inclination 

D -   Type of Material 

E -   Idler Spacing 

F -  Moisture Condition 

Each series of tests was conducted at three belt speeds; i.e., 303, 433, and 

562 feet per minute. 

Low Hiqh 

82 lbs 122 lbs. 

20° 35° 

5° 9° 

Crushed Rock Sand 

2 ft. 4 ft. 

Dry Wet 

MB^MHMHI t^^gmmmm   - 
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.6-2 A 2        fraoUonaI factorlal r resoiuUon K   ^^^ ^^ ^^ 

•e^n for whlch U shown ln Table ,.,.   Slnce ^ ^^ ^ 

«.O.UUO, W, some of the ^.^ lnteraction ^^^ are 

her tWo-factor .„toractlon..   However_ „,. ^^ 

«cent than lnvestlgatln9 t„e variables one ^ a ^^   it J 
three factor and high., order interactlons are ^^^ 

The resu.ts of fhe «„, Serles of tes.s on the mode, oo„veyor (reported 

di:::rT:n a sub—'—- -——ii:::: r:r.rrr;;.::the comp,ex——* - - involved.   Therefore, a second series of tests Was performed 
limiting the number of variables tn thrÖQ      ^ ^rmea , 

variables to three and concentrating of the effects of 

ntlTr? ■  r ,OW and "^ ,eVe,S ^ - '^ ™---on -id the second series of tests are listed below. 

Variable . ^^- 

«        belt Tension QO .. 
bZ Ibs- 142 lbs 

B   -  Moisture Condition nr. 
r      ^ Dr^ Wet 

he tes s Were conduced a. Mt speeds of 368 and 52s ^ 

ed „cunauon was „ro de9rees, the «,„ spaclng was 2 ^ and ^ 

troughing angle was 20 deoreeq     Tho ^     ■ degrees.   The design matrix for this series of tests is 
presented in Table 3.2. ■ « w«i is 

s:-:::: rrrzrrrr" ■• • r 

"• »"•' »■" - •"■ ■■«-. <., ..,.„.,,. z .„,.:" 
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Variables 

.. ABC D E   F AB AC AD AE AF BC BD BE BF 

en-Li 

CD CE CF DE DF EF 
1 -   -    - - + - + + + - + + + - + + - + _ + _ 

t +   -    - - -   - - - - - - + + + + + + + + + •♦- 
3 -   +    - - -   + - + + + - - - - + + + - + _ ^ 

4 +   +    - - +   + + - - + + - - + + + - - - _ + 
5 -   -   + - -   + + - + + - - + + - - - + + M _ 

6 +   -   + - +   + - + + + - + - - - + + + - _ + 
7 -   +   + - +    - - - + - + + - + - - + - - + _ 

8 +   +   + - -   - f f - - - + - - - - - + + + 
9 -   -   - + -   + f + - + - -+ - + - - + - - + _ 

10 +   -   - f +   + - - + + + + - - - - - - + 4 + 
11 -   +   - + +   - - + - - + - + + - - - + + m _ 

12 +  +   - + -   - + - + - - - + - - - + + m _ +                     1 
13 -   -   + + +    - + - - + - - - + + + _ + _ _ 

14 +   -   + + -    - - + + - - - - + + + - - — _ + 
15 -   +   + + -    + - - - + - + + - + + - + _ f 
16 +   +   + + +    + + + + + + ♦ + + + + + + + + + 

Variables: 

A   -   Belt Tension 

B   -   froughing Ang'e 

C   -  Bed Inclination 

D   - Type of Material 

E   -   Idler Spacing 

F   -  Moisture Condition 

Table 3.1.   Matrix Design for First 
Series of Tests. 

  man MMMMMMMli mm riaaUMMMMWMHMWWM 
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A 

Va riables 

B C AB 

Two- •Factor Interactions 

Test No. 
AC                      BC 

I - - - + +                        + 
2 + - - - + 
3 - + - - + 
4 + + - + - 

5 - - + + - 

6 + - -;- - + 
7 - + + - + 
B +■ + f + +                       + 

Table 3.2.    Matrix Design for Second Series of Tests 

Variables ; 

A   -   Belt Tension 

B   -   Moisture Condition 

C   - Type of Material 

mil ftiwui^imt i     ii ir ii iiMnm^rmi n i i mifmriii  —"--■-  „^^.^_^^_J^J„—>—.— ,_..._     ...  
■-   -- 
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to load the system to its maximum capacity.   Therefore, a method was devised 

to determine the amount of material on the belt at any given time relative to 

* theoretical maximum.   The theoretical maximum in this context is the amount 

of material the belt would carry if the material maintained a certain ideal 

cross sect onal profile.   The   "ideal profile" was obtained using the method 

presented by the Conveyor Equipment Manufacturers Association.   The 

surcharge angle used in the determination of the ideal profile was assumed 

to 15 degrees less than the angle of repose of the material.   The resr' 'ng 

ideal profiles for the materials tested are shown in Figure 3.1. 

The areas of the actual cross sectional profiles were determined using 

ü pentograph device after the belt was stopped.   Figure 3.2 shows typical 

profiles traced near loading and discharge ends.   The areas were determined 

at two or more locations to be certain that a representative area was obtained. 

A typical example of the measured profile and ideal profile is shown in 

Figure 3.3.   The ratio of the actual profile area to the area of the ideal profile 

^a V WaS then USed aS the meai5 ,re of the system response. 

Ill 
in 

3.4 . Ci    Conveyor Simulator Tests 

The design, construction, and testing programs for the model conveyor 

and conveyor simulator were carried out as parallel activities during this study, 

However, because of the greater emphasis placed on the model conveyoi 

system and the percentage of effort required in its development, the develop- 

ment of the conveyor simulator only reached a preliminary stage.   Only one 

material (sand) was tested in the conveyor simulator, and, therefore, the 

effects of material properties could not be evaluated.    However, the prelimin- 

ary results indicate that the simulator may have considerable promise as a 

device- for investigating specific aspects of conveyor systems. 

The variables considered in the simulator tests included belt speed, 

idler spacing, and the moisture condition of the materiel.   The experimental 

design and evaluation of results were carried out using the same statistical 

approach described for the model conveyor. 

— ■ --— 



"I 

i 26 

.. 

- 

o 
LÜ 
I- 
O) 
UJ 

O) 
-I 
< 

cr 

o 
Ü. 

(0 
UJ 

t 
tr 
GL 

-I 
< 

ro 

UJ 

o 

0) 

o 
u 
w 
3 
(A 

O 
0) 

■r 

u 

o 

..-■,. ■..^..„^ — fa_^..— ...-.   ■    .  .-..-^...-■^■^ ^^.lü.a^— .     ,_^^: ^.^J_^^^...,.      -      .. .- .:^...     _ 



I  ■ II    ■ I ■  '       " -•^■»•""■■■■^ 

I '. - 

27 

t UJ 

i. 

.. 

UJ 

o 
z 
Q 
< 
O 

X 

< 

UJ 

u. 
o 
tr 
Q. 

fe« 

Q 

U 

UJ 
o 
< 
1 o 

UJ 
x P 

< 

UJ 
_J 

o 
CL 

Lü 
-J 

Li. o 
en 
Q. 

UJ 

Ü. 
O 

to 

i. 

UJ 

u. 

UJ 

E 
UJ 
CL 
X 
UJ 

UJ 

UJ 

< o 
QC a: 
1- u. 

< UJ 
o ^ 

< 

< £C 
Ul 

Ü 
2 

:. 

MMuaa^laaiMMia ■ MMM^M^MMMBi MHII_aMtaM. 



—■ 

I 
I 

28 

:. 

< 

Q 

<   O 

UJ o 

o 
ÜJ o 
< 
oc 

< o 
Q. 
>- 

< 
LU 
a: 

Ixl 

X   < 
O   -J 

< 

O 

UJ 

Ü. 
O 
01 

LÜ     Q. 

ro 

 — ■ • -   ■- ■ - ■ -   



i. 29 

3.5   Results 

3.5.1    Model Conveyor System 

The results obtained from the first series of sixteen tests at each of 

three belt speeds are prebented in Table 3.3.   The results are presented in 

terms of the Area Ratio (A /A ) determined by the method described   n Section 
ä      1 

3.4.2 of this report. 

The main effects and interaction effects were computed for the results 

presented in Table 3.4.   The elements of column A in T-bl^ 3.1 are multiplied 

with the corresponding elements of the columns in Table 3.3.   The algebraic 

sum of these quantities divided by eight yields the main effect due to the 

Variable A at a particular belt speed.   For example, the main effect due to 

variable A, the belt tension at a belt speed of 303 feet per minute is calculated 

as follows: 

X =- 52.63 - 54.13  - 56.68 - 41.12 - 58.61 - 58.13 - 57.20 - 65.85 

Y = 39.51 + 46.63 + 61.29 + 55.1 + 60.96 + 60.86 + 67.6 + 65.74 

The quantities X/8 and Y/8 give the high and low values and the main effect 

is the difference.   In the preceding example, the high value is 57.21 and the 

low values are 53.54 and the main effect is +1.67.   The high and low values 

and the main effects for the first series of model conveyor tests are presented 

in Table 3.4. 

The "effect" of a variable represents the change in response produced 

by a change in the level of the variable.   When a factor is examined at two 

levels only, as in the present case, the effect is simply the difference be- 

tween the average response of all tests conducted at the higher level.   The 

high value is the average of the area ratios at the higher belt tension of 

122 lbs , and the low value is the average of the area ration at the lower belt 

tension of 82 lbs,   Therefore, the main effect is the difference in area of the 

material at these two tensions.   The positive sign indicates that the area is 

greater at higher belt tension than at a lover belt tension for the given speed 

of 303 feet per minute. 

 —— J.^_^^^>^^„^^faMA^ML ._ —^. ^. ^. .  
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Test No. 303 fpm 

AREA RATIO A /A   % 
a    i 

 433 fpm  

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

52.63% 

39.51% 

54.13% 

46.63% 

56.68% 

61.29% 

41.12% 

55.1% 

58.6% 

60,96% 

58.13% 

60.86% 

o7.2 0% 

67.6% 

65.85% 

65.74% 

Table 3.3.   Area Ratios for 16 Tests. 

37.43% 

36.76% 

41.29% 

46.21% 

50.83% 

51.7% 

58.29% 

76.13% 

52.43% 

5 3.34% 

55.42% 

44.15% 

50.42% 

48.43% 

57  54% 

53.28% 

30 

562 fpm 

42.22% 

43.12% 

40.74% 

49.40% 

42.30% 

35% 

44.47% 

65.95% 

49.02% 

49.35% 

45.27% 

48.66% 

45.89% 

49.08% 

47.72% 

44.33% 

■   -   - — ■—k -       —       i ■-     -      -   - 
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A 

I) 

Hi 

Low 
Hi 

Low 
Hi 

Ifi 

Low 
Hi 

Hi 

Low 

57.21 

55.54 
56.68 

56  07 
59.15 

Low       54.80 
57.46 

55.29 
58.73 

Low       54.02 
55.46 

57.29 

B 

TABLE 3.4.    Main Effects 

BELT SPEED 303 fpm 

D 

55.94 

56.81 
54.94      58.82 

57.81      53.93 
57.59      56.16       61.87 

55.17       56.59        50.89 
54.25 54.81 55.93 55.46 

58.50 57.95 56.82 57.29 
56.16 57.59 54.94 57.21 

56.59 55.17 54.81 55.54 

58.72 

54.02 

31 

Main 
Effect 

+1.67 

-0.87 

+4.89 

+10.98 

-1.83 

+4.70 

i 

i. 

A 

BELT SPEED 433 fpm 

C D 
Main 

ffi 51  25 

r Lireci 

A 
Low 50.42 

+1.83 

Hi 51.32 54.04 
B 

Low 
Hi 

50.35 
52.01 

47.63 
+6.41 

53,15 55,79 
C 

Low 49,65 48,52 45.87 +9.92 

L) 
Hi 48,38 48.39 46.38 44.65 

Low 53.29 53.28 55.29 49.83 -5.18 

E 
Hi 50.83 50.21 48.50 52.15 50.64 

Low 50.84 51.46 53.17 49.52 50.96 -0.32 

F 
Hi 50.72 46.38 48.39 53.15 51.25 50.8c 
Low 50.94 55.29 53.28 48.52 50.39 50.84 

-0.01 
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1 BELT SPEED 562 fpm 
Main 

A B C D E F Effect 
Hi 44.11 

« 
Low 44.70 +3.41 

Hi 48.60 48. 32 

«■ 

B    . 
Low 44.34 44.50 +3.82 

Hi 46.46 48.27 46.84 

Low 46.36 44.54 45.97 +0.87 

Hi 45.14 43.58 45.31 47.41 
D   . 

Low 47.67 49.24 47.50 45.4 +2.01 

Hi 44.73 45.8^ 43.92 48.38 44.49 

Low 48.09 46.94 48.91 45.70 48.32 -3.83 

Hi 44.49 45.31 43.58 49.53 48.11 44. 73 

Low 48.32 47.50 49.25 44.52 44.70 48. 08 
-3.35 

Variables: 

A   -   Belt Tension 

B   -   Troughing Angle 

C   -  Bed Inclination 

i. D   - Type of Material 

E   -   Idler Spacing 

F   -   Mois ture Condition 

1. 

I. 

li 
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The   effect of   one factor also depends on the level of other factors 

and the factors are said to interact.   The interaction effects were also cal- 

culated in the manner described above.   The main effects and two factor 

interactions are summarized in Table 3.5. 

A multiple linear regression analysis was carried out on the sample data 

and results of the analysis are presented in Table 3.6.   The computer program 

used here is part of the library of available programs at the Madison Area 

Computing Center on the campus of the University of Wisconsin, 

Some tentative conclusions can be drawn from the results     For example, 

the main effect due to variable D, the type of material, is very significant at 

all speeds.   But the effect is not consistent in this series of tests.   Similar 

inconsistencies were found in the effects of other variables.   Therefore, in an 

effort to improve the consistenc/ of the results and concentrate attention on the 

effects of the material properties , a second series of tests was performed 

involving only belt tension, type of   material, and moisture condition as 

variables. 

The area ratios of the second series of model conveyor tests are preseniöd 

in Table 3.7.   The main effects and two factor interactions computed from 

these results are presented in Table 3.8.   Statistical analyses of the data 

were performed and the results are presented in Table 3.9. 

The consistency of the results is considerably improved in the second 

series of tests.   The main reasons for the improvement are apparently due to 

limitinc, the number of variables considered and improved technique of operat- 

ing the equipment and measuring the results; i.e. , elimination of some of 

the experimental error.   The effects on the response of the model conveyor 

system, as observed in the two series of tests reported herein, are summarized 

in the following paragraphs. 

Of all the variables considered    the type of material produced the greatest 

effect on the response.   Although the effect diminishes with increasing belt 

speed    it is reasonably consistent over the range of speeds tested.    However 

it is to be expected that the increasing disturbance of the material on the belt 

as the speed increases would have a tendency to negate the effects of mater- 

ial characteristics.   In view of the fact that the greatest effect on the response 

-■ - -"-    - —'--^Yi  i i nitir -   -     - • ■  —— - -'-—"■■■— ;--~"-*-^-'-'. . . *~*M~ä^.~~^~*~i...   ■,ii,,,   ,-ai......-..^.^..JJ^.-—. 
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Table 3.5.   Summary of Main Effects and Interactions for 
i6 Test Experiment. 

BELT SPEED fpm 

Effec cs 303 433 562 

A + 1.67 +0.83 +3.41 
* B -0.87 +6.41 +3.82 

c; +4.89 +9.9!. + 0.87 

i) +10.98 -5.18 +2.01 

E -1.83 -0.32 -3.83 

F +4.70 -0.01 -3.35 

AB + 0,61 +0.97 +4.26 
. 

AC + 4.35 +2.36 +0.10 

AD +2.17 -4.91 -2.53 

AE +4.71 -0.01 -3.36 

AF -1.83 -0.22 -3.83 
. 

BC -2.87 +4.63 + 3.73 

BD +2.42 -4.89 -5.66 

BE -4.k5 -1.25 -1.07 

BF -0.43 -8.91 -2.19 

CD -0.43 -8.91 -2.19 

CE -3.14 -4.67 -4.99 

CF +2.42 -4.89 -5.67 

DE -0.89 +2.63 +2.68 

DF + 0.13 +4.63 +5.01 

EF + 1.67 +0.86 + 3.41 

Variables : 

A   - Belt Tension 

B   - Trci ighing Angle 

C   - Bed Inclination 

D   - Type of Material 

. E   - Idler Spacing 

F   - Moisture Condition 

- ----- 
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BELT SPEED fom 

303 432 562 

1. F - Ratio                                    3.3 1.17 0.84 

.. 
2. Standard error of the 

estimate                                   5.92 9.07 6.75 

3. 
2 

R    - Multiple correlation 
coefficient                               0.83 0.662 0.60 

Table 3.G.    Multiple Regression Analysis of Data From 16 Test 
Experiment. 

i 

Test No. 
AREA RATIO AA/Ar/o 

368 fpm 

1 

2 

3 

4 

5 

6 

7 

8 

59.48% 

62.40% 

62.99% 

43.30% 

59.61% 

71.42% 

81.39% 

84.7 3% 

525 fpm 

61.66% 

59.16% 

5 8.38% 

46.96% 

59.72% 

65.89% 

7 5.96% 

83.14% 

Table 3.7     Area Ratios for 8 tests. 

^  :,_ - -     -  ■   
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BELT SPEED 368 fpm 
i 

A B C Main 
Effect 

A 
HI 

Low 

65.462 

65.867 -0.405 

- B 
Hi 

Low 

61.78 

69.55 

68.102 

63.227 4.875 

C 
Hi 

Low 

69.655 

61.675 

72.00 

59.33 

74.287 

57.050 17.237 

A 

BELT SPEED 52,5 

A 

fpm 

B C Main 
Effect 

Hi 

Low 

63.787 

63.93 -0.143 

c 

Hi 

Low 
Hi 

Low 

62.87 

64.897 
67.267 

60.45 

66.110 

61.108 
69.98 

57.737 

4.512 

71.177 

56.54 14.637 

Effects BELT   SPEED 

■ ■ ■ 

A 

 -i-"1  

-0.405 -0.143 

B 4.875 4 .512 

C 17.237 14.637 

AB -7.77 -1.977 

AC 7.98 6.81 

BC 12.67 12.24 

Table 3.8.   Summary of Main Effects and Two Factor 
Interactions for 8 Test Experiment. 

Variables: 
A   -   Belt Tension 

B   -   Moisture Content 

C   -   Types of Material 

   -■ — - --    - ■■ 
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BELT SPEED fpm 

368 525 

1 F - Ratio 1.44 1.52 
2 Standard error of 

the estimate 12.18 10.15 
3 K -Multiple 

co-relation co- 
efficient 0.72 0.73 

Table 3.9.    Multiple Linear Regression Analysis of Data 
From 8 Test Experiment. 

-   - ■       -— —-———^—»»^>^~^—  ■ - ■ - 
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of the system is due to the type of material being transported, it follows that 

nnterial properties should be a major consideration in design of materials 

handling systems. 

The effect of the moisture condition of the material alsc  proved to be 

significant.   This result is actually somewhat unexpected because of tie low 

moisture retention capacities of the materials tested.   It appears obvious 

that more fine-grained materials and/or more cohesive materials would be far 

more sensitive to moisture content. 

For a given type of material and moisture condition, the effects of the 

equipment variables were relatively minor for the range of variables tested. 

Because of the difficulty of extrapolating the range of variables In the model 

conveyor to a full-scale installation, it v/ould be premature to apply the 

same conclusion to a full-scale installation.   Nevertheless, it seems reason- 

able to assume that the effect of equipment variables would not completely 

overshadow the effects of material variables in a full-scale installation. 

3.5.2    Conveyor Si .lulator 

The results obtained from the conveyor simulator tests are presented in 

Table 3.10. Because of equipment limitations and time available, the only 

variables considered in this portion of the study were the belt speed, idler 

spacing, and moisture condition of the material. The results are presented 

in terms of the surcharge angle of the material measured after the apparatus 

has been run long enough to reach an equilibrium condition. The results of 

multiple regression analysis of the data are presented in Table 3.11. 

The conveyor simulator tests show the same general trend as the model 

conveyor tests for the variables considered; i.e. , the surcharge angle (which 

is related to the area ratio) decreases with increased idler spacing and/or 

belt speed.   In these tests, the effect of moisture condiUon was insignificant. 

However, because of the relatively coarse-grained nature of the material, it 

could be anticipated that this effect would be snail. 

■- '■ -  i mm - - --   -- -      ■ ■ ■ ■•■-      
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4.71' 

Dry Sample 

Idler Spacing 

3.14' 2.38' 4.71' 

Wet Sample 

Idler Spacing 

3.14' 

♦Surcharge angle (degrees) 

Table 3.10.   Results of Conveyor Simulator Tests. 

2.38' 

belt 2 32 8* 13 16 8 14 15 
Speeds 
(fpm) 

2 01 5 7 10 5 7 11 
378 1 3 5 1 2 6 

I. 

2 

3 

4 

5, 

F - Ratio 

Significance level of the regression 

Standard error of the estimate 
2 

R -Multiple correlation coefficient 

Significance level of the variables 

A) Moisture content 

B) Idler spacing 

C) Belt speed 

4 .91 

0 .008 

3 66 

0. 863 

0. 182 

0. 064 

0. 611 

Table 3.11.   Multiple Linear Regression Analysis of 
Conveyor Simulator L-ata. 

- -'- ■•| ■ ■■ 
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The preliminary results obtained by the conveyor simulator tests show 

general agreement with the results of the model conveyor tests.   Therefore, in 

view of the greatly reduced costs of design and construction and the ease of 

testing, it appears that the conveyor simulator has considerable potential as 

a device for investigating the response of conveyor systems. 
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CHAPTER 4 

CONCLUSIONTS 

4.1   Model Conveyor System 

Basea on the data presented on the various tests performed using the 
1 • model conveyor system, the following conclusions can be drawn: 

1.   Of all the variables considered, the type of material produces 

the greatest effect on the response.   This effect diminishes with 

increasing belt speed. 

2 . The effect of the moisture condition of the material proved to be 

significant even though the moisture retention capacities of 

the materials tested were very low. 

3. For a given type of material and moisture condition, the effects 

Ot the equipment variables were relatively minor for the range in 

variables tested. 

4. Additional development and testing should be done if funds are 

available. 

Since the greatest effect on the response of the system is due to the 

type of material being transported, material properties should be a major 

consideration in design of materials handling systems.   Because of the 

difficulty of extrapolating the range of variables used in the model 

conveyor to a full scale installation, the preceeding conclusions should 

be applied to a full scale installation with considerable caution. 

4'2   Conveyor Belt Simulator 

The actual development of a conveyor belt simulator in this project 

was rather limited.   A working model was constructed and tested but the 

simulator was not exploited its full potential.   Based on preliminary results 

obtained from the simulator, conveyor simulator tests showed the following 

conclusions can be the same general trend as the model conveyor for 

the variables considered.   For example, the surcharge angle (related 

to the area ratios) decreases with increased idler spacing and/or belt 

- -   ■—-«■—-——_——»———».-—~.... -       .  .  . . 
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speed.   However, the effect of moisture condition proved to be insignificant 

to these tests.   In view of the greatly reduced costs of design and 

construction and the ease of testing, it appears that the conveyor belt 

simulation has considerable potential as a means for Investigating the 

response of conveyor belt systems even though it may lack some of the 

versatility of the conveyor system.   It is recommended that additional 

development and testing be done if additional funds become available. 

laiinrnniniiii   am rtiaitflMMJ^MMMMt^i i'nr a iimiiMiMiai nil  niiniiiiiimiXliliyMMMiir^inii i^'aM'ini i-" ...----.^—^ -.-t. ..^—:.. -■*<■      i     ■       ■ — JJJ^—^^.-^ ^ 
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Appendix A 

EXPERIMENTAL DESIGN 

A tentative fractional factorial design has been developed for 

conducting the experimental investigation.   This program is very flexible 

and variables can be added or deleted as necessary during the testing 

program.   Regardless of the number of important variabler tha are finally 

formed in the testing program, this method of experimental design will 

optimize the amount of significant data obtained from a given number of 

experimental runs. 

Variables Being Considered 

The following list of variables is considered tentative as some may 

have to be added or deleted as testing progresses.   The equipment vaH.hi.. 

that are being considered, but not limited to, are: 

g, = belt speed 

g    " belt inclination 

g3 = change in inclination 

g4 = cross section configuration of conveyor bed 

g5 - belt material (coefficient of friction) 

g^ = idler spacing 

g7 = belt tension 

The material variables that are being considered, but again not limited 
to, are: 

Qj = particle size distribution 

q. = particle shape 

q3 = angle of internal friction 

q . B moisture content 

The total muck removal rate (V) is a function of the equipment and 
material variables: 

V=f(gi'g2'93'g4'g5'g6'97'qi'q2'q3'q4) 

mmitamkMktmmmtmttaim 
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The general procedure of setting up the factorial and fractional- 

factorial designs and of computing the results is well known (4).   The 

first step in the experimental design procedure is to choose a high and 

low valua 'or each test variable (since a two-level factorial and fractional 

factorial design will be used).   It is assumed that any nonlinear relation- 

ships will not significantly affect the analysis.   These values can be 

chosen from design manuals , manufacturing manuals , or from experimental 

models.   Careful consideration should be used in selection since a good 

representative of high and low values will reduce the number of tests to 

be run. 

After initial values have been assumed, the testing procedure, based 

on factorial or fractional factorial design, can be established.   For 

example, assume seven test variables.   A factorial design for seven vari- 
7 

bles would be 2    =128 tests.   On the other hand, for a fractional factorial 

design, the number of tests required is 2        =2     "8.   The notation 2 

indicates that each variable is studied at two levels , seven test variables 

are being studied, and four "new" variables (which are linear combinations 

of the original seven variables) have been added. 

The advantage of fractional factorial designs over factorial designs 

is that the same number of tests (8) can be made for seven variables as 

can be made for the three variables in the factorial design.   The data, 

however, is not p-ire as in the factorial design and involves interactions 

betwpon variables.   Therefore, the gain, in terms of the number of runs , 

may be lost in confounding various combinations of the variables with each 

other.   It is a matter of judgment as to what interactions and of what order 

can reasonably be ignored.   Often the resulting data will provide an ex- 

planation of the interaction effects; if not, a systematic method for sorting 

out the   interactions is available.   Once the results have been evaluated, 

additional tescs can be run to verify the interpretations for accuracy. 

44 
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Appendix B 

PHYSICAL PROPERTY DETERMINATIONS OF EXCAVATED MATERIAL 

A sample of approximately 1000 pounds of material was obtained from a 

tunnel project in Milwaukee. Wisconsin.   This sample was excavated by a 

Jarva machine and had essentially no particles larger than 1-1/2" (38 mm) 

sieve size with a high percentage passing the number 200 sieve.   The 

particles were generally plate-like.   The grain size distribution curve 

for this material is shown in Fig. A-l.   The specific gravity was determined 

to be 2.81.   The material is a dolomitic limestone. 

Two samples of 2400 pounds each were obtained from the White Pine 

Copper Company. White Pine, Michigan.   Sample 1, which is a Freda Sandstone 

has angular particles, but not as distinctly plate-like as the Milwaukee 

sample.   This material was excavated by a Robbins machine and had an approxi- 

mate maximum particle size of 7" (180 mm).   The specific gravity of this 

material was 2.77. 

Sample 2 was a shale material with angular particles much like Sample I, 

but upon drying became very weak along the bedding planes.   This material 

has been identified as Nonesuch Shale.   It is quite certain that the material 

was broken down somewhat due to the violent action of sieving.   This material 

was excavated by a Atlas-Copco machine and had a maximum particle size of 

approximately 7 in.  (180 mm).   The specific gravity of this material was 2.83. 

The materials were moist when obtained from the tunnel, but the 

moisture content in the as-received condition is not necessarily the natural 

moisture content of the material as it comes off the working face since the 

environment of the tunnel is quite damp.   Furthermore, water is sometimes 

added to the bulk material to reduce dusting at the face.   Therefore, no 

attempt was made to preserve or measure the moisture content of the sample 

in the as-received condition. 

After air-drying, portions of the samples were sized on a Gilson shaker 

over a size range frd'm 1-1/2 inches down to 200 mesh.   The minus 2 00 mesh 

material was sized by the hydrometer method in the case of the Milwaukee 

iMMartaaMMkMMMMHMMiMMili ^^gättm ■   ■ w 
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matrrial, however the White Pine samples did not have an appreciable 

amount of minus 200. 

The specific gravity was determined in accordance with ASTM 

Designation D854-58{1).   The rest of the tests were run on minus 4 mesh 

material.   Samples used in the tests were blended in proportion to the 

size analysis.   The minimum bulk density was determined by spooning the 

material into a 1/30 cubic foot mold.   The maximum bulk density in this 

test was achieved by compacting seven layers with 50 blows each on the 

Proctor machine.   Vibration equipment was unavailable at the time of the 

test, and some destruction of larger grains was noted due to the compacting 

procedure.    Because of this, maximum bulk density was not run on all 

samples. 

Three direct shear tests were run using different normal stresses 

on each run.   Figure 3-2 is a plot showing the results of these tests. 

The machine was under stress control and the sample was in an air-dried 

state. 

Only tests directly related to material handling were run on the 

White Pine samples.   The results of the tests are shown in Table B-l. 

 — - 
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