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we :• iliev ■ t    L in ord« r t    chic ■    torlalo li indl •    •   :      ,;- 

tie   requin d, 'i botl i underi i of tl     • .   ■.   ,    '   ...    •• i ol l 

r   :    Lals-syst end j ctions must be obtain In ptii Iculär, 

we ore intei    tod in the of feet of th   phy U   I prop ol 

materli 1 on the handling   \. \ti ■■■■   Tho seiection o     .  ■. ■    nt bai        .    ;.- 

periencei tradition or intuition is no long< i v/diid but must be ba     I In i"irt 

on an analysis of the physical properties ol the material to b ■ h u 13  . 

Since these materials are man-made, it should be possil le to chai   a thorn 

if suoh changes prove b< neficial to their handleabillty. 

Fax the purpose ol this investigation, a model belt convoy 01 syston 

has boon selected Joi study and is being constructed.   The tiiji conveyor 

system is the r.iost often used system lor bulk material handling ; roblon s. 

by model or scaled system, v;o mean one tliat is bbout one-third the stand- 

ard full size machine (2-1 inches wide).   Our choice is based largclv on 

the {problems associated with acquisition,  stör ige and utilization of a bulk 

sample if a full size system were adopted.   Scaling,  however, leads to 

many other problems which ret lain to be solved. 

A discussion is presented on the experimental d isign approach to 

experimentation in which are listed what we consider some of the more im- 

portant variables.    Using this approach, actions and interactions between 

variable;-, can be isolated arid determined with a minimum amount of experi- 

mentation. 

Finally,  a sample of excavated material has been obtained from an 

underground construction project in Milwaukee, Wisconsin.    The machine 

was cutting through a shallov» limestone and shale horizon,  and approximately 

1, 000 pounds of material was diverted as a sample.   A number of physical 

property tests have been run and are report» d here. 



THE EFPECT OP MATERIAL PROPERT1B8 OK MATCIUAl EIANDUNQ PROCESSES 

by 

u. \v. Christonsan, k v/. Uoiiu, 
\V.  BatKWOk nnd R. Tonn 

INTRODUCTION 

Tho advent vi large diüir,<lc5r tunneling maohinos nerici a now era in 

tunnolin-i practice«   While these machines cue capable oC excavating hard 

rock rapidly and continuour.ly, now desiQns ol oven greater capacity nro 

being developed and tested.   Rapid excavation underground! at rates novcr 

bufovc dreamed of,  appears to bo Just around the corner.    Per example,  a 

levülutieiiary piece of equipment in prototype form has undergone tests by 

the milil iry,  and it has the theoretical potential of producing 3 50, 000 

cubic yard:; of material per hour (1).   This is an astounding rate of produc- 

tion of materiell  and all of it must be moved from tho. machine efficiently 

and without delay.    Hence,  the problem of materials handling associated 

with rapid excavation arises. 

The present tunneling machines are a result of the practice and ex- 

pertise developed in the early ISSO's by the coal producers.    In need of high 

productivity per man hour, these companies fostered the development of con- 

tinuous mining machines which literally ripped the coal from the face. 

These machines wore also equipped with loading devices that moved the 

materiel away from the face and onto a conve/or to an extensible belt oi to 

a shuttle car behind the miner.    Essentially,  these same machines from the 

coal mines were then used in soft rock,   e. g. ,  potash,  with good success. 

Having been shown that continuous mining equipment Was practical, 

the manufacturers began working on systems where rock materials with 

higher compressive strengths could bo mined continuously.   Tho continuous 



excavator roprtteiili a brtakthrough in tu .i ;. H io(i!. (c< •. igtii 

in o.cov.r. of ?[t, t'Od )>:,J) caa bo oxoavatad by m icbmc, and this rei   •' i 

Uio owwtminti of tho lyc.iic drill-bias! mattod. 

Tha taot that rock is fragmantod by th« ta maohim i it. largaly «J .'unc- 

ii(in of ih*' i.\>.:- el of li.c cviLiny h< »d iir.il tlu r- i   of ilio maohina'i advaiu 

A niimbaf oi cutter dationa have i/:":ii pro] •  .1 and tikv <•.•!    ■■.  •! axoeva« 

tions,   nieaa daaigns have drawn fairly heavily on the t i h    logical advanoaa 

)iiciü<: in tiiillimj oil v/.;)!:;.   Tuo pürtlcl" .'i-    < '..t^hitiuM • id !•• ttl'jlc ahapa 

of im excavated natartal oix!, in p.ut, depeixlenl on tha type <•■ ci.u^r uaod 

cu. v.el) aa tha ralativa atrMgth of tho Diat«rial JH place.   Ihe linear cuttai 

or dir;!', cutter aa «ipplkii in soft to medliun hard Eormatlona product.? largei 

partldea or chips which tend to ho plete-llko In ahap ••   In oontraat, tho 

tungaten carbide inavt cutter which la us<d in vu-iy hard formation tends to 

produce Cine chips of more actual dlaienaiona.   ihu.--., it c:in '..<;■• aeen thet 

ho'h cutter denign and rock atrength influence chij» ahapi • i d Bitte diatribu- 

tion und eov.ld become controllable varlablea ü it were ahown that theae 

piopcriit:; held an Important influence on tl.e materiala handling proldem. 

While it is quitj apeculative M ii)i.=. pointi it la the purpoae of tlüb 

roscciroh to analyze and attempt to determine th:' influ< nca of such pro] ertiea 

aa particle ahapa, puriicdo si:'.'.' distriimtion, üiicilc of intern d fnrii'>»i ^nd 

meisiure content on the wey those meterlels are handled on a conveyc» belt. 

This could result in u,;cc approachea toward a solution of tho problem,   li'st, 

the materiala handling ayatero might be designed üroui.u those puvj.-o-s find 

Vfiiiü!)ics which me shown to be i';'i.j5( mi in tii; handling proceaa.   Secondly, 

moat of the variables mentioned are controllable and might be chang( vi, If 

such changes make the handling problem any eaaier.   A;, a thud alt^tiative, 

a combination c)f handling system design and materials property changea 

could be used. 



oi is. %i. .•. i-.. it U' i •      it to bo laadU*) auit b» ooMldtradL   Jn 

: t • t fwiMnoo t«i a l>««ii coBvyoi r.y«i' .. «ii.. lolloi • «i 

oharaoUKlttlos muti I»-*» rod {'*): 

A»> •      - Tho aiml • »JiU'h UICJ tftiilacj ««I »i tRitttuil, frt-* 1/ 

lornod pil   i »<» tho hurJjcon» I 

ftHfiiu of Suu • . * llu- . •; I. «o lha lioriKonlnl which Iho »wil.srtw 

ot ilu- mil' it .• . • J: vhllc ihi» BMtorifei In u! lent on n ftuvSitg coofrcyor 

boH. 

J'uL '.'.lÜy.* T!,'r ton«hln«KJ offocl of «^iifllü oC ifi<»no *ind «««:••• of 

MR hMVO VMI the !v'hijv«»»r of i'u» •       . itl on n bull oonv« for«   Tabl«. J 

tllustiotoa ttio Qowobillty for n rntH;« oi MMrlol typt"« 

The müUrial < Icrlntlcn ?U-fltuJ UIKV»? oro. In toaltiy, monJfcs- 

tiitioiiB of man IM:.IC n.iil.'.Miü) propMtlOf «n v,<»«n HI» iho »luj-c. »IKKHI iind 

(•ro-.!: r.i'cllu.i »I ooeflguratUM «nd novemQnl v^f »   • convi /t-» I. -Ii.   Th«« 

Importom p'./.-.ic .1 t-r.'* nrtloa wblch »iffcct aitortoli han<:iiiiQ on a ounvcyor 

bolt oro portl h-v.ii.c di. liilmlion.  ühctjK. i<{ lAiitidnti, AlKiisivonos», dcif 

r.liy,  intcitiol friclion und coh.K-.ivc propullo^ of ll«.* m.il.il.il.   Thin., tho 

l-oll oonvoyoi tc-.l IOCUOQ for Ibl» sluriy muni bo dcinnod such Ibot ll»n 

effects u( these mntcrial tli^riclotJslice on Iho porfonoOMO of l Ijcll con- 

veyor a/tton can bo proj* riy aaooaaodt 

Thore «ire two py r.'Mo apfVOOObOi lh;it c.»n bo tekon In dotiiynln^ thr. 

u .t Mcttont   (1) A full- aoalo I «•It oonvoyot nyaien could 1«; ooodi or (7.) <• 

ntniaturo aiodol oould i» conätruc«. d will» all iaolora Jnvrtivf-d in iho con- 

vc/oi ayatom aoalod appropriatefo 

TI»o doclai<Hl lo oonatmct .i r.oih.l oi » «»iJcl convv'y«>r ny^teiii lor 

c; .p;rlnicnt..iic.ii woa fin illy roachod .irt»:i v.oi'ihino Ibo odwantago# *nnd din 

advantagoa ol th'.- full   i.     •. .i n iirpi.ist tha r.c.'lotl v« i/.ion.   While the 

iuh sikod voraion odoi   •'<■'   . '■.  nl   |0 of obtainlQQ oaaily oonrolatad 
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•   " ■• • , <.t»»l 

III      .   i USty !     <■  '   I  - t.«, .       i i.M,   !*'• %vilh 

•     in »M«ln- 

> t . ... •   ...,M. < . ti.'iultmt.    llic II 

i I .   ■    .      .  ,    •   • ,  Iwl prttMia IK«»/ |»:i'Mt«in» 

will •  •«        . «i *   i MMII ptoM of •Qtitl»  n« <l»«h 

.        » not i       .    •   ' i'i ) «nd i «s «iii •»I   • ■•..» . 

iliKtinisth iruifi» .   . ly *%lii«   ••   U. t ovtroll r».«». 

T«. ( «n/ «ml UM  ml« ni!< .* ..li«.!.ri. <»u I!» ♦ • o»u&ynr hf l'ittt ö nnnll 

. . -I., HyKlv.'.jy*. i fjAi •-. |i ij mr ti in ii%oese<*ty. Wo 

I. . . ••.! ihul « , Etf tllM« Btl'lt'.-t ..t, •nHmctKly cuittr.>UluUi*/. Cwr.»- 

iMi lii y uUur Ü •        » ..«■?.   In cwtar to tnccl llvt 

i   ,i. •   IU.II i»«* s»vf    lUt v.nkHis components of thu «°on* 

vcyof mi« ! '.»• fully .«♦i«u.,'...«»l<>. 

I     i • i   IH! dovolefMMl lo d.il" Iwv** anil' UH[ on lln itU^i «fe>rftit»ly, 

su  . . ! : ibriotlon eomrlnoed ••« i!  i •. «».iii: na BMMbly I'. .1 it: 

c\»i !■* I l\ •   I   «vltiiln oflilaSn UnUti n»IU ontm MCM doston nad tetei" 

*   li   . : .      " .. i\utn U l& worth, tttqulriiig rpcfl O pai!** mai'. hy ruslc^tn 

Cu.'.iiny, ni.ichl«^.. ., i" ssn.i-   Thf-IruU i ;f!ot In HM'U f« a «nrlou» ic'.iorl- 

ooniaB with refond to tlmn nod oott   A »Jmpler dcrign, iiildomdafti full 

PC.IIO IroiHihiug Idl^-    11 -ms to bs MOrr* f.«Viiroli|t.   Tills will conrijt of cot« 

of rloid l-Ji c'tcln ilia «.vi \»n rurW) tnlcrchAngcd lo vary Iho Uou'jliiny unalofl. 

i       •   i ..Ml bn boll   1 lo U.c« Iraino so thai dWQQlng l««.- an^flr v.lll in- 

Vfiv  cU inglng '.! •• »•: lokaits os te out • idhtr., ui.ir^ Hut mrrc mil«;, ilmfto 

«ni'I huariiH.i».   Thin dotlgn oHvt ö corislrurllos» adv.-»*»«. .'<.- in Uu-l only cold 

)■ r. <I:,J «•' ..f.-.l Hi   itod  .ix! wplHlng will l»o rutiultid Kir f •K'IJMM'.H.    W« 

I IM ii this dotlpa will offM 'i-'^'i EtoKibllSty lo» the oxpcri—m wttft i 

t- Inlmura • icpondituro. I fn.m 1 in « dniwlny (lo ecek^ <•! Um idV-: duslyn 

i   [el      .   »  i oonil icted. 

» Ucal adi •.    i •, tiw breoket (toeion shc/.vii on I lyiiro ) 

.   '.t   '   . ','    u i toller spoelno IQo niinlmuiii.   on».-of 
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i ■.       ■. ■■   i       .    i:      djustable ai lembly is tho Increased unsupported 

: •'..•• m roll* ra in the Idlei as   »mbly.   Using a simple hinged 

pport on t     •■ i  suited In about 1/3 of the bell being unsupported 

when In th • flat p    Ition.   This would surely have been a problem consider- 

ing 1       '  •   lility roq Ired in tho belting foi It to trough. 

At i i.. present timei \.H
S
 are testii g a plastic roll end bearing which is 

avail i tie i i low cost foi use in iho idic>i design.   The plastic is teüon 

add   I tc eith i d '■.:•, orcelcon    Tofion, being a naturally lubricating sub- 

stance with good wear charaot« ristics slK>uld make this plastic bearing us- 

able.   'Pneno bearings are placed In the end oi a hollow tube cut to the 

desired length for each roller or the idler.   The shaft o! each roller is out to 

loiv.iiii and the roller Is held on the shaft u ing i>h;ifi clips which are avail- 

able.   If the tesi". ol the plastic roll cud bearing are satisfactory, we should 

bo able to construcl y lightweight idler assembly where the mounting brackets 

con be easily ini- rchanged to obtain different troughing angles. 

As ''.i alternative to the plastic roller and bearingi an idler assembly 

using sealed ball bearings ir- also being oonstructed.   However, this system 

offers the disadvantages or. greater weight, requires machining in construc- 

tien, and each ball bearing costs about three times the plastic bearing. 

In the design of the model conveyor system, the scaling factors for 

tho machine anj the material must be determined.   For the machine Usclf, 

scaling problems arise concerning the appropriate belt flexibility and idler 

spacing to use in n latlon to the material load being carried by the belt. 

Oui studies indicate that,  fo: a given material,  the controlling factor in de- 

termining the behavior ol the n aterial on the conveyor is the vertical accel- 

eration experienced by the material ns it travels along the belt.   The problemi 

then,  Is to design the model conveyor in such a way that the vertical accel- 

eration pattern imparted to the material by the test conveyor section is 

similar to that which it would experience on a full sized conveyor. 

The vortical acceleration Imparted by a conveyor to tho material being 

han 11 • i i i a function ol bolt speed and tho deform&d shape of the belt under 



8 

load.   The deformed shape of the belt is, In turn, a function of the weight 

of materia] being carried, idler spacing,  belt fie :lbility and belt tension. 

In order to model the full scale operation as closely as possible,  it Js anti- 

cipated thai hnK speeds used in the tests will be similar to those used with 

fuU sized conveyorSt   Therefore,  since the load of the material being car- 

ried on the model conveyoi will be a small fraction or that carried by a full 

si^od conveyor,  it is apparent thai the belt used on the model conveyor will 

have to be considerably more flexible than full sized belts.    Furthermore, 

Idler spacing may have to be reduced in th< test section because of space 

limitations;   this will alsoTequira greater belt flexibility in order to keep 

the deformed shape of the belt similar to thai of a full sized conveyor,   A 

reduction in belt tension can also be used to achieve the same purpose.    By 

appropriate scaling of the veriou;, factors involved,  it should be possible to 

model the material handling characteristics with «a small scale version of 

the conveyor system. 

For the materiaii  cohesion,  abrasiveness, and particle ciyr present 

the major potential scaling problems;   the angle of repose (or angle oi inter- 

nal friction) does not depend upon scale.    Since the materials being con- 

sidered in this stud/ arc granular,  most of the cohesive properties that may 

be present would be due to capillary effects,  although .seme cohesion due 

to electrostatic effects may be present in the very fine-grained fraction.    It 

appears doubtful that cohesion, whether due to capiilan or electrostatic 

effect;;, will be present to any significant degree in either the full sized or 

the model conveyor systems,   capillary cohesion will probably be destroyed 

by disturbances to the material during the handling process and cohesion 

due: to electrostatic attraction would be present In only the very fine-grained 

fraction which represents only S-10 percent of the total sample. 

Abrasive wear on the conveyor belt appears to be a difficult factor 

to scale.    Experience with full sized conveyor systems indicates that a 

majority of bolt wear take;; place upon Impact of the material as it is being 
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tran iforred onto Lli ■ belt.    Some additional wear may occur anywhere there 

is slidincj oi the material relative to Liu; bolt,    In either casai   the amount of 

wear is ^ function of the weight oi material involved and the wearing quali- 

ties of the belt,    ii appears to be Impractical to modify the wearing qualities 

oi the belt to account for the reduction in th< weight of material In the mode] 

system.    On the othei hand,  it should be possible to assess belt wear for 

various test conditions and m itorials on a relative scale« even though the 

amount of wear will not be the same as in the full siz< d system. 

The particle size distribution of the materia] must nlno be appropri- 

ately scaled for the model "system.   Particle size distribution can be expected 

to Influence such factors as angle of surchargei loss of materia] from the 

belt during handling and the force of impact when the material is transferred 

onto the belt.    To be strictly correct,   the entire particle size distribution 

should be altered in accordance with the reduction in belt width, and any 

differences in the transfer operation between the full sized conveyer and the 

model conveyor to properly account for loss of material during handling and 

impact    force.    However, this would also altei the angle of surcharge and 

the amount of cohesion present in the sample,   Therefore, as a first approxi- 

mation,  it is planned to merely eliminate the larger sized particles while 

keeping the remainder of the particle size distribution unchanged.   The 

approach to l>e followed will be to maintain a oonstant ratio or maximum 

particle size to belt width.    For example,  ii the maximum particle size to be 

carried on a 24-inch belt is 3 inches, ri maximum particle size of J inch 

would be used on an B-inch belt.   This method of scaling should eliminate 

excessive Iocs of material from the belt without introducing undesirable 

changes in the fundamental material properties. 

EXPERIMENTAL DESIGN 

A tentative fractional factorial design has been developed foi conduct- 

ing the experimental investigation.    This program is very flexible and variables 

I 
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can b( added or deleted as necessary during the testing prograru,    Regard 

less ol the number oJ Important variables thai are ;'   dlv form d in the 

testing program,   this method ol experimentaJ d(    i    ■ AdlJ optin ;•■   the amount 

of significant data obtained from a given numbei !,; experimenta] runs.    The 

following tnaterla] is based largely on th   lectun s and notes <■• Professors 

S.  M. Wo and W.  W.   Hunter (3) at Lh . University of Wisconsin, 

Varia bits B' dng.Co [RjW red 

The following list of variables is considon d tentative as som ■ may 

have to be added or deleted as testing progresses.    The equi]      nl vari   b]   i 

thai are being considered,   bul not limited to,  -'re: 

y 1 
S2 

•'3 

97 

belt speed 

belt inclination 

change In J ncllnotlon 

cross section configuration of conveyor I cd 

bv U material (coefficient oi friction) 

idlei spacing 

be) t tension 

] ouyil i dinal 
configui 
cl conveyor 1  :ci 

The material variable } that are being considered,  bul again not limited 

to,   iiif; 

q     =      particle size distribution 

c:     ~      pai tide shape 

q      ■       angle o^ internal friction 

c,    -       moisture content 
'A 

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

materi'il variables; 

.    v   s:    ^r^'^'V^W^'W^ 
A general procedure of s sttlng up the factci;  ) and fractiondl-1  ctorial 

design i and of computing the results will be sho\ n.   The di . ■ rl] tion and 
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I 
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discussion of the method will be limited,  though a thorough derivation is 

necc ssai y foi coni di to undoi s Landing. 

The folio  ing design proc ■■VL'!I
V
 deals wltli det( imining which variables 

are th'j mosl signifitanl among the / equipr^m variables by running 'I sets 

ol I? tosts.   A similai design table can be constructed foi determining the 

most si« ■'.''i1. anl v irial le or w »riables for total muck removal rate (v)   by 

running 2 sets of 16 tests with 11 varl ibles.   These 11 variables will be 

made up oi the 7 equipment variables and 4 material variables. 

Procedure 

We begin by choosing a high and low value for each test variable 

(since we will be using a two-level factorial or fractlona] factorial design). 

Those values can be chosen from design manuals,  manufacturing manuals, 

or tVora experimentaJ models.   Careful consideration should be used in seloc- 

tiO'i since a good representation of high and low valuos will reduce thL 

number or tests to be run.   The coding equation or transforming equation 

used to reduce initial values to coded values of (-3) Foi low level und (H }) 

fur high level is; 

j evol of jv [ 51 lab Le mid vah je of v g r 1 \ \ b le 
unit ol change X 

After initial values have been assumed, we can set up oui factorial 

or fractional factorial design tables.   For example, let us assume a fractional 
7-4 7-4 design oT 2     .   The notation 'A       tells us that each variable is studied at 

two levels,  seven test variables are being studied,  four "new*1 variables 
3 

have been added to an original 2   factorial design.   The number of tosts to 
7 - 4       3 be run in this design is 2    ' :   t   ■■ H.   Note:  A factorial design for seven 

7 
variables would be ';.       128 tests which is car greater than the B tests we 

will use. 

The advantage of fractional factor! •] designs over Cactoxlal designs 

is that the same number of tosts (8) can bo made for 7 variables as can be 
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madö for the 3 variöblos In the ■ lal dc ;icjn.    Tho data,   hovs ever.   Is 

not pure as jn the factorial desicjn s  d involves interactio .  ■■:  can be 

by the design.    Thereloi  .  whal 01    cjains In the number of runy,  oni   lo 

In confi;.' idin«   (or Inleiactli»n cffi t ts). 

DESIGN TAßl R O    - ...       JhN     ' '  ' 

Tes1 

2 

3 

4 

6 

7 

1   " •     ■- —— - - -, 

1 - 3 s :   | 

;     j ".„■■'. J 

' J -3 -1  ! 

4.1 -1 
■ • 

•-I ■i J - J 

+3 +3 -■I ] 

-3 

1   !-1 

j  • ■ .i. 

i J 

-3 

• j 

4*3 

■! J     i 

'■ '     1 
+ 3 

13 
1 

,„    .   „.. ., 

: ' . :   . :■' 

- 1 

+ j 

H 1 

-3 

•i ] 

-3 

- .i 

■i 1 

i ■ 2 

■i 3 

-J 

•-1 

■; 1 

-i 1 

-1 

-i 

: .1 

j 

-i 1 

■ 1 

:-J. 

-3 

] 

H ] 

; / 

i. "i 

i ] 

10 

20 

'j 

30 

15 

25 

0 

Let us i unsldei the cons squences of interactions 1   Lng present    \', hih 

ostlmating the average effect o) Impoii  nee of  i test ^a iable,  c.r ;. ■, test 

variable 5.  wo mu t   .■    •    clud    th   interaction effects of t(   I   •    .  bles  1 

anu I' is importanl to knov, e .^ tly how the ■ \     •■:      '   cts . re •   '.. . ■■ ' 

with interaction effeclsj   therefore,  we will c(      ruct a d  ■■      3 relation 

Drom which tbi  confounding pattern foi the design '  ill be d  ten Ined.    'j.1'' 

defining i eldti( n then is  th   key .■.■, Ich tells \ .  wl Ich    it«        Ions a     coi 

founded with which average effect,    V  :<   n Viril   down th '.    5 of i 

design since thes    a ■• th 1 n I itiona {'■ n  wl ;; h we g ■.      il  d ( ■< coi   I \u !   i 

the design.   A gcnei itoi Is an Uh ntily column oi all (1 I) . .'■  ■.-.    /■ 1 pic 

of a generator is;   I     4' 123.     !inc   _'. I     4,  then ^   '      :    which yicl 1 

Identity cx>lumn of (1 1) vulu ■., foi c »lumn K. i ill \ .'■    .  ir«   '■ ;. 1 •-. 
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C i:   ■ •     0   • 

123 ' 1 

12 • 5 

i 3 6 

23 ■ 7 ] 

Next,  the definirx<  relation is composec ol Hie generators h'.i rr 

»cribed and their products. 

DEFlh r" ; RE1 ^TI( ';: 1 125 • 136 = 123^ •   237 (genen I )rs) 
;    ,345 = 246 (products of 2 g  nerators 

ill G  I ih D) 

147     2356 

•    1357 ■  .1267 

.1450 (product pf 3 generntora at a iiv...:) 

'■'    ?467     2 457 = 567 

1234567 (product of -1 generators 
tit ii time) 

With the defining relation, we can readily determine which quantities 

are confounded with one another^   To determine which Intoraciion eff« cts 

are confounded with which average effect of a test variable, multiply the 

defining relation through with each average effect to determine the confound- 

ing relationship. 

Therefore,  multiply the defining relation by 1, '/, 3, 4, 5 & 6, respec- 

tively. 

1=234 25 36; 1737j 1345 1246=47; 12356=357=267' 456 12467 12457=1567 234567 

2 ,134^15.-1236; ;>y 2345 t[ 1247=356 12357= 167-= 12456-23467=457=2567 134567 

3-.124sl23.5-16= 27 45 2346  1347-25G  157  12367   13456=467 23457=3567=1245  ? 

4 .123 1245  1346 2347 35 26  17. 2345C   13457=12467  156 367=257=4567 123567 

5 12345= 12  1356= 2357. 34"245^ 1457  236 137  12567  146 34567 247= 67  1J ! [67 

6 12346 1256  13 236£ 34.56 24 1467  235  13567   127= 145 347^ 24S67  57 .123457 

7 L2347   1257   1367   23  3457=2467   M   >::ir'/.i:[>   L26   14567   346  245  5(    123451 
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OnQ ii i1  irl  nt pi   p irty of the d   il<jn in tl    ci    ■  ■■ :  '; 

thut no aven  10 effect is cuni  m I   : ■•■ /oil      avi   ■ ,        >.  I    .'    > .  1 

is sensible to adopl as a v/orki      I ',,.,.     facto 

order intei acti* »na are noglicjibl con 1 ilected 

one should alway mpt to cl    !k this • ■      , ^ <.. '    ' 

gation.    '! '• xc lord, \ . wUi on) ■ ' . *   ■      ■    ■ 

inti •  ctl<>Ti .. 

'j'j,   ].■• i si      .. Lo ■- average of fed 

E. •• l/h • .-■     ?;.     ,   (O.) (I) where 0% is tes ' I vori j ^   J       l    - • J 
able 3 c »J  ■ ;'. and n    m mber oi I   iti ,    I,     1/4   ':• (Q ) '; 

j )     J • 

P< ■■    xamplOi  lio    the design table; 

(-1) (10) H - (20) •>-, (-1 (    LiÜ        .■■-•.'■:/.;,•■ 
■ i 

j  (■! ])' -10 f 20 - S + 30 - IS-l- 2S-t- 41 
4 4 

1'his a not th ■ )•■•) •. v       ■.■•.;.. -     2 of et   f 

1 + 25+36 :  17     E,     +21. :; ■. J 
OIK-'; these ov«       1 el .    .      .     '       . 

th • i(::;u!i i ( an be interpreted    r obs     ration to s< 

ships n Ight oxisl betw<      test v..ij bl( . 

Next,  these av     go effects can 1    unl      loJ 

Interaction effects by voi. plet .-, 1. '  ; have < ■ • . : 

switch <;!! oi the signs ol all clei     its of thi  prcvl U (from H 

to -• on I - to +) i nd ;• ■   m ■:>/ tl        8 :' sts '■        total of 16 1    l.c). 

rosultin [confound!     1  latlon is: 

A    rl5     ■ '■■    ■ 
2 " '•      •   '      • 
3 ' ; 
A   : ' ■    ■" ' . • 
5 -jj    -34    •-.'.■. 
6 -13     ■" 

i (   I 

V ;    • 1: •r 
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und ij . •     . .   •      .    IVn • .•••« 

•   n I; 

(> • i 47) • (i -; <• i 

2 ru ■ ,      , .  . •     .     ,   •     • .   i u" i«.    . p. ♦, 

colui     :. 

jULtll .-" '-SÜ.      .IK ■ IZL,   154.36^.47 

Thai       li Ing and mo«! lotarastli i ••I'-M I ■   li.   d ^u» UKJI 

h . • |iuM * ion ooll rtv '.   Ofton tha i    ultlngdal       '    ' i«-,- v . v t I la 

(!•:      Lion of tl loi«':f.r icr. ü'
1
 • is/im rp   ■..uonof 

rosults.   Onca t     rt rasutts hava baan avaiui        ■■.    i   :   • i . i   i ■•. I • 

run to v    ', r- \i\ pretattons for aoouraey. 

Optimissotion of i. '. «>ndlttoni ooul I !«; Found by .*• • R .,>• n . 

Surfaces Mathodi • !• • i ,; not b •• iiiirodbaoetia« I I Unltad 

ntimbor of varfatio     i        •" taat conwyof Byatom« 

PHYSICAL ;   ■■ '.:•.''' 

i.       . i     ..   ■ .■ • i«» ly l, o    i   u !:, (>' matorial \ 

olit. •>'.: !•.:    i tunnel j .; ■..:.•.•.:'    •.  fiiti   Min.   YIK  I       ling 

t, . ..•. ,i | rva «■»•!i drülii    on all •• n ic^t di      - . in»r»:   , ,• •. 

:     i ■•.  tlon of tho tunnelli   •..    »••      naMad u   i   aaoartaln 

in it   mui on   Iho <        . i i • ■      BtorJttios of UM 

1, fin! '     • cihod oi mat»] .1 ?   ndll ■■ •       typloel jf»K 

A v:.   -i inüpocUon o i". ,'   showod that ti    t  rtlclos warab 

. irt, j . llh    t      Unum . '   • • .. ••   toty 'A ii^**   ; 
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and •    •'■ .< »   .   "i i •. • \ . -, 

• .• 'i, . ,      .     ,.    . 

• i. • « . « • i 

• . i >"    i 

• ■    ■     .. .        ^ . ''. 

n. • • to , 

porvo 01 n»*ii*:   ^   . . u -   i 

oonditioa 

/ •,' * *■        . < *    : : 

on .. (.iij.o:.  .•   *   . i.    ■   i • s,«. j. . 1   I// t «m to 2l»0 mesh. 

The i «   »   100 i-     rial     it si     '.    s   > bydiometor i   I     '.   rigur» 2 

ßho V.   « • Ivl Of tl»CJ llM luirflO Of 11.. ILII.    Tho rnHtcti   !       .      •;. Id b 

nthor wftll-gi   '      •   «• . DMuly oquol   not      «     H;        • .i 

I .1 Ihr tlsoa do "n to T.'? i      ' ^    l rJ 1     Thi It. - 

Lit«   .' yu,:. U!H»:'1 J. > tn»r>i 

•J .     ;       .   ... v i.,   . . .        d tobe 2.81 

laoooord&noi ..•:'>7•;*:' s . .   'jM        •• 

|J'    i   iV:i ;l U •'■ f Cl dolOl    > «   ! 

T«io i«  t of ih * tosts woro run on mi -j J foil 

Ki. {• .   :i.. ..     t     -t In U. • tocta ..».i i-:   iSi ■ . - j«       ■      :   r 

Tho maximtHii andPinltnum bui *      •   ■    :<    .''.« »•I'tO.?. 

IS»7 pouadi ,• • »ui^«- U-   . i    paotively, loth I    . .    . •. 

Ml  t !':      "i        t i:il|. t Rl bull ... i ,   . ■ ;     ■ 

in'.i-•• l/)0 cubic fo :.••'.%.    t.- .■ ■   ■   . 

«eh»  VOd «»y < c   i: •      \   n luyci . '       • • i. « :, I      :  .   UN 

n .■ .    * ».     Lion ••:  if-:      ■• .. .*■ i     " ' I ■ '.   . 

oc»?    .•   ..• ■ •    •    • .. .i dm ••• i*    i' - .    • 

Thrt o dfi    ;..-.•    ti      ro i riil        it u 

oa<'' mn.   riyiito 3 I    • plot thowi KI ti    t    rl: ■» 
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The machine wan under stress control and the sample was in an air-dried 

state^   Figure 4 is a plot of the normal stress vs.  shear stress, and the 

angle of internal friction, 0, war, 53°. 

Some difficulty was experienced in determining the angle of repose. 

The material tended to dome and rat hole in the funnel.   Jn spite of the diffi- 

cultleSi the angle of repose was found to b i 45°. 

In summaryi the material being studied had the following physical 

characteristics or properties; 

Specific gravity 2. 81 (run on minus 200 mesh) 
Hygroscopic moisture content < o. 5% 
Anglo of internal friction, 0 53r 

Angle of repose, ^5° 
Bulk density: 

maximum - 140. 7 pounds per cubic foot 
minimum -   95. 7 pounds per cubic foot 

Additional tests on this material are boing planned. 
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