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Experinients to study the behaviour of the soi land response 

of a Buckwheat crop due to compact i on and subsequent ti 11 age we re 

conducted on Bearbrook clay soil in 1978 and 1979. 

The resul ts indi cated an ;ncrease in soi 1 dens i ty, penetrometer 
1 

and vane shear resistance. and decrease in air-filled porosity, unsaturated 

hydraulic conductivity and availability of water. as the compact~on level 

i ne reased. Thi 5 resulted in a reducti on of dry matter and gra 1 n yi el d 

of 72-85 and 27 percent, 1 respecti ve ly. 

The moldboard and chisel plows were effective in decreasing 

soi 1 den~;ty and the penetrometer resistance in the 0 - 0,15 and 0 - O,25m 

soi l l ayers, respect; vely. This resulted ;n an increase ln air-filled 

pores and water conduction propert;es, thus augmenting plant growth. The 

moldboard plow treatment proved ta be supenor to the ch;sel p10w treatment 

in praducing higher yields. 

Optimum yi eld was associ ated w; th a na rrow range of average 

5011 density in,the dry seasan and higher range in the wet season, indicating 

that the enV1 ronment had a greater)effect on plant growth than did the 

soi l dens i ty . 
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RESU~1E 

NISAR A. MEMON 

'tl' 
ETUDE DES EFFETS D' UNE Cl-tARRUE A LABOUR 

ET D'UN "CHISEL" SUR LES PROPRIETES 
D'UN SOL COMPACTE 

G~nie Rural 

Des exp~r;ences pour Hudier le compo,r~ment du sol dO au 

tassement et au labourage ont H~ conduites sur un sol argileux Bearbrook 

en 1978 et 1979. 

Les r~sultats ont ind;qu~s une augmentatlon de la densit~ du 

sol, r~sistance du p~n~tromètre et de l'aube de cisalllement; et une 

, diminution en air dans les pores du sol, conduct;vit~ hydraulique non 

satur~ et de la disponibilite de l'eau, dès que le ni.veau de '(~mpaction 

augmentait, une r~duction des matières sèches et de la productlon de 

grain de 72-85 et 27 pourcent, respectl vement, fOrent observ~es. 
, 

La charrue li 1 abour et la charrue chlsel ~taient efficace 

pour diminuer 1 a densit~ du sol et la r~sistance du p~nHromêtre dans 

les couches du sol li 0 - 0,15 et 0 - O,25m respectivement. Ceci 

r~su1te en une augmentation d'air dans les pores du sol, am~llore les 

propriétés de conduction et provoque une augmentation de croissance chez 

la plante. La charrue a labour,fOt prouv~e sup~rieur li la charrue li 
-II 

chisel en dffilontrant un rendement de productlon supérieur ~ cette 

de mi ê re. 

La product; on optimum a Hé a5SOCl é avec un ~cart Hroit de 

densit~ du sol durant la saison sèche et un ~cart plus grand durant la 

saison pluvieuse. Ceci indiqua que l'environnement eu un plus grand effet 

sur la crOlssance des plantes que la densité du sol. 
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CHAPTER l 

l NTRODUCT ION 

Compaction i s defined as the process of changing volume of soil 

under a certain load applied intentionally or un-1ntentional1y. In other 

words 1t lS a change in bulk density, void ratio, or porosity. Soil, be1ng 

a h1ghly complex substance, is most vanable ln character. The variability 

lncludes the physical, chemical and biological properties of s011s as well as 

environmental factors such as climate, weather. tlllage and agronomlC 

treatments, and crop use. Thus the proper understanding of the soi1 compactlon 

process, and design and selection of tillage equlpment, challenges the farmers 

and scientists for optimum crop production. 

It lS generally believed that exceSSlve sail compaction can have 

adverse effects on soil as a medium for plant growth. These effects are 

(1) lncreasing the mechanical impedance to the growth of roots al1'd (2) altenng 

the extent and configuration of the pore spaces. The consequences of these 

changes may be complex. 

5tudies of Raghavan et aL, (1978b, c, d. e, 1979), McKyes et aL, (1977), 

Chass~ et al., (1975) and Soane (1970, 1975) have shown detrlmenta1 effects of 

compaction on crop production. 5011 structural damage caused by machlnery 

trafflc depends on soil type, soil moisture, contact pressure (Amir et al., 1976) 

and the number of passes of the wheel (Raghavan et aL, 1977b). 

Recent tlmes have seen rapid changes to larger tractors and heavler 

implements, and an increase ln the Slze of haul1ng units WhlCh transport most 

of agnculture and animal produce on the farm. Heavy tractors or the haul ing 

unlts need wheels with greater inflatlon pressure in order to support maXlmum 

weights. All the necessary operations carried out on the farm, from 
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preparation of land to harvestlng, may create excessive compactlon of the soil 

by expe111ng the air, water and nutrients WhlCh result in (1) moisture stress 

ln the plants, and (2) not ~ough pore space for plant growth. Trouse and 
, 

Humbert (1961) have compared the yields of a hand cut field with those of 

a heavy machinery trafficked field in Hawaii. Heavy machinery showed a 

detrimenta l effect on sugar cane productl on. Thl s effect i s ev en worse if 

the soil is lacklng organic matter. 

Indiscriminate and exceSSlve traffic on the farm results not only 

in undesirable compaction, damages to the surface topography and mechanica1 

shatten ng of the soil structure, but each i nJ Udl ci ous tri p puts an extra 

burden on energy demands in terms of fuel wastage and manpower resources, and 

dimlnishes yleld returns. Traffic on moist 5011 especlally reduces its 

penneabillty very effectively (Glll,1959). 

The type of tillage a1so mlght loglcally affect 5011 physical 

condltlons, such as granular structure. s-oil poroslty, bulk density, soil 

strength, soil mixing and surface condition. These 1 n turn can affect the 

sail air, water infiltratlon, mOl sture retention, temperature and compaction 

characten s ti cs. 

Any or a 11 of the above factors may then affect the cheml ca land 

blo1ogica1 activity in the soil, including root and plant growth . 

ThlS study examlned the effect of vehlcle traffic and tll1age of 

compacted soil caused by the moldboard and chisel plows on physical properties 

of a clay so11 and plant performance in the field. The tests comprlsed 

fleld and laboratory studies of the compactlon state and the effects of 

dlfferent passes of traffic on water movement. soil strength and plant growth. 

Tl11age was applied to the compacted field plots, w;~h different passes of a 

vehicle, to ~tudy effectlveness in improving the structure wlth respect to 
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water movement,' soil strength and plant growth. This study was continued 

for two seasons in whi'ch buckwheat was grown. Infonnation regarding 

rainfall and water table' was taken as well, and a statistical analysis 

was perfonned to observe the significant effects. 

In the end ,}*li s study may result in a better understanding of the 
é ' 

design and selection of machines and new field management practices which 

could be more efficient, economical and agriculturally 'sound. 
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CHAPTER II 

REVIEW OF LITERATURE 

2-1 General 

The basic requirements for plant growth are that the sail must be 

aerated, the seed bed must be loose enough for the seedling to grow up and 

the pore space àround the seed must be wlde enough to allow young raotlets 

ta grow but packed enough to promate genni nati on. The soil must be 

permeable ta allow enaugh water ta lnfiltrate and reduce runoff, as well as 

to promote a favourable temperature. Besides these basic requirements, the 

other necessary conditions include chemical and blOlogical act;vlties. 

However, soil compaction reduces the aeration of the 5011, so the 

physlological, needs of plants in terms of an adequate oxygen supply can be 

hampered. Compaction a150 reduces the penneabillty to water, WhlCh increases 

the runoff and decreases the recharge of ground water, and ultimately resu1ts 
~ 

ln stress ta the 5urvival of the plant. Compactlon alters thennal relatlans 

as well, and increases the mechanical strength of the 50;1 ta provlde 

resistance to the prollferation of plant roots. Compactlon may a1so affect 

the chemlcal and biologica1 act;vity of the 5011. All these effects may 

reduce the qua11ty and quantity of crop produced . 
... 

The review of literature which ,covers most of the studles on com-

paction and tl11age and their effects on agrlcultura1 soils is presented here. 

2-2 Defi nlti on 

Gill (1961) defin~d s011 compactlon as "the presslng of soil together 

to ma~e it more dense". ThlS definition lS mastly mechanlcal and daes not 

lnvolve a11 aspects of soils ln agriculture. Raney and Edminster (1961) 
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def1 ned soi 1 compacti on as the "act of ITIOV1 ng parti cl es cl oser together by 

externa l forces". Further, they spec1 fi ed that externa 1 forces may be 

\falling rain, implement traffie, heavy over_burden, or an excessive wet 

layer of surface soil. Compaetion is widely used in civil engineering in 

order to get more compaeted soi1s in dams, roads and around cul verts. In 

agricultural soils, however, the interest is ta reduce sail eDmpaet10n ln 

order to provi de a hea lthy envi ronment for roots to grow and use 5011 wa ter 

effic1ently. 

2-3 History 

From the Egyptian civillzatlon to now, good tilt~ 15 recognized 

as an improvement of land for agncultural purposes. T111age is provided 

to reduce the bulk denslty, lncrease poroslty, increase the intake of water 

into the soil and ensure good environmental condit10ns for plant growth. 

The sClent1sts ln early times recognized that hard pans re5ulted ln 50115 

from artificial or natural forces. These pans might be inherently present 

or result from lmproper management practices. These hard pans are sometimes 

detrimental ta plant root growth and water inflltratlon. 

Studies of compaction started in the 1920's, e.g., Eden and Maskell 

(1928), who noticed a greater retention of moisture ln hard or artlficla11y 

compacted soi1. which resulted in eradicated plants. 

Baver (1938) compacted a Cecil clay soi1 and measDred the percolatlon 

and pore space of compacted sail. The lpercolation rates ln loose sail and 

. eompacted so11 were found to be 127 and 5,8 cubi c centl meters per ten ml nutes , 

respectlVely. The pore space of compacted soil was decreased from 61 ,8 percent 

to 56,8 percent. Bertramson and Rhoades (1938) showed that an lncrease in bulk' 

denslty and decrease in porosity resulted from extended peri0ds of cu1tivatlon. 



, 
-6-

~1ckibben (1971) reported about 0,8 mlllion ha. have already been 
. " 

compacted ln the United States, and 0,8 to 1,2 milllon ha. are approaching to 

the same conditlons in California a1one . . 
Despite the loosenlng effects due to freezlng and thawing in the 

wlnter, persistent excess compactlon over the years may be due to increases ln 

tractor welghts. Mcklbben (1971) reported that the average weight of tractor 

had lncreased from about 2700 to 4500 kg during the period of 1948 to 1968. 

In the 1950's, this tapie was popu1ar and most of the research 

reported ln the literature ~a5 conducted. A number of bibliographies and 

1iterature reVlews are available on the subject (ASAE-SSAE, 1958; Gill, 1959; 

Raney and Edminster, 1961). In the 1960'5, reVlews by Gl11 (1961); Vomocll 

and F10cker (1961) and Rosenberg (l964) wer~ pub1ished. The mos t recent 

comprehenSlve reVlew on compactlOn 15 now aval1able ln an ASAE-Monograph (1971). 

2-4 Trafflc Effects 

There are two kinds of forces by WhlCh compactlon occurs, viz. external 

and lnterna 1 forces. External forces from vehlcle and tlllage too1s are ca11ed 

mechanical forces (Cohron 1971). Mechanical forces have vlslb1e sources and 

are easy to mea5ure. Here the forces produced by vehic1e traffie and the 

resultant change in compaction 1eve1 on ag,rlcultura1 sOlls wlll be assessed. 

Under modern standards of prGductlon efficiency, agrlcultural 5011 

lS \'iorked by large machinery. using blg plows or harrows, three or four row 

cultivatlng and harvesting equlpment such as comblnes or cotton plckers, big 

hauling equlpment for transportation loaded with many tons and with tlre5 

lnflated at pressures of 250 ta 400 kPa. Depending -on speciflc management 

practlces, the usual operations of machlnery carried out on average farms are 
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as follows: 

1) Seed bed preparation 

2) P1anting and fertilizer applications 
.r 
." 

3) Herbicides or cu1tivation applications 

4) Insecticide application if necessary 

5) Harvesting and fal1 plowing 

6) Transportation of farm produce 

Voorhees (1977) pointed out that 100 percent of the surface soil 

may be cOO1pacted by whee 1 traffi c under norma l farmi ng operati ons. Soane 

(1975} illustrated an example of the total area covered by tradltional practice. 

Fertilizer distribution, harrowing twice, sowing and rolllng gave about 91 

percent coverage over an area 9m by 9m when a medium sized tractor was used. 

The study of Voorhees et al., (1978), on structural c~ange due ta a 5 year 

period of traffic of normal row cropping in Minnesota on silty clay loam sail, 

showed that the wheel traffic could compact the soil to a 45cm depth. 

Gill (1959) indieated sorne danger of soil compaction by traffic under various 

conditlons affecting phys;cal properties of soil. He further noticed that the 

design of p10ws could destroy the structure by requiring whee1s to operate ïn 

the bottom of the furrow, which is the zone where the sail is not loosened by the 

plow. 

Arndt and Rose (1966) illustrated the cultural operation effects on 

soi l properties. In a draught animal system, the units of soil compactlon 

are random1y distributed; smal1 dises of more than 15cm diameter, produce 

smal1 hydrologically closed depressions~ In mechani#zed sys.tems, the compaction 

i 5 a wi de band spaced at regul ar interva l s. In a row croppi ng mechani ca 1 

cultlVation system, traffie bands are formed following tbe use of a variety 

" 
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of row cropping systems (Fig. 2.1). Arndt and Rose (1966) 

a theory by considering the changes in the overal1 relatlve magnitude of 

soil propertie'S due to the changes in the degree of compactl0n due ta traffie. 

This theory can a1so be used in designing tillage systems, where the effect 

of soil compacti on 1 s severe beç au se of sail factors. It becomes necessary 

to reduce traffie by designing the best possible tillage system. 

Chesness ~~, (1972) indicated the effects of trafflC ln a peach 

orchard soi l on soi l strength. The soi l between trees was treated Wl th 

herbicldes and dlSk tillage. More strength was found in trafficked plots, 

which cou1d hampe r tree raot developrnent. 

Swan son and Jacobson (1956) showed four comparti on zones in a 

cul tlvated' area. These zones are divided into two maln zones. namely 

horizontal zones and vertlcal zones. The horizontal zones comprise (,) sail 

surface crust, (ii) loosened seed bed due to cultivation up ta 7,62 ta lOcm 

depth, (iii) plow layer compacted below the depth a,f the plow sole. The 

vertical zones consist of (lV) the area compacted due to wheel trafflc between 

rows. There are two other horizontal compaction zones, (v) in the plow sole 

area and (vi) in the area immediately below the plow sole (Swanson 1954). 

2-5 Compact; on 

The state of compaction changes as the volume of soi 1 changes 

(Harris. 1971) and this change is attributed ta the action of t'orees. Glll 

and Vandenberg (1967) defined these forces as mechanical (machines and animals) 

and natural (drying and genetic processes). They further def;ned the 

compact10n behaviour equat;ons; for example, as the stress ;ncreases the 

vol ume decreases, or as the stress decreases the volume increases. These 

r"\nd output v a ri,~\ es a re un i que 1 y re 1 ated on 1 y for certa; n Cl rcums tan ces. 

\ /"-
~ / 

"---' 
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Lambe (1951) described this behav10ur by compactlng soils ln cy1inders 

under certain applled loads (input variable) and observing respective 

changes in volume and bulk denslty (output vanable). ThlS compactlon 

behaviour depends on the moi sture condltlOFl of the sail. 

Harris (1971) has d1scussed the process of compaction lnvolv;f1q 

forces, and rel ating the forces to describe the behavlOur of 5011 by soi 1 

phys 1 ca l properti es. He concl uded that the behav lour of the sa Il due ta 

applled loads 15 dependent on the sttatic state and materla1 properties of 

the 5011. 

Coh .... on (1971) dlscussed the external forces appl ied by vehicul ar 

traffie, anirna1s and rainfall, and thelr effects on agncultural SOl}'). The 

" pressure distri'butions by tractor tl Y'es on dlffen::nt typps of <,ai l <; weyf" a150 

discussed, quantlfying the state of c.ompaction. Flnal1y he Hldlcated that 

more work lS neèded to denve a satisfactor'y theory relating compactlon of 5011 

to vehicles and implements. 
<:cf 

Soii is a three dimensional medlum in the natural state and forces 

are not applied over an infimte il.rea, according ta Glll and Vandenberg (1967). 

The question they asked was whether the force ln a conflned area could be 

re1ated ta the compaction behaviour in an ur1confined soil state. 

Harrïs (1971) described the concept of stress ln three d1menslonal 

infiniteslmal area, considering the cub1cal e1ement of the soil where nine 

quantitles of three stress vectors are the components of the stress tensor. 

From equ11lbnum condltions, the shear stresses Txy. Tyz, Txz .. Tzx and 

Tyz :: Tzy. Therefore, out of nine variables SlX can be descnbed to know 

the stresses at a point. 

Soehne(1958), uSlng a piston to compress the sail ln a cyl1nde r , 

'" related compression behaviou r as a function of major prinel pal compress; ve 

" 
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n = -A'ln P + Cp ------------(2.1) 
n • -A* log P + Cp 

n = poroslty 

P - appll ed pressure 

Cp = poroslty WhlCh was obtained by compacting 
100s€' 5011 at a urllt pressure 

A' g A*::: slopp of the respec tl ve [llottpd curves 

However, two err0rs are associ <3ted Wl th the ;:;!)ove assumptlOf'S Fnctional 

characteristics ln th!" cyllndpy- described nOfl-Unlform stress dlstnbutions 

and thE' nregul;:.;Y chanr:jer; over the pntlYP sillm::lr (H,oYrlS, 1::.'1), (hancpl 1 ::,r 

compact Ion. 

applied Joad (r1ck..yes !:'J:-__ aJ . .:' 1':j7Sl. Hw, lr~lcates that H-'!=' noy'mé11 and 

shearing stress cause compactlon, Vandenberj (196(, \ used ,3 tnax lai test 

and related comçaction empincally as a funct'on ot mean norrna1 strpss and 

maXlmum natural shean ng stral ri. 

Kumar and Weber (1974) lllustratpd the cOPlpactlOn of ury,saturated 

clay so11 by apr:1Ylng hydrostatic pressure afld dlff.erent stress paths in a 

specially bUllt triaXla' cel1. They assumed that the lntermedlate and ml 'lor 

pnnclpa l stresses wer'e equa1 ta the c.onfinlnj pressure applled, The 

results gave Equations deflning compactlon behaV10,Ur They él1so pxamlned the 

effects of dlfferent 'J'lldHectlGnal stress j:~ths dur1ng de\"ator'c stre5s 

applicatlon, unloadlng-reloadll"g, rotatlon of the prl!'lclpal stress axes and . 
changes ln the re1atlve value of the ;ntermed'ate prHlclpal stress 

Colema'l and Perumpra1 (1974; lllustv'ated the compactlon behavlou r 

of sand by numer ï cal methods, They appl1ed +_'1e fln1:e e1eneTlt method, wh":h 

assumes that the elemer'lts are connected toget\.-t;:'" at a flnite Tlumbe r of pOln:s, 

.. 
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They developed tre pquatlon flttHlq the exppri~*",nta1 r11ta ta '1 flfn Clrder 

po: ynomld1" They conclu':lpd t~at thl" 'TH?thod :CHI be J'.:pd Wl~'l cal1tratlon 

by trlax l "ll tests It appE'ars 'rom f':;rcp cornr..3ctior relatlC"'ships, a((uta~; 

ta bp descrl ti"d 

th'" COmpil(tl0Y1 Wi1 

SO,1<; at that tlme are mc-st, and slipr';p]e may ::3d1y se31 off SUbS01" by 

smeanng actlon or 'Tlr)lSt -~oil. McKyps ~_~l., ~ 197", d1Scu::sed the pffect 

of sllppage and fe"ling reslstancp ln r,.ilTlld SOl~S of eastern ::'''inada ':l'1d sug(~psted 

sorr,p preca'Jt Ions They 'Ildlca+ed that fT101st <,:11 1<, ::J':.),)rer '1" strer'Jth, thE 

prO:luces h;qher s','p and -ncrease,j roll°l'1g resl,::tance 

reé ... ce pOWf'f effi c 'ency, - '1creas,:" ti re wear anc :ause '11rre da"'aCle te :he 501 

Fina~ y they s:Jgge:::tPd 1ar~f'r tlre~,. whic r reduc€ c.onta:t 

pressure thereby ",ojuCH'::; whee1 s"1 lp ar::: dam9ge to sa' ~ struc:::,;re, 
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IrcludmCl the charactf'Y'stlcs 0+ load appllpd, °,011 type, cOfT1pactnp~s stdtus 

at the t'(llf' of loadlng wd 1lI01sture (nndltlOn r;f the so11 Meredlth and 

P3tr'ICk :1961) examlned the state of cornpactlOr of threp dlfferent sOlls 

w,:rl dlfferf'nt opt'mum rn()lstur'p contpf,ts. The maXHnum compactlOY'l vaned 

fur a11 tr,rep SOl;". ,;~mlS(m et~a~I_. (19:)0) worklnq wlth Cecil LlilY. 

"hnWf'd n'p PffPLt ed 10 f',J'>',ps 0f an 011VI-' c;tatll~':Hd 7,} trac tor W1U' 28 . 

('CJ ' 7b) "tsprvpd thp pPp, ton rlf'lpact1un of vph'clp tyr'P, t'rp ,)lU, tHP 

r"rflljUn!10n M") ;oad, wlth 1. r 10 .Hid 1'; pd": ,PS fr> 3 (lilY ",<Jl1 rhe 

('.!Ï'l!:aLtll,r dpi rp(1';:'~ tu y furthp" 'Ilcrf-'~'>ps (If f .'i',)p) 

v?,<'1pd w1 th ITlOl,>t,jre corr:',tlonc; r. t the ,011. 

rlolkPr Pt: al , (lgr,e\ lndlCi'tf'd that 'Joils. pvpn whpY'l ')IAt )ectf'c1 tr, 

a (i ' ven compactlvP Joad. ',how co n slder3ble fnhpypnt d,ffererrp,: ln the state 

of ~0mpactlon due ta var'atlons lf dlstnbutlon Jf partlele r; l ze and shape. and 

dlfferences ln org;:l'"1ic matter cortent Compact 1 on test data from 5 mont-

mOr"' llonltïc clay 5':)115 wprp com;:-ared to tho:,e from S Kao1lr]1t1(~ clay SOl1<, 

The",€' cornpansons f:\lled ~o lndl(,ate that the rncntmor': lonltîc clay --;::)11s were 

mcye susceptible to comp"lftion fr'om mechanlCal ferles tf-,an were the kao11nltlC 

chys. 

l1r'tc, and p1ast 1 c "l1dlCE'S. 

COfllpac t l r;r does 'lot on 1 y dama'::)€' the sc' 1 S tr~cture. bvt 1 r( reases 

~1a'1Y f1eld tr-ip<, cause cornpact1on, D\...t a1so 

ln:.""eases the c1odj-ness, thereby lncreaslnq the ::ost ..,+ operatlon es;::ec 1all y 
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when d flne seed bed lS r'equlred for seeded crops (~l()cker et al , 1958), 

Bateman ~~, (1965) reported that 5011) reqUlre greater energy ta 
\ 

pu1verlze when they halle been compacted aboV'e 1,2 grams pel" CUblC centlmpter 

bulk ,jenslty. 

a) Sa 1 1 Den 5 lt Y 

Thp 'ltate Of compactlOn 1'> rnustlv descflbFld ln terms of smaller 

volump Or hl'~her bulk dE'nslty 

strenqth of a 5011, (jp(rPdSP larger pores l!ltO smal1pr pc\rp:. and rjpcreasp thp 

VO 1 d (3.t 10. 

madp ~,y u.c, Army of Fnljlnf'pI"'S, (or-ps of [n01neer<" Turb..,:' and Foster, 

and the Road Research Laboratory of [nqland refenp,.:' by Lv) (1965), have 

shawn t.hat the denslty of 5011 cornpdcted il" the flPld depends not only 0)1 the 
~ 

water contert and nat\Jre of the so11 mater? al, but al 50 on the type of 

cornpactlOn equipment, the pressure per unlt area, the 31f pressure ln tl rp') 

and other factors, 

1,SO grams per cubic centime~er in Yolo loam 5011 af'ter OYle pas,; of a ~cr'd 

The mo'sture content Volas at field cap3clty The tractaI' 

had ,27,S-40c'P (11-16 Hl.) tnes wlth ,nflat'on pressure Of 83 kPa Flocker 

~~, (1958) compacted a 5011 by uSlng a Jeep of 908 kg rn3SS fol1owed by a 

Ford 740 tr-actor havlng 182 kg of water ln each rea r tire This wdS fo11owed 

by two trips wlth a (t.,;ltipac~er pu 11 ed by the same tracter, and again 

traf~'cked bj Jeep loaded w'th 363 kg of sand. Th'S f1e l ':! ther l'lad an dop11ed 

preS$",re oT 207 kPa, and wa'ô <l Yolo 10am seil wlth rnOlstL.re content 19.6 percent 
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and fleld capaclty 17,6 perCé!lt 

per cuble centlmeter ln the top 20cm. Weaver and Jamlson (1951) cornpacted a 

DaVldson loan! 5011 wlth an OllVer standard -0 tractl)r hav1nq 27,5 - 95 cm 

(11-32 ln.) tHes lnflated tr:: 83 kPa wlth a draft of 5,22 7 Ne~tops per whee1, 

ta a (~pnslty of 1,8 gr-arns ppr C.UblC centlrneter by t~Jljr passes The rnOlsture 

(_ontent was 11.4 percent 

;ontours of dry den",t)' undpr the passage 0+ il 4:\7; :x 71,1,_'11(16,r~ x 28 ln) tHe 

Raqravan et:'!l., (1 '!76a) cornpared thé) dry ,jensi t : es cau'OE'd hy él Ford 

19 7 7b), vehlCle SlZf' and tHe conflgurat'on or dry 

denslt'y The above a·-,thors found th;:!t the rnaxlrnur.> dry der',lty W.3'J obtalnpd 

when the mo,sture conV"nt was dt the optln1UfT' Cont0urs n+ dry ,jenslty w'lth 

'~lnq1e and mul<:lple passes ln thf'ir study 15 c;hown n Flg :::.3. 

A max'mum derslty at optlmU!T\ rnolsture c.ontent car' be c,r'Jwn by +f-'e 

r.:roctor test ;~ambe, ;'151), ;his laboratori test \~an cha"3ctefl:e s0,l 

types .,·nth dlfferent ti?x:tures as to T'îêlxirnUI11 denslty :3t dlf"erent Ci:"tlmUITI 

mC)1 <; tu re con t en t s 

Meredltr- and ['ètrlck 1961) ':;btalrej 

s :)11 s tt,ey useo 

the ( OrT' r a c t 1\1 f:' e f for t s.f l, 3 k;: a . 
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v'ar;atlOns ex;st ln dry bulk dens1ty of 50115 subJected to a compactive 

l oad. These vanat10ns are due to the d1fferences of partlcle s;ze 

distnbution, size, shape and organ;c matter content. Elder (1958) defmed 

structurai and bulk densîty 1ndices in his study, the structural lndex 

belng def"lned as the drops of liquid absorbed by a sarnp1e Hl one minute. 

Many efforts have been made ta predlct dry denslty from contact 

pressure. poroSlty and fl1()lsture content. AITll r et .. aJ __ , (197f,) used 

experlmertal and pub11shed data and wor~ed out fOllow'!lq f:'quat1ons for loose 

virqln 501 i to calculate Vlrgln POY'oslty 'Nv' and for pe-compar.ted s'Ji] to 

ca 1 ;::u1ate pre-compactE'd porosit.y 'Na' 

Nv :: An - 8'" (1 n (P)) - C <'1 (1 n ( '" ;, ) 

Nêl '" An - r n (1 n f P Y' + P 'l' - Cr Î ln ((J) 1 .. -.. - (2.3 ) 

... for eq '2.2 or 2.3) :: (0.4-0 9) ot :êlturat'on 

Pr • resldual pressure Whlch 1<; n 

p = app11 ed pressure 

FJ • vo1umètric rncisture contel1t at sat'~\"fl11()n 

An, Br) and en • Constants 

.. 
The authors c1a'rned that these equat10ns can :a) prf?Slct the amount 

of 5011 compactl')"", (b) evaluate the dr a 1 nage :oefflC1E''ît necessary C' .... the 

nUfT1cer of f"leld wcrk days perm;S:;lble fr')m the compact1on view p01nt. (cl make 

decls10ns "1 applicatlon cf maej'l1n ery pressure. and t;fTJE for oc,eratlors. 

Raghava r et a1,. (1976::: estab 1 1shed a matherr.atlCal r"elatlGrshlp ta 

predlct dry dens 1 tj 'Yb 1 fr8m contact pressure, 'np' (kPa) and 'TlOlsture 

content, me (%). 
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ln (np) 
+ en 

Cm ln(mc)--------(?4) 

They showed how ta use experiments and 1abo r atory data ta estimate constants 

An, Am. Bn, Bm; Cn, Cm from a multiple regression stepwlse procedure. 

Later on Raghavan and McKyes (1978) extended equatlOn (2.4), conslderinQ 

more varlab1es such as depth 'd', distance 'Da' away from the whepl centre 
, 

line and )11~, 's'. Thf' model was devp10ped for clay soil as follows wlth a 

5 ta t i st l cal . P' val u E' 0 f 0, 7 r~ • 

'f r' :;; l, J 1 + 0 , ("10 75 (d) o .n0005 f ni'!) + O,n009 ( 
r , 

J, 

-+ 0,039 l'n (np" - O,12B (ln(mc)) -.------- :',5) 

Furtherrr1ore, !-Jley developed rnodel', "'W sar'1v 10('1'l1 (Inn loarny san,~ 

higher dpns 1 t,v was found un :JpY' the -:entrp of the t 1 rI' L'Y'y den -.:' l ty awa y 

from the tire decreased 1mearly up to 40r.'l1 from the centre of Pe tue path, 

(b) S011 Aeration 

SOl j aeratlon ;5 c,nf' of the lmpcrtant S011 phys1cal prnpf'rtles Wh1Ch 

has been qiven considerable rE'Cognlt'on ln 5011 compactlon stud 1 es. When 5011 

15 cornpacted, a rpduction 0" pore 'vQlume lS exh 1 b ' ted. In other worcs, 

"non c.apllla r v poroslty", whlch 15. respons'ble ln conductlng gases, 1') Y"""duced 

ta smaller POres, which may reduce aeratlCJl cons'derably Red",ced ae r atlon 

may ca.Jse the ac.cumu]atl0n sf toxie Subst3"'ces, tl-Jus aff€'c:ting ""oot growth. 

The .... e are tWQ pn"'Clp1es :;f gasE"::::us flow Hl trre 50115 wlde1y Llsed 

for studYlng aerat',')n. (1) the pr,;"clple of mass flow, ar.d (2) tl--e pnnclple 

of di.f f Ll S 1V e f 1 ow . 

Ma-ss flow lS def1red as "!:!---e movefTlent 0'" aH U·y':)ugh :;011 by p""ocesses 

such as expa .... slon and conce~tratlor of gases as a resu1t :)f crar,::::es lr 

" 

( 
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temperature or barometric pressure, and a1r removal from ra1nfall or 

lrrigatlon (Roblnson, 1964). 

Dlffusion is the main mechamsm by which mo1ecu1es of gas are 

exchanged between soi 1 and atmosphere. Th 15 movement takes pl ace ln 

response to concentratlon gradlents. In diffu51on, the flow path is not 

l1near, but 1$ made tortuous by the shape of vOlds and the way ln which voids 

are connected. Marshall (1959) introduced the eQUatlOn (2.6) to pred1ct 

the ratH) of d,ffuSl0n ln 5011 'D' to dlffusion ln alr 'Do' from air-filled 

porosity 'N'as follows. 

= - -------------- --(2.6) 

Grab1e (1966) qave an extenslve reVlew of 50il aeratlOr~ stud1es. 

Vomoc , 1 and rlocker (1961) wdlcated that Hl the ldeal root bpd, whpn the 

the soil at that point must contaln 50 pprcent so1 1 ds, 2S percent water 

and 2S percent aH. DifferE>nt 50115 behave dlfferently 'ln relation ta 

soil-wa ter pro pert; es . Fine textured 5011 has a high blJbbling pressure 

property, and therefore, there 15 low a1r and water permeabillty (Grab1e, 

1966) Coarser textured 50115 have 50 percent poroslty and more than one 

half 0f the total porosity wi 11 drain free of water before dralnaqe ceases 

(Vomoc,l and Flocker, 1961). 

With respect ta the effect of compaction on soil aeratlon, Phill1PS 

and l<îrkham (1962) found that the aH permeability decreased as the level 

of cOfTlPactiof1 1ncreas(:!d. Rosenberg and Wï 111 t5 (1962) srowed a decrease 

ln nor capillary pores at 0-60 mbar suctlOn as a result of compaction on three 

types of 5011 stud1ed. Raghavan et al., (1978c) exam1ned the effect of contact 

pressure on air porosity. fnr porosity decreased as the v'eh1cle contact pressure 
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increased. There was a very small dlfference of 10 percent alr-filled 

poroSl ty at corresponding depths when two years of studies were compared. 

Di fferent 1 evel s of dens i ty represent di fferences ln air space 

percentage at virtual completion of drainage following irrigation or 

ralnfall. Weaver and Jamlson (1951) calculated air spaces of about 12 

percent at a denslty of 1,8 grams per cubi c centlmeter ln Davidson loam soil. 

Flocker ~.:t....!L. (1958) found a 14 percent air filled poroslty at a bulk 

densîty of l,56 grams per cubic centlmeter ln Yolo loam soil. 

Grable and Siemer (1968) studled the dltferent combinatlon of 

aggregate sizes, bull< densitles and soil su:tion ta see thE effects on 

air poroslty. diffuS1Vlty. oxygen cc"',centratlon an(j redox potential. They 

found the air poroSlty decreased Wlth severe densny. A ~,oil wlth a bulk 

densltf of 1,23 grams per CUblC centlmeter had a very low air poroslty, 

even at high suctlOn valueso It was even less , f the aq~regate slte 

was les s than 0, 5rrrn. Bulk denslty and aggregate s;zes had very 1 ittlp 

influence on the diffuslon of oxygen and o>ygen concentratlons at shallow 

depths, whlle they had greate r effects at greater depths. Boone 'et al .. 
(1978) determined that aeration was Sllghtly affected by compaction. In 

severe compaction, tf"le oxygen concertratlQn was found to tE- about 15 percent 

at 5 cm below the depth of deeper roots. 

Swanson and Jacobson (195E \ pOlnted out that the extent of soi l 

crusts increased wlth a hlghe r lntensity of raln, and that may pr-event alr • 
from entenng ~nto tre soil. It appears that decreased sci 1 aeratlon 

by dlfferent actlons may create an t...ndesirable soil envlronment f')r plan+. 

growth and crop yields. The effect of soi l aerat i on on pl ant growth and 

yleld will be revlewed under the heading "Seil aeratlOn effects". 
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(c) Soil Water 

Another obviously lmportant physical property of soil is the degree 

of wetness, or wa ter rete~ion characterl sti cs As sociated with these 

propertl es are the processes of water rnovement. infi l tratlon and ava il abl11 ty 

of water. 

5011 is a reserVOlr that holds watpr for livlng or';Jamsms. The amount 

of water a soil can hole ;5 determlned Dy lts physlcal prapertlE'S. It may 

be aval1able in llmitect amount':. to pla p ts, or ,t may be pre::.entln excess, 

r'both sltt...i3tlons can accu"" for the same 5011 in differpnt sedsons. 

Water 'noves ;r. respons p ta a sOll-watet' pot0ntlal gradler: fram tre 

5011 VOle" to trp plant roots and thrc'..Jgh the ;:;lant ta evaporate fr:1f'1 the 

leaf sur.f'ace inta the atmospheri'>. 

known as the Sail-plant atmasphere LOI':.inuum =PA). 

i) Water movement 

Water rnovement occurs in 50 1 ~ in re::ponse to a dlfference in watE-r 

content, temperature etc. One of the mechan~ sms that governs the :novement 

of water ln the soil is unsaturated f1ow. As the mOl sture c.ontent of 5011 

decreases from the maximum valuE' at 100 percent saturation of the pore space, 

the air phase l nvades the larger pores" Mos! of the water JTlovem(lrt ln top 5011 

occurs W'len botr water and air are present in the pores. In this process the 

hydraulic conductlvlty 'K' lS not constant, b,.1t decre~5es as the water content 

decreases because the larger pores are emptied flrsL Poi seuillé5 equat 1 0 n 

shows that the v'o1ume f10w rate varies direcCy as the fourth power of the pore 

radius. Therefore, halv1ng the pore size decreases the volume of ~low by a 

factor of 16. 

Compaction may alter the pores. Forosity 'n' lS deflnec as the ratio 

of volume of VQ'ds or pore space 'Vv'. to the total .... olume 'V t '. 
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- ----- - ----.:.-::.:::- - - (2.7) 

The bu1k density 1 1 1 S rel ated to the fo 11 OWl ng) equati on. Yb 
/ 

Yb : (l-n) Yp -----------)----(2.8) 
't 

where 1 1 is the partlc1e denslty. The change ln denslty will be accompanled Yp 

by the change qf porosity and thus water transportlng properties. IW~ntin 

(1971) discussed the effect 'of compaction on water transmlsslbi11ty by a1terlng 

the void size dlstribution of soi1s. He di scussed the forces of water 

retention and change in bu1k density in relation to sOll-suctlOn, temperature 

and sol ute gradient in homogeneous as well as 1ayered 5011 s. He conc1 uded 

that compacti on may i ncrease or decrease the amount of water reta i ned at 

higher suction leve1s. Slaytor and Taylor (1960) have defined 5011 water 

suction ta be the affinity of the s011 matrlx for water. It 1 s therefore 

the soil-wâter and geometry of the sail, which contribute ta sail 

sucti on. 

Soil geometry is related to pore size distribution (Box and Taylor, 

1962) . Taylor and Box (19p1) showed that there i s a change of suct i on due ta 

compaction when the moi sture content is held constant. They proposed that 

bulk denslty shou1d be used in place of the geometry factor, because a 

geometry factor neglects surface and ionic influences, whereas bulk density 

i s very easy to ob ta in. When the bul k dens ity 1 ncreased from l ,1 to 1 ,5 grams 

per cubic centimeter, ~he suctlon decreased, but it lncreased as the bulk 

density reached 1,6 grams pe r cubic centimeter. 

Soil type also has a great influence on water retention 

characteristics at different bulk densitles. Hill and Sumner (1967) lnvestigated 
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the moisture contents of different soils in the range of total avallable 

mOl sture. In sandy soils, the mOlsture retenti on lncreased as the bu1k denslty 

increased, but the magnitude of thlS became sma11er as the suctlon lncreased. 

In clay and clay loam soils, mOlsture retentlon increased as the bulk denslty 

; ncreaspd, but the magni tude became }li gher as the suctlon i ncreased. 

loam and sandy clay loam. the moistuy'e retentlOn dec.reaspd as thp l?ulk 

In sandy 

density lncreased at low suc.t;,)f!, wherflas retention increaspd at hFjh suctiun. 

This 1nfluence of graln Slze distnbutlOn on moisturp content at 30,6cm (If 

H
2

0 5uction' is <;hown ln Fig, 2 4. 

fagleman and Jamlson (1962) pxam1npd th~ effect of texture on water 

transm1SS1bl1ity ln lahoratory pxpcrlments. They p repilre d di fte rt'n t 

combinatlOns of s0115 varyin<J in partlCle Slze dlstnbutiQn wlth and without 

compact1on. They indnated th:lt thE' water movement from larger pores'tu smaller 
.' 

pores 15 unrestricted at the contact lf the volume of bath is about the same, Whl le 

the water movement becomes slower from the smaller pores ta the larger pores in 

the unsaturated state bpcause the larger pores emptied saon. The remalning water 

in the smal1 pores of sand is discontinuous in nature at the contact wlth a larger 

number of smal1er pores in silt. The water cannat move from smaller pores to the 

1arger pores un~l same suction is attained. As the suct10n increases, the water 

film around the solid particles becomes thln and decreases rap1d1y. 

Boone et al., (1978) have shawn t~at compaction p .... oduced flner 

pores at a certaln volume, and moi sture content increased at every suctlon 

up to saturation. Further compactlon decreased the moisture content by 10ss 

of water. Fig. 2.5 shows the optimum curve of the phenomenon. Raghavan 

et al .• (1978c) obtalned higher mOlsture contents retained by three clay sOlls 

at dlfferent locations wlth the applicatlon of h1g/ler compaction efforts. 
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1.4 1.6 1,8 2.0 2.2 

3 
SOll 8ULK OENSITY (g/cm) 

Influence of sail bulk density on water content 
ôf three Natal soi15 at a matric suction of 0,3 
bar or 30.6 cm of suction (redrawn from Hlll and 
Sumner, 1967). 
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~o 

LOOSE SOIL 

MEDIUM COMPACTED SOIL 
SEVERELY COMPACTED 

SOIL 

PORE VOLUME (%) 

Figure 2.5 Relationships between pore volume and water content at 
different potentials (h) for various treatments 
(redrawn fram Boone et al., 1978). 



11) Avallabllity of water 

(ompact1on ha:; ct mar~f'd effpct on aV3 ' 1abllltv of water The amc'-<nt 

wllt1nq pOlllt (usually de f lr1ed aslS bnr', or' l":Jm of H/' suctlr_:n) F 1 fi 1 d 

caparlty F, dpflned (lS thp arnount of watPr remd 1 nlng ln-a weil dra1np,) ',(J1] 

whpr' thp velonty qf downw--lrd flow ln IJn,>aturiltpJ sOll "d:, bp((JfTJp smilll 

(Waopntln,lY70) 

, 
thp '<)11 1', (ompactpd, the pPYflJE',,!' 11 1ty ot th!" _1)11 cir" Y'Pi'l',p', ê'r1rJ Wdtpr will r,,, 

10st by evaporat1cn nr rupoff 

thro~gh 5011 samples compressed at bulk dpnslt~ of 1,37 and l ,:7 qra~s per (J~lC 

centlmeter vil th varylng pore spacE's at a glven tlfne. The resu He; a r p showr 1 n 

Table 2.1 The results clearly show the res 1 stance to fl ow due t(~~l ompac t 1 on of 

the S0 11 . The effect WIll be more slgnlflcant 1 f the losses eue to transp1 ·'at10n, 

evaporatlon and runoff are lonsidered. Th1s 51~uation ~ay create a great danger 

01 reach1ng the permanent wllt1ng p01nt ln the ;011. 

Flocker et al., (1958) showed that the total amount c-;f water wh1cb passed 

1nto a non compacted sOll plot i,.. 3 hrs was 21 ,lem, while ln a severely compacted 

plot lt was O,27cm for Yolo fine sandy loam. Sm1th ~~. (195S) found an 

lncrease ln available wate r ln loose so11 but, a decrease ln 5t~ongly compacted 

SUbSCll and tOPS01!. Whereas Rag~avan et aL, t1978c) showed more avallable water 

in compacted clay 5011 than in non compacted c'ay 5011 at hlghe r suctl0ns. 

There was more water aval1able ln the mlddle range of dry dens1tj than ln hlg~et 
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TABLE 2, l - Rate cd fl ow of water in 30 mi nute') 

COMPRESSfD 

crn 

6 .. 8 
6, t: 
6,8 
h .F! 
6 P-, 
6.H 
6,7 
6 7 

) 

6,8 
6,8 
6. E, 
6 7 , 
6,8 
6 ~ 

• 1 

6,7 
6,6 
6,5 
6,4 

Meal1 
6,7 

Range 
6,4-6.8 

Amount fj f 

wa ter i rJ ( m3 

lS,S4 
1 J, 6; 
11,14 
11,09 
10 ,67 
10 ,5E 
10,53 
8,97 
8,95 
7,59 
7,10 
6,76 
6.19 
5,72 
4,94 
4,20 
4,15 
3,25 

8,38 

3,25-15,54 

Helght of lem 
of vol _ 11 ,34cm' 

l .2!J 

-~--- -----~-- ------------ --~-------- ------- ----
INTERMEDIATE lOOSE 

HE'lqht 
cm 

7,4 
7,4 
7,4 
7,2 
7,3 
7,4 
7,4 
7,4 
7,0 
7,4 
7,4 
7, l 
7,2 
7,4 
7,4 
7,0 
7,4 
7,2 

7,3 

7,0- 7 • 4 

Arnount of . 
w(\tpr ln (ml 

44,91 
40,97 
36,26 
3:1,09 
34, RO 
3i,03 
~2~Ol 
31,37 
2~,61 
24,67 
24,00 
23.93 
23,30 
22,30 
21,05 
20,25 
20,07 
16,09 

K. 3 
t4t~ 
5). 3 
(1.3 
M, j 

(~, , 3 
8.3 
8,2 
8,2 
1i,2 
8,3 
8) l 
8,i 
8,2 
8,2 
8.3 
8,2 
8,2 

Amount (11 3 
W<3t €'f 1 n ,.m 

'Q2,7;'. 

1 Hl,l 1 
184,Ql 
180,62 
168,12 
160,18 
l S 7,00 
154,62 
152 • 1 7 
150,14 
145,5 7 

128,42 
118, ')9 
109,65 
102,47 
l 00 ~ 37 
98,18 
91.67 

28,26 8,25 143,47 

16,09-44,31 8,1-8,3 91~67-192.72 

3,87 17,3 
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or lower densltles. 

Water can tp aval13blp a1<;0 from a wate r table cy capl11::\r'y rlse 

ln tOPS')l] by <,pvpre CCHnpilct1on, but moderate UJmp<3ctlOfl lflcrea<,Pfj the 

potE'flt''il 

suctlor pY'ovide the relation':,~llp<; be+wE'f'n <'011 watpr (Ontpnt and - 'J( tlOn arrj 

r,ydraui-c conrju:tlVP.y. 

111) lheory 

Mostlv wate r movpment le; described USlng narcy'c; equat10n ThlS 

equatlor (an be wntten for flow ln one directlon ln unsaturated S'Ill as fnllows 

v % K (e) 3H -------------(i.qj 
3z 

wher-e v .. 5011 water flux 

K(e) :: hydraul ;c conduct' vitv 

H :: hydrau 1; c head 

and l ::: depth 

Combln1rg eQuation (Z 9) wlth the eouation of cont'nuity, WhlCh states that 

the flow of water 1 nt') or out of a u"l1 t of 5011 eQ'J3 l s the rate of chanae '" 

water ccmtent, 

ae .. av 
a t az 
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the flow I?quation wl11 resLJ1t ae; follows 

dA 

dt 
:: ~ __ (K 

H 
~~) ----------------(211) 

In or'der to obta1" th!" hydraullc ronductlvlty 'li ôt a df'pth 'L', 'r,teqratp 

equatloll (2,11) wlth fPSpe.c.t tn dppth, z = n (the sOll surfau') t0 l • -1 

. L f 18 JH .1( dH 
:;rd? " 1< 

'-lI Il 
. (2. L' ) 

0 z. • L z 0 .. 

head 'h and grav 1 tat 1 on al hp~1 'z' 

H :: b + Z 

Therefure equatlon (2 12) can be Wflttpn ~s 

-L 

J 1fl 
dt dz ::: · 1J 

- z :: -L 
------(2 14) 

o 

A5sum1ng that the 5uction 15 a funct 1 0n of water content orly and therp 15 n~ 

hysteres1s effect, the" equat'on (2 14~ can be wt1tten as follows-

... l'J 
Z ,. -1.. 

------(2 15) 

Meas~rlng the volumetrlC mOl sture content at different depths as 

a functlon of tlme' and matnc St;ction varlation wlth time can Yle 1d the 

calculation of ~ydfaul,c conductivlty values as a ~unction of 501 1 moisture 
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COf' tent 

There are many pxperlmp~tal mathods WhlCh h~ve been developpd to 

evaluate hyjraul ' ( condLJctivity 'K(fl)' > lhese mptho~~ Involvp pore qeometry 

SchmIdt, 1363), steady state colJmns (J<lutp, l%S) ar; .... fIeld <,tudH":, 

The valuP$ of pcro51tie; were ottalned From laboratorv lompactPd 5011 samplp5 

3r.d the va 1upc; of hydra .... !lc conductivlt y were corrected due to changes ln 

eff'ectlve Dorosity unde" increaslnq pres~·urr qradlent~ 

" re1atlonshlps between pcrosity and the loqarlthm of ~ydrauli( conduct 1 vity at 

the 95 percent ronfiden:e level 

2-6 SOll Strengt~ 

SaIl strength 1S defi"ed as "the ab 1 11 ty 0 .... capac1tj of a partlcula r 

$011 ln a partlcular ccrdit10n ta resl"t or endure a'" applipd forcp" (BrewET. 

1964) . SC11 co~pactlo~ involves the volumetrie as we11 as the linear deformatlon 

Of the SOli, The strength of soil 1S a measure of resistance to both 

yolumetnc and l1near de f orrnat1ons of s:::n1 structurf' S011 fabnc ;s a1so 

responsib'e for changir.g th? soil strength. Besides this, the other factors 
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t .. 
WhlCh affect the sail <;t Y'E'l1gth are dlscu",",E'd bv raylor '\1971). lhp factors 

that InfluencE' 5011 strenqth are water u,ntent, 5011 b ... lk df'nsltv, charqes 

ln typP and amount of satL<ratlOn, côtlOWJ. th€' tlumbpr ,-t- partH le-to-pA r tlcI0 

contacts and the amount and type of Qrganlc materlal. lhe rerults of 

Of sail strength Wh1Ch can be useful rtnd lnfoliT\ative 

Many relat i ons h lps have bpen p~tabl1shed betwepn ppnetrnmete r 

reslstance and dry bull<. censlty (Taylor and Brucp, 19(::;', Camr' and LUfld, lqf,8., 

raylor et al._, 1966, Mazurak ilnd Pnhlman, 1968). A'l authors showed 

relationshlps between peretrometer reslstal1Ce and bLJ1~ denslty at a glven 5011 

water content or suction For example at a glven 50"; suction (1/3 bar or 

3 340,23cm H~O suct10n) and bulk denslty (1,5 or 1 ,6 qlc~ l penetromete r 
L 

res1stance varled for dl fferent 50115. ThlS could be due ta the var l at10n 

ln dlstrlbution of pa r tlc1e Slze and shape which on rompaction behave dlffe rently 

( Sa a ne, 197')). Chancel~or (1971) di'>Cu5sed the relat';onship of penetromete r 

res i 5tance wlth denslty. He pOlnted out that the pe~etrometer resistance 

dec11nes very stead1ly as the moi sture content increases, whereas compacted 

den31 ty 1ncreases to a peak th en decreases as th~ mOl sture coptent increases 



-33-

Lyles and Woodruff (1963) deterrnlned a llnF H rplatlOnship between 

penetrompter rlens1ty and rore samplp rlens1ty rA penetrometer force of 

percpnt rnGlsturp) 

pred1!:tf'd fll"llE-trolflerrr' rpç"sLwuJ 'FEW fr'Jm llulr densltv 'Yb'ilfl(J pPJIl'ntaqp 

of so11 1lll'l'Jture 'fnc' W1th l'ln 'R' villUf: (,f 0,1)44, ln ',1' t IOflill '('11 
,., 

PlN -: 3 4(,t. (Yt~ -+ f,? ,fï(rnr) - 124.~ (m() : ytJ .j l .f,RR (rlii )L 

(~) i G) 

Chesness pt rl~ 

wlth an 'fi' value IJ ,'.18 

CI --------p 17) 

The equatlon was used on fleld datd hut t~e fleld 5011 dld not €Khlblt the 

same strength as laborato'Y samples. 

Terry and Wilson (1953) have shown that about 20 percpnt mOlsture 

content IS sUltable for accurate measurement of 5011 b~lk dpns1ty wlth a 5011 

penetrometer 

between tre needle pe~etrometer readlng and bulk dens'ty at lOOcm 5011 suct10n 

in Calo clay 5011. EaVl s (1972) and Rosenberq and Wl' lltS (1962) showed that 

the penetrometer reslstance increased as the bulk dens 1 ty and suctlon lncreased. 

Soil strength 1~ expected to lncrease as poroslty decrease c at 

constant mOl sture content. Adams et a1., (1960) have shown that the pene-

trometer reslstance lncreased as the bulk denslty lQcreased and poroslty 
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decreased dt 60cm suctlon ln a two year experlment on a silty clay loam. 

Taylor and Burnett \ 1964) determlned the sail strength wlth a 

penetrometer and vane shear èeV1CP. The vane shear strength was ca1cu1ated 

wlth the assumptlons that (1: th@ soil sheared alonq the surface of a cylinder 

WhlCh had the same dlametpr and helght as that of the vane (2) the dlstrlbution 

of shear stress was unlform acr05S the bottom of the cy11nder. They found a 

llnear relatlonS~lp between the vane 5hear strength and penetrometpr strenqth 

wlth an "R" value of 0,97. Dayne and Fountaine (1952) demonstrated several 

advantages of the dH'pd measurement of shea y stre'lgth ln the field. For 

example, the vane shear strength test is sUltablp at dlfferent depths and it 

glves s~tlsfact~ry results ln pure1y COheS1VP 50115 

2-7 Pl an!_~!J~rmanc§..~e~t~_~ __ ~5~11 Compact 1 on 

Soil compaction ln excess 1S belleved ta cause damage ta soil 

structure and crop productlon, Crop growth 15 affected by increased 

mechanlcal lmpedance, red~ced aeratlon, altered mOl sture availabi11ty and 

soil temperature WhlCh follow from increased denslty and reduced pore s~ace. 

Any of the factors or comb"lnatlons'-of a11 of them affect plant growth, 
\ 

depending upon the 5011 type, the c1\matic condltions, the plant speCles and 

the sta~e of development of the plant. 

Raghavan et al., (1978d) presented the data on vary;ng leve1s of 

tlre contact pressure and traffic lntensity and their effect on ylelds of 

sllage corn on clay sOll. The range of contact pressure vari ed from 31 ,4, 

41,2 and 61,8 kPa with 1, 5, 10 and 15 passes of wheelo The operatlons for 

compa.cti on were done before and after seedi ng. The resu1ts indicated a 

potential 50 percent reductlon in yield of corn with severe contact pressures. 
Î 

The effect of compaction was '~re before seeding than after seeding. 
; __ J 
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a) SOll Denslty Effects 

Soi1 denslty affects the plant yle1d as"has been related by many 

workers (e. g. Raghavarl et al., 1978b; Trouse and Humbert 1 1961) Thp 

maXlmum and mlnl~um yie1ds in 1977 were 12,5 Mg/ha and 9,7 Mq/ha, and in 

1976 they were 16,0 Mo/ha and 9,8 t,1a/ha respectively, (Raghavan ~., 

1978c). Mlnlmum and maXlmum yle1ds ln 1977 and 1976 were obtalned at 

. "3 3 "3 3 denslty l ,n g/cm , l,llo/cm and 1,?9 g/cm and o,gO g/cm respectlvely. 

The dlfference ln yleld obtalned ln both years shows that there are other 

factors operatll'lq besidp 5011 ,jensity. Therefore, lt can be sald that 

5011 denslty le; not the anly tactor that affects plant yleld, but mOlsture 

stress or soil apratlOn could rJe the llmlt1ng fi'\ctor. H\)wever, the year 

1977 was drler than the year 1'?76 (Raghavan ~_,_, 1978c). 

lr'et, so11 denslty lS a useful parameter which lS known to alter 

other physlcal propertles of 5011 and can be used ln re1atlOn to plant y1eld. 

Trouse and Humbert (1961) reported the reductlon of sugarcane Yleld ln 

Hawall in soils with 1ncreaslng denslty. Potato yleld decreased about 

50 percent on severe compacti on of topso11 cornpared to 100se soi l (1 oamy 

sand) at first harvest (vanLoon and Bouma 1 1978) Adams et al., (1960) 

showed the reduction of patata yleld was 54 percent, sugar beets 30 percent, 

wheat 13 percent and corn 7,5 percent by surface pack1ng of 5011. The 

surface 5011 denslty rose from 1,07 g/cm3 ta 1,19 g/cm
3

. 60th surface and 

subsurface compaction reduced corn yie1d by 14,5 percent. More deta 11 s 

regarding yleld reduction of major crops 1ike corn, tomatoes, potatoes, sugar 

beets and cotton 1 s gl ven in the reVl ew done by Rosenberg, (1964). 

Rosenberg (1964) discussed the Vomocil equatlon which expressed 

the parabol1c relationship: 
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----------(2.18) 

= Plant yie1d 
= Maximum re1atlve yie1d of a given crop from a 

given soil under g;ven weather conditions 
(including irriqation) 

• Optimal 4-16 inch (lO-40cm) average profile 
bu l k dens ity 

• Sensitivity constant 
= Actual average density 

AJl11 rand Broughton (' 975) cal cu la ted y1 e 1 d reductlons and val UE'S of "e" from 

the literature. Table 2.2 shows optimum dry density for different crap yield. 

Rosenberg and Wi11îts (1962) re'ported increased y1eld of barley by 50 percent 

with the 1ncrease ln bu1k density from 1.3 to 1,6 g/cm3 
on Glastown sand. A 

37 percent barley yield decreased with 1/lcreased bulk density from 1,3 to 1,65 

g/cm3 on Freehold loamy sail. Raghavan pt a1,_, (1978e) related dry buH 

density 'yb' with plant yield 'Y' 

y ::; -2 16 270 + 438,8(Yb) - 0,2107 (yb )2 ---------(2.19) 

TABLE 2.2 - Show1ng the optimum density for maximum yield. 

SOURCE SOIl DENSfTY DEPTH CROP VIElO 
g/cm3 kg/ha. 

Raghavan et al. , clay 1,03 5-20cm ,- Corn 12219,000 
(1978c) 1 , 1 20 cm 

Flocker et a1., Yola fine l ,39 0-3cm Weeds 2370,304 
(1958) sandy loam 1 ,42 3-6cm -Austri an Peas 1060,642 

1raYTey 4749,830 
Rye 5865,810 

Bromgrass 2868,344 
l ,58 0-3cm Horse Beans 1392,669 
1 .54 3-6cm 
1 ,22 0-3cm Vol unteer vSeeds 2370,304 
l ,29 3-6cm Rye Grass 3504,729 

Purple Vetch 1577 .128 
Vetch & Barl ey 4842,060 
Mil il otus 

Ind1ca 1457,230 
Oats 5386,215 

Wittse1 and Grearyl i ke 1 ,2 2.5-10cm Sorghum 6048,425 
Hobbs (1965) si lt loam 1 .3 17.5-25cm Tomato 1,418 kg/plant 
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b) Soi 1 Water Effects 

Soi 1 is a storage place for plant nutrients, a habltat for bacteria. 

an anchorage for plants and a reservoir that holds the water needed for plant 

growth. The mechanism by which the water mayes to the plants in the SPA 

System will be given a brief review to al1ow,an understanding of the soi l-water-

plant interactions. 

i) Uptake of water 

Ge'1erall y, two processes are invol ved to regul ate the water uptake in 

SPA System r>amely (1) pass i ve water movement (2) actlVE' water movement, In 

pasSlVe wate r movemertt, water moves in re-::.ponse to a potential gradient, i .€'., 

from higher to lower potential energy, as it moves through the soil into the 

plant root, and through the pl ants to the l eaves. The potentlal energy con-

tinuoulsy decreases untll the water reaches the pOlnt ln the leaves at which 

evaporation i s occurring, At this point an amount of energy must be :;upplled 

equal to the heat of vaporization, the necessary energy being supplied through 

solar radiat1on, convection and conduction of heat through the atmosphere and 

the plant. 

In active water uptake the pl ant uses metabol i c energy ta absorb 

water from the 50'11. The water potential must be 10wer ln the plant than 

in the soil. and lower in the atmosphere than in the plant for water to move 

in thls path- When the potent; al of the water in the soil decreases to the 

, lowest value of potentlal which the plant can maintain, water ceases ta move 

to the plant. The plant then wil ts if wa ter movement conti nues from the 
/ 

leaf into the atmosphere. r 
Those studies in which only the root system is consldered hav, 

shown that increased water suction ;s accompanied by reduced rate of g(owth. ï, 

" "-The growth , s related ta both soi 1. water stress and water content. 
') 

J", 
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Wadleigh (194.6) assumed that the plant root system wO,uld remove water from 

the soil in sud a way as to maintain the total 5011 mOlsture stress constant 

throughout the root zone. 

The difference in water potent; al between pl ant root and sail and 

the hydraulic conductlvity in the soil determine the rate at which water moves 

ta the root. Phlllp (1957) and Gardner (1960) assumed a cylindncal root at 

a fixed location and applied the following equat 1 0n in cylindncal coord1nates. 

It was a1so assumed that tt"i" water content was spatially dependent only on the 

radial coordlnate anrl the -effpct of qravlty was negligiblp. 

where 

38 
TI: 

e 
r 
t 
D 
w 

r 
dH 

(l [) ( 11) ~-T-) - - - - - - - - - - - - - ( 2 . tO ) 
J.J (1 

'"' water content 
:: distance froln root ans 
:r tlme 
• 5011 water diffuSlvlty 

MOlz and Remson (1970) developed a mathematical mOde1 for moisture 

removal of the plant and lnduced mOlsture l1lovemE'nt From the sail. 

Cl 
aï (0 ~) 

dl 
ak 
az 

- S --------------(2.21 ) 

Where Z 1S vertical coordlnate posltive downward,D lS the diffusivity, equal 

ta 1< ~} and S is negatlVe source term or extractlon term and is related by 

the follawln9 equation. lJnder steady state condltions, the follo\'ting 

relatiCl'l1 between 5011 moisture flux "Sf (Z)", flux in the plant root "S(Z)" 

and transpiration rate "T" exists: 

S(Z) dZ = T ----------------(2.22) 

ii) wate(~vai1abl11tY 
Richards(1928) deflned water availability as foL "availabll ity 

,1. 

involves bath the ability of the plant to absorb water with WhlCh it is in 

contact, and the readiness with which water mayes in to replace that used by 
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t 
the pl ant. Il The sail water ava11able to the plant ln suffic1ent quantlty 

depends upon t.he 50 1 1 5ucti on and hydraull c conducti vit y These quant: tles 

are altered by 5011 compactl0n. Compactlon produces sma11 voids Wh1Ch can 

reta1n water at h1gr suctlOn (Warkentin,1971), but the plant growth wlll not 

necessanly 1ncrease due to the otfter factors such as Impedance to root qrowth> 

low aeration, poor structurp and 50 on (Eav~s,1972), 

Relatlvp distributlon of roots w1 th depth and the wdtef reta1r"ng 

propertles of sail deteT"mlne the maln featur!?) of the water uptave pattern. 

The more dense the root system, the greater the water- uptake (Gardner,19~O). 

Compac ti on, wh1 ch 1 rc rpases the st r ength of 5011, 1 mpedes foot dpvp 1 opme"" t 

resultHlq ln le<;s extractlOn from qr'eatPr' dF.'pths. Consequently, the growth 

reductlQ(l caused by compaction is more like 1 j to occur in dner soïl 
", ~./ 

condl t 1 ons whe re the total mOl sture absorbed by the pl ant 15 not suffi Cl ent 

to rneet the phYSlolog1cal requil'ernent of the plant. Compacted 5011 usua 11y 

has s l ower. water movement and more of t~e ra l n water i s los t by surface runoff. 

Consequently. the pl ant will not recel v€' the requl red amount of water l t needs. 

and will ult1mate1y die or suffer poor growth due to water stress. 

Trouse (1971) ind; cated that the p 1 ant can obta 1 n adequate mOl s tur€' 

from the drier soil 1 f there are enough roots functioning ln a large enough 

volume of s011. Following his studj he reported that the mOlstUt'e aspects of 

compacted sons wl11 have an indirect effect on p1ant development. The 

followlng situations ln a comoacted soil can affect the root absorptlon: 

1) SlOW permeabillty of the compacted 50il reduces infiltratior 

lf the 50;1 is :;loped. 

2) Ponding in baSln areas restncts aeration and may injure the 

root, resu1tlng in reductlon of root activi ty. 
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Besides sail compactïon there are oU'er factors wh' ch affect the 

ava i 1ability of water ta the plants. In general, these factors are dlvlded 

intathree broad classes. (1) soil factors. (? plant factors and (3) cllmat1c 

factors. Thl?se factors are discussed by Rlcrards and ~adle~gh (1952), Ke'ley 

(1954), Hagan (1962). Jam;<;on (1956), Slatyer (1960), Kramer (1969), John 

and Nell (1976) and Boyer and Pberson (1975). The rev;ews of the authors 

indicated that lt is ver'y difficult to say tha"':: one or the other factor is 

responslblf' for the aval1abilltj of water ta tt">e plant. Thls d .. pends upon 

sail type, climat 1 c cond1tlons dnd plant spec1es. 

Some plants can wlthstand drought ccnditlOns for longer tlfTles. 

~elley et aL, (1)45) rave shown that guayule .-1111 wlthstand d long period 

of drought and r'enew growth. Llkew1se. sorgt-:Jm can be subJ€cted to considerable 

mcn sture stress and wi 11 subsequently renew gr'Jwth. 

potatoes and l ettuce are very sensiti ve to drought. 

On the other hand, ce 1 ery, 

Yield of wheat lS verf 

sensltlVe to lack of available water in its flnal qY'owth stages, but much 1ess 

in its early growth (Warkentin ,1970). 

The decrease of soil moisture is a function of evapotranspiration 

and percolation. As the water content decreases, the moisture availability 

ta the plant decreases. thus affecting the grawth of the plant. The results 

of Richards and ltIadleigh (1952) on the rate of stem elongation of sunf10wers 

as a functi on of water content showed that the growth rate decreased as the 

water content decreased from field capacity ta the permanent wllting percentage. 

From these rt'sults, they suggested that a11 the water between the upper and 

lower limits is not equal1y available to plants. Sorne results on this concept 

are sutmlarlZed by Kel1ey (1954). 

c) Soi l Aeration Effects 

Plant roots and living organism: in soil take up oxygen and respire 
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maln1y carbon dloxlde. The i)rowth of plants w1 11 bp restrlcteo lf the 

concpntratlon of carbon dlo'<lde 15 too rngh or oxyqen concentratlon too low. 

Therefore, lt 15 very Hnportant that there should be a sufflClent afTI()unt of 

aeratlon present ln the root zone of the 5011; not only that, but there 

must be rapld exchange of gases 

It has lonq been be11evpd that HllproverJ SOl i structure prOrlotes 

pl ant growth through bet ter sOll aerat l on. Russel (1949) expY'essed hl') 

opHll0n in these words. "The rnost prornlslng approach to thp eVi'lluatlon 

of sOll structure, partlcu1arly as thlS affects D1ant growth, 11e'O net ln 

the elabordtlOn of the physlcal archltecture of the 5Jl1 but ln the de~-

cnptlOn of the aH, water, tempprature and cornpêlctlO r condltl(jn~ that 

greatly lnfluence raot actlvlty -:lnd plant growth 

arp to be slgnlf1cant, much addltlonal quantltatlVe lnformatlOt'I 1<., néeded 

on the relat10n of these factors to plant growth". 

It was observed through expenments that sOli aeratlon depends upon 

the type of 5011 and kînd of crop grown. Kopedy, QU:Jted by Grable (1966), 

proposed optimum porosities for certa1n crops. Optlrnum a1r poros1ty for 

Sudan grass j\'ange5 from 6-10 percent, 10-15 percent for wheat and oats and 

15-20 percent for barley and suga r beets. 

Compactlon affects the a1r porosity and 1S revlewed ln the 

compaction section. Trouse and Humbert (1961) showed a decrease of alr 

poroslty ta leS5 th an 10 percent when the density reached the critical level 

for sugarcane roots. The critical a1r p6ros1ty for plant growth lS usually 

considered to be 10 percent (Vomoc1l and Flocker, 196,). Gi 11 and Mlll er 

(1956) found the growth of corn seedlings to be decreased under high impedance 

when the oxygen content was be10w 10 percent. Meredith and Patrick (1961) 

\l..resented the relationship between air porosity and root penetrat10n for three 
-'-. 
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sOlle;. Root penetratlon stopped when alr porOSlty decreased to 2 perce~t. 

Eavis and Payne (1968) found restrlctlons to root elongation 

occurred at 30 percent gas space and below ln loose sOll (1,1 g/crn 3), be10w 

22 percent in a medlum compacted 5011 (1,4 g/cm3) and below 10 percent in a 

hlghly compacted s011 (1.6 g/cm3
). The dry wPlght of the roots decreased wlth 

the decrease ln oxygen concentratlon . 

. d) Mechani ca 1 Impedanc e 

1t has been observer:! that thf' '>0115 wlth tqgh <,trength cou1d fldrd1y 

allow tre root to pf'nptrate becau<op rJf HISufficiE'pt forcp ta over'comp >,)ch 

reSl',tance (Taylor and Gardner 196\ and PhllllPS apé' kH'~ham,19bZ) 

ImpedancE' 15 the resistance ni SOl' pntountered by ~ root try1nq tu penptratp. 

The force exerted by the ~not must be larqer to ~ush the s011 partl(le~ 

aS1de to form an opening for root e1ongatlon and th 1 cken 'n g Root pfO-

llferatlOn depends on the buH denslty of lndlvlduaÎ S011 LAnlts. porE' SlZE', 

water content and so11 type. 

Pfeffer Studl ed the root growth pressure by use of a 5ma 11 ~q,p-

trometer (Gi 11 and Bolt ,19551. 
L 1 

He found the presSure exerted by 'rodts ln 

coarse soi 1 was 1 ess than the pressure measured by the pefletrometer. whereas 

ln a fine gralned homogeneous medium, the relatlons h ip between penetrometer 

and root pressure appeared ta be QUlte good. He considered that 1 n nature 

a plant would deviate from its patt-- 'n coarse-qrëllned 501 ,s to go around 

solid resistance; thus the pressure exerted by root would be less than 

preSSures measured wlth a penetrometer. 

Eavis and Payne (1968) lndicated that the several 1eve1s of stress 

were four ta eight times smaller than equivalent stresses on the penetrometer 

probe using a plaster of pans medium. It appears that the forces exerted by 

the root are smal1er th,n those encountered by a probe sim11ar ta the root shape, 



GrNCE''1 E't_~L, (1968) consldered a model Of the sphenca' E'Xpans'on of a 

cavlty dt the pOInt of" the probe, They a~sumpd twc main Jones w~ere the 
1 

compressIon of 5011 occurs, namely. the zone of plastic f3'lure compreS~10n 

surrollnding the probe. and elastlc compreSSion out','de thlS zone They 

~ 

lnd1Cated that the roots penetr'atp the 5011 by cyln'dr-ical compreSSlon to 

3VOld sQll-root frictlJn. F L.. rther, they f r)und th,," the fllà x;murT1 pressure 

WhlCh th.e root can f'xe ... ·t l', afproxi'Tlately :';J0 kPa 

When the Sr)' l 15 <,ut;JE'ctP,j to a l"Jad wh!c y tend~ to chaf"lqP lt:. 

total v ,li ume , th1'.> Ir turn decrf'asE's the proportlOr' of lar-gp pore space:. ln 

the ad: au'nt so,1 W1ersum {1957\ p'J(jlcated that fTlec.hanlca1 re<;lstancE' 

to root penetratlon 1~ governed by the rlg'dlty of pore structure It 

means that the plant raots grown into a rlg 1 d system are only able ta 

penetrate a pore Whl(t·, has a diametE'r exceeding that of t~e root-tlp, while 

Henry and MCl<l bben (1967) showed trat 1 t 1 S not necessary ta have 

sufflcient pore S1les for roots ta penetra te SIne!? ,roots can easl 1y penetrate 

if the soil 1$ plastl( or m01st. On the other harod, Taylor and Gardner (1960) 

conducted an expenmel"t us; 119 wax substrates. They ''l')WI:< that yoots have 

easily grown into and through 2 or 3cm of wax substratt>'. rayl cr and 

Burnett (1964) reported that 5011 compactlOI1 reduces cotton root penetration 

by lncreaslng the strength of t~ soi l in WhlCh pores are located, rather than 

by reducing the size cf the pores below sorne critlcal dlameter, Howeve r , the 

abl1ity of plant root penetration depends \.JDon the wax rigldity, the type of 

p.l ant and the dens ity of tre soil a!:love ri 9 l dit y , Henry and Mck.ibben .(1967) 

showed that soi 1 productlvl tl decreases as the soi 1 strength inçreases, 
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T d.yl QY and Burnett (1 ~64) presented tl-Je data of a OllE' yea r expen ment on 

flve sandy loam 50lls The rec,u1ts indlcated that the lln':; yleld of 

cottCH' was reduced te> 1PS5 than half when thp '>011 was at fleld capaclty 

mOlstu .... e content wlth a bulk 1ensity of 1,R gram') ~\f>r CUbl( centlmeter, aH 

poros1ty 15 percent and a ,>trength less than 800 ~~a at fleld capacity 

Taylor p_.LaL. (1964) 'lave examlnpd th!" pffpct of 5011 strength on cotto" 

and scrql-Jum ylelds 11'1 sandy loam 5011 Th~ ylelds Wf're rp-JUCf'rl by half as 

the SOl: strenqth in(rpdSf'd to 2500 kPil 

Mani workerc; (Trouse and H'Jmt;ert,l%l and Veihmeyer i1nd Yendr 1 '~k')on 

whlCh ',r root pE"netrat1on occu"''). Tayh v and Garrjrf;r (1C}(,2) rf')E<.ted thTS 

'~on(ept by sholNlng trE' evidenr:e that the YP'Jlstance of Amanllo fl'le sardy 

loam depends upon the sail mOlsturp (ontenL They lndlcated the pffects 

cf 5011 suctioll on bulk denslty and root penetratlOr On1y 80 percent of 

roots penetrated at 2cm of H20 5uctlon with 1 ,65 grams per CUbl C centlmeters 

bulk density, and there was 20 percent of the root penetratlon at 6,8cm of 

H20 suctlon wlth bulk density of 1,65 4]rams per cubic centimeter. The 

dlfference was 60 percent when the moisture content by weight was 2,5 perçent 

wlth tre same bulk densîty at 2 ta 6,8cm of H20 suction. .At the same 

moisture content by weight, a bulk density of 1,75 grams pe r CUblC centimeter 

caused a change in root penetratlon from 60 ta 0 percent. Root penetration 

was lower ln hlgh sail suction at a glven bulk density tha!'1 ln a lower 5011 

suction. Bar1ey et ai., (1965), showed the effects of bull< denslty and suetion 

on pea emergence. A1l pea seedllngs emerged after 3 days from a core wlth 

a bulk density of 1,5 ta 1,6 gr.ams pe r CUblC centimeter at 3,lem of H20 suetlon, 
! 

ànd 60 percent emerged from the confi ned 1,7 grams per eubl c centimeter cores. 

At 1,7 grams pe r eublc centimeter and 7,lem of H20 suction, 30 percent still 
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.. 

had not emerged even at S days For wheat, only 80 ;:,ercent emerge::: fram 

the strongest core. The data 1ndicated that the root reductlon was due to 

ar'l lncrease of 5011 strergth at higher suctl0n and bu~k density. 1 ayl or 

dnd Ratl i ff (1969) used rlgher suction values than the'}e used by the abol/e 

wor~ ers. They conc1uded that 5011 sùction between 1,7 and 71,4 cm of H?O 

suction .for peanuts did r,ot affect the relation between root e1ongation rate 

and penetromf'ter Y'esistarce. Taylor ilnd Bruce (1968; measur~d the root 

e1ongatlon ratp of preqE''illinated c.otton seed on loamy sand soil. 'he root 

elongatlon rates for thp penetrometer YPSlsta'1Ce 250. "100 an.:! 750 ~Pa werp 51, 

14 and 5 percent, respec':lve1y cf that ln l00se soil GoodeY'ham a'id F1Shpy' 

(1175) detprmlt'"lpd that tl--e rate of seedllng "-oot elofi;atiof'l INas neqa.tively 

ccrrelated wlth penetrorneter reo:,;stancE' considered Ovi?r a range of tulk 

densities and 5011 mOlst:...re contents. 

Mechanical impedance, aeration and mOlsture stress on pea seedlHigs 

HI sandy loam soil is well surrrnarized bj Eavis (1972) , The Flg. 2.6 shows that 

at low suctlon and low bu1k density the q:JOt e1ongation was affected byon 1y 

aeratlOn. while at medl'.Jm suctiol'1 and hlgh bulk denslty, root Elongation wi!s 

affected by aeratlon and mechanical impedance At medium suction there wa-s 

only mechamcal impedance in a11 levels of bulk density, but at high suction 

and low bulk density the root elongation was affected by moisture stress. 

For medlum denslty, moisture stress and mechanica1 impedance affected root 

elongation but at high bLJ1k density level there was only mechanical 

impedance. Fiskell et aL, (1968) examlned the effect of plow pans in a 

coarse textured so;1. Under droughty conditions. soil strength increased 

with the increase of moisture tension. The plow pan then acted as an 

, effectlVe barr;er to the supply of subsoil moisture and nutrients for crop 

uti11Zation. 
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Figure 2.6 SUlIIIlary of effects of mechanical impedance. aeration 

and moi sture stress on pea seedling root elongation 
in a sandy loam held at different matric potentials and 
bulk densities (redrawn from Eavis, 1972). \. 
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2-8 Ti 11 age 

The use of tlllage tools on agrlCultural soils is extremely 

important when one flnds a compacted layer or zone ln the 5011. Thls 

compacted zone mus t be loosened in order to prov; de a hea lthy env; ronment for 

roots to grow. Taylor and Burnett (1964) reported that if the compaction of 

soil i 5 not loosened by subsequent ti 11 age, then a reductlon of root wei ght 

occurs. 

The development of tillage tools has made possible the Selec.tlon 

of WhlCh one can change the soil conditions as desired. The necessary 

operatlons on the field can be minimized if the proper selectlon of tl1lage 

tool is made, and this Wll1 ald in evaluation cost and beneflts of changing 

the soi 1 canditi ons. 

The obJectives of tillage are ta increase the supply of air. water. 

nitrogen and minerals to plants, as well as weed control (Cooper, 1971). This 

will then influence water intake and storage and the extractlOn of water from 

the soil by the plant root in addition to microbial activity. In other words, 

tillage changes soil physical properties in such a way tilat optimum conditions 

for plant growth can be obtained. The effect of soil physica 1 properties on 
~ 

plant growth has~ready been discussed in previous sections. Here the 

performance of two tillage implements such as the moldboard and chisel plows 

will be assessed from the viewpoint of previous studies. 

Chiselling ;s usually done to break through and shatter compact soil. 

Papendick and Miller (1977) demonstrated the benefits of chisel p1owing. 

Chisel plowing ;5 done where soil ;s corrmonly frozen. It is not used on 

soils when dry'because the weak aggregates flow back into the chise1 track. 

Chiselling produces large stable clods in medium to fine-textured soils which 

faci1itate water intake through fractures and the chisE;l channels. It a1so 
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reduces runoff under wet and frozen conditions several centimeters deep. 

Chisell ing is normally done to a depth of 20 - 30em with narrow shanks 

spaced 30 or 60 cm apart. Chiselling greater than 30 centimeters depth 

becomes a subsoi 1er operation. 

A moldboard plow is particularly power demanding (Soane and Pidgeon 

1975) . The draft of a chisel plow 1s about half that of the moldboard plow 

per 20cm of wi dth of soi l ti 1 th at comparable depths as observed by Saane 

and Pi dgeon (1975). Therefore. chlse1l1ng is faster and more economical 

than the maldboard. and it takes less skill. A chisel plow operates at 

the same depth or slightly more than mo1dboard (Amemlya,1977). 

A chisel plow does not inv'ert the soil a5 the moldboard does, but 

it results in a density intermediate between that of the moldboard and zero 

plowing in the top 18cm (Soane and Pidgeon 1975). Mannering et al., (1975) 

showed that chiselling gave a slightly lower denslty than moldboard plowing 

and no-till on Pewano silty clay loam. Tbey compared several plows as 

shown in Fig. 2.7. McKyes et al., (1979) showed that the chisel plow reduced --,-
dry dens i ty and produced fi ner peds not greater than 6 or 8em and reta i ned 

more water than other types of tlll age operati ons. Negi et a1._. (1979) 

compared several plows on compacted soil. Chisel and moldboard plows reduced 

the dens i ty of compacted soi l up ta a 15cm depth. They obtained highest 

corn yields with a chisel plow on sandy loam soil. while the moldboard and 

chisel plow produced highest yields in clay sail compared to the compacted and 

no-ti11 treatments. Patterson et al. 1 (1980) found chisel plow more 

versatile than a moldboard in their six years of study at two locatIons in 

Eng1 and" 

It is obvious that dense or compacted sail tends to restrict root 

growth and water movement. Grissom et al., (1955), observed that the sc; l 
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strength was the only factor wh 1 ch mos t cornmon 1y 11 mited the root growth of ,. 

cotton. Slnc~ one reason fOf plowing 5011 1 s to lmprove poroslty, after 

deep p10wing or chiselllng cotton yielr:l incre3.sed. Cassel et al., (1978) 

measured the sOll penetratlon reslstance at Sèven positlons, spaced 

15cm apart on a transect normal to the th1rd rowof soybeans ln eacfl plot 

four times ln a season. Chisel p10Wll1g reduced the cone 'lndex more than 
\ 

did n~rma1 tlllage at a11 seven posltions Dot Y ~~, (1975) examined t.he 
\ 

\ 

rooting 1epth, oxygen levels and water ava11è~11ity follow'ng tlllè~e . 
operatlOns. All the above properties lncrea:;ed in chlsellAd plots ,junnq the 

wet season. Dunng the dry season, roots pr,,:,llferated ta :1 qreatr:' deptr. 

and extracted sufficlent watpr Chlselled r:;;ots p",rrmttf'c greate r water 

infl1tratlon and allowed upward water rrJOVPllIent. [t-lse111W-1 a150 .. r'lduced 

slgniflcantly more dry matter and larger 00;:- y1e1ds 

Habbs et al., (1961) reported that the ch1sel plow redure1 the 

density and increased the permeabllity of the soil and th;' ".ltuat'on lasted 

for 18 months. Papendick and Mlller (1977) showed the effect of c h lsell 1n g 

on silt clay loam sOll after a wheat harvest Chl se 11 ing i ncreased 1 nterna 1 

wa ter transmi S5 i on fram 4 ta 15 times compared with no-tlll age. ;he resu l ts 

of Mannenng et aL, (1975) showed at"l increase of lriflltratlon and reduc6'd 

runoff by chisel plowing. The chlsel p1aw affecte:] bath the soil water 

desorption curve and hydraullc conductiv1tl"'n the upper 30crn dept .... (Al1ma r as , 

et al., 1977). 

The soil can be made productive lf the des1red poroslty could be 

obtained at the shallow water depth. Water can thliS be extracted bj the ;:Jlant 

roots with the movement of water frofT' the caçillary fnnge. Relccsky et al., 

(1976) found that a chise1 plow treatment im~roved corn roots in a varina sandy 

soil, and enab 1 ed the ut; 1 izati on of water from the capill ary fringe above the 

water table. 
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The corn ear yield increased as a ,.result of this actlon. 

'* A moldboard plow on uncompaded soil produces unfractured clods 

which may persist. The surface produced is generally rough and free of 

plant material. Ther~fore, it ;5 important to break down the furrow slice, 

otherwise there will be a rapid 10ss of mOlsture (Johnson and Ta~lor, 1960) 

due to increased surface area ,exposed...to the atmosphere (Hakim; and Kachru, 
.~ 

1976) . Halnm; and K.achru (1976) compared the moldboard plow wlth other plows. 

They found a field cultivato r followed by dlsklng resulted in the best yields 

over other tillage treatments in tf-Jei't· study. They further suggested that 

the moldboard plow can be replaced by other typps of tlllagr tools for satls­

factory seed bed preparatlon. Voorhees et aL. (1978) showed that the mold-

board plow was more effect; 'if'> in reducing the 5011 bull< denslty and pel1etrorneter 

resistance .• ,.. D;sklng and chlselling gave about 5 and 40 percent hiqhe r values. 

respectively, compared ta the moldboard plow. Hanna and Masry (~962) studied 

a moldboard plow w;th respect to other plows. The results showed no signlflcant 

difference in Y1eld, but there was an increase of compactlon in the subsoil ,,~ 

layer, ranging from 15-20cm depth. The moldboard plow action at 25cm depth , 

showed a remarkable decrease of compactlon from 15-20cm depth, ta a layer 

below 30cm depth. thus cr~at;ng a favourable environment for IPot growth. 

laws (1953) reported that the yie1d of craps such ~s cotton, corn 
o 1 

and oats was reduced by 40 to 50 pércent during 50 J,o 60 year~ of cropp' ng. 

The factor WhlCh most affected the reduction of yield was compaction, which 

was probably created by the cropping system if the climate Ir/as not materially 

changed in the area. This zone of compaction was formed due ta mechanical 
o 

equiprnent during tillage operations by repeated trips along the bottom of the 

furrow. The study was carried out to find a mechanical method of prevelltlng 

'the formation of a compacted son layer. The results i ndi cated that the 
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mo1dboard plow produced higher yields because it produced a granu1ar and 

me110w structure at 20cm depth on Houston black clay 50;ls, whereas chlsel-

type tll1age cracked down structure by the stress of the chisel plow. Flnally 

he conclud~d that t~~ lhlsel plow proved 1neffective on Houston black clay 

soils composed of montmorillonite clays 

Cool t1._~~,_, (1953) comparpd dlfferent plows on Hilldale sardy loam 

cropped with oats, beans and corn, Brook~ton loa~_çropped wlth beets, oats 

b~ans and c~rn. Fox sandy loam cropped wlth oats and corn. and Brookston clay 

loam cj?pped Wl th beets, oats, bE'a'ls nnd (orn. Th~ results l~dl(atpd that 

the moldboard plow gave Slqniflcantly greater Ylplds than other typps of plows. 

(rop responses ta tillagp systp~s vary wlth tlme, locatIon and weed 

control. ;n a three year expe"ti.ent, Bolton and Ayle5worth (1959)f'fôbserved 

that a moldboard plow produced greater yields ln two out of thrE'P years 

compared ta other types of tl11age on Broakston clay 50 1 1. The study of Cook 

and Pelkert (1950) presented data of a three year experiment on Brookston clay 

loam. Brookston 10am and Hll1dale sandy laam soil using different types of 

tillage equipment. The resu1ts lndlcated an increase ln yields of beets, oats, 

beans and corn in moldboard p10w treatments. The increase was due ta fewer' 

weeds in moldboard plots than other methods. 

The lnteractlon of sail. crop and climatlc condltions make lt comp1ex 

to a'ttempt to predict the desirable type of tillage with respect ta crop 
1 

response. Precise reco/l1Tl€ndations for tillage have not béen aVdllable. such 

as have ferti1izer recommendatlons. However, Saane and Pidgeon (1975) 

generalized the need for tillage for different crops and so;1s. For c.e~al 
" 

crops on wel1 drained soil s, til1 ;ge can be reduced if other mels~res of weed -

control are adopted. Poorly drained or compacted so;l$ need cultivation ta 
r • 

improve soil conditions. Vegetable crops or large rooted crops require a 

-
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large number of pores and thereforQ tl1lage is necessary Pota ta crops 

reqUlre high poroslty, therefore, one or two cultlvatlons qlve highest 

ylelds (Blake and A1drlch, 1955). On the other h~nd, excessive cultivatlon 

can result ln lower alr space and aggregatlon ana hlgher bulk denslty. 

Therefore, any cultlvatlon on the field shou1d be Justlfled by the 1nltia1 

5011 condltlon and the crop to be grown. 

2-9 Summary 

The llterature reported demonstrates that there can be a considerable 

effect of co~pactlon and loosenlnq on most of the 5011 physical properties and 

on plant performancp. There pxist discrepancles among the reported results 

ln the critlral density and sOll strength felated to optimum root growth and 
, 

plant ylPlds. rt lS establl>hed that both S011 suctlon and bulk denslty 

affect foot growth, dependlnq upon the 5011 texture and plant species. There 

lS canslderable vanatlOn in. the response of different plants ta 5011 aeratlon 

at varlOUS levels of bulk denslty and sOll suctlon. 
10'>, 

Avai1ablllty of water for plant growth de pends upon the 5011 type. 

The coarse-grained 5011 he1d most of the available water at 10w 5uctlon levels • 
. /' 

~ut ln flne-gralned sail it is present bver the whole range up to the 

permanent wlltlng point. Availabllity of sail water in a clay 5011 is hlgher 

probably due to hlgh moi sture contents at higher suction levels compared with 

coarse-grained so11. Hydraulic conductivity lS a function of soil suction, 

or moi sture content. Increasing soil suction decreases hydrau1ic conductivity 

and a1so results in decrease in moisture content of the soil. Amount of soi 1 

water decreases appreciably if the transpirational demand of the plant is hiQh, 

which ln turn increases soil suction and decreases the hydrau1ic conductivity. 

Many of the S)tudl es have tes ted the effects of t i 11 age practi ces on 

yie1ds over a wide range of soi1 texture. The principal physlcal significance 
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of tillage is the change in soil properties, which should be used as the 

criteria in defining tillage-plant interactions. The study of the soi1-air-

water-p1ant system in compacted and subsequent til1ed soi1s has started on1y 

recently, and there is still much to learn. Therefore, it is necessary to 

consider the subject in its broadest terms to study as many individua1 

properties as possible if a full understanding of the sail responses >t.o the 

use of machinery is to be gained. It/was therefore decided to study the 

change of sail properties. mainly, soil density, soil strength, air-filled 

porosity and hydro1ogy of the soil, due ta compaction and subsequent tillage 

by two specifie too1s. This change in soi1 properties could th en be re1ated 

to plant performance for a selected crop grown on the experimental plots. 
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CHAPTER III 

OBJECTIVES AND SCOPE 

/ 

The specifie objectives of this study were as follows: 

1. To design a field experiment ta have three field t'raffic 

treatments (5,10 and 15 passes of a tractor), one control (no 

traffidtreatment and two tillage treatments in four replicates. 
(\ 

The tillage treatments will be performed on plots already compacted 

by 5 and 15 passes of a tractor exe rti ng a ground contact pressure 

of 41 kPa, 

2. Ta determine the initial status of the sail with reference ta physlcal 

properties in each plot. 

3. To condùct 1aboratory tests to establish the soil texture. compaction 
~ 

and mechanical properties of the soi 1. 

4. To measure the soil density. penetrometer and vane resistance in 

a11 plots after compaction and tillage treatments, and to detennine 

statistically any difference due ta changes in sail physical properties 

resulting from compaction and tillage treatments. 

5. Ta grow a buckwheat crop on the plots. 

6. To monitor rainfall and water table depth throughout the growing season. 

7. To observe the time required for the buckwheat seedlings ta, emerge. 

8. To determine the plant heights up ta the maturation of the crop. 

9. Ta determine the wei'ght of root mass, dry matter and grain yie1ds 

on harvesting of the crop. 

10. To describe the influence of soil physical properties on plant 

~, performa~s a result of compactian and tillage tre-atments. 

11. Ta compare the resul ts of 1978 and 1979 and ta detenni ne the 

influence of environmental variations. 
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12. To investigate the effects of the variatlon of soil density, penetrometer 

and vane resistance on aeration, water retention characteristics, 

unsaturated hydraulic conductivity and availability of water and 

relate these properties ta crop growth. 

13. To present the suggestions and recommendat10ns for further research 

in the light of this study. 

The study would be conducted on one soil type. a Bearbrook c.lay ln 

two growi ng seasons of 1978 and 1979. The plots al ready compacted by 

a MF-165D tractor in 5 and 15 passes would be subJected to moldboard and 

chisel plow treatments. Three sets of soi1 density, penetrometer 

resistance, vane shear resistance and soi1 moisture profiles would be 

taken, one before compaction or tillage treatments, one after the 

completion of treatments and one during the penod of growth. 

Soil suction and gravimetric moi sture content, a10ng with bulk 

density measurements, wou1d serve ta calculate hydraulic retention 

properties of the soil for one 'irrigation cycle during the growing 

season. 

The resulting soil conditions due to the various treatments would be 

related ta plant growth in order to quantify the effects and to justify 

machinery management decisions. 
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CHAPTER IV 

~'A TER IALS AND METHOOS 

with these ObJ€ctlves ïn m1nd, the expenment was conducted on 

Bearbrook clay so11 at the Macdonald College Research Stat1on, St. Anne 

de BF>llpvue for two consecutlve summers, 1978 and 1979, by grOWlng a 

buckwheat c rop. 

4-1 Experiment 1972 

The test slte was unéultivated for' the last three years and many 

" w~eds werr. standing in the fleld. 
\ 

The problem of weeds was more severe 

dunng the qrow1ng pf'riod ln 1978, evE'\ though the fleld was sprayed wlth 

_Roundup herb iClde at the rate of '=',e e pero hectare in 350 f of water. The 

f1eld schedule lS shown ln Table 4 1. 

The expenment was 1ayed out in collaboratlOn w1th E. Perraton, a 

fellow graduate student study1ng different fle1d treatments. The ldea for 

a combined expenme'1t was to keep the common treatments togetber in one 

statistlcal design for obtalning more statistlcal informatlon about the 

treatment effects. Table 4.2 shows the dlstributlon of treatments for the 

years 1978 and 1979. 

After applying the herbic1de at the recomnended rate, the field was 

1eft for 15 days to recover fully from toxie efL--tc;. Then lt was disked, 

foll owed by a rotary til1 er in order to get a more uniform profil e up to 

O,20m depth. 

The 1ayout for this experiment consisted, of 48, 10 x 2m plots staked 

out ta give requ;red treatments as shown in Fig. 4.1. The completely 

randomized block design with 12 treatments, replicated 4 times each were used 
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TABLE 4.1 - Schedu1e of fièld operatlons for the years 1978 and 1979. 

~._-------------------~-----------,--------~--------------------. 

FIELD OPERATIONS 

Herbicide application 

Di sc harrowi ng 

Rota ry till; ng 

Plot 1 ayout 

Compaction treatments 

Tillage treatments 

Seeding and fertilizer 
incr;rporation 

Insectlcide spraying 

Soil measurement 

Soil density 

Penetrometer resi stance 
"\, 

Vane shear resistance 

Moisture content 

So;l water measurement 

Soil suction and vol. 
moi sture content 

Water table 

Pl ant· measurement 

Plant germination 

Pl ant hei ght 

Harvesting 

Root di ggi ng 

YEAR 1978 

June 15 

June 30 

June 30 

July 1 

Ju1y 4, 5, 6 

July 7, 8 

July 11 
\' 

'" 2 Aug. 

July 4,5,6,7,8,14 
Aug. 15, 16 

Ju1y 4,5,6,7,8,14 

Ju1y 4,5,6,7,8,14 

Ju1y 4,5,6,7,8,14 
Aug. 15,16 

Aug. 11,13,16,22 
& Sept. 6 

Ju1y 12,15,20,24,25 
26,28,21 

Aug.2,3,5,6,9,17, 
18,20,21,22,25,29 

Sept.l,7,1.,23,30 

July 21,24,25,28,31 
Aug. 1,2,3 

~ Aug. 4,10,14,18 

Sept. 23 

Sept. 31 

YEAR 1979 

June 16 

June 20 "-

June 20 

June 21. 22 

July 25 

June 27 

June 21,22,23,25 

June 21,22,23,25 

June 21,22,23,25 

June 21,22,23,25 

Ju 1 Y 1.5,6, l 0 ,14 ,18 ' 
23,28,31 

Au g. 9,14, l 7 ,21 ,25 
Sept. 1,5,10,15,20, 

25 

July 5,6,10,14 
18,23,28,31 

Aug.9,15,21,28 

Sept. 22 

1 
1 

.. 
-l' 

! 
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\ 
TABLE 4.2 - Showing the distribution of treatments for layaut in 

the years 1978 and 1979.' 

CONTACT N4ME NO. TREATMENTS 
YEAR PASSES ~EPLICATE PRESSURE OF OF TILLAGE PERFORMED BELONGS TO 

Y, kPa T~AT PLOTS -- MiNT ,\ 

1978 ~, \ 

) 
5 4 41,0 5YO* 4 - ) .~ 

la -4 41,0 10YO 4 - ) Comman 

15 4 41,0 15YO 4 - ) 

a 4 - 000 4 No tillage COTTlTlan 

5 4 41,0 5YM 4 Mo1dboard & dlsking This study 

5 4 41.0 5YC 4 Ch; sel plow " 
15 4 41 ,0 15YM** 4 Moldboard & disking " 
15 4 41,0 15YC 4 Chise1 plow " 
5 4 41,0 5YS 4 Sub soiler ) 

5 4 41 ,0 5YR 4 Rotovator ~ E. Perraton 
, 

15 4 41 ,0 15Y~ 4 Sub 50; 1 er ) 
1 

) 
15 4 15YR 4 Rotovator 

1 

41,0 
1 ) 

" TGta1 plots - 48 \ , 

1979 -- 15 3 41,0 15YO 3 
1 

jcolTlTlon - c-

o 3 - 000 3 No ti 11 age 

(115 3 41,0 15YM 3 Moldboard & disking This study 
1 

15 3 41 ,a 15YS 3 $ubsoi1 er E. Perraton 

Total plots - 12 1 

1 

" 

1 

* 5YO = 5 stands for passes of tractor; Y = ground. contact pressure 
and 0 stands for no ti 11 age. 

**15YM = 15 passes; y = contact pressure(41,O kPa); M -:: Moldboard pl'ow and 
C for chise1 p10w 
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in this experiment (this study consisted of only 8 treatments. see Table 4.2). 

Right after staking, initial sail conditions were recorded by measuring sail 

dry density, penetrometer resistance. vane shear resistance and moi~ture content 

at various depths. The depths of each so;l parameter measurement throughout 

the growing season are shown in Table 4.3. 

Compaction treatments were carried out with a MF 1650 tractor, 
{ 

having an average rear tire cq~tact pressure of 41 kPa. assigned with letter 
'; 

"Y", run on the plot ta g;ve 5,10 and 15 passes. The required amount of 

passes was given in such a way that wheel traffic shou1d be distributed 

equal1y throughout the plot. The path fo110wed by the tractor was con-

s;dered by its whee1 width and tire size, which helped in calculating the 

dimension of the plot and a11ey to have had equally distributed paths of 

wheel over the entire plot (Fig. 4.2). The control plot "000" was used 

for cemparison without any traffic on it. In fact this plot was rototilled 

during the initial preparations of the field. 

After having been compacted with the required number of passes, the 

change of sail condition due to compaction was observed by measuring soil 

dry density, penetrometer resistance and moisture content at various depths. 

Following the compaction, specifie tillage treatments were carriea 

out on the compacted plots w;th 5 and 15 passes of the tractor, by a moldboard 

and chisel plow. The moldboard plow "W and chisel p10w IIC" were used to till 

the specifie compacted plots. A mo1dboard plow with two bottoms was used 

in this study. This p10w consisted of two single shares spaced 40em apart 

with a plain ro11ing coulter mounted directly above the share point used ta 

cut the furrow slice. Three passes of the implement were used to eover the 

entire area of each plot. operating at 20cm depth, fo11owed by one pass of 

disking. Plates 4.1a and b are photographs of the moldboard p10w used, and 
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TABLE 4.3 - Depths at which soil measurements were made . 

• 

SOIL MEASUREMENTS 
YEAR 1978 YEAR 1979 
Depth (m) Depth ( m) 

-
Soil dens i ty 0,05 0,10 0,15 0,20 0,25 D,OS 0,10 0,15 0,20 

0,25 0,30 

Penetrometer 
resistance 0,05 0,10 0,15 0,20 0,25 0,05 0,15 0,30 

( Vane shear ~urface 0,10 0,20 Surface 0,15 0,30 
resistance 

Moisture content Surface 0,125, 0,25 Surface 0,15 0,30 

, 

Soi 1 sucti on 0,25 -
. 

Vol umetr; c o - 0.15'and 0 - 0,25 > -
moi sture content 
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Fi<1ure 4.2 The pa th followed by rF-165D tractor for compactinn 
the soi1 uniformily. 
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the soil conditlOn fl"ter plowing. 
~' 

The tillage implement used for this study consisted of a 5-shank 

chisel plow with narrow spear-pointed shovels spaced 30cm apart, operating 
./ 

at 15 to 25cm depths (Plates 4.2a and b). Followlng the tillage 

treatment. the change of soil conditions due to tillage was recorded by 

measuring soil dry density, penetrometer resistance, yane shear resis'tance 

and moisture content at variaus depths. 

Buckwheat (variety Tokyo. which ;5 commercially available in the . 
area) was seeded at 5cm depth with an Interna.1/ional 510 semi-mounted grain 

drill at the rate of 56 kg/ha~' The seed drill had 13 rows, 17,7cm apart 

and a fertil i zer hopper attached adj acent ta the seea happer. Duri ng seedi ng. 

two seed openings were closed ta give 11 rows approximate1y equa1 to the size of 

the~plot. Fertilizer w1th fonnu1a 3-4-12 (N-P-K) was incorporated)at the rate 

of 120 kg/ha during the seeding operation with t~e same drill (Plate 4.3). 

The ; nstruments used for the soil measurements. 'sud a-~ soil density, 
1'. 

penetrometer resistance, vane sh~ar resistance an,d moisture content (gravimetric) 

were a Troxler gal11119-ray density meter. sa; 1 test vane shear, standard 
• 1 

penetrometer and T-sampler. The Trox1er model 3401 density meter (Plate 4.4) 

was used to measure dry,. dens Hy up ta O,30rn depth in the sail fram the base of , 
the machine. The procedure and working fonnula is given in Appendix A. 

Cl 

The penetrometer used is shawn in Plate 4:5. It is a hand operated 

measuring device consisting of a proving r:ing, dial guage and 300 circular 

cane with bas'e di ameter of 9,4mm and 17.40111 hei ght. The instrument was 

calibrated against the different forces applied on the praving ring and the 

corresponding change ; n ~i a 1 guage rèadi ng was recorded. The applied force 

divided by the area of the cane base gave the penetration resistance, expressed 

in MPa. " 
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Pl ate 4.5 - Standard Penetrometer used for m~asuring 
penetrometer reslstance 

.. 

.~ . 
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The va ne shear mode1 PILCON DR 673 used is shawn in Plate 4.6 

with two different sizes of vanes. The device simply consists of four 

b l ades set at ri ght ang1 es on one end of the shaft and the mechani sm on 

the other end by wh; ch the torque reqlJ 1 red ta rota te the vane b 1 ades in the 

1 soi 1 can be measured. Saane (1975) indicated that the vane shear is 

satisfactory in purely cohesive soils at different depths. 

". 
The soil samples for the standard gravimetric maisture content 

were collected from the field at various depths (Table 4.3) using a T-sampler 

(Oakfield Apparatus Company, Wisconsin), stored in cans and brought into the 

laboratory. These samples were weighed and dried at l050e in an oyen far 24 

hours and reweighed. The 10ss in moisture due ta drying divided by the weigh~ 

of the dry soil equals the moisture content on dry basis. 

a) Soil Water Measurements 

To determine the retention characteristj~f the 50il, 5011 

water movement and 50;1 water availability, tensiometers were installed in 

the specifi c 3 treatments, each repl i cated 3 ti mes at 25cm depth, and are .-
shown ;n the layout of Fig. 4.1. 

.. 

The tensiometers used in the experiment were "jet-fill" tensiometers, 

with a body made of clear acrylic plastic, a replaceab1e screw-on one bar 

porous ceramic tip and a vacuum gauge with a 5cm dia1 gauge, graduated from 

0-100 centibars. Before installation in the field, the tensiometers were 

calibrated ;n centimeters of water with a vacuum pump and a mercury manometer 

in the 1aboratory. 

The soil around each installed tensiometer was covered with a black 

polyethylene sheet, which covered one by one meter of area after heavy rainfall. 

The black polyethyl ene sheet was used to prevent vegetati on growth and 
\ 

evaporation (Hillel et al., 1972). Sorne soil was pl aced on top of the black 
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Plate 4.6 - Soil test vane shear used for measuring 
vane shear resistance 



-., 

~ ..... ~~ " ,-,\.i\!IiI!ItI<, " 

-, 
s, 

~, 

lm 2m 

~ J.Â 

f~~~~ 7m t--Rep3~ 

Stati.tlcs Experiment ~c~ 
~R.P2-1 J-Rep1-1 

T l Ex.u'm_n'.' Plo' 10' S,:;.:',. 'nJecllon l 

k 
1 

Road to Seed Farm 

o Water table monitoring tube 
.r--~ 

Fi(]ure 4.3 Layout of experimental field at t~acdonald Colleqe seed fann" in 1979 

• 

... 

1 -... -

.... 



1 

\ 

-72-

polyethylene sheet in order to avoi d high temperatures from sun rays. 

The sail suction measurements were done for one infiltration cycle 

between one and twenty-six days after recession of surface water. 

Soil water content on a volume basis was calculated by standard 

gravimetric moisture content (dry basis) at O,05m, 0,15m and O,25m depth and 

the corresponding dry density measurement was carried out by using the 

Troxl er model 3401 density meter. 

b) Pl ant Measurements 

Plant growth measurements wer,e recorded at regular intervals 

·throughout the growing season in the S rows in the centre out of the 11 rows. 

Six r~ws, three on each side ,were el iminated in arder to avoid h01'nrlflry effects. 

To begin with, the number of days required for plant emergence was 

recorded for each plot wh en 80 percent of the plants in the plot had emerged. 
''., 

These observations were taken by two persans separately in order to have an 

exact value. 

Plant height was measured throughout the growing season. Five 

plants from each row were randomly selected for the measurement of plant 

height. The measurement of plant he i ght was cons i dered from the ground to 

the top of the plant. 

Dur; n9 the growing season, the crop was attacked by aph i ds. 

Therefore, the insecticide, melathine, at the rate of 2,8 t ~er hectare per 

35 litres of water, was applted with a sprayer. 

When the crop was just at its maturing stage. the frost started 

and killed the premature se:ds. The reason for killed seeds at the immature 
lit 

stage may be due to a delayed emergence attributed to the lack of 

moisture in contact with the seed in the top Scm of surface soil during the 

emergence period. Therefore. the dry matter yiel d was the only substi tute 

'. 
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to c nsider for comparing the treatment effects. At maturity, the five .. 
midd e rows, leaving the one meter on both sides due to border effects, 

(~~ 

were harvehed b.f hand. After all the plots were harvested. sampl es of 

500 rams were dried for 3 days at 7.~oC in a forced air dryer and the dry 

weig ts of the samples were known on a hectare basis for each treatment. 

"The orking formula is given in Appendix B. 

c) 0 y \.Je; ght Root Measurement . . 
Root growth is usually an indicator of compaction, therefore, dry 

wei g ts of the roots al so were recorded. The techni que used to pbtain roots 

1rom Ithe s~i l was to di 9 out ~, one met~0di ameter mono l ith about O,6m in l en9th 

in each plot of only one block ,with a sho/el. This monolith was then broken in 

such way that the plant roots would not receive any in jury. These roots with 

soil umps were then brought into the laboratory and six raot samples from each 

plot ere washed carefully, dried at 75°C and weighed. 
1 

4-2 Experiment 1979 

In the sUlTIller of 1979 the study was conducted on the same soil and the 

same crap. The design considered for the layout was the same as that in 1978. 

Four treatments with three replications each were used in the layout (Fig. 4.3) 

(this study consisted of only 3 treatments, see Table 4.2). The reason for 4 

treatments with 3 replications W9S due to the small space provided this year; .. 
part of field was being engaged with other experiments as shown in Fig. 4.3. 

Thl!field operations were carried out according to the schedule 

s h own i n T ab 1 e 4. 1 . 

The compact; on treatments were carri ed out with a MF 1650 tractor, 

" having a contact pressure of 41 kPa. The tractor was run over the plot 15 

times on each tra .... k over the entire plot. This way all the 12 plots were 
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compacted. 

Plots under tillage treatments were plowed with specifie implements, 

following eompaction. Three passes of the I]loldboard plow (M) at 20cm depth 

were followed by a disk. 

Soil rneasurernents condueted in 1979 were extended to D,30rn depth in 

order to observe the effects of treatments at greater depths (Table 4.3). 

Plant growth measurements consisted of plant emergence, plant height 

and yield. Plant heights were recorded during the entire growing season as in 

1978. 

At maturation, the five middle rows of eaeh plot were harvested in 

the same way as in 1978. The harvested plants were put in bags and labeled 

with the particular plot number. These bags V/1re then kept in the air dryer 

for one w.eek to get ready for the threshing machine. The grains obtained 

we re wei ghed and thus the yi e l d in gra in acqu i red on a heeta re bas i s for each 

treatment was obtained. 

4-3 Laboratory Measurements 

Laboratory measurements were done on the soil samples brought from 

the field to conduct the following tests. 

a) Grain size analysis 

b) Compaction test 

c) Liquid limit and plastic limit tests 

a) Grain Size Analysis 
1 

Sail samples were coll ected randomly from the enti re experiMental 

field to conduct the experiment by the hydrometer method for cl assifying the 

type of soil, fol1owing the method of Lamb~ (1951). The method employs the 

ca1culations of the "e·fective diameter" and "percentage finer" by the 



( 

-75-

equations derlved from Stoke's equat;on for the ve10city of freely fal1ing 

spheres in water. 

b) Compaction Test 

This test is also known as the standard Proctor compaction test and 

is discussed by Lambe (1951). The purpose of a compaction test is to determine 

the degree of denseness at various moi sture contents after a fi xed amount of 

compactive energy has been app1;ed. To accomplish this purpose, one wou1d 

detennine the optimum moisture content at which high density occurs in the 

fi el d . 

c) Liquid Limit and Plastic Limit 

These tests are also called Atterberg limit tests and are describéd 

by Lambe (1951). The liquid lim5t test is defined as "the water content at 

which the soil has such a sma" shear strength that it flows to close a groove 

of standard width when jarred in a specific !l1anner". The plastic limit ;s 

the "watér content at which the sail begins ta crumble when rolled into threads 

of specified size". The field sail samples were used to determine the moisture 

content at which the 50;1 behaved in a manner as described in the definitions 

of liquid limit and plastic limit. 

4.4 Rainfall and Water Table r~easurements 

Perforated plastic tubes surrounded by a filter envelope were 

installed l,8m deep into the soil~ leaving O,2m as an allowance above the 

surface of the ground, in order ta avoid trash or other foreign material. ove'!'" 

the entire field (Figs. 4.1 and 4.3). 

Water table measurements were recorded periodically ta observe the 

fluctuations of the water table-throughout the growing seasons of 1978 and 1979. 
\ 

A graduated hollow aluminium pipe about 3m long, having one end attached ta a 
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rubber hose was used to mon; tor the water table. The techni que cons; s ted of 

lowering the aluminium pipe into the perforated plastic tube very slowly 

whilst continuously b10wing through th~-rubber hose until a bubbling sound was 

hëard (Plate 4.7). This process was repeated three times in order to obtain 

the exact height of the water table. A correction was made to account for 

the height of the perforated pipe above the ground surface. In addition, 

rainfall data was also obtained for the 1978 and 1979 seasons from the 

Macdonald College weather station, located near the experimental field. 
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1 

Plate 4.7 - \olater table monitoring tube 
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CHAPTER V 

RESUL TS 

Sail compact; on affects the sail profile which can be hazardous for 

pl a"t growth as i t is observed fram the review of literatùre. To provide 

a healthy environment for plant growth, the on1y way ;s to ti 11 the 

soi 1 with an appropriate tool in order to improve the seed bed for proper 

deve10pment ot the plant roots in the sail profile. The decision of 

implement selection requi,res the know1edge of 50i1 physical properties 

and geometryof the tool. The complexity of this problem is large and 

has yet ta be sol ved rat; ana1ly. 

However, to begin ta achieve this goal, the study was conducted ta 

observe the effects of two tillage tools on compacted soil. The sail 

profile up to a,30m was considered with reference ta the s-oil physical 

properties of dry bulk density. penetrometer resistance, vane shear 

res i stance, ai r-fi lled porosity and soil water movement. 

The measurements of the above properti es al ong wi th crop growth 

were recorded in the field throughout the growing seasons of 1978 and 1979. 

The data thus col1ected were analysed and the results obtained are 

presented a~ follows 

5-2 Laboratory Tests 

Severa l tes ts were canducted on sci l samp 1 es taken from the fi el d and 

'" the resul ts obtained are as fol1ows:' 

a} Grain Size Analysis 

The results of grain s;ze ana1ys;s in Fig. 5.1 show that clay size 

r-p.articles comprise from 42 to 67% of the soil by weight. and the soil 
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is uni formily classified as cl ay. 
j 

b) Plastic Limit and Liquid L imit 

. , The liquid limit test results are shawn in Fig. 5.2. It is seen 

for this clay sail that the l iquid l imit ranged fram ?5 ta 60%, while 

the plastic limit was in the range of 41 ta 42%. The average moisture 
1 

percentages for the pl astie l imit and liquid l imit were 42, land 57,6 

respect; vely. .. 
c).Compaction Test 

The results of Proctor compaction test On field samples (Fig. 5.3) 

show the optlmum moisture content is around 27%. The calculated 80% 
\ 

, saturation"curve indicates that the sail can be eompacted to an air voids content 
~ 

of 10% or less when the moisture content is greater than 35%. 

5-3 Ôry Bulk Density 

To observe the effects of various compaction and tillage treatments 

on the properties of the sail profile, the dry bulk density was used as 

one of the soil phys i ca 1 prope rt i es. In arder ta determi ne the compacti on 

effect, it is necessary to observe the initial condition cf the soil profile, 

50 that the change in state of compaction could be detected throughout the 

soil profile due to induced artificial treatments. 

Initial dry bulk densiti~s at various depths were observed in the 

field for all treatments after unifonn rototilling, but prior to any passage 

of wheel or subsequent tillage tool. These initial conditions of the soil 

are presented in Fig. 5.4 and Fig. S.5 as the 000 density curves following 

initial rototilling. The results of 1978 (Fig. 5.4) and 1979 (Fig. 5.5) show 

the final dry bulk density after compaction (5. 10 and 15YO) and the increase 

in dry bu1 k dens ity for these compacted no-till age treatments. The increase 
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in dry bulk density values were calculated from the initial state of 

corresponding treatments before compaction (Appendix C, Table C.6 - C.7). 

It can be seen in Fig. 5.4 that the dry bulk density increased throughout 

the 'soil profile for compacted-no tillage treatments, as compared to 

the no compaction treatment (OOOL - The maXlmum increase in dry bulk density 

was found at O,lOrn depth. As the depth increa'sed, the compaction had less 

effect. The figure a1so ill11strates that the light1y compacted (5YO) curve 

shows higher dry bui k densi ty than the moderate1y or heavi 1y compacted curves 
;' tIt 

(10 and 15YO). It;s not known why 5 passes caused more compaction than 10 and 
1 

15 passes, otherwise trend of increase in dry bulk density was found as the 

number of passes of ,the trpctor i ncreased. These resul ~s are ; ~ agreement w; th 

Raghavan et al., (1977b), who observed that repeated passes of the tractor 

increased the dry bulk density of cl,ay soil. The results of an analysis of 

variance (Table D.l, Appendix D) show that the treatments are significant1y 

'different up ta 0,15m depth. When mean density values of all compacted treatments 

were compared with the means of no-ti llage treatment, i t was found that the 

severe1y and mOderately compacted-no tillage treatments (10 and 15YO) had 

significant1y higher values of dry bu1k density up to O,lOm depth. Duncan's 

new multlp1e range test was performed at the 10 percent probability level 

(Tab 1 e 5. 1 ) . 

In 1979, Fig. 5.5 shows the increase ln dry bulk density for onl'y the 

severely compacted-no tillage treatment (15YO). In thls year a maximum increase 

in dry bulk density of 0,32 g/cm3 was found at 0, lOm depth. The results of 

Duncan's new multiple range test at the la percent probability 1evel show that 

all m~alues of the severe1y compacted-no tillage treatment (15YO) were 
~ 

signifi cant1y higher compared ta t'he no-ti llage treatment up to 0,20m depth 

(Table 5.2). The results of analysis of variance are shown in Table 0.2, 
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TABLE 5. 1 - Average values for dry dens ity in di fferent depth ranges for the 
various tillage and traffic treatments. 

YEAR 1978 

MEAN VALUES FOR DRY DENS ITY (g/ cm3) 
TREATMENT 

0,05 (m) . a ,la (m) 0,15 (ml -r -' 

000 1,018 cd 0,966 d 0,966 b 

SYO 1,100 fbc 1 ,260 1 , 176 
, 

a a 

5YM 1,022 bcd 1 , 134 abc 1 ,050 ab-

SYC 0,990 d 1 ,012 cd l ,043 ab . 
10YO 1 ,111 ab 1 , 134 abc 1 ,111 ab . 
15YO 1,143 a l , 185 ab 

, 
1 ,138 ab 

15YM 1,069 ab cd 0,994 cd • 1 ,042 ab 

15YC 1,039 bcd 1 ,155 abc 1 ,112 ab 
) 

0,20 (m) 0,25 (m) 

" 000 l'T bc 1 ,105 a 

SYO 1,3 4 ab 1 ,185 a 
5YM 1,2 3 abc " 1 ,097 a 

! 
SYC 1,2 9 abc 1 ,166 a , 

10YO 1 ,21 abc 1 ,212 a 

15YO 1,26 abc 1 ,285 a 
lSYM 1,080 c 1 ,173 a . 
15YC 1,249 abc 1 ,312 a 

~ 
, 

a - d Letters denot sign; ficànce at la percent 1eve1 us i ng 

Duncan 15 new fi ulti pl e range test. Means with the same 

1etter are not si gni fi cant1y different. 

" 

" 

\ 

" 
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TABLE 5.2 - Average values for dry density in different depth ranges for 
the various ti11 age and traffi c treatments. 

YEAR 1979 

.' 

TREATMENT 
MEAN VALUES FOR DRY DENSITY (g/cm3 ) 

0,05 (m) 0,10 (m) 0,15 (m) 

000 1,074 a 1,053 a 0,946 a 

15YO 1,292 b 1,367 b 1,276 b 

15YM 1 ,001 a l ,056 a 1,174 b . 
\ 

, 

TREATMENT MEAN VALUES FOR DRY DENSITY I9/cm3) 
0,20 (m) 0,25 (m) 0,30 (m) 

000 1,082 a l ,192 a C'~. 
~ 1,328 a 

15YO 1 ,427 . b l ,371 a 1,398 a 

15YM 1,260 ' ab l ,214 a 1,548 b 
1 

Letters denote significance at la percent level using 

Duncan 1 s new mu lt i pl e range tes t. Means ·with the same 

1etter are not significantly different. 
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Appendix D. 

The compari son of dry bul k density values between 1978 and 1979' for 

the severe1y compacted-no tillage treatment (15YO) needs further discussion. 

". 

\ 

The tncrease in dry bulk density for the severely compacted-no tillage treatment 

(15YO) ln 1979 was more throughout the sail profile than that in 1978. This 

could probably be attnbuted to a difference in sail moisture content at the 

time of compaction treatments. The average sail moisture content in 1979 was 20% 

be10w the optimum range most favourable for compactlon, whereas in .1978, the soil 
~ 

moisture content was 31% above the optimum range at the time of compaction treat-

'" ments (F~g,5.6J)' The optimum moisture content for maximum dry bulk denstty was 

found by the Proctor test ta be 27% (Fig. 5.2). 

Thetffect of-tillage method on ameliorating sail compaction can be seen 

in Fig. 5.i' and Fig. 5.5. The results of 1978 are presented in Fig.5.7, which 

shows that the mo1dboard and chisel p10ws have marked1y decreased dry bulk density 

from the compacted state (Appendix C, Table C.7 - C.B}- by up to 0,18 gjcm3 to a 

O,25m depth. The analysis of variance for dry bulk density due to tillage 

treatment is shown in Table D.3. Appendix D. Duncan's new multiple range test 

is shawn in Table 5.1 and represents the mean values of each treatment. The mold­

board p~ow (15YM) has significantly lowered d~'Ulk density values at O,lOm 

depth, whereas with the chisel plow, soil density (15YC) w~s significantly 

di fferent at 0,05m depth when cqmpared with the compacted-no ti 11 age treatment 

(15YO). When bath chisel and mo1dboard plows density results were compared, no 

si gnifi cant di fference was found for subsoil 1 ayers at the 10% probab il ity 1 evel . 

Fig. 5.5 illustrates the resu1ts of 1979. The moldboard plow produced 

a lowering of dry bulk density values from the compacted state (Appendix C, 

Table C.ll) up ta 0,25m depth, while at a a,30m depth it created higher dry bulk 

dens i ty val ues . 

l Qwer depth. 

This is an indication of the formation of a plow pan at"the 
.; 

The plow pan formed by the moldboard plow below the operating 
'.' 
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depth has been reported, for example by Taylor et al., (1978), in clay soils. 

The statistfcal analysis is given tn Table D. 4, Appendix D, which shows 

significant differences in dry bulk density values at 0,05, 0.10 ànd 0,30m depths. 

Duncan's ne~ multip~e range test for these results is given in Table 5.2. When 

mean dry density values ot the moldboard treatment (15YM) were compared with those 

of the compacted-no tillage treatment (15YO), 'it was found that the 15YM treat­

ment had a significantly lower dry bulk density up to a O,lOm depth, and 

significantly higher values at a 0,30m depth. These ~esults are in agreement 

with those ùf Hanna and Masry (1978), who also found a signiflcant increase in 

compaction under the plow sole when compared with no-tillage plots. 

5-4 Penetrometer Reslstance 

The penetrometer resistance profiles for different compavtion treatments 

in 1978 have been averagéd and the results are shown in Fig. S.8a and b (average 

of 12 qbservations). The Fig. S.8a shows the final penetrometer resistance for 

all compacted-no tillage treatments (5, 10 and 15YO), whereas Fig. S.8b 

demonstrates the inc~ease in penetrometer resistance from initial status of soil 

(Appendix C, Table C.15 - C.16). All compacted-no tillage treatments had 

dramatically increased penetrometer resistance. 

The most increase was found at a 0,05m depth. The maximum increase 

in penetr6meter resistance of 4.60 MPa was found in severely compacted-no 

tillage plots (15YO). 

passes of the tractor. 

This increase was more pronounced with the repeated 

The other depths were found variable. This could 

be associated with moisture content affecting the penetrometer readings~ 

Results of an analysis df variance (Table D.5, Appendix D) show that the 

treatments are highly significant at 0,05, 0,10 and O,20m depths. 

Duncan's new multiple range test done on the data (Table 5.3) shows that the 

severely compacted-no tillage treatment (15YO) had higher penetrometer 

resistance values at all depths compared to the no-tillage or no compaction 



.r , 
........... 

( 

• 

( 

-92-

0,00 

a 
"...~ 
0,0:1 5YO 

0.10 

ê 
J: 0.1:1 
t-
a.. 
LU 
c 

0,20 

1.00 4,00 !I,OO 6.00 

PENETROMETER RESISTANCE (MPa) 

0,00 ~----"'----'-----r-----r----r----"" 

b 

e 
..... 0.10 
:r 
t-
a.. 
w c 0,15 

0,20 

0,00 4,00 5.00 

INCREASE IN RESISTANCE' (MPo) 

Figure 5.8 Observed changes in penetrometer resistance profi1es 
due to traffic treatments . 
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TABLE 5.3 - Average values for penetro~ter resistance in different 
depth ranges for the vafidus tillage and traff;c treatments. 

YEAR 1978 . , 

MEAN VALUES FOR PENETROMETER RESISTANCE (MPa) 
TREATMENT 

1 

0,05 (m) 1 0,10 (m) 0,15 (m) 

000 1,070 e 2,323 c 2,626 e 
5YO 4,095 abc 4,033 ab 4,025 abc 
5YM 2,613 cde 3,220 bc 3,848 abcd 
5YC 2,615 cde 2,628 c 2,770 de 

lOYO 4,478 ab 4,801 a 4,278 ab 
15YO 5,360 a 4,678 a 4,641 a 
15YM 2,075 de 3,073 c 3,791 ab cd 
15YC 2,681 cde 2,855 c 3,730 q.\)cde 

TREATMENT 0,20 (m) 0,25 (m) 

000 3',278' c 4,048 de 
5YO 4,403 abc 4,531 c.de 
5YM 4,975 . ab 4,975 bcd 
5ye 4,145 be 5,553 abc 

10YO 4,045 be 5,' 80 be 
15YO 5,638 a 6,400 a 
15YM 4,992 ab 5,490 abe 
15YC 3,893 be 5,408 abc 

" 
a - e Letters denote s;gnificance at 1 percent leve1 us;ng Duncan's 

new multiple range test. Means with the same 1etter are not 
significant1y different. 

1 
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treatment (000) at a 1 percent probabll1ty level. 

The moderately compacted-no tlllage (10YO) and llghtly compacted 

(5YO) resu1ts were not slgnificantly different at D,20m and D,25m depths. When 

a11 compacted-no tlllage treatments (5, 10 and 15YO) were compared wlth each 

other at various depths, no slgnlflcant dlfference was found at any depth except 

that the severely compacted-no tillage treatment (15YO) plots had 51gnlficantly 

higher values than 11ghtly compacted-no tlllage plots (5YO) at a D,25m depth. 

The results of penetrometer reslstance for compacted-no tlllage 

treatments ln 1979 are plotted ln F1g. 5.9a and b. It can be ~een that the most 

increase ln penetrometer reslstance from inltial status of the 5011 (AppendlX C. 

~ Table C. 18) was found at 10wer depths. This lncrease was more erratlc at greater 

depths. The maXlmum penetrometer resistance of 5,40 MPa was found at 0,30m depth. 

This lncrease was probab1y due to pushlng of the probe contlnuously from O,15m 

depth ta a 0,30m depth which ralsed the readings by continuous frlctlon of the 

sail partic1es. 

The statistlcal analysis in Table 0.6, Appendlx 0 shows that the treat­

ments are slgnlficantly dlfferent at al1 depths except at a 0,15m depth. The 

mean va l LLe~ Qfj)enetrometer res 1 stance 1 n severe1 y compacted-no ti 11 age treatment 

(15YO) were slgnificantly hlgher at 0,05 and 0,30m depths compared to the no-

t; 11 age treatment (000) at, a l percent probabil ity 1 eve 1. 

In the 1978 summer, the increase in penetrometer resistance at a 

O,05m depth ~as 150 percent more than ln 1979. This cou1d be possib1y due 

to the reorlentation of soi1 partlc1es which mlght have been changed due ta 

cu1tivation ln the 1978 summer, or the different degrees of compaction because 

of sail moi sture content inequalltles between years. 

The effect of tillage on penetrometer reslstance is demonstrated in 

Flg. 5.10a and b for the 1978 summer. The Fig. 5.l0a presents the final 
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Figure 5.9 Observed changes in penetrometer resistance profiles 
due ta traffic and tillage treatments. 

Note: The compacted penetrometer resistance of the lsn1 treat­
ment prior ta plowing was not exactly the same as that 
in the 15YO treatment. (See Appendix C). 



e 
:I: 
1-
D-

.' w 
0 

e -
:I: 
l-
D-
LIJ 
0 

-96--

0,00 

, \ • 
Op5 

0,10 

O.I~ 15VC 

15VN 

5VC 

0,20 
)( 'VM 

0 000 

0,25 

1,00 2,00 3.00 4,00 ~OO 6,00 

PENETROME TE R RESISTANCE (MPQ) 

0,00 
b 

0,0' 

0)0 

0,15 

0,20 

0.2.5 

"1,00 0.00 1,00 2.00 ~OO 4.00 

OECRESE IN PENETROMETER RESISTANCE (MPa) . 
Figure 5.10 Observed changes in penetrometer resistance profiles 

due to tillage treatments. 

~ ,; 

Note: The compacted penetrometer resistance of the 15YM, 15YC, SYM­
and Sye treatments prior to plowing was not exactly the same 
as that in the 15YO and 5YO treatments. (See Appendix Cl. 
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values of penetrometer resistance upon the compaction and subsequently tilled 

throughout the soil profile. The Fig. 5. lOb illustrates the effectiveness of 

tillage tools in decreasing the penetrometer resistance from compacted state 

(Appendix C, Table C.16 - C.17) at each depth. In severely compacted tillage 

~plots (15YM and 1SYC), the moldboard plow had effectively decreased the pene­

trometer resistance up ta 0,15m depth and the chisel plow decreased it up to 

a O,25m depth. Below O,15m depth the plowed plot increased in penetrometer 

resistance. This }ncrease was more pronounced at a O,20m depth rather th an 

at a O,25m depth. If dry bulk density (Fig. 5.7) and penetrometer 

resistance (Fig. 5.10) are compared at the depth below 0.15111', lt 1S clear 

that the penetrometer showed a more prominent difference in the sail profile. 

It appears that the penetrometer is more sensitive in showing the structural 

consistency of the sail profile effectively. Voorhees et al., (1978) 

stated a similar conclusion, which showed that the penetrometer resistance 

increased 400% more than the dry bulk density, and thereforee the penetro-

meter was a more sensitive indicator of s~il compact;on than was dry 

bulk density. In lightly compacted tillage treatments (5YM, 5YC); the 

moldboard plow has decreased penetrometer resistance up to a O,25m depth, 

whereas the chisel plow decreased it up to a 0,20m depth. There was 

a slight increase of resistance at a O,2Sm depth in chisel1ed plots. It 

can also be noted that, when chiselling was done on lightly compacted plots 

(Sye), it reduced the penetrometer resistance up to a O,l,sm depth more than 

d;d the moldboard plow (5YM). This could probably be due to the fact that 

the chisel plow on a lightly compacted plot shatters the sail, wh;ch produces 

smal1 aggregate s;zes with low strength, whereas the moldboard plow produces 

larger lumps of soil aggregate with high strength. These aggregates in 

moldboard plowed plots. when exposed ta the atmosphere, dried very qu;ckly 

i 
( 
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and presented high strength at the top of the soil profile. 

The results of an analysis of variance Table D.7, Appendix D, 

show the significant differences in treatments at 0,05, 0,10 and 0,20m 

depths (at vari~s s;gnif;cance 1evels). When mean values of penetrometer 

resistance of the plots subjected to tillage treatments (15YM, lSYC) were 

compared wlth the ~everely compacted-no tillage treatment (lSYO), these 

were found significantly different up to a D,lOm depth (Table 5.3). The 

moldboard plow (5YM) resistance was not significantly different for all 

depths, whereas the chisel plow (SYC) result was significantly different 

at 0,10 and O,lSm depths when compared with lightly compacted plots (5YO). 

When the results of all tinage treatments (15YM, 15YC, 5YM and SYC) were 

compared with each other, no significant difference was found throughout the 

soil profile by the use of Duncan's new multipl,e range test. 

The Figs. 5.9a and b present the results of the 1979 summer for 

the severely compacted tillage treatment (lSYM). Fig. S.9a shows the 

penetrometer resistance after the tillage operation and Fig. 5.9b illustrates 

the decrease in penetrometer resistance from compacted state (Appendix C, 

Table C.18) due to the mo1dboard plow action throughout the sail profile. The 

Duncan's new multiple range test (Table 5.4) shows that the mo1dboard plo"'.has 

signi f icant1y decreased the penetrometer resistance at 0,05 and O,30rn depths, 

cornpared to that in the severely compacted-no tillage plot (15YO). It is 

interesting ta note that the penetrometer could not show the increase in 

resistance be10w the operating depth of the plow. It is possible that the 

soil at that depth could be soft due to moi sture and would not have offered 

a hlgh resistance because of low strength. 
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TABLE 5.4 - Average values for penetrometer resistance in different depth 
ranges for the vari ous ti11 age and traffj c treatrnents 

YEAR 1979 

TREATMENT 
MEAN VALUES FOR PENETROMETER RESISTANCE (MPa) 

0,05 (m) 0,15 (m) 0,30 (m) 

000 0,444 a 1,875 a 1 ,033 a 
" 

15YO 3,254 b 4,797 a 6,777 b 

15YM 2,452 b 2,227 a 3,770 a 
-, 

a - b Letters denote significance at l percent leve1 us;ng Ouncan's 

new multi ple range test. Means w; th the same l etter are not 

significantly different. 

• 
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5-5 Vane Shear ,Resistance 

The vane shear resistances of the soil in each compaction and tillage 

treatment at each depth were averaged and are p10tted in Figs. 5.11a and b, 

5.12a and band 5.13a and b. Fig. 5.11a demonstrates the resu1ts of vane shear 

resistance in 1978 for compacted-no tillage treatments (5, 10 and 15YO). The 

vane shear resistance showed the same trend as the penetrometer resistance. The 

vane shear resistance increased as the number of passes increased. Fig. 5.11b 

shows the increase in vane shear resistance frOITL initial status of the soi1 due , 

to compaction (Append1x C, Table C.19 - C.20). The maximum increase was found 

at O,lOm depth in the severely compacted plots (lSYO), considerably more than in 

moderately and lightly compacted-no tillage plots (lOYO and 5YO). As the 

depth increased below O,lOm, the increase in shear resistance was almost 

cons tant. The results of an analysis of variance in Table D. 9, Appendix D, 

show the significant differences in treatments up to O,lOm depth. Duncan's 

new multiple range test was also performed to compare the mean values of vane 

shear resistance of compacted~no tillage treatments with the no-tillage 

treatment (000) and the results are shawn in Table 5.5. It can« see" that 

the severely compacted-no tillage plots (15YO) had higher values up to O,lOrn 

depth than the no-tillage plots (000). When compacted-no tillage treatments 
\ 

(5. 10 and lSYO) were compared with each other, the severely compacted-

no tillage treatment (15YO) had significantly higher values of vane shear 

resistance than that of the lightly compacted-no tillage (SYO) treatment 

in the top O,025m. There was no significant difference between severely 

and moderately compacted plots at al'ly depth. ,~_Jhis test was performed at 

l percent probability level. 

Fig. 5.12a ahd b show the resu1ts of the 1979 summer. Fig. 5.lla 



E -
:I: 
t­
a.. 
UJ 
a 

-101-

0.00 _----,r------.,.-----,.----,-------. 
a 

1 

100.0 

VANE SH E AR RESIS TANCE (k Pa) 

o,oo~----~~---~------~-----~-----~ 

0.025 b" 

E -
:z:: 
t­
a.. 
UJ 
Q 

0,05 

0.20 

0,0 20.0 .0.0 10,0 10,0 100,0 

INCREASE IN VANE SHEAR RESISTANCE (kPo) 

Figure 5.11 Observed changes in vane shear resistance profiles 
due to traffic treatments. 
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Figure 5.12 Observed changes in vaneJshear resistance profiles 
due to traffic and tillage treatments. 

Note: The compacted vane shear resistance of 15YM treatment 
prior to plowing was not exactly the same as that in 
the lSYO treatment. '(See Appendix C). 
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TABLE 5.5 - Average values for vane shear resistance in different depth 
ranges for various tillage and traffic treabme

9
nts. 

YEAR 1978 

" 
,\ 

TREATfENT 
MEAN VALUES FOR VANE SHEAR RESI?TANCE (kPa) 

, 

0,025 (m) 0,10 (m) 0,30 (m) 

000 2,452 c 18,194 b 59,613 a 
5YO 5,747 bc 31 ,361 ab 62,243 a 
5YM 15,921 abc 55,046 J 73,136 a a 
Sye 12,448 abc 53,867 a 62,843 a 

,/1 

;0,623 10YO 18,075 ab 52,548 ab .. a 
l5YO 24,778 a Se,059 a 75,411 a 
15YM 15,921 abc 47,994 ab 67,391 a 
15YC 16,639 abc 55,733 a 71 ,103 a , 

a - c Letters denote significance at 1 percent level using Duncan's 
new multiple range test. Means wiJ:h the same 1etter are not 
significantly d~fferent. 

"-i f< 
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\ 
.and b show the results of the 1978 surrnner. Fig. 5.12a gives the overall 

mean values of vane shear resistance in the severely compacted-no tillage 

treatment (15YO). The increase in vane shear resistance .. ~âTê~~om 

i niti al sta tus of the soi l of parti cu l ar t r:e.kmen;) AiÎ:'ndi xe. Table C. 22) 

~s shown in Fig. 5.l2b. The maximum incrkase,Yf' vane shear resistance 
,,/ 

The increase(at,the surface and.below O,15m~ was found a t a "tl, lSm depth. 

was approximate ly the same. It appears ~hat the maximum shear strength 

occurred in the range of D,lOto 0, 15m dep"th. 

The results of a statistical analysis are given in Table 0.10, 

Appendix D, which shows that treatments are significantly different at 

a 11 depths. Table 5.6 presents Duncan's new multiple range test at a 

0,01 probability level used for comparing the mean values of vane shear 

resista-nce of a11 treatments at each depth. The severe ly compacted pJ ots 
. 

(l5YO) had significantly hlgher resistances at a11 depths wh en compared 

with no tn-l)ge plots (000). 

Fig. 5.Ba demonstrares the vane shear resistance due ta tillage 

acti on in the compacted plots (5 - 15 passes). The v~ lues were hi gher for 

al; tillage plots (15YM, 15YC, 5YM and SYC) as compared to the no-tillage or 

compaction plots (000). Tillage treatrnents were found effective in decreasing 

vane shear resistance from,compacted state (Append;x C, Table C.20 - C.2l) 

throughout the sail profile as ;s shawn in Fig. 5.l3b. The maximum decrease 

was found to be more in the chiselled plots (15YC) th an in the moldboard plowed 

plots (15YM) at a O,lOm depth. " From the surface to a O,025m depth, the 

chisel plow did not decrease the vane shear resistance a"s much as in moldboard 

plowed plots. At a O,20m depth, only the moldboard plow (15YM) decreased the 
\ 

vane shear.resistance appreciably, compared to the other tillage treatments 

(15YC, 5YM and 5ye) • 

'r 
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TABLE 5.6 - Average values for vane shear resistance in different 
depth ranges for the various traffie and tillage treatments. 

YEAR 197,9 

MEAN VALUES FOR VANE SHEAR RESISTANÇE (kPa) 

TREATMENT 

0,025 (m) 0,15{m) 0,30 (ml 
, 

000 3,697 a 34,952 a 80 ,599 a 
15YO 41,761 b .... 82,725 b 115,710 b 

, 15YM 9.255 a 50 ,805 a 97 ,355 ab 

a - b Letters denote significance at percent leve1 using Duncan's 

new multiple range test. Means with the same letter are nct 

significant1y different. 

, 
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The results of an analysis of variance, Table 0.11, Appendix D, 

show significant differences ln treatments up to a O,lOm depth. Further 

inves ti gati on to ; dentify treatment differences was based on Duncan' s new 

multiple- range test and is shown in Table 5.5. The test did not show any 

significant differences at a l percent probability 1evel. wnen mean resistance 

values of each tillage treatment were compared with each other. 

The results of decrease in vane shear resistance from compacted 

state (Appendix C, Table C.22) for the 1979 summer are presented in Fig. 5.l2b. 

It can be seen that the severely compacted-till age treatment (15YM) markedly 

decreased shear resistance at the surface by about 55 kPa. The decrease was 

less as the depth increased. At a O,30m depth, shear resistance increased 

in plowed plots (15YM). 

A statistical analysis of the vane shear resistance results is 

shown in Table 0.12, Appendix D. The resul ts i ndi cate that there was a 

significant difference in treatments at 0,025 and O,15m depths, but not at 

a 0,30m depth. In addition, Duncan's new multiple range test was used to 

compare each treatment in order ta pravide evidence of possible differences. 

This test is shown in Table 5.6, which shows that the 15YM treatment 

decreased vane shear resistance at 0,025 and O.15m depths s;gnificant1y, but 

there was no s ignifi cant di fference at a O,30m depth when compared with 

severely compacted-no tillage 'Plots (15YO). This test was performed at 

l percent probabil ity l eve 1 . 

5-6 Ai r- fil 1 ed Poros ity 

Air-filled porosity;s influenced by changes in both dry bulk 

density and moisture content. The values of air-filled porosity were 

calculated fram the relationship given in Appendix B. The values thus 
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obtained for all the compacted and tilled plots at var;ous depths 

are plotted in Figs. 5.14a and b, 5.15a and band 5.16 from the measurements 

taken within a few d ys after the treatments were completed. 

The res lts of air-filled porosity in 1978 are reported in Figs. 

5.14a 

treatments (5 

depth from th 

plots (000). 

Fig. 5.14a presents the results for compacted 

10 and lSYO), wh;ch show very high values in the top 0,05m 

surface, and low values below O,15m depth compared to no-tlllage 

If the optimum val ue of 10 percent ai r-fi lled porosl ty ; s taken 

n for this conditl0n (Vomicil and Flocker, 1961), then the air­

filled para 'ty values obta;ned for a11 compacted plots were found to be be10w 

o ,25m depths. 

Tillage has cons;derably increased the air-fil1ed porosity up 

from the surface but the effect was less as the depth increased 

(Fig. 5.14b). Below a,20in depth the values of air-fi1led porosity were 

1ess than 10 percent in severely compacted-tilled plots (15YC, lSYM), and 

lightly compacted-tilled plots (5ye) as comparetf to the no-tillage or 

compaction plots (000). This is conslstent with the development of a plowpan 

in these treatments. It;s a1so interest;ng to note that either 1ightly 

compacted or subsequently tilled plots (5YO, 5YM. Sye) has lower air-filled 

orosity values than heavily compacted or subsequently tilled plots (15YO, 15YM, 

It ; s probab ly due ta hi gher moi sture contents observed in these 

reatments than those of other treatments. 

The air-fi lled porosity in the soi1 varies continuously with 

and sail depth. One month after seeding, dry bulk density and 

soil moisture content values were obtain.ed aga;n from the field and 

• 
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vàlues of air-filled porosity were calculated and are reported in 

Fig. 5.15a and b. It appears from Fig. 5.15a that the air-filled 

paros Hy du ri n9 th; s time decreased by more than 5% at each depth for 

a 11 compacted treatments. Inverse1y, the values of air-filled 

porosHy were increased appreciably beyond the critical value ouf 10% 

at a O,20m depth for the ti 11 age treatments 15YC, Sye and 15YM, 

except 5YM (Fig. 5.15b). The values for the tillage treatment (5YM) 

decreased appreciably below 10 percent. This is attributable to the 

increase in dry bulk density values found ;of\ this treatment ,at the same 

depth. 

The resu1ts of the 1979 sUlTlTler are given in Fig. 5.16. It 

can be seen that 15 passes of the tractor have lowered the values of 

air-fi lled porosity when compared with the no-til1 age or compaction 

treatment throughout the profile. Wh en these compacted plots were 

t1l1ed with the mo1dboard p10w, the increase in air-fi11ed porosity 

was found up to a 0,25m depth. Below this depth the values of air-

--filled porosity decreased appreciably beyond the 10% crit;cal value. This ;s 

attributab1e to the higher dry bulk density values obtained at this 

depth due to the formation of a compacted pan. 

5-7 Soil Water 

To ca'lculate the unsaturated hydraulic conduct;vity of a clay soil 

at a O,25m depth, equation (2.15) was used. This equation requires a 

knowledge of sail water flux. the change of soil suction with respect to 

soil moisture content and soi1 moisture content with respect ta depth. To 

obtain soil water flux values. the variation of soil water as a function of 

time was as'Sumed by an equation g;ven by Ogata and Richards (1957). 

8 : atb -----------------(5.1) 
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Where e is the vo1umetric moisturè content, t is the time and b is a 

constant exponent. The experimental data on volumetrie moi sture 

contents at 0,15 and O,25m depths during one 26-day infiltration cycle 

were used to perform statistical analyses on the ccmputer. A maximum R2 

improvement method of stepwise regression was used to search for the best 

model producing the hlghest R
2 coefficient of correlation (Barr et a1., 1980). 

ThlS statlstica1 analysis relating to the mode1 is shown in 

Table 0.13, Appendix D. The variation of the volumetric moisture content 

with time was calcu1ated from the mode1 for each depth and Figs. 5.17 and 

5.18 were then plotted for each treatment. Fig. 5.17 demonstrates the 

moi sture content vari ati on wi th time. After 29 days, al'! the treatments 

showed nearly constant values except for the no-tl 11 age plot (000). In 

Fig. 5.18, the no-tillage treatment at a depth of O,25m had still not 

attained as steady a value as the other treatments. It can al so be seen 

that for this treatment, the profile is draining faster than for the other 

treatments. This seems to be due to the open structure provided by a 

rotary tiller which enhances rapid infiltration and a larger vo1umetric 

moisture content at the beginning of the observation. 

To obtain soil water flux, the slope (M) was measured from 

Figs. 5.17 and 5.18 at particu1ar, points in time by integrating the 

moisture-time eurve with respect te depth. The results of soil water 

flux measuremef'1ts 1eaving the 0,25m depth are plotted ln Fig. 5.19. 

Higher values for the 26-day infiltration eycle were obtained in the 

severely compacted-tnlage treatment (15YC). followed by the no-tillage 

(000) and the severely compacted-ne tillage treatment (15YO). 

. Water retenti on characteri s ti cs of the cl ay sail for the O,25m 

depth were obtained from field measurements of soil suction and volumetrie 
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Figure 5.18 'Volumetrie moisture content versus drainage period at 
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moi sture content within tensiometer range. The values above this range 

were obtained fram the re1ationship given by Campbell (1974). 

-------------------(5.2) 

where ~e iS,the soil suction at the air entry value, es is the saturated 

water content and bl lS the slope. The regression ana1ysis relating to 

this model is given in Table D.14, Appendix D. The experimen ta l va lues of 

volumetrie moisture content corresponding to the sail suction in the 

tensiometer range at a O,25m depth.were smoothed by means of a cubic 

spl ine technique (Appendi x E). The values obtained were then averag.ed 

for the three rep1 i cates of ti 11 age and compact; on treatments, and the 

curves are p10tted in Fig. 5.20. It can be seen thaL at lower sucti on 

leve1s, the difference in volumetrie moisture content is hard1y noticeable 

but as the sucti on i ncreased, obvi ous di fferences appeared in water 

retention for each treatment. At higher soil suctlOn levels. the severe1y 

compacted-no tillage treatment (15YO) retained the most -water, followed 

by no-tillage and then severely compacted ti11age (15YC) treatments. 

The on1y unknown for calculating hydraulic conductivity from 

equation (2.15) was ca1culated from the water retenti on characteristics 

curve as described by Nie1sen et al .• (1964). The hydrau1ic conductivity 

as a function of volumetrie moisture content for each tillage and compacted-' 

treatment is plotted on a semilog graph. The straight lines shown in 

Fig. 5.21 for.all treatments, were fitted to the data by regression analyses . 
• 

-The coefficients of correlation 'R2' for the severely compacted-no tillage 

(15YO), the severely compacted tillage Tt5YC) and no-tillage (000) treatments 

were 0,89, 0,80 and 0,98, respectively. The Student's 't' test was a1so 

performed and showed an 80 percent confidence be1t where this correlation 
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exists for severely compacted-no tillage and severely compacted-tillage 

treatments. The no-tillage treatment (000) had a 95% confidence interval. 

It was found that the severely compacted-no tillage treatment 

(15YO) had the lowest values of hydraulic conductivity for all values of 

volumetrie moisture content. The highest values of hYdraJlic conductivity 

were found in no-tillage treatment, followed by the severely compacted-

tillage treatment. 

Availability of soil water ;5 defined as the amount of water 

he1d from field capacity to the pe~anent wilting point. Field capacity 

(Fe) for clay soi1 is assumed to be at 344cm of H20 suction (Ahuja, 1973). 

and permanent wilting point (PWP) is generally taken as l50m of H20 suction. 

The follawing relation ha1ds for calculating avai1ability of soi1 water, 

AW = (Fe - PWP) Z -------------------(5.3) 

where AW ;s the available water and Z is the depth range of interest. 

The values thus calculated are p10tted against dry plant yield for e~ch 

tillage and compaction treatment. The straight 1ine shown in Fig. 5.22 

for al1 treatments was fitted ta the data'by a regressian analysis. 

It tan be seen that severely compacted-no tillage plots had low dry 

plant yields due to a sma11er amaunt of water being available to the 

plants. As the availability of water increased, the dry plant yie1d 

also increased. There was more soi1 water available in no-till~ge (OOO} 

Plo~ followed by severely compacted-tillage (15YC) and then severely 

compacted-no ti..l1 agé (15YO) plots. 
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The compaction and tillage treatments on 

emergence of heights and yields of dry plant matter, grain 

and dry root ved throughout the growing seasons of 1978 

and 1979 and the results fol1ows: 

a) Plant Emergence 

The emergence crop was observed for various 

compacted and tillage treatme in 1978 and 1979, as previously described, 

and the results are presented Figs. 5.23 and 5.24. Fig. 5.23 shows the 

resu1ts of 1978, which indica e that the treatments had a definite effect 

on seed emergence. of days required to emerg~ 80% of each 

plant population was ffected in compacted-no tillage treatments 

(5, 10 and 15YO). As a result, the emergence in these trfiatments took a 

longer time than with other treat~ents. It can be seen that the chiselled 

plots (5 and 15YC) were nDt as effective in altering seedling emergence time 

as the moldboard (5 and 15YM) and no-tillage (000) plots, and comparative1y 

took more time for plant emergence th an the latter. The delayed emergence in 

compacted plots seems to be related to the mechanica1 impedance of the sail 

which resu1ted in the seedling emerging from a compacted layer. Stout et al. , 

(1961) reported similar.results for a corn cropt also Talha et al., (1978) had 

the same conclusion for wheat and cotton crops. 

The results of the 1979 experiment are given in Fig. 5.24, which 

indicates a similar trend, except that the emergence of seedlings was 

twice ~s early as that of 1978. This large difference may be attributed 

to the deficiency of water content during the seed1ing emergence in 1975 . 

• 
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b) Pl ant Hei ght 

Plant height was measured routine1y w;th a v;ew to identifying 

differences in treatment at ~arious times during the seasons of 

~978 and 1979. Plant height was adverse1y affected as observed in 

the compacted plots. The effect was more severe in the severe1y 

compacted-no tillage treatment (15YO) than in any other treatment. 

Fïgs. 5.25(1978) and 5.26(1979). The maximum heights of the plants 

in 1978 at 24 days after seeding were 5,6, 7 and 17 cm for the 

lSYO, 10YO, 5YO and 000 treatments, respective1y, and 22 and 27cm in 

1919 for the 15YO and 000 treatments, respective1y. The hi gher 
\ 

plant heights in 1979 at 24 days after seeding were due to ear1ier 
\ 

emerg~nce than in 1978. A di fference was found at 45 days after 

seeding in 1978. when the 10YO treatment plants surpassed those 

on the SYO treatment at about 2cm hi gh, but this di fference was 

gradua 11y decreased by a sl owi n9 down of the growth rate in the 

SYO treatment when the next observation was taken 5 days later. 

the last observation was ta ken at 60 days after seeding, and 

ttie max i mum p~ ant he; ghts were 48, 52, 55 and 87 cm for the 1SYO. 

10YO. SYO and 000 treatments. respective1y. The maximum plant 
\ 

heig~ts in 1979 at 63 days after seeding were 92 and 99 cm for 
\ 

the 15YO and 000 treatments. respectively. 

Whèn moderately compacted plots (5 passes) were subsequent1y -- . '----titted by,moldboard and chisel plow-in the 19ï8 SUlTlTler, a definite 

difference\l'Ias found in improving the sail environment for better 
\ 

growth of p\ants (Fig. 5.27). During early growth periods, the 
\ 

\ 
moldboard- plow treatment d1d not show as good a performance as the 
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chisel plow treatment when compared ta the SYO (moderate1y , 

compacted-no tillage) treatment. However, 42 days after seeding, 

plants in the moldboard plots showed rapid rates of growth, 

pass;ng the SYO treatment. The most interesting point to note 

;s that this rate of growth in the plowed treatment also surpassed 

the SYC treatment when observed at 45, 49 and 52 days after 

seeding, but slowed down when observed on the last observation, i.e. 

60 days after seeding, representlng the maximum plant height of 

68cm. The maximum plant height of 70 cm was found in the Sye 

treatment, and the lowest plant height of S5cm was found in the 

SYO'treatment. 

The effect of moldboard and chisel plow action on severely 

compacted plots (15 passes) is shown in Figs. 5.28 (1978) and 

5.26 (1979). It can be seen that the tillag~has remarkably 

improved soi1 conditions which provide a healthy environment for 

plant growth. In the ear1y stages of growth for the summer of 

1978, the difference between chisel (lSYC) and severely cornpacted 

plots (15YO) was hardly noticeable but mo1dboard plots showed the 

greatest height at the beginning of the observations and at .-
34 days after seeding,as compared to severely compacted-no tillage 

(15YO) and severely compacted tillage (15YC) plots. Thereafter, 

th;s d;sparity gradually decreased and was finally reversed, so that 

at maturation (60 days after seedi;g) chisel plots (15YC) attained 

the greatest plant he;~hts. followed by the moldboard (15YM) plots, 

when compared with the severely compacted-no tillaqe plots (15YO). 

In the 1979 summer (Fig. 5.26), the growth pattern was 
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similar for tillage plots compared wlth severely compacted-no 

tillage plots (15YO), but the only difference was the greater 

height at the time of maturation observed in 1979. This difference 

was about 38% and 92% for moldboard (15YM) and severely compacted 

(15YO) plots, respectively, as compared ta the 1978 9rowlng season. 

This cou1d have been due to the relatively droughty conditlons 

durlng the growth period of 1978. 

Overall plant heights observed in 1978 and 1979 for each 

compacted and tillage treatment at the time of harvest can be 

arranged in descending arder as follows: 87,70,68,61,,59.55, 

52 and 48 cm for 000, 5Ye, 5YM, l5YC, 15YM, 5YO. lOYO and l5YO, 

treatments respectively in 1978, whereas in 1979 the plant heights 

were 99, 95 and 92 cm for the 000, 15YM and 15YO treatments, 

res pecti ve 1 y. 

c) Yield 
, 
In order to quantlfy the effects of compaction and tillage 

treatments. the dry wei ght of the pl ant (kg/ha) and average dry 

mass of the roots (mg) were used as the basis for assessing the 

treatment differences over the course of whole season of 1978. 

Fig. 5.29 demonstrates the dry weight of the -plant responSE! to 

vari OUS treatments. The dry pl ant yi e 1 d under compacted trea tments 

(5, 10 and 15YO) was faund to be very low as compared ta that of the 

no ti 11 age treatment (000). Th; s difference was about 85% in 

bath 10 and 15YO and 72-% in SYO treatments. Although the 

moldboard and chisel plows on compacted plots had lower yields 

than that of the no tillage treatment (000), they certainly increased 

the yield in compar;son with respective compaction plots. When 
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s'everely"(15 pass~s) and light1y (5 passes) compacted plots were tilled 

with the moldboard plow, the dry plant yield was increased byabout 

5 and 2 times respectively .. The chisel 'p1ow also had the same 

effect in ftlcreasing the yield by 110% in 15YC and 61% ln Sye, 

when compared to severe1y compacted-no tillage (15YO) and 1ightly 

compacted~no tillage (SYO) treatme~,s,respectively. The arder of 

-treatments in terms of yield perfonnance can be gi.ven as follows:-

000, 15YM; 5YC, 15YC, Sye, 10YO and 15YO. 

In the same year the average dry mass of the root/pl ant was 
1 

also observed and is presented in'Fig. 5.30. It seems that the 

compacted plots restricted the root development, whi.ch consequent1y 

resulted in less average dry mass. L1ght,ly compacted plots 

(5 passes) subsequently tilled with a moldboard plow gave the 

.. highest average dry mass of the root/plant of any treatment. 

No tillage (DaO) was the second highest in th1S case, and the 

severely compacted-no tillage treatment (lSYO) had the least 

average dry mass of the root/pl ant. Compa ri n9 the perfonnance 

of moldboard and chisel p10ws on both compaction levels (5 and 15 

passes), it was found th,.at the mo1<1qoard plow treatment had 

approximately 98% and 27% higher yields than chisel plow treatments 

in the case of 1 ightly compacted, (5 passes) and severely compacted 

(15 passes! tr~atments. 

In the 1979 sumner, grain yield (kg/ha) was used in order to 

provide evidence of possible di fferences in treatments. The 1 ;. 

results are shown in Fig. 5.31. It can be seen that the severely 

compacted-no tillage treatment (15YO) produced 27% less yield than 
" ~\ 

that of the no-ti11age treatment (000). It can also be noted that ') 

o 
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1 
the plowed plots (15YM) gave about the same yield as the no tillage 

treatment. but increased by about 36% as compared with severely 

compact~d-no tillage treatment (15YO). '" \ 
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CHAPTER VI 

OISCUSS ION 

The' basic objective of this study was to find the effects 

of compaction. and the effectiveness of the tillage tools on compacted 

soils, with respect to soi1 physical properties and the response of 

crop production. 

Compaction, which can occur during standard crop growing 

practices, wh en machines dri'd sf!!veral times over the field, can 

deteriorate soil structure, depending on many variables which include 

the characteristics of the load applied, the number of passes and the 

condition of soil at that time. As a simple case 5,10 and 15 passes 

of a tractor (MF-165D) with a contact pressure of 41 kPa were done 

on a clay soil and their damage te soil physical properties was 

examined. These plots were then subsequently ti lled by a mol dboard 

and chisel plow to see the effectiveness of these p10ws in mînim;z;ng 

" the damage of the so;l caused by compaction. 

Experirnents were conducted at the Macdonald Col1ege seed farm 

to measure certain physical properties of the soil in relation to 

i nduced art ifi ci al treatments throughout the growi ng seasons of 1978 

and 1979. The results obtained from the field are discussed be10w. 

6-1 Traffic and Physical Properties 

It is concluded from the study that the deterioration of soil 

100seness under the effect of compaction was very distinct. 

Determinations of soi1 density suggest that this deterioration occurred 

throughout the soil \wile. especially when the traffic 'over the 

same path 1ncreased in intensity. The densi ty pattern due to 

compaction, as influenced by soi1 mo;sture content and varying 
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\ 
number of passes, will be considered first. \ In 1978.\ the sail 

moisture content in the top 0,05 and O.lOm was in the r~nge of 

10 to 18 percent and 23 ta 29 percent. respectively. If. i s 

obvious that at O,lOm depth. one can expect a higher resultant 

sail density due to an "optimum" 1evel of moi sture content f0r 

maximum compaction. It shou1d be remembered that "optimum" 

moisture content for maXlmum soi1 density of this clay sail was 

found ta be 27 percent by weight by the standard Proctor test. 

Below the depth of O,lOm, there was little or no effect of compaction, 

which could be due ta moi sture content ranging from 30 ta 48 

percent by we;ght, above the "optimum" range for maximum compaction. 

In 1979, the average moi sture content was found to be ~5 and 24 

percent for a - 0,15 and,a,lS - a,30m depths, respectire1y. Upon 

driving the tractor once, greater compaction occurred Jt lower 
\ 

depths due to moi sture content most favourable for maxi~um compaction 

found at these depths; the effect was additive to t~e ~pper 
, 

layers as the passes of the tractor increased. The sig~ificantly 

higher values of soil density compared to-the no-compacti"on treatment 

(000) up to a a.20m depth were noteworthy. ~~o, soil density 

v~lues obtained by 15 passes of the tractor il~~79 were g~eater 
than in 1978. It appears that the soil, during the initiai measure-

ments. was considerably 10oser, and its moisture content was ~t 

; ts "optimum" 1 evel for maximum compacti on i these condi ti ons 

are extremely favourab1e for a decrease in volume of soil. even" 

with lighter loads. 

Along with the bulk density ;ncrease 1S an increase in.the mech­

an;cal strenqtb of the sail mass. Re~fltance of soil to penetromet~r 

\ 
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and vane shear proved this situation. 

Field results indicated that the penetrometer resistance was 

more sensitive to moisture content variations than was the change 

in density. For example. on one occaSlOn, the density values in 

the moderately compacted treatment were not signiflcantly different 

from those in the no compact;on treatment. even at a 10 percent 

probabil ity l eve lin the top O,05m of 50 il. On the other hand, 

there was a significant difference at the percent probability 

level for penetrometer resistance values. ThiS is because of 

\ the low moisture content in the top O,05m, which increased the resis-

\ 
tance of the soil to the penetrometer. It can also be noted thàt 

the soil dens i ty in the top O,05m was les s than at the 0, l Dm dep~h, 

\ whereas, the resistance of the soil ta the penetrometer was more. 

\\\ This was dùe to a higher moisture suction at the O,05~ dépth than 

\at the O,lOm depth. Although the penetrometer was infl uenced by 

m'Qisture content, it clearly defined the 5011 profile ~Jith respect 

to compaction levels. It ;s concluded that the reslstance of soil 

ta a penetrometer ;ncreased with the increase of compaction effort. 

In interpreti ng the vane shear res i stance resul ts, it appears . 
that the shear strength of the soil increased as the bulk density 

increased. At 10wer depths, vane shear resistance <iid not show 

any si gni fi cant di fferences between trea.tments, b1cause at the 

higher moi sture contents the vane shear resistance lS about the same 

(Freitag 1 1971). The moi sture contents observed at lower depths 

in both years were higher than those in the surface 1 ayers. 

Upon compaction, the pore geometry of a soil is altered in 

such a way that changes in the magnitude of aeration and moisture 
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holding capacity result. The aeration status of a sail ;s represented 

in tenns of alr-filled porosity. The calculated results of 

air-filled porosity in both years suggest that the lncrease in 

dens ity and moi sture content ln compacted plots decreased the 
1 

aeration status of the soil appreciably. especially at lower depths. 

These low 1/alues were notlced in the 0.20 - O,25m depth range in 

1978, below the critical value of 10%. These conditions at lower 

depths may prov; de anaerobi c conditions for pl ant growth and hamper 

root e 10n9a t ion in ta sub- l ayers . If the soil contal ns i ror· and 

manganese. the reduction of oxygen will frequently result in a taxic 

format; on whi ch can affect root growth and comp li cate the di rect 

effect. 

Thè reduction of volume due to compaction caused a decrease in 

size of individual pores of the soil media which affected the 

capacity of sail appreci ab 1y 1 n terms of water retenti on and 

transmission characteristics. The low moi sture content in severely 

compacted plots at the beginning of the observation, suggests that 

the rate of infiltration was very slow and requi red more time than 

that of other trea tments. The longer time required for the 

advancement of water into the soil increased the evaporation lasses 

from the sail surface during the infiltration period, ultimately 

decreasing the moisture intake into the sail profile, The effect 

of compaction may be explained in tenns of void geometry. Upon 

compaction the larger voids are decreased and produce more smaller 

VQids which retairi water at higher suction levels. In other words, 

the magnitude of moi sture content becomes greater as the suction 

increases. In clay soils. increasing the bulk density increases 
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the capacity of the soil ta retain water (Hill and Sumner, 1976). 

The results of severe1y compacted (15 passes) treatments substantlated 

these findings. Water transport in the soil is very sensltlVe to 

soil compact; on becausE' the l nfil tration characteri stics are 

affeeted. The unsaturated hydraul i c condueti vit y rate i s closely 

related to bulk density and water content. As the bulk density 

increases, there is a rapid decline in hydraulic eonductivity as 

observed by Koshi and Fryrear (1973) and Negi et al., (1977). 
4 

Thi sis because the ; ncrease in bul k dens i ty decreases the effeeti ve 

size of voids, resulting in lower hydraullc conductivity. Simi l ar 

results were obtained in severely compacted (15 passes) soil which 

produeed high soi 1 bul k dens i ty by reducing the VOl ds, and decreased 

hydraulic conductivity by 25 times at 38% volumetrie moisture content 

when compared to the no-compaction (000) 50; 1. 

6-2 Ti 11 age and Phys i ca 1 Properti es 

The basic purpose of tillage is to provide a good seed bed 

for the development of root and shoot growth. Spoor (1975), ci {ed 

by Soane and Pidgeon (1975), suggests that the tillage effect shou1d 

be defined by the resulting soil condition, not by the implement used. 

Tillage of compacted soils provides a complexity of sail property 

a lterati ons. For example, the moldboard plowing of compacted soil 

does n-ot achi eve a hi gh degree of l oosenl ng, but some unfractured 

clods persist (Soane and Pidgeon, 1975). whereas chisel plowing 

resu1ts in less inversion and more shattering of compacted soil (Cooper, 

1971) . The effect of both plows in altering the soil properties 

indicated a considerable difference on different compaction levels. 

However, the changes in physica1 properties measured in the field 

revea 1 that the ti 11 age has markedly lowef'"ed dry bu 1 k dens ity, 
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resi s tance of soil to a penetrometer and vane shea r, and has 

increased air-filled porosity, availability of water and hydraulic 

conducti vit y . The moldboard and chisel plows had significantly 

lowered dry bulk density values in the top O,lOm and 0,05m depths 

as compared to the severely compacted plots. There were no 

significant differences in bulk density values in the moldboard 

and chisel plow plots, but their magnitude and consistency warrant 

sorne discussion. 

The results of this study suggest that the chisel plow was more 

effective in decreasing dry bulk density at the surface than at 

lower depths, whereas the moldboard had the opposite effect. The 

effect of the moldboard plow was more in reducing dry bulk density 

by up to 0,18 g/cm3 compared to compacted-no-tilled soil. 

Higher dry bulk density profiles were observed in chise1 plots than 

in moldboard plots. These results are in agreement with those of 

Soane and Pidgeon (1975). The results are more interesting when 

density profiles of plowed plots of both years are compared. When 

severe1y compacted soil (15 passes) was subsequently til1ed by the 

moldboard plow in 1979, the average dry bulk dens i ty of the 0 - O,25m 

soil layer was lowered more than twice as much as in 1978. Thi$ 

is because the moisture content in 1979 was more suitable for 

tillage operations. The average moisture content of the 0 - O,25m 

depth was about 20 percent and, from the 0,25 - O,30m depth, was 24%. 

The suitable moisture for plowing shown by Oavies et al., (1972) is 

2 percent, lower than the "optimum" moisture -<ontent on the Proctor 

compaction curve. The values of moisture content for the O. O,25m 
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soil layer were 4 - 5 percent below the "optimum" moi sture 

content. The plow was operated below its normal depth and has 

created a plow sole which has increased the dry bulk density of the 

0,25 - O,30m soil layer from the original soil by about 0,15 g/cm3 . 

It was expected that lowering the dry bulk density would 

reduce the soil strength. It appears from the resul ts that the 

penetrometer resistance did not depend sa much on bulk density but 

rather on the traffic and tillage effect (Negi et al., 1979). The 

resùlts of penetrometer resistance were affected by different 

tillage treatments at various compactlon leve1s, and variation of 

moisture content. Nevertheless, tillage has reduced the resistance 

of soil ta the penetrometer effectively up to a O,20m depth, and 

va lues have nearly approached those of the no ti 11 ed (000) soi 1. 

The mos t decrease was found in the top 0 ,lOm. A compari son of 

the results of bath years indi cate that the soil penetrometer 

resi stance in severely compacted plots, subsequently ti lled by the 

moldboard plow, was higher in the top O,lSm in 1979 than in 1978. 

As the depth increased, the decrea~ n resi stance was more pronounced. 

This is because the average gravimetric.moisture content of the 

o - O,15m sail layer in 1979 was 9% less than that in 1978. 

Voorhees et al,. (1978) a1so showed that high penetrometer resistances 

were associated with a 4% decrease in gravirnetric moi sture content 

on silty clay loam soil. 

The vane shear resistance in 1979 was considerably dec~eased in 

severely compacted soil subsequently tilled by the moldboard plow in .. 
the top 0 - O,15m. but increased at a O,30rn depth by up ta 10 kPa 
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These ~esults are consistent with the low-and high bulk density 

values ~btained at the top 0 - 0,15m and at 0,30m depths, 

respect~\velY, in the -same treatment. In fact the results were 
\ 

Signific~nt up to a 0,15m depth. The results of vane shear 
1 

resistanc\ profiles of bath plowed and chiselled plots in 1978 

showed no\significant difference when compared to each other. 

However, ~ach plow had sorne effect at different compaction levels. 
1 

Severely compacted plots (15 passes), when subjected ta chisel 
1 

and moldbo~rd treatments, showed sorne differences in vane shear 

resistance with sail depths. The chisel p10w had decreased the 

vane shear resistance at a a,lOm depth appreciably more than at 

0,025 and O,20m depths, whereas the moldboard had decreased the 

values throughout the-profile, especially at a O,lOm depth. In the 

case of 1 ight1y compacted plots (s passes) the chisel aFld -moldboard 

plow treatments had considerably decreased vane shear resistances at 

a 0,20m depth, and the magni tude of res i stance was the same in bot.h treat­

ments. The effect of the moldboard plow in decreasing sail strength was 

more in the top O,lOm depth than in the case of the cAisel plow. 

These results suggest that the chisel-type tillage implement can 

effectively shatter the soi1 structure, depending on the degree of 

. compaction. It was seen during tillage operations in the field 

that the chise1 plow was not able ta break the large masses of 

'soil into small aggregates on seoverely compacted soil, and i t 

formed cracks i nto wh; ch surface sail was fa 11 i ng. The hi gher 

vane snear resistance in the top O,025m was 1ikely ta be the 
r 

recons~lidation of surface soi1, whereas the moldboard plow provided 

1 
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a granular structure due to shearing and inversion action, 

resulting in lower vane shear resistancé values for the whole 

profile. 

The aeration status and hydrology of t~; soil are influenced 

by the pore geometry, and this i5 altered by tillage operations. 

Decreasing the soil density increase~ the porosity at a constant 

moisture content, resulting in an increase of air-filled pores. 

In the field an increase in air-filled porosity can be achieved by 

decreasing soil density with the help of tillage taals. 

Larson (l964),gave an example showing how tillage affects the air­
.il) ... 

fi1led porosity and storage of water at the normal plow depth of 

18cm at field capacity, which he termed as "pl ow layer storage", 

When an l8cm thick layer initially having 8,4cm of water at a 

bulk density of 1,4 g/cm3 is loosened by plowing to a bulk 

density of 1.0 g/cm3 , the total porosity is increased from 47 ta 

62% and the thic~ness of the layer increased from 18cm ta 25cm. 

As a result, the amount of water increasedby up to 15,5cm. Suppose 
, 

the field capacity ;s 25% by we;ght. and the plow layer storage 

is 2.3cm initially. then the subsequent plowed soil will have about 

9,4cm of storage. It is therefore expected that the tillage. 

which has decreased the bulk density, would have naturally increased 
--

the air-filled porosity and thus moisture storage. The results 

of the field experiments suggest that the moldboard and chisel 

plows have effectively increased the air-fiJled porosity up ta a 

O. l5m dèpth. and. in sorne instances, rendered the sail equ; va 1 ent 

to the no-till plots. At deeper depths the moldboard plow has 
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fi 
decreased air-filled porosity values in both years, which is 

simp1Y due to the higher bulk density and moisture content observed 

in these treatments. It was expected, during the growth peri od of 

1978, that the soil-plant root system and time may change the 

air-fil1ed porosity values, but only a 5% increase in air-filled 

porosity was found one month after seeding. Hence, in 1979, no 

observation of porosity was repeated during the growth period. 

The ab ove resu1ts obtained are consistent with the bulk density and 

ma; sture content vari ations descri bed prev;ous 1y in each treatment. 

" The theoreti ca 1 trea tment of water movement predi cts that the 

phys; cal properti es of a soi l affect the rates at whi ch water maves 

in response to sucti on gradi ents. The reduced rates of movement 

through a porous body are due to the cross-sectional area of 

individual pores, which are the main contributors to the passage of 

water J. and i t is al 50 due to increased path lengths impased by / • 

the geometrica1 arrangement of pores. Therefore, a decrease jn 

dens i ty due ta ti 11 age affected the geometry of the soil , and ( 
1 

resu1ted in higher downward movement (Fig. 5.18) a,nd higher " 
, 1 

hydrau1ic conductivity values observed in the eh;sel plots. I~ 

The lower volumetrie moisture content values in chisel plots at 

-the beginning of the observation were due to the fact that the plants 

have cove-red the area where the tensiometers were installed and 

most of the rain was intercepted by the plants, resulting in less 
, 

water reeei ved around the tensiometer gauge area. 

6-3 Phys;cal Properties and Crop Response 

It is seen, from the physical properties of soi1, that 

compaction has increased the dry bulk dens ity J penetrometer \ 
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resistance and vane shear resistance values significaqfly up to 
\ 

0,15, ,0,25 and O,lOm depths. Whereas the moldboard plow was 

more efficient than the chisel plow. and .lowered the values 

significantly up to O,15m depth. Howevlr, both conditions in 

the field could result in decreased or increased plant growth. 
p 

A co~sideration of the emergence of seedlings suggests 

that a de1ayed emergence in 1978 was not only due te> the compaction 

levels, but a1so to the mo;stur.e stress at the beginning of 
'\1 

the 1978 growi ng season. . The rai nfa 11 data in Fi gs. 6.1 and 6.2 

shows that there was no rainfall for about one week after seeding in 

1978, but in 1979 there was rainfall ;rrrnediately after seedil'lg . 

Therefore, it is evident that less moisture contact during 

emergence in 1978 caused a, dl'! ayed emergence of seedl i ngs. , The 

promising effect of tillage on emergence ;s clear from the results 

of the 1979 experiment. Emergence was delayed.on an average, by 

4 days in compacted soil compared to' the moldboard tilled soil. 

The moldboard seerned to be more ~ffect;ve in disrupting the 

compaction layers and resulted in earl fer emergence and the same 

grain yield as that' of no compaction plots. ~ This yièld, when 
o J 

compared to average yields of Canada* and the provinCQ of Quebec.*, 

~ averaged 25 and 8 percent more, respectively (FiQ. 5.31), 

• 

*8ul1etin trimestriel de la statistique agricole. ~inistêre de 

..,. l'Industrie et du Comnerce. Bureau des Statistiques. S.A. 241-

J,:51. Ja,nvier-Ma'rs. ~69, 1975; Province de Ouêbec. ' 

( 
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In using the plant emergence as an indicator of crop yield, 

one might gain a false impression,even if the time allowed for 

maturation was equal in both years. The difference in plant 

heights at a given day after seeding can be attributed to plant 

~ emergence, but the development of the plant system is dependent 

on environmenta1 conditions of the subsoil as we11 as climate . 

. However, in 1978, the buckwheat was grown late in June, which was about 

one month later than that of 1979, and late sowing cou1d have affected 

pl ant growth. The results of both years suggest that the poor 

environmental conditions provided by compactioh have resulted in smaller 

plant heights, whereas subsequent tillage improved sail conditions and 

allowed greater plant heights. The climatic factors, sllch as 

temperature and r~i.nf!3ll Variati~, pî~y an importantrole in plant 

) growth. T~~ m~t important factor observed during the growing season 
,~/ 

of 1978 was a less than average rainfall, which provided dry conditions 

for the needs of rapidly transpiring plants. The average rainfall 

from July ta September was 55 and l16mm for 1978 and 1979 growing 
f' 

seasons, repsective1y. Evidently the water table in 1978 was 

10wer than that found in 1979 (Figs. 6.1 and 6.2). 

'" Compaction decreased the air-filled porosity, only at lower 

depths in severely compacted and plowed plots, and could not haVe 

affected the growth of roots because only few roots might have 

penetrated to this deptlf. Actually, the root 1ength of buckwheat 

was observed to be approximately 0,2Dm. Therefore, the average 

bulk density and penetrometer resistance of the 0 - D,20m soi1 

layer were calculated for various compaction and tillage treatments 

and relatcd ta plant parameters, as summarized in Tables 6.1 and 6.2. 
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TABLE 6.1 - Average dry bulk ensity, penetrometer resistance and vane shear resistance Of 
a - O,20m soil ayer for various treatments and" their effect on plant growth. 
for the . 9 season of 1978. 1 

/ 

DRY BUlK PENETRO- VANE SHEAR 
TREATr~ENTS DENSITY METER RESISTANCE 

RESISTANCE 
(gjcm3) (MPa) ( k))a ) 

5YO 1,220 4,05 33,12 

lOYO 1 .143 4,40 47,08 

15YO 1,182 5,08 52,75 

15YC 1 ,139 3,29 47,83 

15YM 1,046 3,48 43,77 

5Ye 1,069 3,04 43,05 

5YM 1,112 3,66 48,03 

000 1,026 3,32 26,75 

1 DRY 
' PLANT YI ELD 

(kg/ha) 
, 

1163.7 

610,7 

612,3 

\1287.7 

.2970,5 

11876 ,5 

2228,7 

1'1211,5 
1 
, 

i 

1 

l 

ROOT 
MASS 

(mg) 

735 

350 

200 

650 

823 

793 

1543 

1248 

~ 

PLANT DAYS TO 
HEIGHT EMERGE 

\ 

(cm) (days) 

55 24 

52 24 

4'8.. .. :r 25 

61 23 

59 22 

70 23 

68 22 

87 22 

....... 
!.TI 
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TABLE ,;.2 - Average dry bulk density, penetrometer res~stance and va~e shear resistance for 
various treatments and their effect on plant growth for the growing season of 1979. 

1 

< 

TREATMENTS DRY BULK PENETROMETER * VANE SHE1AR * DAYS TO PLANT GRAIN YIELD DENSITY ** RESISTANCE RES 1 STANICE EMERGE HEIGHT 
(g/cm3) (MPa) (kPa) , (days) (cm) (kg/ha) ~ 

~--------

000 1,039 

15YO 1,341 

15YM 1 ,123 

* '0 - 0,15m soil layer 

** 0 - O,20m soil layer 

~ 

1 ,16 

4,03 

2,34 
-

1 

19,321 

62,21 __ 
-~- 1 

30,03) 
, 

1 
r 

I~ 

9 99 1254,6 -----
17 92 916,7 

-------- 1 
~ 

t.n 
13 95 ,1247,1 N 

1 
~ 

~""-'"'! 
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.. 
1 It ;5 most probable that the growth of roots m;ght have been 

a ffected by the mechan i ca 1 impedance. The penetrometer does not 

measure exact1y the forces encounteréd by the growing roots, but 

provides on1y an index of soi1 resistance. Roots penetrate into 

the soi1 more easi1y than the penetrometer probe by fo110wing 

paths offering 1ess than average resistance (Camp and Lund, 1968). 

Neverthe1ess, the dry weight of the root indicates that the vertical 

pro1 iferation of the root system was impeded as the penetrometer 

resistance increased and ,thus resulted in 1ess dry plant weight. 

Roots are the mai n source supp1yi ng water and nutrients from 

-- tne c son - tu ttre- -».ti re -9rpwi Ilg plants. Therefore,; t i s necessa ry 
<-- ,'---

for the roots to exploit large volumes of soil for easy access to-----

5upp1y. If the supply i5 scarce, the growth will be retarded or 

poor growth results. The factors which affect the plant growth, 

a1so affect the avai1ability of soil water to a greater or lesser 

extent. For examp1 e, the i ncrease in soil dens ity decreases the 

permeabi 1 ity of the soi 1 and therefore the recharge of the 50; 1 coul d 

be greatly affected and result in less availability of water to the 

plant. The effect w;ll be greater in a dry year than in a wet year. 

Availability of soil water, as observed in the 1978 grow;ng season, 

was close1y correlat~d with the dry p1antyield. Compaction 

decreased the availability of soil water and decreased the dry matter 

yield by about 85%, while subsequent tilling with a chisel plow 

increased the availability of water and increased the dry plant yield 

by about 110%. The resu1ts suggest that, besides mechanica1 

impedance, the availability of water was a1so affec'ted by soil 

compaction due to lower transmission through the compacted 1ayers, and 
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; 
influenced the plant growth. The lower hydraulic conductivity 

(the rate at which water is supplied ta the plants) with lawer 

dry mass of the root (may be shallower or less root density) in 

compacted soil may have been the limiting factors for the supply 

and uptake of the required amount of water ta the transpiring plants. 

--

, 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS ( 
Field studies to determine the effects of compaction (5.10 

and 15 passes) and tillage wi~oldboard and chisel-tyPe implements 

on soils wit~ two compaction 1.V.~(5 and 15 pass.s) wer. set up 

ln the Macdonald Co11ege seed fann for the two seasons of 1978 and 1979. 

The grain size analys;s classified ~e sail in the tests as 

clay. The compaction tests indicated the optimum moi sture content 

for maximum density âfter a fixed amount of 10ading. Plastic and 

liquid limit tests showed the critical moisture levels at which sail 

tends ta crumble and shear. 

Ti 11 age and compacti on effects were measured in terms of sail 

bulk density, penetrometer resistance, vane shear resistance, unsaturated 

hydraulic canductivity, and crop response. 

a~ the test crop. \ ,' __ ~ 
A buckwheat va ri et y 5erved 

" 
The sail density, vane and penetrometer resistance profiles 

for various compaction levels were compared with no compaction soil 

plots. A campacted soil subsequently tilled by moldboard and chisel 
~ 

plows was compared with respectiv~ compacted soi15. 

Upon compaction, the maximum increase in density, vane shear 

and penetrameter resistance accurred from 0,10 ta 0,15m depths, 

depending on compaction levels. Subsequent1y tilled soils indicated 

lower values up to a 0,25m depth. Below this depth the moldboard 

plow produced a p10w pan. Otherwise there was no significant , 

difference between moldboard and chisel plow plots. 

Air-filled porosity values, which were ca1culated from the 

measurements of dry bulk dens;ty and mo;sture content at each sail 
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deptn. indicated lower values in compacted soils and higher ~ues 
~ 

under tilled soil conditions. Moldboard and chisel p10w plots 

tended to 10wer air-fi11ed porosity values below the plowing depth. 

Water retention characteristic curves for various compaction 
~ 

and tillage treatments at O,25m depth were obtained from the 
1 

smoothed values of moisture contents against the field values of 

soil suction in the range of the tensiometers. The values above 

this range were obtained fram the relationship of Campbell (1974), in order 

to calculate the availability of water. The consequences of 

compaction and tillage effects on water retention characteristics and 

avai1ability of soi1 water determinations are il1ustrated. Soil 

bulk density changes due to compaction and tillage have been shown ta 

have d marked effect on water retention characteristics of the soil and 

moisture availability. 

The unsaturated hydrau1ic conductivity of the sail under 

different compaction and tillage treatments was calculated as a 

function' of moi sture content [K(Q)] . Calculated unsaturated hydrau1ic 

conductivity showed a strong relation ta soil compaction and moi sture 

content. 

Sail compaction showed a definite effect on plant growth 

characteristics. The time for seedling emergence increased, while 

growth rate, dry weight of the root mass, dry weight of the plant 

and grain yield were decreased as the compaction 1evel increased. 

When the compaction was alleviated by tillage, al1 growth parameters 

were increased; the moldboard plow was especially effective in 

loosening the sail, resulting in better plant performance. 

J 
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In separating the effects of soil phys;cal properties. air­

fil1ed porosity could not have been the limiting factor affecting 

plant growth because the measurements of roots indicated a root length 

less than O,20m. Mechanical impedance and moisture availability 

are probably the important factors responsible for the redueed plant 

growth. 

The conclusions of this study can be statftl as follows: 

(1) The repeated passes of the tractor caused increases in sail density. 

The maximum sail density was found O,10m below the surface of the 

sail in both years. A comparison of both years showed that soi1 

dry density is strong1y dependent on moi sture content and initial 
J 

status of the soil. 

(2) Penetrometer resistance was more sensitive than soil dry 

density measurements in showing the structural eonsistency of the 

sail profile effective1y as a result of the increase of compaction 

efforts. 

(3) Vane shear resistance, un1ike the penetromèter, did not show a 

definite difference among treatments at lower depths. butwas 

dependent on the dry bu1k density of the soil. 

(4) Unsaturated hydraulic conductivity and air-filled porosity 

showed a strong dependence on the dry bulk density and moi sture 

content of the sail. Increasing densities reduced the void sizes , 

and deereased the unsaturated hydraulic conductivity by about 

twenty-five fold at a constant volumetrie moisture content. 

(5) Plowing was more effective than ehiselling in decreasing sail dry 

bu1k density and vane shear resistance from 0 - O,15m depths, but 

penetrometer resistance showed a decrease up ta O,25m depth in 

soils subjected to p10wing and chisel1ing. 

, i 
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(6) The results of 1979 suggested that the tillage would be more 
... 

effective in providing appropriate soi1 structure for plant 

growth if the soil, at that time, is under suitab1e conditions 

for tillage operati ons. 

(7) Tillage of compacted soil by a chisel plow improved the physical 

condition of compacted layers and increased the conduction properties . . 

of soil. accompanied by increased rates of water entry or a 

larger volume of water available for plants. While compacted 

sail had retained more.water at higher suctions due to smaller 

voids, this water was not readily available for plants due to 

higher suction levels. 

(8) Compaction produced a lower hydrau1ic conductivity and the 

soil cou1d not supply water according to the transpirational 

demand of the plants. However, the compacted soils subjected 

to chise1 plow action had increased hydraulic conductivitie~ which 
.. 

augmented plant growth and increased yields . . 
(9) Despite the compaètion and til1agé effect, the dry and wet 

seasons also had a great influence on plant growth. The 1978 
1 

season was relatively drier than the 1979 season and plant 

growth was correspondingly less. 

(10) Compaction has resulted in poor emergence together with lower , 

plant heights, dry root mass and dry matter yields. The magnitude 

of reduction was greater from light to severe compaction. 

(11) Severe and moderate compaction of soils have reduced dry 

matter yield by about 85 %, whereas lightly compacted soil has 

reduced it by about 72 percent. Plowing by moldboard and chisel 

tools of compacted soils has increased dry matter yield by about 

385 and 110 percent, respective1y. 
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(12) Compacted soi1s. subsequently ti11ed by a mo1dboard p1ow. 

produced the highest dry root mass. 

(13) ln the 1979 growing season. the grain yield of buckwheat was 

reduced by 27% in severe1y compacted soil. When this soil was 

ti11ed by a mo1dboard p1ow. the yie1d was increased by about 36%. 

The superiority of the mo1dboard plow ca~ demonstrated by 

the fact that grain yie1ds of 25 and 7 percen~ more th an the 

average yie1ds of Canada and Quebec province. respective1y. were 

measured. 

(14) The rate of emergence. plant height. dry weight of root mass, 

dry matter yie1d and grain yie1d were marked1y higher in no 

co~paction or ti11ed soi1 than in other treatments for both years. 

(l~5) A very narrow dry bu1k density range of 1,026 to 1.046 g/cm3 

produced the highest yie1ds in 1978. whereas a highe~ dry bu1k 

density range of 1,039 to 1,123 g/cm3 was the best for yie1ds in 1979. 
1 

Suggestions and Recommendations for Further Research 

An investigation of soil phys;cal property changes due to 

compaction and subsequent tillage ;ndicates that the compaction by tractor 

traffic has adverse1y affected the 50;1 properties and reduced the plant 

growth. On the other hand, a compacted soi 1 subj ectea to ti 11 age has 

markedly improved the physica1 constraints of the soil and increased the 

crop yield. A narrow range of so;l density in a dry season and higher 

range in a wet season indicate that the seasonal variations have a 

great influence on machinery management effects. In a wet season. even 

soi1 with high density did give better resu1ts in plant performance, . -
because of the adequate moi sture 5upp1y to the rapidly growing plants. 

It ;s therefore advisab1e ta avoid as much traffic as possible in the 

\ 
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dry season. If the traffic is reduced then there might be no need 

for till age. 

The moldboard plow prov~d ta. be better for this crop in the 

partiCtJlar c1imatic conditions. but it may diminish the yields for 

other crops. The de~elopment of a plow pan under the normal depth 

of plow couls rest[ict the growth of longer roots due to impedance 

and low root aeration. The plow pan does nct seem to be formed by 

the plow. but by the tractor tire riding in the furrow bottom. The 

out-of-furrow plow could be utilîzed and compaction can be minimized 

by reducing the amount of field traffic. 

This study gi~es sorne knowledge of soil physical properties 

altered by compaction and subsequent tillage, but still more compre­

hensive kno~ledge could be gained by studying a dynamic system. the 

so-called "SPA" (soil-plant-atmoshpere). Field experiments on 

compaction and machinery use could we11 be conducted with the additional 

measurements of the interaction of soil phys;cal conditions with 
.. . 

c1imatic factors. For example. the hydrology of the soil depend~ 

on the atmospheric conditions as well as on induced changes by compattion 

and loosening of the sail, which may be of greater importanfe to the 

growing plants,than the changes in bulk density or strength. Howe~er. 

uptake of water by plant roots shou1d be considered in studying the 

water status in the soi1. The absorption of wat~r by plant roots 

depends.on the plant properties (e.g. rooting density. depth and rate 

of extension). sail properties (e.g. stroage, conductivity, suction 

inter-relations) and micrbmeteorological conditions (evaporation). 

~Thèse properties should be studied to consider the subject in its 

broadest tenns if the full understanding of the sail in relation to 
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\ 

~chinery management 15 to be ga1ned. Th"e study shou1d be conducted 
" ~, 

with different so11 sand crop5 under various cl imatic condi tions. which 

mày help in developing a mathematical model. Once the' model is 

developed, it will be easier to make the recOJm1endations for effi cient 

machinery, mana~ement on a var1ety of so11s. crops and cl imate. 
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APPENDIX A 

Density-Moisture Meter 
(., 

A gamma ray probe, Troxler Mode1 3401 surface moisture-density 

gauge was use~ to determine soi1 densities in the field tests. This ,. 
instrument has a O,30rn probe with a cesium 137/ americium 241/ beryJ1ium 

radioactive source and a geiger counter resting on the surface tp measure 

average bu1 k densi ty from the ti p of the probe to the sllrface of the 

soi1. Since the machine was not able to measure moi$ture content 

profiles with deptA, the samp1es wer~!taken for gravi~etric moisture 
~ -'. 

content determi nations at various depths as descri bed in Cha'pter IV .. 

The procedure of measurements consisted of taking the first 

standard density counts, Cs, at the ~t~rt of the day in order ta give 

a 11 owance for temperature, hum; di ty and dec-ay of the source. Second1y, 

the density counts, C: were taken to a depth of O,30m at O,05m interva1. 

The average total bu1k density (Yr1 values at each depth were ca1culated 

by the fa 11 owi n9 formula s: . 
At O,OSm depth 

y • = 62,38 x ln (8,2608 x Cs ,) 
T C + (0,0506 x Cs) --------- (A.l) 

> 

At O,lOm ~epth 

'" ( 1-1,2025 x Cs ) "fT - 54,14 x ln C + (0,0503 x Cs) --------- (A.2) 

At 0, 15m depth 

( 
12,008 x Cs ) Yr • 47,55 x ln C+ i (O,G371 x Cs) ----- .. --- (A.3) 

At ° ,20m depth 

(
13,7313XCî ) 

x ln e _ (O,DOM x Cs) -------- (A.4) 

! 
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, , At O,25m depth 

33,58 x 10( ~2!9f6~oM'x CS}) mn:'_ (A.5) 

At O,30m depth 

.., . Yr • 28,42 X 10( ~3~~~~oM .. csi) --------(A.6) 

Average dry bulk density was calculated using the appropriate 

gravfmetric mo(sture content by the following relation: 
; . ( 

'YT ' 
. Yb· 1+w -----------~-- .. --------------- (A.7) 

where Yb = average dry bu 1 k dens ity. gl cm3 

Yr .= average total bul k density, g/cm3 

w.: wefght of the mo;sture/dry weight of the 
soil sample. 

In order to observe a change f n dry bu 1 k dens ity of each soil 

layer {)T O.05m, the average dry bu1k density values were converted into .. 
more localized density values by the fOllowing formula: 

where 

t 2Z2 y Z 
- 1 , , ----._-----------------------

Z2 - Z1 

'Y, = average dry bulk density of the layer Zl 
+-

"'2 = dry bu 1 k dens ity of the 1 ayer bet,!,een Zl 

an~ Z2 • 

Y2 = dry bulk density measurement at Z2' which 
is t~,e average over Z2 and equals to 

(A.8) 

'1 Zl + Y2 (Z2 - Zl) --------_______ ._' _______ (A.9) 

Z2 

Fig. A-T shows the schematic diagram of the surface moisture­

density gauge and summarizes tnese relationships. 
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\, 

AVERAGE DENSITY OF LAYER TO Zl.~ 
DENSITY OF LAYER 8.E"!'WE'EN Z, AND 22· 12 

"'1 

-DENSITV MEASURENENT AT 22· AVeRAGE OVER Z2 • rz-
"' 

Thua 

Figure A-l 

• )T 'lI +)'j (,22- Zil 
72 

Methods of calculating dry bulk density at 
each depth. . 
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APPENOIX B 

RELAT IONSH 1 PS. OF VAR rous 

P~RAMET~R~ STUOIED· 
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APPENDIX 8 

Rel at1 onshi ps 

t. Gravi~trfc moisture content, % 

Mc, % = (Weight of water/Weight of dry soil}~100 

2. Volumetrie m01sture content 

oF 

~ 

e • (Dry density X Gravimetrie mofsture content}./lOO 

3. Air-f111ed porosity 

AFP· (Porosity - Volumetrie mafsture content) X 100 

4. Porosity 

Por • l - Dry density 1 Specifie gravfty of soil* 

5. Plant yfeld, kg/ha. 
y :' _!QQQ __ ~e __ _ 

(M'cp ... 100) A 

ACp =(~~_:.~g~l __ X 100 
Wde - Wc 

*2.7 for the 5011 under study 
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AP~ENOz'X C 

TABULATEO PATA FROM THE FIELD EXPE~IMENT 

Table C.l - C.24 

1 

l '. 

fabulated field data of average gravimetric mo1sture ' 

content, % (Table C.l • C.S). local dry density. 
~/"C:1U3 (Table ·C.6 : t.ll), average dry density, ,g/cm3 

(Table €.12 - C.14),penetrometer resistance. HPa 

(Table C. 15 - C. 1 B), vane s'hear res f stance. 'kPa 

(Table C.19 - C.22), average plant hetghts, cm 

(Table C.23 - C.24), for different compaction and 

tillage treatments. 

l' 
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TABlE C.l - Average grlv1letrtc .otsture_content (1) for vartous ca.pactfon and tll1a9@ tr@at.ents at each depth. 
YEAR 1978 ~ 

____ c~ctfOl\ ___________________ 
-

StOCKS ()[PTH T REA T " E N T S .. 
, • 15YM 15'(C 15YO 10YO sye sy" 5YO 000 

0,05 13,U 8,39 12,87 12,-1& 11,64 H'.35 , 14,65 12,17 

0,10 28,'11 13,42 • 29,26 29,60 27,61 23.80 32,66 28,00 

1 00,15 33,69 19,24 37,hZ 37,b3 35,34 31,25 43,55 36.04 

0,20 29,9~ 24,81 31,81 36,85 34,83 32,68 47,34 36,29 

0,25 26 15 32 49 38\1 lti -07 34,33 
~ 

34,\1 sl:'t3 lti 5S 
, 

D,OS -14,45 7,91 11,92 10,09 '1,68 11,49 10,88 lO,11 

0,10 31,96 16,7. 27,95 23,22 25,95 Z1,!Jti 24,27 23,48 

Z 0,15 40, JO 23,70 35,66 30,63 34,07 36,58 31,86 31,00 

'. 0.20 39,49 28,81 35,05 32,04 36,02 37,35 33,64 32,~7 

0,25 38 67 33 92 34 43 33.45 37 98 3813 35 42 34 35 . 
18,12 J 0,05 14,90 14,69 16,28 12,51 12,12 14,51 12,80 

0,10 27,56 za,Zl 31,54 27,\4 2B,il 12,0. 34,71 28,21 

3 0.15 33,24 34,"82 45,27 
0 

34,59 . 36,52 40,10 41,9] 35~f 
Q,20 31,93 34,47 39,46 34,86 31,07 , l8,7J 40,36 35,63 

0,25 JO ~3 
, 

3411 3366 35 14 37,6\ 37 37 38 19 . 35 44 

0,05 12,44 12,16 1l,52 10,85 lZ,86 12,25 13,77 10,83 

0.10 26,37 27,13 29,18 23,12 29,47 21.14 28,48 22,41 

• 6,15 33.25 35,85 36,65 29, lB 37,58 34,,89 36,16 28,68 

0,20 )3,08 36,22 35,92 29,03 37,19 35,50 35,66 29,64 

p 0,25 32 ... 91 36,59 3S 19 2889 36 81 . 36.11 - 35 16 lO60 . 

" .. 
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TABLE C.2 - Average gravimetr1c moisture content (1) for various compaction and til1a~e treatments at eaçh depth. 
, YEAR 1978 . \ ~ 

BlOCKS OEPTH 
m 15YM 15VC 

0,05 14,05 1 12,92 
'. 

0.10, 27 .49 28~57 

l 0.15 ' 33.51 35,84 

0.20 3_2.51 34,71 . 
0,25 30.59 . 33,59 

0,05 14.77 11,7e 
0.10 34,99 26,33-

2 0.15 43.66 33,50 

0.20 41,01 33,29 . 
0.25 38,37 33,08 

6.05 11.54 -11,75 
0.10 _ 26,-11 28,07 

3 0,15 33,91 36,61 

0,20 34,93 37.37 
0,25 35.95 18,13 

0,05 lO,,81 11 ,24 
0.10 . 24,17 25,63 

. 

4 0,15 33,62 34,01 

0,20 34,19 36,41 

O~25 35,17, 38J 80 
" 

q 

1 

:ompactlon 

T REA T MEN T S 
, 

15YO 10YO 5ye 

13.96 12,90 11,22 

28.89 29,49 26,05 

36,15 38,08 31,76 

35~74 38,65 28,35 
35~32 39.22 24.95 

13,64 16,48 16,07 
27,12 36~03 37,18 

34,76 43,42 47,94 

36,55 38,67 . 48,37 

38,'35 33.91 48,97 ' 

14,47 12,09 13,93 
32,26 26,22 27,77 

40,26 33,75 35,73 
38,47 34,68 37 , 80 

36,68 35,,62 39,87 

12,14 13,59 ,. 13,33 

25,62 29,58 30,06 

32,98 37,33 37,13 

34,21 .36,84 34,56 

. 35,44 36,35 31,98 

S'YM 

10,24 
23,33 

30,44 
31,57 
32.67 

11 ~97 
2.1,46 

34,63 

33,46 
32,30 

15,35 
31,85 

39,56 
38,47 
37,39 

12,64 
28,91 

34,99 
30,90 

26 80 

-il 

5YO 
17,94 
35,l9 

42,25 
39,10 
35,95 

13,92' 
27,93 

35,17 
35,63 

36.109 

13,82 
32,04 

4T;~0 

42,19 

42.89 

12,00 
26,34 

33,44 

33.,29 

33.14 

'1 
f: 

1 
--' 

~ 
• 
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C TABLE C.3 - Average gravimetr1c moisture content (%) for vàr10us 
tillage treatments at ,each depth. 

YEAR 1978 , 

BLOCKS DEPTH TREATMENT~ 

. m 
15YM 15YC 5ye 5YM 

0,05 13,21 > 14,03 > 14,47 14,21 

0,10 24,42 26,89 
0 

32,04 27,61 

1 0,15 29,99 r 33, ~ 9 40,86 , 34,91 

0,20 28,,74 
1 

32,92 40,93 35,94 

0,25 27,88 32.65 41,01 36,96 , 

0,05 15,07 15.86 14,34 17.29 

0, la 27,65 32,57 29,09 31 ~82 

2 0, {5 34,Or 41,30 , 36,44 ,39. 18 

0,20 34,22 42,07 36,38 39,37 

1 0,25 34,40 ," 42,84 36,32 39.55 

0,05 ) 8,89 11,44 13.22 14.12 

0,10 17,6.6 26,13 31,05 31,09 

3 0,15 23,14 34,56 
A_'- .,#1 

,\0,02 39.59 . 
0,20 25,31 36,73 40,31 3~ .64 

0,25 "27,48 , 36,,91 40,54 39.69 

0.05 ,12;/,'47 à 82' , 15,72 13,49 

0, la 26,04 27,09 34.10 29,84 

4 0,15 32,84 35,19 42,49 37,17 

0,20 
r 

32,88 32,16 4p,90 35,46 . 
0,25 32,92 33,12 39,31 33,76 

... . 
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~ ~A8LE C.4 - Average graviletrlc ~lsture content (S) for various éa.pactton and tillage treablenls at elch depth. 
YEAR 1978 

.- . "_.. . ... -_. -- .... - ... 
BLOC~ OEPTH T REA T ME" T S 

• 15YM 15\'e 15\'0 10YO Sye 5YM 5\'0 000 

0,05 12,43 16,66 14.24 15,18 16,37 12,51 14,71 15.67 
0,10 .21,72 26,01 26.61 29,6S" 32,34 27,94 26,12 29,29 . 

, 1 0,15 26,63 30,52 33,27 37,67 40,41 36,47 32,74 36 59 1 , 
0,20 26,18 JO,19 3 .... 23 39,24' 40.58 38,11 34.65 31,57 
0,25 27 72 29 87 35 19 40 82 40 76 39 75 36.55 38,55 

. 0,05 12,76 11,79 16.84 12,12 1l.79 11,99 12,08 12,29 i 

0,10 25,34 1,60 ' 25,76 23,64 JO ,58 19,88 21,69 23,41 
2. 0,15 33,15 - ,94 31,61 30,62 37,89 24,79 26,04 29,09 

0,20 36,18 36.81 34.40 33,07 35.70 26,73 25,15 39,32 
» 

0,25 39 21 39 69 37 18 3S 51 33 51 28 67 24 25 2956 
D,OS 14,82 25,46 B,93 14,64 14,53 15,45 14,37 13,81 
0,10 26,45 34,94 26,39 25,25 24,63 30,55 26,01 25,48 

3 0,15 32,62 37,23 29,42 32,47 31,16 38,06 32,83 33,46 
0,20 33,33 - 32,33 23,03 J6,JO 35,33 31,97 34,82 37,13 
o 25 34 04 n,u 16 64 40 14 38,89 3189 3682 42 0\ 

0,05 11,49 14,74 15,10 13,08 14,71 12,24 12,20 11,60 
0,10 17,95 25,81 ' 25,43 23,25 29,32 21,89 22,47 20,89 

4 0,15 24,96 J:l,36 31,67 30,24 37,63 26,48 29,70 26,36 
0,20 32,51 ,3! ,41 33,80 34,03 39,63 • 26,01 33,89 28,03 
0,25 40,05 41,'\5 35,94 3I.83. __ _'HL61_ L-~ 3809 29 69 

... 
---

~. , 
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• 
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TABLE -C.S - Average gravimetric moisture content '1) for various compaction and tillage treatments-

at each depth. YEAR 1979 
8.C.T ._ .... A.C - A.T 

BLOCKS OEPTH T REA T MEN T S T REA T MEN T S 
m 1SYO 15YM -000 1SYO 15YM l5YM 

~ 

---
, 0,05 7,63 8,98 15,68 - 9,91 12,15 10,70 

0,10 - 13,12 12,44 17 ,40-'" 14,77 15.48 14,11 

\. 

1 - 0.15 -_ 18,61 15.89 19,12 19,62 19,81 17 ,51 
1 

O,20.,.A 21,54 18,63 20,69 21,97 22,68 19,53 
0,25 21,~~ 20,65 22;11 24,~2 23,09 21,08 i 

- . 
0,30 22,82 i 22,67 23,53 23, 7 2,,59 22,33 

-( 
0.05 9,85 8,91 9,63 10,20 14,50 _ 14,47 
0,10' 14,76 14,01 15,15 15,~8 . - 16,25 16,71. 

2 ~15 19,66 19,15 20.67 20,56 20,00 18,95 
20 21,75 22,16 

w 
23.46- 22,83 22,55 20,63 

0,25 21-,04 23,07 23,52 25,~0 22,92 21,74 
0.30 20,33 23,92 23,58 23,57 23,29 22,86 Q 

0,05 9,41 11 ,68 . . 7,69 9
5

77 12,70 15,43 
0,10 13,96 16,75 Il,93 14 8 15,81 19,58 

3 0.15 18,51 21,82 16,17 19,39 23,92 23,73 
0,20 21,85 24,35 19,70 21,75 26,56 25,84 
0,25 1;23,98 24,36 22,51 24,65 25.73 25,91 1 

0,30 26,10 24,37 25,33 23,.57 24,90 25,97 , 

c 

--- _______ ._. __ .. _._._~ _1 _ ___ _ ______ -- -_ ... _------ --- -_ .. _-- - - -_ .. _.~-
1;- _ 

NOTE: B.e.T. - Before Compaction and Tillage Treatments~ , . . 
A.C.' - A'fter CompactlOn Treatments \ 't . .:. ~ 

A.T. - After Tillage Treatments 1: ' ---
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TABLE C.6 - ~oca1 dry bu1k densfty (9/CM3 ) for vartous ca.paction and tillage treat.ents (average of 3 s~le5) at e1ch depth. 

YEAR 1978 
W',.;;,u,'e ~OMPacE',UI' .nv ." .• gt: ,.-ca-..-:tll. 

BlOCKS DEPTH T REA T ME" T S 
• 

1 SV'" 15ye 15YO IOVO Sye 

n,os 1,033 l,lSO 1,017 0,980 .0,980 
0,10 1,167 1,197 1,013 0,887 0,850 

1 11,15 1,111 1,037 1,003 1,000 0,827 

0,20 ',280 , ,160 
ç 

1,310 1,1~ 1,330 
o 25 1 217 1 230 1.233 1.020 1 T30 . 

0,05 0,940 1,063 , 1,057 1,057 1,010 . 
0.10 0.90~ 0,987 ' 0,963 1,120 1,073 

2 0,15 !.f O,~7 '" 0,961 1,007 1,253 0,997 
, 

U,20 1,061 1,303 1,120 1,220 1,227 

0,25 o 963 0,980 1 223 1 240 1 177 

O,OS 0,923 0,970 1,017 1,143 1,013 
0,10 0,860 0,897 1,157 • 0,790 ,0,963 

3 O,IS 1),813 0,883 0,997 0,800 0,943 

0,20 0,973 1,120 1,207 1,000 1,210 
o 25 0930 1 097 1 180 1 300 1 117 
0,05 1,003 1-,000 1,027 1,037 0,983 

0,10 .0,940 O,910~ 0,833 Q,980 0,877 

-4 0,15 0,897 0,917 0,753 0,913 0,790 
0,20 1,110 1,160 0,953 1,090 0,833 

0,25 ,0,963,_ 1 ,~267 1,050 0,833 0 .. 953 

11" 

.,.. 

\ 

, '\ 

5YM SYO 
,1,000 0,957 

0,921 0,953 

0,807 0,~7 

l,OSO 1,031 
1 140 l 170 
1,047 1,007 

0,983 0,947 
1,063 0,847 
1,237 ' 1,097 

1.200 1'097 

0,943 0,933 
0,911 0,897 

0,993 0,940 

1,143 1,173 
1 150 1 027 

0,973 0,943 -
1,023 0,933 
0,933 0,873 
1,217 1,013 

1,137 1.073 

000 
0,980 

()~860 

0,801 

1.030 
1 093 

1,097 

1,137 
1,170 
1,227 

1 213 

0,997' 
0900 -. - , 
0,950 

1,037 
1 060 

0,997 

0,961 
0,937 
1,327 

1.053 

t. 

--./ , 
--' . 

.. 

00 en 
1 

-

... 

,/ .. 



--' 

J 

-. 

n 

.. 

" 
~ 

wTABLE C.l -~ocal dr7 density (9/~) ~or varfous ca.pact1on and tillage treat.ents (average of 3 s.-p1es) at each depth. 
'EAR 1978 
~fter Ca.pi ......... 

, 
BtOCkS DEf'TH T REA T M E H T S 

• lSY" 1 SYe: lSYO 10YO 5ye SY,. . 
5'(0 

0.05 1,223 . , 1,150 1,127 , 1,190 1,210 1,180 1,187 
0,10 1,487 l,Z77 1.253 1,187 1,32Q 1,227 1,163 

1 -0,15 1,077 1,1S7 1,033 1,090 _1,167 1,277 1,093-
O,lO 0,980 1,380 , ,290 1,26& , .330 1.420 1,263 
o 2~ 1 283 1 442 1 143 l 230 1 217 1 260 • 1,270 

0.05 1,103 1,260 t ,117 0,993 1,060 1,187 1,037 
0,10 , 1,027 1,407 1,103 0,870 I,IMO 1,263 '.307 

2 0.15 1,067 1,061 \,051 0,880 \ .217 1,153 1,207 

0.20 1,240 1.290 1,210 1,140 0.892 1,217 1,457 
025 12U 1 210 1 213 , 100 0811 1 330 1.210 

.) 
0,05 ',147 ',340 '.193 . , 1 ~\70 1,203 1,087 1,123 
D,IO , .... 1.,110 1,267 1,200 1,340 1,223 1,247 1.267 

3 0.15 0,.973 1,133 1,207 l,210 1,143 1,133 1,200 
0,20 '.307 . 1,250 1,277 1,260 1,230 1,263 1,443 
0.25 1 373 1 287 1 443 1 L293 1.350 1 340 1 047 
0,05 1,140 , ,240 1,157 1,067 1,073 1,073 1,053 
0,10 1,13'1 1,240 l,183 1,140 '.237 . I,J03 1,303 

4 0,15 , ,123 1,217 1,253 1,263 1,230 1.223 1,203 , 
0,20 1.327_ . 1,300 , ,273. 1.200 1,343 1,567 1,213 . 
0,25 1.353 1 291 _' ... 340 1,223 1 :3U 1.147 1.213 

J 

\ 
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~t 

,. 

, 

1 
~ 

CD -.. 
1 

,. ., 

.. 

.. 

.../ 

.Jl 
1 



.--~-------..--,,.......----------------

\ 
.. 
;' 188-

TABLE C.8,- Local dr.y density (g/cm3 ) for various -tillage treatments 
(average of 3 samples) at each depth. 

YEA\ 1978 
..... 

, , 

Af T' ter 111 a~e 

BLOCKS DEPTH TRE.ATME N'T S 
m . 

lSYM,' lSYC Sye SYM 

0,05 l, 1 q? , ,037 0,997 0,937 

0, la l, 000 .. ',027 ',053 0,943 

G l 0,15 1,210 , , l 00 r, flO 0,753 
, 

0,20 0,593* , ',243 ',177 1,120 0 

0,25 1,077 1,243 1,223 1,200 
ft 

O,OS ',013 " 0,880 0,977 1,003 

0,10 0,930 , ,170 0,967 1,327 

2 0,15 0,947 , ,033 0,933 1 ,100 

~ 0,20 , ,327 1, '93 , ,293 1 ,290 

0,25 1,283 1,403 1,123 0,593 .. 
" 

0,05 1,073 1,197 0,960 1,047 
) 

0,993 0.10 1,353 , 
1,080 1,253 • 

3 0,15 . 0,927 1,207 1,213 1 ,113 
" . 

0,20 1,103 1,353 1,267 . 1 ,170 . 
0.25 1., 110 1,327 1,167 1 ,313 

0,05 1,083 \043 1,027 1 ,100 

0,10 1,053 , ,070 0,947 1,013 

4 ~ 0,15 ',083 1,107 i' 0,917 ~33 • . 0,20 1,297 1,207 1,180 ,393 

0,25> 1,223 1,f73 1,150 l .280 

*Possib1e existance or a cavity after p1ow1ng . 

.,. 
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TABLE C.9· local dry dens1ty (g/oa3) for var10us coapaction and tillage treabnents (average 3 samples) at each depth, 

YEAR 1978 

StOCKS DEPTH T REA T " E " T S • 1 Sr" 15Ye' 15YO Ul'YO 5ye 5VM SYO 000 
~ 

.J 
0,05 1,057 1,057 1,333 1,143 1,017 1,067 1,057 1,173 
0,10 1,000 1,067 1,353 1,087 1,033 1,173 1,117 1,170 , 

1 0,15 1,370 0,970 1,183 1,120 1,120 l,ll3 1,140 1,107 
0.20 1,S03 1,173 1,020 1,157 1,387 1,310 1,143 1,230 
0 ___ 25 1 301 1 313 1 620 1-,427 1 193 1 220 1 063 1,253 

, O,OS 1,127 
1:: 

1,303 1,380 1!'01 1,043 1,227 1,163 
0.10 1,180 l, 1,253 1.387 1,027 1,147 0,980 1,127, 

Z 0,15 1.040 0,993 , 1.123 1,267 0,793 1,150 1,067 1,110 
0,20 1,107 1,363 1,243 1,343 1,013 1,400 1,400 1,243 
o 25. lJ 183 1 317 1 273 1-,350 1 383 1 393 1 433 1 176 
0.05 1,213 ~,987 1,080 , ,167 1,117 1,093 1,130 1,037 
0.10 1,183 1,103 1,2\1 1,317 1.173 1,223 1,333 1,070 

l 0.15 1.127 1,050 1,180 1,287 l,Z~3 1,213 1,163 1,040 
0.20 1,253 1,330 1,~50 1,353 1,247 1,413 1,367 1,317 
o 25 ~930 1.Hl 1 477 1..,050 1,077 0.623 1,323 1 240 
0,05 1,053 1,030 1,113 1.273 1.037 1,100 1,130 1,057 
0,10 1,093 0,992 1,173 0,920 0,907 1,023 1,157 1,090 

4 0,15 1,053 0,973 1,480 0,973 II" 0.857 1,113 1,151 0,980 
0.20 1,147 1.157 0,950 1,513 1,080 1,533 1,357 1,107 
0.25 l 223 0.953 1 057 0633 _ g~!!40 1,400 1.293 1,123 

\) 
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TABlE C.I0 - AVAr.ge dry bul~ densfty (g/~3) for varfous ca.pactfon and tillage treablents (average of 3 simples) at each depth. 
YEAR 1978 

~ .... re CQIIIIlact. _.. W"- .••• "'!l'- "_w ......... 
BlOCKS DEPTH T R E ~ T M E H T S 1 

• UYM 15TC 15JO 10'f0 5Te 5'1" 5TO 000 

0,05 1,033 1,150 1,017 0,974 0,980 1,000 0,957 0,980 
0,10 1,033 1,173 1,017 0,933 0.,913 0,963 0,943 0,923 

1 0.15 1,067 1,127 1,010 0,953 0,881 0,910 0,893 0,880 

O~20 1,153 "1,137 1,087 1,013 0,991 O/}41 0,927 0,923 

o 25 l 163 1-153 1 n7 1 010 1,023 °L983 0--,977 o ~1 
O,oS 0,940 1,063 l,OlO 1,057 1,010 1,047 1,007 1,101 

0.10 0,923 1,02,7 1,043 1,087 1,043 1,011 0,977 1,120 

2 0,15 0,907 1,003 1,057 1,140 1,027 1,030 0,930 1,137 

0.20 0,947 1,080 1,077 1,163 1,077 1,083 0,973 1,160 

0.25 o 947 ,.1.057 1 127 1 177 1 0'91 1 107 1 000 1 170 
0,05 0,923 ° ,97n 1,017 1,143 1,011 0,943 0,933 0,997 

0,10 0,893 0,931 1,087 0,967 0,990 0,960 0,920 0,950 

3 0.15 0,863 0,911 1,053 0,910 0,973 0,97) 0,927 0,950 
~ 

0,20 0,900 0,967 1,093 0,937 1,033 1,017 0,987 0,970 
{) 25 0.901 o 993 1 110 1 010 1 14G 1 040 o 993 0,-990 

. 0,05 1.003 1,000 1,027 1,037 0,983 0,973 0',941 0,997 
0,10 0,970 0,957 0,930 1,010 0,933 1,000 0.940 0,980 

4 O,lS 0,947 0,943 0,873 0,973 0,833 0,917 0,911 0,963 

G,26 0,987 0,997 O,89j 1,007 0,833 J,037 0,943 1,057 

o 25 ° ,981 1050 o 927 o 970 ~ ____ 1060 0,97 1.057 

" ... 

~ 

..... 
~ 
o 
1 

"" 

.. 
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TABLE C.ll - local dry- density (g/cm3) for various compaction and tillage treatmen~s 
(average of 3 samp1es) at each depth. 

YEAR 1979 

-' B.C.1. A.C. .",. 

BLOCKS DEPTH T REA T MEN T S T REA T MEN T S 
m 

. 15YO 15YM 000 15YO 

0~05 1,153 1.083 0,993 1,383 
0,10 1 J 127 1 .147 1,037 1,380 

1 0,15 0,997 0,997 0,953 .1,303 
0,20 1,113 1,137 1,050 1,497 
0,25 1,073 1,140 1,153 1,430 
0.30 1,113 1,237 1,260 1,243 

0,05 , ,077 1,063 1,103 . 1,177 
0,10 1.083 1,050 1,100 1,,323 

2 0,15 °1853 1,043 0,940 1,210 
0,20 1 .,143 1,160 1,047 1,400 
0,25 1,217 1,050 0,970 1,257 . o .:!O 1,050 1,217 1,350 1,510 

0.05 ',047 0,963 1,127 1,317 
0.10 1,013 1,010 1,023 1,397 

3 0.15 1,007 0,937 0,943 1,313 
0.20 1,173 1,137 

, 

1,150 1,383 
0,25 ',037 1,107 1,453 1,427 
0.30 1,140 1,203 1,373 1,440 

NOTE: B.C.T. - Before Compaction and Tillage Treatments 
A.C. - After Compaction Treàtments 

A.T. - After Tillage Treatments 

n -

15-YM 

1,417 
1,490 
1,480 
1,353 
1,283 
1,483 

1,213 
1,450 
1,177 
1,303 
1,300 
1,340 

1.403 
1,293 
1,280 
1,430 
1,427 ' 
1,~23 

A.T. 

15YM 

1,007 
1,127 
1,383 
1,473 
1,170 
1,643 

1,090 
1 J 100 
l ,-073 
1,247 
1,217 
1,540 

0,907 
1,090 
1,067 
1,060 
1,237 
1,460 

~ 

"' 

, 

" .... 
<D ...... 

1 

J 
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TABLE C.12 - Average dry buH: densfty «(j/~ ) for var'\ous cOIIpaction ami tillage treat.ènts (average of l slIIPles) at eadl depth 

YEAR 1978 

... -..... - --_. _ .. "" -- _ .. _-
" BlOCKS DEPTH T REA T ME" T S . 

• 1 S'fM lSYC 15'f0 10YO SYC SYM SYO 
" 

0,05 1,223 1,150 1,127 1,190 1,210 1,180 1,187 , 
') 

0,10 1,357 1,213 1,193 1,190 1,263 1,201 1,180 

1 0.15 1,263 ; 1,197 1,14~ 1,157 1,233 1,230 1,147 
O,~, 1,193 1 1,2-43 l,lTl / r----- 1,183 1,257 1,277 1,lItO 

o 25 1 207 l,Z73 1 173 1 190 1 250 1 213 1 193 
0,05 1,103 1,260 1,117 0,977 1,060 1,187 1,037. 

! 
0,10 1,100 1,333 1,113 0,923 1,053 ' 1,227 1,173 

2 0,15 1,087 l,lO 1,093 0,901 1,107 1,203 1,180 
0,20 1,1':30 1,257 _ 1,123 0,970 1,023 1,207 1,253 

o 25 1 150 " 1 257 1 143 o 993 o 993 1 233 1 243 

0,05 1,141 1,240 1,17.0 1,193 1,203 1,087 1,123 

0,10 T ,130 1,J07 1,187 1,267 1,213 1,170 1,197 , 
3 0,15 1,080 1,247 1,190 1,250 1,190 1,157 !,197 

0,20 1.120 1,250 1,213 1,250 l,ZOO 1,183 - 1,260 

O,~S 1.267 1 251 1 257 1,260 l 227 l 217 l 217 

0,05 1,230 1,240 ... 1,157 1,06J l,On 1,073 I,OS3 

0.10 l.2fi7 1,243 1,170 1,10} 1,157 1,187 1,180 

4 0,1.5 1,197 1,2l3 l,l97 '\ 197 l, HlO 1,200 1.187 

0,20 - 1,303 1,2!j() 1,220 1,167 1,220 1,290 1,197 
0.25 1 283 1 2fiO 1 240 ~LJJIO~ __ ~.24O __ _J.~O_ L- J.l«!2 _ 

.. 
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TABLE C.13 - Average dry bulk density (g/cm3} for various tillage 
treatments (aver~g,e of 3 samp1es) 'at each depth. 

YEAR 1978 

After Tillage Treatments 
. 

T REA T MEN T S BLOCKS DEPTH 
m' 15YM 15YC 5YC 5VM 

0,05 J,107 1,037 • 0,997 0,970 

0,10 1,053 1,030 1 J 027 0,940 
~ 

l 0,15 1,107 1,063 1,057 0,877 

0,20 0,977 l, 157 1,087 0,943 

0,25 0,997 1,163 1,110 0,990 

0,05 1 ,013 0,880 0,977 1,003 

0,10 0,970 1,027 0,913 1,167 

2 0,15 0,963 1,027 0,957 1,143 

0,20 1,057 1,070 . 1,043 1,180 

0,25 l,10O 1,263 1,057 1,063 

0,05 1,073 1,197 0,960 1,047 

0.10 1,033 1,277 1,023 1,153 

3 0.15 ' 0,997 1,253 1,083 l,140 

0,20 1,023 ',280 1,130 , ,150 

0,25 1,040 1,287 1,137 J,~80 
, 

0,05 1 ,083 1 1,043 1,027 1,100 

~) 
1,070 1,057 0,990 1,060 

4 1,073 1,073 0,963 . 1,117 

0.20 1, 130 1,107 ',020 1,183 

0,25 1 , 147 1,140 . 1,043 1,203 
< 

.. 

.. 
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TABLE C. 14 - Average dry density (g/cm3 ) for var10us compaction and tillage treatments 
(average of 3 samples at each depth. 

YEAR 1979 
• 

B.C. T. A.C. A.T. 
-

BLOCKS DEPTH T REA T MEN T S T R E'A T MEN T S 
- m 

- 15YO 15VM 000 15YO , 
-

< 

-
0.05 1,153 1,083 0,993 1,383 
0,10 1,140 1,117 1.013 1,380 

l 0.15 1,093 1,077 0,993 1,357 
0.20 - ~ 1,o97 1,093 1",010 1,387 
0,25 1,093 1,100 1.037 1,400. 
0.30 1,097 1,123 1,107 1,373 

0.05 1,077 1,063 1 , 1,03 1,160 
0.10 11 °80 1,060 1,100 1,243 

2 0,15 1,003 1,053 1,047 1,233 
(l,20 1,037 1,080 1,050 1,273, 
0,25 1,073 . 1,073 1,033 1.287 
D,3D 1,070 1,100 1.087 1,313 

0.05 1,047 0,963 -1,127, 1,317 
D,la 1,033 O,9B3 1,073 1,357 

3 0.15 1,020 0,970 1,030 1,343 
0.20 1,060 1,010 1,063 1,353 

.l' ), Q.25 1,053 1,033 1,140 ] ,367 
D,3D 1,070 0,973 1.177 1,377 

- - - " 

NOTE: B.C.T. - Before Compaction and Tillage Treatments 
A.C. - After Compaction Jreatments 

A.T. - After Tillage Treatments 

. 15YM 
.... -

151M 

-
1,417 1,007 
1,453 1,070 

, 1,463 1,173 
' 1,430 1,250 ' 
1,403 1,230 
1 Jo 420 1,300 
, 
1,213 1,090 
1,333 1,097 
1,283 1,090 
1,287 ",130 
1 .. 287 1,150 
1,297 1,217 

1,403 0,907 
1,347 1,083 
1,327 0_,983 ~ 

1,353 
1,363 

~ ,007 
1,050 

1,377 1,120 

'\ 

1 , 

~ 

, 
-' 
\0 
~ 
1 
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TABLE C.15 - P@netro.eter reststanc@ {MP~) fnr vartous cOMpaction and tillage treat.ents (average of 3~5a8ples) at each depth, 

VEAR 1978 
__ ._. e 1:000000ctlo .. _ .. _ .... __ .. __ ....... -

BlOCKS DEPTH , T REA T ME" T S 
• lSVM ' 1 SYe lSye) 10YO Sye SYM 5YO 000 

0,05 1.060 0,410 ().~ 0,210 0,290 0,260 0,1110 0.350 

0,10 2,343 2,750 3,230 0,950 , ,680 0.620 0,58) 1,150 

1 0,15 2,340 6,410 2,100 2,090 4,500 2,410 1,470 1/57 
0,20 3-,890 4,?73 5,100 2,230 4,120 3,880 2, ~20 _____ 2,190 

0.25 5,820 4.880 ' 6,400 3 121 S 760 4530 3 500 3 353 
0,05 O,U7 0,503 0,400 0,237 0,240 0,620 (},74O () ,350 

0,10 0,967 0,760 1,530 , 0,910 0,590 3,153 0,760 1,970 

2 0,15 1.307 1.530 1,710 2,350 1,230 4,467 1,650 2,120 

0,20 2,837 2,sa7 3,860 3,000 .- 2,090 4,410 3,090 4.850 . 
0.25 5 427 3 227 3,693 3,940 2 350 4 830 3290 3 320 

-Ct 
0,05 0;463 1,150 1,730 1,680 1,100 0,060 1,320 1,180 

0,10 1,280 1,543 3,910 2,013 2,470 2,610 1,880 1,810 

0,15 1,810 2,400 3.l9O 2,690 3,060 3,400 3,150 2,040 

0,20 3,250 3,710 .4,190 3,923 4,070 3,820 3,1.10 3,350 

o 2S 2.S,4G J 673 5 210 5 400 4 320 4 120 3 920 3 780 

0,05 o~~~. 0,950 1 ,4~0 0,650 . 0,430 J ,090 0,360 0,810 

D,la 2.230 2,l20 3,510 2.570 1,823 ,3,020 2,320 2,570 

4 0,15 2,903 2,900 3,810 3,010 2,380 3,160 2,880 2,990 
0,20 3,960 J,570 4,080 4,020 3,920 3,900 3,780 4,400 

0,25 4 7~ 4490 4 600 4 440 ~~-_ ~060 _ ___ 4~~ _ _ ~07_ 

t 

..... 

"\ 

" 

'" 

• .... 
10 
U'1 
1 .. 

.. 

. " 
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TABlE C.16 - Penetro.eter resistance (HPa) for various ~ct1on and tillage treat.ents (Iverage l s.-ples) at each depth. 

BlOCKS DEPTH 
• 

0,05 

0.10 
1 0,15 

0,20 
- 0,25 

0.05 
0,10 

2 O.lS 
0.20 

o 25 

O,OS 

0.10 
3 0.15 

0,20 

0 ... 25 
0.05 

0,10 
, 4 0,15 

0,20 
0,25 

15'" 

7"'80 
8.360 
4,820 

6,670 
1.700 
6,350 
4,250 

',090 
4.970 
5,440 
5,490 
6,810 
4,253 
S,3SJ 

609 
5,740 
4,720 
5,320 

4.930 , 

·5800 

. 
• 

,sve 
6.0JO 

6,140 
6,820 

7 .5~)J 

5,790 
7,820 

l,no 

3,500 
5,410 
5,030 

7,060 

5,460 
4.%0 
4,860 
6020 
6.060 

4,92q 

5,020 
S,010 
fi 100 

YfAR 1978 
... __ .' ~OIIIPIct 1 01. 

T REA THE " T S 
15YO lOVO 

5,380 5,690 

5,2JO' 4,S03 
5,090 3,260 
6,850 3,650 
1 280 4 lOO 
6.240 3,320 
4.390 5,400 

3.550 4,210 , 
5.700 3,2OQ. 
5590 5,260 

5,300 5,5l0 
4.780 , 5,Oro 

4,683 .4,740 

5,030 4,100 
6170 J 5 no 
4,520 3.380 
4,310 4,290 
5,040 4,900 

..j,970 4.620, 
fi 200 5 440 

, 

SYC 

4,850 
4,320 
4,970 

4,2JO 
6]00 

5,850 
6-:387 
3,951 
4,650 
4 410 

4.270 
3,780 
4,300 

4,410 
5 340 

3,550 
4,460 
4,620 
4s J20 
5 610 

SYH SYO 

4,2JO 4.180 
3.260 1,503 
5,OSO 2.930 
4,290 3J390 
4,800 3 750 
6,760 5,650 
4,320 4,150 
4,890 4.250 
4.503 5,550 
4030 4 733 

3,710 3,920 

3,880 4,020 
4,060 4.310 

4,010 4,090 
S280 4 710 
l,()6(). Z,6JO 

4,070 4,460 
4,900 4,610 

4.4'0 4.580 

5,390 __ ~ _ !t'JO 

-
. "-

1 

i , 

'­
'-

1 

1 
--' 
0.0 
0\ 
1 

" 
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TABLE C. 17 - Penetrometer resistance (MPa) for var;ous tillage 

BLOCKS 

1 

2 

3 

) 

• 

" " 

4 

) 1 Î trea tments (average of 3 samp 1 es) at each depth. 

DEPTH 
m 15YM 

0,05 1,850 
0,10 3,290 
0,15 3.560 
0,20 6.26Q 
0,25 5,320 

0,05 3.440 
0,10 3,310 
0,15 3,970 
0,20 5,377 
0,25 5,850 

-
0,05 1,580 
0,10 2,890 
O.~ 5 - 3,813 
0,20 4,020 
0,25 5,470 

0,05 1,430 

0,10 2,800 
0.15 3,820 
0,20 4,310 
0,25 5,320 1 

.. 

YEAR 1978 
After Til 1 age. 

T REA T MEN T S 

15YC 5YC 

3,410 2,060 
3,590 2,160 
4,620 2,750 
4,700 5, 190 
5,350 6,303 

3,653 3,820 
2,470 2,970 
3,150 2,100 
3,503 4,060 

S~330 5,230 l 
.. 

1,620 1,860 
2,480 2,760 

3.530 2,820 
3,700 3,740 
5,150 4,920 

2,040 2,720 
, 

2,880 2,620 
3,620 3,410 . 
3,670 3,590 
5,800 5,760 

-) 

1 

5YM 

2,030 
2,620 . 
4,070 
6,190 
5,380 

3,620 

3,680 
4,170 

4,970 

4,190 

1,660 
2,890 
3,270 
4,020 
5,240 . 

3,140 

3,690 \,~ 

3,880 
4,720 
5,090 

, 
-
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TABLE e.18 - Penetrometer resistance (MPa)·for various compaction and tillage treatments 
(average of 3 samples) at each depth. 

YEAR 1979 

B.e. T. A.C. A.T. 

BLOCKS OEPTH T REA T MEN T S 
m , 

15YO l5YM 000 15YO 

0,025 0.957 0,650 0,880 4,030 

l' 0,15 2,350 
" 

1,790 2,037 4,583 
\ 

0,30 2,410 1.567 1,227 7,100 

.' 

0,025 .. 0.253 0,210 , 0,250 3,810 
r 

2 0,15 1,467 " 1,437 2.207 3,857 

0.30 1,037 1.310' 0,667 6,690 

.. 
0,025 0,527 0,327 0,203 1.923 -

0 

3 0,15 1,450 0,690 1,383 5,959 

0.30 1 J 970 0,740 1,207 6,540 
- -- _._.- - -

NOTE: a.C.T. - Before Compaction and Tillage Treatments 
A.C, - After eompactjo~Treatments 
A.T. - After Tillage Treatments 

T R E,A T MEN T S 

15YM 15YM . 

3.020 2.577 

2,900 1,950 

8,377 2,430 

, 

3,020 2,253 

2,900 2,297 _ 

9,043 3 .. 727 

2,073 2,52? 

4,497 2,433 

6,147 5,153 

- 1 

~ i 
, 

-

.. 

\0 
(XI 
1 

/ 

,...,.... ....... "'" 
/ .." 

.. 
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- TABlt C.19 - Vine 5hea~ resistance (kPa) for vartous ca.pactlon and tillage treatlents (average of 3 salPles) at each depth. 

Y~R 19n 

Before Ca.pact1on and Ttllage ireat.ents 
. , 

BlOCkS DEPTH , T REA T ME" T S 
• ':.15YM lSYC ISYO 10VO SYC SYM 5YO 000 

0,05 3,646 2,873 3,830 2,393 2,393 1.911 2,393 2,153 -
1 0,10 21,647 22,503 20,107 16,280 22.9sQ" 17,717 15,800 18.193 

0,25 43.-090 40,700 83,790 57,460 76,610 83,790 14,213 59.850 
. 

0,05 3,353 2,870 3,830 3,353 2,813, 5,270 2,870 2,393 

2 0,10 14,363 11,970 1J,407 11,240 16,757 15,320 14,363 13,407 

0,25 54,583 28,730 66,030 51,710 55,060 93,367 39,260 56,500 

0,05 1,917 1,440 3,81O 2,870 2,873 5,270 1,917 2.390 

3 0:10 15-,800 14,840 28,730 22,023 24.420 21,:t 
~ 

23.460 
t 

0,25 50,273 47.880 67,030 47,880 79,000 52,6 43,09 59,850 . 
D,OS 2.,633 2!870 2,150 2,633 2,393 2,393 2,393 \ 2,870 

4 0,10 16,280 22,023 2,010 17.717 
,) 

19,150 22,503 11,240 17,717 

0,25 52,661 55,063 47,880 67,033 ,69,~7 
, 

43,090 64,640 68,910 
~_ ... _- '--- -~~ ... - ~------ - ---- -_._~ -----

• 
,6 

\ - ---- -- ~-' 

1.0 
~ 
1 
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TABlE C.2O - Vane shear reststance (kPa) for var10us ca.pact1on and tillage treat.ents (average of 3 sa.ples) at each depth. 
.".. '[AR 1978 ' 

After Ca.paction 

BlOCICS DEPTIt 
TREATMENTS 

• . 15YM 
, 

15ye 15YO \OYO Sye SYM 5YO 

0,05 21,556 16,160 11,910 22,983 10,533 15,320 13,260 
1 

1 0,15 90,970 93,361 97,000 55,063 45.487 57,457 60,U7 

0,25 98,153 83,790 90,970 67,030 62,240 79,000 12.243 

0,05 
0 

21,WO 20,590 35,910 24,420 16,2~ 22,503 16,760 

2 0,15 59.850 88,580 16,610 55,063 57,457 74,213 64,503 

~ 

0,25 79,000 93,367 83,790 74,213 74,213 90,970 88,577 

0,05 . 13.407 22,020 30,643 26.333 11,970 24.900 21.547 . 
3 0,15 55.060 69,427 83,790 74,213 62,240 69,427 71,820 

0,25 59.860 74,213 64,637 j 83,790 57.457 74,297 83,790 

0,05 16,280 10,533 28,730 19,153 15,~ D ".503 
21,5-47 . 

4 0,15 40,700 "SO .273 57,451 64,617 55,060 52,610 71,820 . 

-t 
0.25 67,030 45.487 59,427 66,030 39,000 ( 67,030 83,790 

, 
2 " 

t 

\ , 

-., 

1 
1".) 

o 
o 
1 

... 
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TABLE C.2l - Vane shear resistance (kPa) for var;ous tillage treatments 
(aver.age of 3 samples) at each depth. 

YEAR 1978 

After Till age 

B~OCKS DEPTH TREAT~ENTS 
m . 

15YM 15YC' Sye 5YM 
, 

0,05 10 (053 5,270 14,840 '12,450 
1 

- 1 0,15 64,140 62,243 69,430 "45,487 

0,25 69,430 83.~O 76 9 607 
. 

64,640 :-
. 

l 
, 

0,05 16,277 21,547 11 ,970 19,630 
, 

2 0,15 .50,273 76,900 55,06~ ~ 5~,063 , 

0,25 67,030 . ,59,850 71,820 83,790 

0,05 7,180 21,547 14.363 14,843 
L. 

3 0,15 27,290 43.093 45 t487 55,060 
• 

0,25 56,497 ~.950 47,,880 57,933 
1 

( 
<> 

D,OS 10,530 18,193 8,617 16,760 

4 0,15 50,273 40,697 45,487 64,573 

0,25 76,610 71 ,820 55,063 86,180 , 
/ 

• 
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• TAelE C.22 - Vane shear resistance (kPa) for various compaction and tilla9~ treatments 
\ (average of 3 samp1es) at each depth. ~ 

-::).";.: 

YEAR 1979 ~-\ 

B.C.T A.C A.T 
-

BlOCKS DEPTH T REA T MEN T S T REA T MEN T S . m 
-

, 15YO 15YM 000 15YO 

0.025 3,430 
r 

2,393 l..- 5,030 47,080 

1 0,15 58,253 26,333 25,857 . 87,780 

0.30 85,387 79,800 7.8
t
203 122,093 

- 1 

0.025 2,633 3.750 2,710 32,717 
" 

" 2 0,15 24,740 34,313 53,467 83,790 

0,30 90,177 85,390 89,377 118,103 

. , 
0.025 _ 2,713 4,243 3,350 45,487 

3 0,15 39,900 31,120 25,533 76,607 

0,30 83 • .187 52.667 74,217 106,933 
-- - ----------

, 
-~-----

, - -- --, 
. NOTE: B.C.T. - Before Compaction and Tillage Treatments 

A.C. - After Compaction Treatments 
A.T. - After Tillage Treatments 

.. 

lSYM 000 

70,.00 1,1,970 

76,607 66,233 

77,407 78,203 

77 ,407 7,820 

74,213 34,313 

70,227 102.940 

48,677 7,977 

82,197 51,870 

114,910 110 ,923 
- - - - - . 

.. 

1 

1 

"" o 
N 
1 
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T~BlE C.Z3 ~ Average plant he1ghts (CM) for var10us co.pactlon and tillage treablents (average of 5 sa.ples) 
throughout the growing season of 1978 

o A T E S 
TREAT-

BlOCKS MEMTS , AUGUST SEPTEMBER 

4 9 14 18 22 25 29 l 6 

lSYM 8,20 '14,30 22,20 31,80 48,90 49,50 51,10 51,10 52,20 

15'(C 5,10 • 10,20 18,q2 28,4i 28,~O 44,00 42,50 48,90 53,60 

15YO 4,70 7,40 12,3.4 21,70 27.90 33,90 28.90 42,20 42.30 

1 10YO 8,80 10,70 15,80 26,20 29.40 30,60 33,60 39,30 43,80 

5YC 7,00 13,20 20,00 25,20 32,00 42,04 52,00 59,80 61,20 

5YM 10,10 11 ,70 21,10 28,50 40,10 41,50 42.60 54,00 63,10 

5'tO 10.10 15,70 22.90 29,2 36.40 45,30 45.50 46.10 56,50 

000 15,50 23,90 41,50 54,10 58,80 65,60 73,60 77 ,10 84,30 

15YH 14,50 24,60 40,50 51,80 59,50 65,20 66,40 66.40 67,00 

15YC 9,00 9,90 29,90 24,90 35,00 36,40 43,40 52,90 58,60 

15YO 4,70 7,60 - 18,60 , 24,50 25,50' 32,80 33,90 35,90 

2 10YO 5,60 10,10 18,40 20.ID 23,50 31,10 33,90 38,60 44,00 

5YC 8,10 12.00 21,40 22,90 40,20 45,70 53,20 6,50 67,70 

SYH 13,80 22,70 39,3 28,50 56,40 58,70 66,90 67,90 72,40 

5YO 8,10 13,30 19,8 26,40 31,30 33,10 35,80 43,40 48,50 

000 21,30 31,60 . 53.5 59,40 72,50 75,90 80,90 86,00 86,70 

i 

"'l 

9 
53,20 

56,70 
47,40 
46,20 

67,50 

67,20 

56 ,~8O 

61,40 

68,00 

60,60 

40,00 

45,10 

70,80 

72,50 
49,60 
86,90 

.. 

" 

1 

• N 
a 
w 
1 

f 
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TABLE C.Z3 (Cont'd.) 

, 

D A T E S 
SlOCkS 

_ TREAT-
MENTS AUGUST 

4 9 14 18 22 25 
15YM 12,40 24,50 34,90 40,00 51.20 52,02 
15Ye 5,70 9,10 14,40 23,10 35,80 41,80 
15V,O ,4,80 8,00 13,30 16,10 20,60 29.80 

l 10YO 5,80 11 ,50 19,40 28.40 41,04 49,50 
0 

sye 7,lO 9.70 19,10 27,00 39,20 46,80 
5YM 6,40 8,20 14.40 20,10 32,80 33,50 
5YO 8,10 12.50 28,60 29,70 43,10 46,20 
000 11,40 32,80 4!j,,90 59,5D 74,50 74,90 

1SVM 4:00 - - - 36,00 36,20 
15le 8,TO 12,80 2i,70 23,20 36,40 46,20 
1510 7,80 10.50 20.60 24,20 33,60 44,90 

.. 10VO 6,90 11,80 23,20 27,80 39,90 54,0 
Sye 6-.90 8,60 17,30 23,70 37,40 46,50 
5YM 9 J 70 12,60 21,30 27,50 42,20 43.40 
sm 4.70 9,70 15,00 \8,40 30,50 32,50 

000 13,20 20.00 31,20 43,30 60,80 62,00 
- '" 

il 

<:-

p m 

,./ 

~ 

SEf'TEMIIER 

29 1 6 
55,60 55,70 66,40 
sc; ,50 58,20 59,00 

33,20 40,20 42,30 
52,40 60,20 61,00 
62,Hl 68,00 71,50 

46,60 c 49,70 61,30 

50.60 55,30 58,30 
82,70 86,40 86,50 

42,00 ,42,50 45,60 
52,60 61,60- 65,20 
51,20 57,20 57,:lt 

54,90 . 55,30 56,00 
52,60 61,10 66,80 
45,10 58,20 ~5,60 

39,50 47 ,20 54,30 
66,6n 70,44 85,70 

, -

-

9 
69,40 
61,50 

46,20 
61,00 
72,70 

64.1P 
58.40 
86,8!l 

46,60 
65,70 
59,20 

56,50 
69,00 
67,70 

55,50 
81,00 

• 

1 

1 

• r-> 
CI 
~ 
1 

.. 
., 

• 
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TABLE C.24 - Average plant heights (cm) for various compaction and tillage treatments (average of 5 samples) 
throughout the growing season of 1979. ~ 

D A T E S " 

TREAT-BLOCKS MErnS J U l y . A U GUS T 

14 18 23 28 31 9 15 21 28 

15YM ~ 8,54 18~20 30,30 46.30 62.20 ~2.60 87.50 96,60 97.60 

1 15YO 8.20 16.10 26,00 40,30 49.00 70,00 
, 

72,00 88,20 88.60 

000 8,70 21,00 36,50 54,60 65.00 87.70 94,00 95,20 98,44 
. 

15VM 9,00 16.40 26,60 42,90 54,30 77 .40 94. l 94,90 95,30 

2 15YO 8,80 16,20 28,1 41,50 54,90 78,30 86,20 96,10 96,60 

000 9,60 24,10 37,30 52,40 64.30 93,10 97,20 100,70 101,30 

15YM 7,20 16.20 2B,BO 45,10 54.70 80~0 85.10 93,90 92.50 

3 15YO 8.70 16,50 29,80 45,00 58,50 80,80 82,50 90,70 90,80 

000 7,70 19,50 fo. 34.40 56, la 62,30 88,80 95,60 98,20 - 99,40 
-- - -~._ .. ~--- - - _._--~ -~ ,~---_ ..... - -_ .... _~~ 

~ 

~ 

! 
1 

1 

i 

1 

1 
f'\:I 
o 
U"1 
1 

, 
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TABLE 0.1 - Ana1ysfs of variance for increase in dry ~ensity at different 
depths. 

YEAR 1978 

A. 0,05 {m} 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

"'ode1 14 0,20 0,014 2,79 0,0077 0,5418 46,98 
Error 33 0,16 0,005 Std. Dey. Zl Mean' 
Corr. Tot. 47 0,36 0,07 0,15 

~ 

Source ' OF Anoya 55 F Pr> F 

Block 3 0,0132 0,87 0,4662 
Treatment 11 0,1835 3,31 0,0038 

,fr ... 
B.O,10 (m) 

Source OF Sûm of Mean F Pr:> F R2 C.V. Sq. Sq . 
• 

Madel 14 D,50 0,036 2,92 0,0057 0,5531 43,51 
Error 33 0,40 0,012 Std. Dey. Z2 Mean 
Corr. Tot. 47 0,90 0.11 0.25 

Source OF Anova SS F Pr) F 

Black 3 0.0726 1,99 0,1351 
Treatment 11 0,4251 3,17 0,0050 

C. 0,15 (m) 

Source OF Sum of Mean F Pr> F R2 C .. V. Sq. SC!. 

Model 14 0,43 0,030 3,52 0,0014 0,5991 48,24 
Error 33 0,28 ",,0,008 Std. Dev. Z3 Mean 
Corr. Tot. 47 0,71 0,09 0,19 

'\C: 
Source OF Anova 55 F Pr.> F 

Block 3 0,2165 8,33 0,0003 
Treatment 11 0,2106 2,21 0.0387 

= 
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TABLE 0.1 (Cont'd) 
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TABLE 0.2 - Analysis of variance for Itncrease in dry den.sity at di\,ferent 

deptlfs. 
YEAR 1979 

\ 
A. 0,05 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

Model 5 0,15 
, 

0,031 4,58 0,0455 0,7925 42,98 

Error 6 0,04 0,007 Std. Dev. V, Mean 

Corr. Tot. iP 0,19 0,08 

'F 

0,19 

Source OF Anova 55 Pr> F 

Black 2 0,0238 
' ) 
1,78 0,2476 

TreatJnent 3 
" 

0,1299 6,46 0,0262 

A. 0,10 (m) 

Source OF Sum of Mean F Pr> F R2 C.V. Sq. Sq. 

Model 5 0,25 0,045 12,33 0,0041 0,9113 25,50 

Error ·6 0,02 0,004 Std. Oey. V2 Mean 
Corr. Tot. 11 0,27 0,06 0,25 

Source OF Anova 5S F Pr> F 

Black 2 0,0018 0,23 0,8026 

Treatment 3 0.2462 20,41 0,0015 

-t B. 0,15 (m) 111 

If' 

, Source OF Sum of Mean F pr> F R2 C.V. SC!. Sq. 

Madel ·5 0,26 0.O~3 8,67 0,0102 0,8784 35,88 
':' 

Errer - 6 0,04 0,006 Std. Dev. V3 Mean 
Carro Tot. 11 0,30 0,08 0,22 

Source OF Anova 5S F 'Pr> F 

Black 2 0,0111 0,91 0,4511 

Treatment 3 0,2528 13,84 0,0042 
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r 
TABLE 0.2 (Cont'd) ~ 

D. 0,20 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. sq. Sq. 

Mode 1 5 0,22 0,045 17,20 0,0017 . 0,9348 29,04 

Error 6 0,02 0,003 5td. Oey. V4. Mean 

CorI". Tot. 11 0,24 0,05 Q,18 
AS: 

Source OF AnDya 5S F Pr>F 

Block 2 0,0158 ,3,05 0,1221 

Treatment 3 0,2070 26,63 0,0007 

E. 0,25 (m) ... 

Source OF Sum of Mean' F Pr>F R2 C.V. Sq. Sq. 
, ( 

Mode 1 5 0,10 0,019 1,77 0,'2532 0,5958 69,47 

Error 6 0,06 ~.,Ol' Std. Dev. Vs Mean 

Corr. Tot. 11 0,16 0,10 0,15 
,,--- , 

Ir> F Source ' OF Anoya SS -f 
\ 

1,94 '--, 
) 

81ocl< 2 0,0424 1 0,2241 1 --Treatment 3 0,0543 1 ,66( ; 0,2740 
0 

'=,( 

F. 0,30 (m) 

Source OF Sum of Mean F Pr)F R2 C.V. Sq. sq. 
-:; -.... 

Mode 1 5 0,07 0,013 1,.12 0,4400 0,4823 55,37 

Errol" 6 " 0,07 0,011 Std. Oev. V6 Mean 

Corr. Tot. 11 0,14 0,11 0,20 

Source OF Anova 55 'F Pr>F 

Black 2 0,9°95 0,40 0,6869 

Treatment 3 0,0568 1,60 0,2861 

,/ 

= 



.------~------------------~--------------------



·212-

~ 

\ 

'0 
TABLE 0.3 (Cont'd) 

d '. 

O. 0,20 (m) " 

"-' 

Source OF Sum, of Mean F Pr>F- R2 C.V. ?q. Sq. 
, 

Mode 1 .. 14 0,44 ra ,032 1,28 0,2700 0,3522 5021,05 

Error 33 0,81 ',0,025 Std. Dev . Z4 Mean . 
Coh. Tot. 47 l ,2 0,16 1 0,003 . 
Source OF Anova 5S F. Pr> F 

Block 3 0.1220 1 ,65 0,1964 . 
Treatment 11 0.3196 1 ,18 0,3375 

E. 0,25 (m) 
-----.-. -- ~', 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq, 

"' Mode1 14 0,49 0,035 0,82 0.6468 0,2573 257,60 1 

Error 33 1 ,42 0,043 Std, Dev', Zs Mean 
Corr. Tot. 47 1 ,91 0.21 0,08 

Source OF Anova 55 F Pr>F 

Block 3 0,1011 0,78 0,5122 

Treatmènt 11 0.3912 0,83 0,6159 
, , 
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TABLE 0.4 - Ana1ys;s of variance for decrease' in dry densit~, at 

different depths. 
YEAR 1979 

./ 

A. 0,05 (m) 

~ Sum of Mean F Pr>'F R2 C.V. Source OF Sq. Sq. 
" 

Model 5 0,27 0,053 5,16 0.0356 0,8114 75,72 /' 
Error 6 0,06 0,010 Std. Oev. V, Mean 
Corr. Tot. 11 0,33 0,10 0,13 

" 

Source OF Anova 55 F Pr>F . 
, 

. B10ck 2 0,0160 p.78 0,5016 

Treatment 3 0,2494 8,09 Q,0157 

~ .. 
) 

B. 0,,10 (m) 

Source OF Sam of Mean F Pr>F R2 . C.V. Sq. Sq. 
Itr 

Mode 1 5 0,21 0,043 14,17 0,0029 0,9219 42,71 

Error 6 0,02 0,003 . Std. Oev. V2 Mean 

Corr. Tot~ 11 0,23 , 0,05 0,13 
• 

Source OF Anova 5S F Pr>F 

Block 2 0,0012 0,20 0,8218 " 

. iJ'reatrnent 3 0,2125 23,48 0,0010 

C. 0,15 (m) 

Source OF Sum of Mean F Pr)F RS7 C.V. Sq. ' Sq. 

Mode 1 5 0,07 0,013 6,00 0,0249 0,8334 70,23' , 

Error 6 0,01 0.002 Std. Oev. V3 Mean 
Corr. Tot. 11 0,08 0.05 o,m 
Source OF Anova 5S F Pr>F 

B1 ()ek 2 0,0123 _ 2,82 0,1372 

Treat."1ent 3 0,0535 8,13 0.0155 
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TABlE 0.4 (Cont 1 d) 

D. 0,20 (m) 

Source OF Sumo of Mean F Pr> F • R2 C. V. Sq. Sq. 

Madel 5 0,13 0,026 l,54 0,3063 0,5613 183,63 _ 

Error 6 0,10 0,017 Std J oev. V4 Mean, 

<1 Corr. Tot. 11 0,23 0,13 0,07 

Source OF Ana.va S5 F Pr>F' 

Black 2 0,0598 1,79 0,2449 

Treatnlent 3 0,0681 1,36 0,3408 

E. 0,25 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

Madel 5 0,08 0,015 2,0,2 0,2087 0,6271 133,89 

Error b 0,04 0,00.7 Std. Dev. Vs Mean'~ 
Corr. Tot. 11 0,12 0,08 0,06 

Source OF Anova 55 F Pr>F 

Black 2 0,0254 1,68 0,2643 

Treatment' 3 0,0511 2,25 0,1833 

F. 0,30 (m) 

Source OF Sum 'of Mean F Pr :>-F R2 C.V. Sq. Sq. 
;;# i 

Model 5 0,37 0,074 14,80 0,0025 0,9250 139,15 

Error 6 0,03 0,005 Std. Dev. V6 Mean 
Carr. Tot. Tl 0,40 0,07 0,05 

Soùrce OF Anova SS F Pr>F 

( Block' °2 0,011 0 , 1,09 0,3947 

Tr,atment 3 03592 23,93 0,0010 
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TABLE 0.5 - Analysi s. of variance for increase ; n penetrometer 
\ 

J resistance at \dif;:~:n~9~:PthS. 

A. 0,0.,5 {m} 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

Mode 1 14 113,14 8,081 12,79 0,0001 0,8443 19,23 

Error 33 20,86 0,632 Std. Dev. Zl Mean 

Corr. Tot. 47 134,00 0,79 r~ 4.13 

Source OF Anova $S F Pr>f 

B1Qck 3 J,... 23,3403 12,31 0,0001 

Treatment 11 89,8001 12,92 0,0001 

B. 0,10 (m) 
, 

Source OF Sum of Mean F Pr)F R2 C:V. Sq. Sq. _ 

Mode 1 14 62,65 4,475 3,95 0;0006 C ,6260 37,96 

Error 33 37,43 1,134 Std. Dev. Zz "Mean 
Corr. Tot. 47 100,08 1,06 2,81 , 

,;;: 

Source ~ OF Anovd 5S t7 F , Pr>F 

Block 3 • 20,1127 5.91 0,0024 '" 
Treatment 11 42,5399 3,41 

. 
0,0031 ' , 

C. O.ZO \m) 

Source OF Sum of Mean F Pr)F RZ C.V. Sq. 5q. 

Mode1' 14 30,48 2~177 4.83 0,0001 0,6723 " 67,45 

Error 33 14,86 0,450 5td.
J
Dev. Z4 Mean 

Corr. Tot. 47 45,34 0,67 0.99 

Source OF Anova 5S F Pr>F 

Block 3 5,9399 4,40 0,0104 

Treatment 1l~ ~4 ,5372 
.~ 

4,95 '\j 0,0002 
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TABLE 0.6 - 'Analysîs of vartance" for increase - " 

in penetrometer 

resistancecrt different depths. 
YEAR 1979 ~ 

A. 0,05 (m) 

Sum of Mean • 
Source OF Sq. Sq .• 'F- Pr> F R2 C.V. 

Model 5 15,22 3,043 9,57 0,0080 0,8886 31,46 

Error 6 1,91 0,318 Std. Dey. V, Mean 
Corr. Tot. 11 1-7,13 0,56 , ,79 

Source DF Anoya 55 F Pr>F 
~ 

Black 2 0,93Q4 1,46 0,3037 

Treatment 3 14,2863 14,98 0,0034 
~ 0 

" . 
( 

B. 0,15 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. '. Sq. Sq. 

Model 5 40,26 8,052 2,32 0,1670 0,6594 81 ,11 
• Error 6 20,79 " 3,466 Std. Dev. V2 Mean 

u 

Corr. Tot .• 1'1 61,05 1,86 2,30 

• Source DF Anova 5S F Pr> F 

Black 2 13,6082 1,96 0,2208 
v 

Treatment 3 26,6521 2,56 0,1506 

, . 
,~ 

C. 0,30 (m) 

. i 
Sum of Mean" î Source OF Sq. Sq. F Pr>F R2 C.V. 

1 
! 

Mode1 5 98,90 19,780 19,73 0,0012 0,9427 22.61 

; Error 6 6,02 1,003 Std. Oey. V3 Mean 
1 . Corr. Tot. 11 104,92 1,00 4,43 

1 

. , 
( 1 Source OF Anova S5 F Pr>F 

~ 

t , 
810ck 2 ..,7093 2,85 0,1351 i 

1~" 

1 Treatment 3 93,1927 30,98 0,0005 
1· l! , 
1 !) ,v 
i - Ac ,P;{ .. 

... ~ .. <,-~- . ~ r,"" <1" rpM ;r r":"r ~ r 
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TABLE OJ - Analysis of variance for decrease in penetrometer 

resistance at different depths. 
,YEAR 1978 

.A. O,O~ (m) 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. . Sq. 

Madel 14 125.-17 8.941 1~.50 0.0001 0.8514 41.89 
Error 

0
33 21 .85 0,662 Std. Dev. Zl M~an 

Corr. Tot. 47 147,02 0.81 1 ,94 

Source OF Anova SS F Pr>F 

Block' 3 2,8715 1,45 0,2473 
Treatmènt 11 122,2984 16.79 0,0001 

" , 

B. 0.10 (m) 
( , " R2 

Source OF Sum of Mean F Pr>F C.V. 
Sq. Sq. 

Model 14 59.00 4.214 3,87 0.0007 0,6218 78,04 
Error 33 35.89 1.088 Std. Dey. 

:rr 
Z2 Mean 

Corr. Tot. 47 94,89 1,04 1,34 

Source OF Anova SS F Pr>F 

B10ck 3 2~7095 0.83 0,4867 
Treatment 11 56.293, 4.71 0.0003 

t 

C. 0.20 Cm) 

Sum of 
.. 

Source OF Mean F Pr>F R2 C.V. Sq. Sq. 

Mode1 f 14 30,24 2,160 8,32 0,0001 0,7791 161,84 
Error 33 8,57 0,260 Std. Dev . Z4 Mean 

..; Corr. Tot. 47 38,81 0,51 0,31 .. .. 
' ( Source OF Anova SS F Pr>F 

Black 3 0,3974 D,51 0,6782 
Treatment 11 29,8442 ( 10,44 0,0001 
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TABLE 0.8 - Analysis of variance for decreaSè in penetrometer 
res1stance at different depths, 

YEAR' 1979 

A. 0,05. (m) 

Source OF Sum of Mean F Pr>F R2 C.V. - Sq. Sq. 

Model 5 1,02 ,0,205 l ,21 0,4062 0,5015 172,72 

Error 6 1,02 0,170 Std. Dev. ~l Mean 
Corr. Tot. 11 2,0'4 0,41 , 0,24 • + 
Source OF Anova SS F Pr>F 

Black 3 0,0384 0,11 0,8949, 

Treatment 3 , 0,9870 1,94 0,2249 
1 

B.0,15 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

Madel 5 43,08 8,617 2,11 0,1945 0,6378 154,73 

Error 6 24,46 4,077 Std. Dev. V2 Mean 
Corr. Tot. 11 67,54 2,02 , 1,30 

Source DF Anova SS F Pr>F 

Block 2 10,8119 1,33 0;3335 

Treatment 3 32,2711 2,64 0,1440 

C. D,3D (m) 

Source OF Sum of Mean F Pr>F R2 C.V. , Sq. Sq. 

MOdel 5 74,32 14,865 8,09 0.,0121 0,8708 58.15 

Error 6 11,02 1 ,837 Std. Dev. V3 Mean 
Corr. Tot. 11 85,34 1,36 2,33' 

Source OF Anova 5S F -Pr>F 

Black 2 7,1196 1,94 0.2242 

Treatment 3 67,2042 12,19 0,0058 
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TABLE 0.9 - Ana1ysis of variance for decrease in vane shear resistance 
/' at different depths . ./ ~/--'t._ 

~-

YEAR 1978 " 

A. 0,025 (m) ,,. 

Source OF Sum of Mean F Pr> F R2 C.V. Sq. Sq. 

Mode1 14 1761,03 125,788 6,67 0,0001 0,7390 27,47 
Error 33 621,98 18,848 Std. Dev. Zl Mean 
Corr. Tot. 47 2383,01 4,34 15,80 

Source OF Anova SS F Pr> F 

Block 3 118,3873 2,09 . 0,1199 
Treatment 11 1642,6403 7,92 0,0001 

B. 0,10 (m) 
\ 

Source OF Sum of Mean \) 
Pr>F R2 C.V. Sq. Sq. F ( 

/lf' Mode 1 14 12221,92 872 ,99 6 ,~O 0,0001 0,7338 26,87 
Error 33 4434,76 134,39 Std. .. _Dev. Zz Mean , 

Corr. Tot. 47 16656,68 11,59 43,14 

Source OF '11\ Anova S5 F Pr>F ... 

Black 3 437,40 1,08 , 0,3690 ~ 

Treatment 11 11784~52 7,97 0,0001 

C: 0,20 (m) 

Source OF Sum of Mean F Pr> F R2 C.V. Sq. Sq. ,-. 
Model 14 1943,38 138,81 l ,-23 0,3019 0,3427 ' PS,42 
Error 33 3727,58 112,96 Std. Oev. Z3 Mean 
Corr. Tot. 47' 5670,96 10,63 14, la 

( Source OF Anova F Pr:>F 
, 

Block 3 207,0683 0,61 0,6126 
Treâtment 11 " 1736,3158 1,,40 0,2202 

• 
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TABLE 0.10 - Analysis of variance for increase in vane shear r~sistance 
at different depths. 

YEAR 1979 

A. 0,025 (m) 

Source OF Sum of Mean 
Sq. Sq. F Pr> F 

Model 5 6324,93 1264,986 12,35 0,0041 . 0,9114 

Error 6 614,44 102,407 Std.Dev. 
10,12 Corr. Tot. 11 6939,37 

Source 

Black 

Treatment 

B. 0,15 (mi 

Source, 

Model 

" Error 
Corr. Tot. 

Source 

Block 
Treatment 

C. 0.30 {ml 

Source 

Mode 1 

Error 
Corr. Tot. 

Source 

Black 
Tre~tment 

OF 

S 

6 

11 

OF 

2 

3 

Sum of "Mean 
Sq. 5q. 

231,5986 

6093,3331 

F Pr>F 

F 

1 ,13 

19,83 

4217,40 
485,46 

4702,46 

843,481 10,43 0,0064 0,8968 

OF 

80,842 

Anova 5S 

31,8937 

4185,5094 

Std. Dell. 

8,99 

F 

0,20 ' 

17.26 

OF Sum of Mean F Pr>F 

5 

6 

11 

Sq. Sq. 

2646 .82 529 .364 

1471 ,55 245.258 

4118.31 

OF 

2,16 0.1881 0,6427 

Std. Dell. 

15,66 

Anova SS F 

2 

3 

408,9513 
2237,8695 

c.v. 

27,87 

V, Mean 
36,31 

.. 
Pr>F 

0,3831 
0,0016 

c.v. 

28,83 

\ 

V2 Mean 

31,19 1 
0,8261 
0,0024 

c.v. 

79,40 

V3 Mun 

19,72 

0,4792 

0,1143 ' 
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TABLE O.ll - Ana1ys;s of variance for increase in vane shear res;stance 

1 

at different depths. 
, YEAR 1978 

A. 0,025 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

Model \ 14 1050,90 75,064 1,89 0,0651 0,4456 112,69 
Error 33 1307,30 3'9,615 Std. Oev. Zl Mean 
Corr. Tot. 47 2358,20 6,29 5,59 

Source OF Anova SS F Pr>F 

Block 3 143,2093 1 ,21 0,3232 
Treatment 11 907,6893 2,08 0,0511 

B. 0,10 (m) 

Source OF Sum of Mean F Pr.>F R2 C.V. 
Sq. 5q. 

Mode 1 14 7810,85 557,918 1,87 0,0686 O,44?8 124,47 
Error 33 9828,29 297,827 Std. Dev. Z2 Mean 
Co'rr. Tot. 47 17639,14 17,26 13,87 

Source OF Anova 55 F Pr>F 
l ' 

Block 3 1834,1943 2,05 0,1255 
Treatment 11 5976,6533 1,82 0,0896 

.. 
C. 0,15 (m) ~ 

't 

'l, 

Source OF Sum -of Mean F Pr>F R2 C.V. Sq. Sq. 

Mode 1 14 3399,84 ~42,846 1,18 0,3319 0,3343 200,24 
Error 33 6770,70 205,173 5td. Oev. Z3 Mean 
Corr. Tot. 47 10170,54 14,32 7,]5 

( Source OF Anova 55 F Pr>F 

Block 3 891,6232 1,45 O,246~ 

Treatmen't 11 2508,2205 1',11 0,3835 

7 
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TABlED.12 - Analys;s of variance for decrease in yane shear resistance 
at different depths. 

YEAR 1979 

A. 0,025 (m) 

Source OF Sum of Mean F Pr> F R2 C.V. Sq. Sq. 

Mode1 5 7247,41 1449,482 11 ,01 0,0055 0,9018 49,15 
Error 6 789,60 131 ,56O Std. Dey. Vl Mean 
Corr. Tot. 11 8037,01 11 ,47 23,34 

! 
Source OF Ancya SS F Pr>F 

Black 2 169,5442 0,64 0,5579 
Tr-eatment 3 7077 ,8655 17,93 0,0021 

B. 0,15 (m) 

Source OF Sum of Mean F Pr>F R2 C.V. Sq. Sq. 

Model 5 3382,37 0,0124 0,8698 56,62 
Errer 6 506,50 Std. Dey. V2 Mean 
Corr. Tot. 11 3888,87 9,19 

Source .. OF Anova SS F Pr>F 

Black 2 0,21 0,8150 
Treatment 3 13,21 0,0047 

C. 0,30 (m) 

Source OF Sum of Mean 
R2 Sq. Sq. F Pr>F c.v. 

Model 5 3830,68 766,135 4,93 0,0388 0,8042 198,18 
Error 6 932,51 155,418 Std. Oev. V3 Mean 
Corr. Tot. 11 4763,19 12,47 6,29 

Source OF Anoya S5 F Pr>F 

Black J 339,2884 1,09 0,3942 
Treatment 3 3491,3894 7,49 0,0188 



-223-, 
TABLE 0.13 - Regression model of lnQ = a + b1nt for var;ous - compaction and tillage treatments at 0 - 0,15 and 

o -, 0,3Om depth. 

,A. 15YC 

, at 0 - O,15m depth 

Source Of Sum of Sq. Mean Sq. F Prob> F 

Regression 0,53956 0,53956 29,76 0,0001 

Error 13 0,23573 0,01813 
Total 14 0,77528 

B Value Std Error Type II 55 F Prob> F R 

Intercept -0,66876 
Oays -0,16741 0,03069 0,53956 29,76 0,0001 0,70 

at.O - O,25m depth 

Source OF Sum of Sq. Mean Sq. F Prob > F 

Regress ion 1 0,10347 0,10347 5,30 0,0001 
Error 13 0,02674 0,00206 
Total 14 0, D021 

B Value Std Error Type Il 55 F Prob> F R 

7 
, 

• Intercept -0,93094 
Days -0.07331 0,01034 0,10347 50,30 0,0001 0,79 
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1 
TABLE 0.13 (Cant 1 d.) 

B. 15YO 

at 0 - O,l?m depth 
(. 

. Source OF Sum of Sq. Mean Sq . F Prob> F 

Regression 1 0,14987 0.14987 19,11 0,0008 

Error 13 0,10192 0,00784 

Total 14 0,25179 

B Value Std. Error Type II SS F Prob> F R 

Intercept -0,7378 

Days -0,08823 0,02018 0,14987 19.11 0,0008 0,60 

f 
at 0 - 0,25m depth 

Source OF Sum of Sq. Mean Sq. F Prob> F 

Regression 0,39735 0.03975 30,10 0,0001 
0 

Error 13 0,01716 0,00132 

Total 14 0,05689 

li! 

B Value Std Error Type II 55 F Prob > F R 

Intercept -0,76741 

Days -0,04543 0,00828 0,03973 30, la \0,0001 0,70 
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TABLE D.13 (Cont'd.) 

C. 000 , 

at ° -0,15m depth 

Source 

, Regres s ; on 
Error 
Total 

OF 

13 

14 

B Value 

-0,99442 

~225-

Sum of Sq. 

0,06327 

0,23960 
0.30286 

Std Error 

Intercept 

Oays -0.05733 0,03094 

at 0 - O,25m depth 

Source OF Sum of Sq. 
.. 

Regression 1 0,51184 
Error 13 0,08463 
Total 14 0.59647 

B Value 'Std Error 

Intercept -0,58691 
Oays -0.16306 0,01839 

Mean Sq. 

0,06327 
0,01843 

Type II 5S 

0.06327 

Mean Sq • 

0,51184 
0,00651 

Type II 5S 

0,51184 

F 

F 

3,43 

F 

78,62 

F 

78,62 

Prob> F 

0,0867 

Prob> F 

0,0867 

Prob>f' 

0,0001 

Prab> F 

0.0001 

R 

0.21 

R 

0,89 .. . , 
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TABLE 0.14 - Regression mode1 of lnQ :,a+b1n(6/ Ss }for various compaction 

and tillage treatments at 0,25m deptn -

A. 15YC 

Source OF 

Regression 

Error 
Total 

Intetcept 
Theta 

B. 000 

Source 

Regression 
Error 

Total 

Intercept 
Theta 

13 

14 

B Value 

2,35433 
-5,87760 

OF 

1 
13 

14 

B Value. 

'3,190.713 

.. 5.00566 

$um of Sq. 

4,49814 
0,89302 
5,39116 

Std Error' 

0,72634 

1 

5um of Sq. 

14,94562 

5.11904 

20,06466 

Std Error 

0,81251 

Mean Sq. F Prob> F 

4.49SH 65,48 0,0001 
0,06869 , 
Type II S5 F Prob >f R 

4,49814 .65,48 0,0001 0,83 

Mean 5q. F. Prob> F 

14,94562 37.95 0,0001 

0,39377 

Type II 5S F Prob>F . R 

14,94562 37,95 0,,0001 0.,7~ 
1 

• 

./ 

, 

., 

.' , 
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TABLE 0.14 (Conttd.) '" \ 
:r,t' 
",', 

C. 15YO 
<-

, , 
Source OF Sum of Sq. Mean Sq. F Prob> F 

.q. 

Regression 1 4,72228 4.72228 50,38 0,0001 

Error 13 1.21852 0.0937 

Total 14 5.94079 

~ 

B Value Std Error TYPE II 55 F Prob >F R 

Intercept 2.37593 

Theta -9.11060 1 ,28356 4.72228 50,38 0,0001 0,79 

, (' 
\ 

f 
! 

f 
t , 
; 

( 

, \ 
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J 
APPENDIX E 

PROGRAMME FOR CUSIe SPLINE SMOOTHIN~ TECHNIQUE 

Programme E.1 Cubic spline smoothing programme for smoothing 
, fie-ld values of moistul"e content again'st the 

sail suetion values. 
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