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1
\s sub-.-;oi! cornpaclion leads to different adverse effects like high bu!k dc11sily, h' 

penetration resistance, rc.:duced root devclopn1ent and reduced yield. The dry bulk dcnsi 
con11nonly used to d1aracterize ihe state uf sDil coinractness. Ilowever, these pro 
have a \irnited value fur con1parisou of the state of co1npaction bctwet:n soil types. Gene 
actual bulk density is expressed as a percentage of son1e rcfcn:nce cotnpactlon state 
given soil arrd cal!<;:d degree of coinpaclncss or relative co1npactncss. The degree 
~.ornpactncss proposed hy 1-lakansson ( 1990) is defined as the ratio of the actual bulkdensi1 
to tf1e referGnce bulk density obtained by unia."'\:ial cotnpression of wet soil (sufticiently fl 
drainage) at a static pressure of200 kPa. Another relative coir1paction value is the ratio 
actual bulk density and 1naxlmu1n bulk density obtained in the Proctor GOlnpaction test, i 
which a constant energy (by a falling weight) is applied at different water contents. Thi~,, 
ratio has heen useful to characterize soil compaGtion in field studies [Pidgeon and Soaniii 
(1977), Carter (1990) and Da Silva et al. (1994)]. The Proctor test is rccornmended fo~; 
homogenized ooil n1aterial in studies of the effect oi"watcr content and soil con1position o: 
soil con1pacW.bility f.1 lorn and Lebert (I 994)]. In the approach of Bennie ( 199 l ), the relal · 

bulk density index was defined as: 

(p,,,, --p,,;,) 

'°' -(P,,:.:-- P,,u} 
Where, pis the bulk density; the n1axi1nnn1 bulk density (p ) is detcnnined with th~"'", . .,,. ""-' '!·" 

l'roctor tr.:st; and p is the 1ninimum bulk density fro1n the n1ass of unsicved dry soil needed 
5

-'.:I 

to till a ~ontainer (~fknown volun1e. '.:·,~ 'd 
The relative cor11paction parameters are 1norc useful than hulk density or porosity in,,ii:.·J1 

slll<lics of the effGGLS orfickl traffLG nn snil cnnditioll5 and root and crop re5ponse I Canarache-";.)1: 
(1')91), llaka11•;son and Lipicc (7.000)1 "\he relative corupaGt1on \VUS also suitablG input · 
para1ucler in n1odclling rGsponsc of tout gro,,.,·th, \eat area an<l crop yield to soil cornpactness .. 1 
in varioU'i soil· G!inw.tc coinbiunlions r Arvidsson and l h1lG1nsson ( 1991), Si1uota el af_ ('.:000)]. '11 
Monnier el ul. ( 1973) propuscd unolhcr concc.:pl ba~ed on ~h 1Kl1iral and textural porosity. In 
this pnper, we tried tD cicvclop the soil bulk <lc11sily index by otalislicul n1ctliotl \Vhich is 

1elevunt to reflect the depth of sub·soiler opc1·atio11. 

2. Matcri:11s and Methods 
The bulk density index was developed ba~c<l on tbc d,-ita ohlnined in a field experiinent, 

conducted to dctern1ine the cffeGt of diffc.:rcnt norrnal loads on a test tractor ( wGi[~ht 15.76 
kN, power 26 k\V) an<l its frcquenGy on soil cornpaction, carried out in the experi1nental 
fann at Indian Agricultural Researcl1 lnstitutc, New Deihl. The soil of the cxpcri1ncntnl site 
was alluvial and had sandy loam texture with fine sand as major constituent up to depth of 
0-93 cn1 >Vhich increased \vi th depth ti-0111 49.00 to 53.75o/o · coarsG silt and fine silt dcGrcascd 

fro1n 24 to 2 \ 0/o and 11.5 to 9.63o/o, respectively in the same depth. 
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- The test wns conducted on experirr1ental tr,-ictor \Vi th three normal loads of4.4, 6.40 and 
t40kN and l, 6, 11an<l16 nu1nberofpasscs oftest lractorwith three replications.'! he soil 
l\linple for bulk density was Gollected lo detennine depth of hard pan layer. To begin wlth, 
iactor with an effective nonnal load of 4.4 kN was run, at a forwnrd speed of] krn/h, fur 
'fne nun1ber of passes. To detennine bulk density soil san1plcs were collected upto a total 
~th of 50 cm at an interval of 5 cn1. Thus, at one location a total of I 0 satnplcs were 
511ected. All cares wen~ taken to W.ke samples fron1 respective dcptho only. Following this 
te test tractor was run for same nuniber of passes with a eITective normal load 6.40 ki'I on 

tire and soil sample for bulk density were collected. In next round of expcritnGnts, 
(ffcctive normal load 8.40 kN was taken and same number oftest run were niadc and aft<;:r 
~ch test run con1bination bulk density and penetration resistance rncasurcd. T(J ascertain 
~c impact of frequency of passes on compaction of suh soil layer, the observations on soil 
fulk density and cone penctrometer resistance ,..·ere taken at different depth upto 50 cul. 
"i1us, a total of 36 sets of experiments were conducted by taking three nonnal loads 11nd 
[Our different passes and three replications of each test n1n and observation on compaction 
iirran1eters were collected. 

'.2 Dcvelop1nent of Bulk Density Index 

Bulk density index was developed to obtain a single factor to define influence of ooil 
1n1paction on b'HJ\vth and crop yield. There arc various 111ethods such as AJ-JP (AnalytiGal 
'ierarchy Process), Mixture Analysis, Principle Co1nponcnt Anulysis and some other 

ik:hniqucs used for developing cou1posite index. In the present study, principle co1nponcnl 
1iualysis was used for dcvc!opnicnt of bulk density index as per the determination of hard 
' :pan layer. 

M-ethodology of consti·uction of bulk density index 

TI1e bulk density index >Vas con~!Jucted using bulk density_ Followiugstaudnnl niethodology 
:based on theoretical frJ.JllC\VOrk, a1neaningfiJl bulk density index was developed tiir G01nbining 
~ach comhinntion of cotnpaction (load and passes). FDlluwing steps were l"ol!o\vcd ill 
1fonslructing development of index:: 

~ Hulk density at different depth corresponding to each trcat1nent >vere required·_ For 
fdevclopn1cnt hulk density index were selected on the basis of their aunlytical soundness, 
)measurability, cov..,rage, relevance lo the influence ofcotnpaGlion in sub-soil. The avci-agc 
~\bulk density dnta wns 11on11ali7ed. Norn1ali7.ation played a vital role in standardizing the dntn. 
iPrior to any data aggregation as the variables often had different 111easurcment units it is 
~-necessary to norn1alizc data. To make the data unit free nonnalisation is used. Out ofditTerent 
·:'nonnalisation method~, here standardization te<.:hnique wa~ used. 
t·: 
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Where, 
X,,, is a vahu: for qth variable in ith con"lbinations. 

µq is mean of qth variable. 

an<l aq is standard deviation of qth variable. 

Z is standardized values of qth variable. 
q "' 

Principal Componcut Analysis : It is a matheinatical procedure that transfo~ 
number of possibly correlated variables into a smaller number of uncorrelated variah'. 
called principal components. The first principal co1nponent accounts for as much of;· 
variability in the data as possible, and each succeeding con1ponent account.'l for as mucft 

the r_emaining_variability as possiblt:. ,'

1 

An exploratory analysis should investigate the overall structure of the indicators, 

the suitability of the data set and cxplaifl the methodological choices, e.g., wei~ 
aggregation. Whi::n variabli::s art: correlated, 1nultivariate analysis can be used in fini 

weights. 
(a) first of a!l maximum likelihood estimate of variance-covariance matrix (S) 

estin1ated, using the following relationship. 

i: ~ ·' E(X-x)(X- x)'' 
. n 

Where, 
X ==column vector of variables 

=average column vector of variables 

f '""M. L. E uf variance-covariance.matrix. 

(h) Next, using the following ie!ationship the correlation matrix(CM) >Vas Dhtained from ' 

above variance-covariance matrix 

cMc(fe)'i:(-iv)' 
(2.2Jj 

Where, 
CWf' correlation 1natrix, V =diagonal rriatrix obtained thnn v;.aiancc-covariance n1atrix.: 

( c) Then, l~igen values and i':igcn vectors uf the correlation 1natrix wen: obtained. 

Devclop111ent of Ilulk Jlensity Index 
lbc bulk density indcx(I:!Dl) was developed by substituting tht: Eigenvalues and principal 

co1nponents obtained fro in correlation n1atrix of variables rt:spectively in the equation given 

below: 

_ A. 1Z, + A. 2Z.,+ ... A.QZQ 
BDI ·-----~:-:·---

L>• 
,.~1 

(2.2.4) 
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The principal co1nponents \Vere obtained by using the following equations calculation: 

Z1 = a1 1X1 +a 12X2+ ... +a 1QXQ 

z, = a 21x 1 + a 22x,+ ... +a2QxQ 

(2.2.5) 

ZQ = aQ 1x 1 +aQ2x 2+ ... +aqo::ixQ 

Where, DOI is bulk density index for cth compaction combination, A.. are eigenvalues rz ate principal ~OillfV"lllents, X. 's arc standardized Values of variable and'a. is an element ' ' ,,~ ' ') 

belonging I..., ith eigenvector and for jth variable. 

After this, the bulk density index of each treatment combinations were normalized by 
"USing given fonnu!a 

BDic -1nin(BDI) 
BDINc = ) 

max(BDI - min(BDI) 
(2.2.6) 

.. Where, BDINc is nonnalized valueofbulkde1L'>ity index ofcth compaction combination, 
'in in (RDl) is n1inimum value of bulk density index and max {BDI) is maximum value ofbulk 
tdensity index. 
• Jlulk density index based on treatment 

#· For every set of experi1nent with varyiug nonnal load on tractor and il~ number of 
"Passes, depthwise different bulk density were obtained. The depth of most compacted layers 
having 1naxilnun1 bulk density in different treatment plots. The depth of most compactect 
i}ayer was in1portant to decide the depth of sub-soiling for a co1npacted sub-soil layer. ·i·o 

[detennine this layer tOr different treat111ents, principal componi::nt analysis was used 
;considering the different level of study variables i.e. a1nount of nonnal load on lest tractor 
!~nd its frequency of passages on cotnpactiun properties e.g. bulk density. Tlte prii1cipal 
[~unponcnt analysis, aimed at giving appropriate hnportance to different fUctors based on 

Jibe actual attribute of each component. The analysis auton1atical!y gent:rated weights for 
!{ilitlCrent co1nponent based ou their correlation and the analysis investigated the overall 
.. 'structure of data sets aod gave all maximum likelihood estin1ates of variance- covariance 
~iuatrix. Based on varianct: co-variance matrix, correlation n1atrix tOr different co1npaction 

':;Con1bination was di::velopcd. The bulk density index based on treatn1ent was developed 
1;.using Eigenvalues, Eigenvectors and principle compone11ts were obtained from correlation 
e:matrix. To bring the index value, between 0 to I, the nonnalized value of the bulk density 
~~dex based on trcat1nent was determined using minim111n and 1naximun1 values of bulk 
i'.\l.ensity index of C(Jmpaction eon1binations. The index value l indicated the most compacted 
",byer of the soil depth considering highest bulk density index. The soil di::pth layer having 

~!;1JfiffitrHttr1."~.._.,~,·-·-·-·· 
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Tabh· J: E1gc~\ ~aluo:; ;11d i:,igell vectors ofb\!lk lkn~ity an<l trcatrncm. 

!,;;gen I F.igen ;.cto;:" 
value ·re, re, PC, ec., re, PC, I Pc, PC, 

1~221 
1 

__ o~ ·0.2~:10 -0.0!!6 ~0.4421 __ 0.0~8-~-1----'._l·!G82 0.·~l~~-59:9 
0.7459 I (~2753 0.4579 ~611 ~-'.~256 -IJ.1877 0.3999 0.1589 -0.4037 

0.2287 O.:IB78 -02456 0.4716 -0.0517 -0.2057 0.0419 -(].(~199 0.4179 
-- ----->-------- ---· --- --- .~--~ 
0.0686 0,2')79 -U.0769 0.2166 -ll.3948 0.3293 0.2153 ..tl.494H 0.05J8 

0.04~_-"c·"cc''c-i-·co-c-:••3c3c·~r--,S,c-:o9~3c3+-c,c,c3-30'-\-~cc.5c,c,,c+-,c,cMc6~, 
0.0223 0.2851 0-3742 0.1972 0.1555 0.1356 -0.1410 

·----1----- f----· ----
0.0156 0.28~~ -0-3178 0.1488 0.3180 ll.3060 ~:-H]1t51~1 0.1188 
0.006R 0.2976 -0 1487 0.2288 -0.0916 --0.3662 0.27113 -!l 2462 -0.1129 
·- ·--- - --- ---· --

0.0021 0.2873 -0.1912 -0.5529 0,0316 -0.1712 0.3882 -0.2!94 0.0220 

•pc~ Principal Component. 

Table 4 : Bulk density index (1301) at different depth layer. 

Rank 

' 
• 

Soil depth layer, om 

15-20 
·--10--~· 

2~-30 

30-35 , r -""'' ,-- -- ---lU-15 

~ ".io-~f--· --,±= 10-15 ·--- . - --------
9 -\5"50 ~ 

\<i ---0_5-
-- - .. -- --··---· 

Bulk density index Compaction level 

>.0000 Very high 

0.6252 High 

0.5236 Medium 

---- 0.4620 Low 

0.3580 

0.3575 

0.2916 

O:!"t77 

0.1 !00 

o:iXl60 ·---

I\. Single passages oftraclor bas no effccl on subsoil prope1tics 

,,, 

Jr 
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