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PREDICTION OF SOIL RESISTANCE

Ghulam Sarwar Sheikh*

The resistance of soil, affecting the emergence of crop
seedlings, was found to increase linearly with its density at
different motstures and decreased with its moisture following a
quadrate relationship at different densities under noendrying con-
ditions [t was further found to increase with the area of the
penetrating deviee fused to measure soil resistance) and drying
fEmE.

A genernl prediction equation was developed employing
Housel’s approach to describe the penetrabion resistance of soil
within the measured ranges and was given by .

F = Ar (0.0586M2 — 2 TTEM37.122)

+ Ad(5.66m + 11.578M =194 1)

Where F is penetration resistance of soil (1b), A is urea of the
penetrating device {in2), M is initial moistare of soil (52), d is
drying time fdays) and r is unit weight of soil runus wnoit weight
of water (Ibfeft). The first term represents the resistance under
nendrying conditions and the second term incorporates the effect
of air drying. This equation was least accurate far low mroisture
contents and low density of soil, and the measured und predicted
values for the most pact did not lic within 95 % confidence bands.
However. the error of prediction ranged from about 0.68% fo
359 (with a meuan of 5.6%) excluding low moisture—low
density data,

INTRODUCTION

The resistance of soil greatly affects the germination, emergence and
growth of crop seedlings. Tillage operations are mainly performed to
reduce the resistance of soil in order to maximize its yield. The prediction
of soil resistance has, therefore, become a matter ol great importance Lo
e EiNeers.

lo this study, an effort was made to predict the penetration  resistance
of soil employing Housel's approach, as reported in soil mechanics literature.

* Dapartmenc of Farm Machinery and Power, Faculty of Agricultwrsl Enginaering and
Technology, Unlversity of Agriculture, Lyallpur.
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With this approach, a peneral prediclion equation was developed to describe
the penctration resistance of soil within the mcasared ranges. The predicted
resistance was found to be a function of initial moisture content and bulk
density of soil, area of penetrating device, and drying time.

MATERIALS AND METHODS

{a) Description of soil. The soil used lor determining the penetration
resistance of soil had the following mechanical composition by weight :

Sand 25.9 per cent {0,550 to 2.00 mm)
Silt 41,3 per cent {0,002 Lo 0,50 mm)
Clay 32 8 per cenl (0.002 mm)

The above air drivd soil passed through a nine mesh {0.078-inch open-
ing) sicve was weighed and mixed with the necessary amount of moisture by
means af an electric sprayce. It was then transferred to plasstic boxes (3
1116 inch diameter und 5 /2 inch deep) and compacted to a height of 2

inches.

(k) Measurement of soil resistance.  The resistance ol soil was
measured with the help of a conical shaped peneirometer which could be
moved vertically up or down manually or by means of an electric motor
and gearing arrangemcnt, The pemetrating tocl was attached to a Proving
ring employing a four strain gage bridge cireuit for sensing the resigtance of
soil.  The bridge circuit was connected by means of an input coupler to Offner
dynograph fitted with amplificrs, writer element, recording paper uperated by
a tevolving drum, and a regulated power supply unit The resistaner  of the
soil experienced by the penctrometer when moved through the s0i]l box gould
ke measured with the help of the dynograph at a desired smplificr sensitivity.

(c) Prediction of soil resistance. Housel as reportad by spangler {1960)
considers the Tesistance to penetration of a plate moving in soil as the sum
of TWO COMPpOnEnts, oNe an area component proportonal to the plate diameter
squated and the other a perimeter shcar component, progortional to the

diaincier :
¥ = An + Pm
am
or F = —— D2n+4 7 Dm {1}
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Wheore :

= penetration resistance of soil (lb)
= area of plate (ind)
= diameter of plate or footing {in}
= length of perimeter (in)
~ gompressve stress on sail calumn directly beneath the plate
{psi)
rerimeter shear (lbflinear in)
RESULTS AND DISCUSSION

{a) Effect of penetrometer size. Table | shows the vatues of force
measured with different sizes of penetromerers moving through seil boxes of
two-tnch  depth having initial moisture content of 12% and compacted
to different densities, Nondrying conditions were maintained by keeping the
boxes covered except during the test. The penetconeter used were of 0115,
0.238, 0.364 and 0.490 inch in diamster. The apalysis of the data shown in
the table yielded the following regression equations at 955 significance level :

AU e

g
I

F = 2401 D2 (70 Ibfeity (2}
F = 7482 N2 (B0 Ib/cft) £3)
F = 1264 D 4 13718 D (40 Thielt) (4
Where :
F = estimated force or penetration resistance (/b
D = diamater of pengtrometer {in}
TABLE | : Effect of penetronreter size (12%, soll moisturey
Diameter of Mcasured force
Drensity penstrometsr {1b}
D) {in) :
Box 1 Box 2 Box 1
20 .11 0.534 0.634 060
0218 1.60 1.70 1.60
0364 260 2.E0 3,00
(.490 570 590 3.20
a0 0115 1.867 1800 1.834
0.23% 5.00 330 4,75
0364 5.00 §.30 2.50
0.490 18.25 8750 I7.50
20 P B 4 287 4 267 4.133
0.238 11.00 11.50 12.00
0.364 22.00 23.00 21.50

0.4%0 41 50 33.00 41.00
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The above equations reveal that the fores {soil zesistance) exerted by
the penctrometer is a function of its diameter squared or the aren, Tt will
be observed thal the above data derived equations agree in form with Housel's
Equation No. 1. The coefficicnis m and n respectively were obtained
by dividing the coefficients of D? with 774 and those of D with Tin
cquations 2. 3 and 4 und are given below :

wilb/eil) T B0 o0
m (] 4] 4.02
n .6 q7.R i74.7

Lrom this analysis, the end area resistance (An) scems most important,
the perimeter shear term (Pm) contributiag only forr higher density soil.

{b) Effect of density (nondried soil}. Table 2 shows the maximum
values of force measured by a conical shaped penetrometer having 4 diametar
of 0115 inch and 2 cone angle of 60 degrees, when maoved through & Lweo
inch depth of nongried scil kept at a ¢onstant temperature room of 209C
Fach value of the force recorded in the table is the average of three values
obtuined on each of the three soil boxes {replications}.

Since the runge of soil density in the experiments vatied from 70 lb/eft
to 100 Ibictt, a variable r = w — 62.4 (where w = umit weight of seil, minus
unit weight of water and w — 62.4 refers to sunierged unit weight of soil)
was sclected so as draw the data close to the otigin and facilitate its statistical
regression analysis. It was decided to perform the regression of force F (1b) on
r (Ibjcfty, where the coetlicient of varigtion for the former was greater ar
¢qual to that of the latter. The regression of Fons and vice versa was
cartied out when the coefficicnt ol variation for the former was found lower.
The regression equations thus derermined from the Table 2 are given below at
§5% significance level for differcnt moistore contents -

F = 0.I12% {12% moisture) (3

F = {.10% {14 % moisture) (5)

F = DO {16 % meisturc) {7

F = {ua7r {18 %, moisture) (8}

F = 0033 4+ 0038 {20 %, muisture) {9a}
r = 6682 42474 F (20 % moisture) (9}
¥ o= 0279 4+ 003% (22 % moisture) { 1Y
r = 623 5 27.045F (229, moisture) (luby
F = 0234 + 0025 (24 ﬁ, mulistu:e] {ila}
r = 79 + 3L55F {24 %, moisture) (1ib)
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Where :

F = cstimated foree for nondried soi) (111}
r = density of seil — density of water =w-62.4 {Ibscft)

10y Predicnion wsing Housel'approach. Equations 5 to 8 may bo used
to determine Housel's values by assuming m =0 correspanding to zero intercepts
and dividing F by the penstrometer end ares, O 0104 square inch, giving

Moisture cantent 3 12 4 6 18
ulis 122 101 702 b.44

The intercepts at higher moisture contents given by Equations %b, I10b, and
1b supgest that r should be defined as approximately w - 56 for the regres—
sions to include the origin. For example, Equation 9b can be written as
w-624 = 2474 F-6882 or w = 35.7= 2474 F. Denoting w- 557 by r,
the equation can be rewritten asx r = 7474 F. An approximate method,
however, is to assume that the regressions do pass through the origin, which
gives n values hased on slopes (vix) as follows :

motsture content (%) 20 22 4
n/fr 503 4.55 4.1

As lhe maoisture content becomes sufficientdy high, o/ will approach zero
because the soil will become liguid.

A second order quadratic equation was found to deseribe the data.

nir = 00586 M2 - 2778 M 4 27.122 f12)
Equation 12 cah be written as follows
0= {0586 M2.2778 M + 37.122) (13
Using F = A o= 0.0104 n, whera A = 0.0[04 gquare inch

F = 0.0104r [(0.0586 M2-2778 M <+ 37123 (14

Equaticn 14 bas the disadvantage the extroapolation to higher maisture
contents will increase n/r, whereas logically it should dectease. However,
within the hounds of the experimental condhtions, it is sufficiently pricise, and
the form is advantageous for calealation,

A comparison between the measured values and those predivted from
cquation  [4 is presented in Table 2. The percentage difference between the
measured valucs and those predicted from Equation 14 range from .33 to 645,
The inean value of all the percentage differences was, however, complted as
437, the negative sign indicating overprediction by Eguation 14. The
mean absolute difference was determined as 0,512 pound,
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Tapik 2. Values of measured and predicted force for nondrying carditivg

Muoisture % Density 1bjcft Measured farce {Ib) Predictedloree (1B}

12 70 0.534 0.965
0. 60
0.634

B0 1. 200 2.239
1.834
1.B67

el 4,133 3512
4.2467
4 3267

100 4.667 4,784
4,500
4933

[ f T 0,600 0608
0. 600
0.623

B0 1.087 1.408
1.133
133

90 2.133 2208
2133
2333

20 100 2.533 3.008
2.634
2667

0 0.500 0,397
0.533
0.367

B L.O00 0,920
L.Q67
1.067

o0 1,467 1.442
1.533
1.557

24 1) {600 1965
1.633
1.667

H 0413 0.335
.433
0467

50 0.8a7 0775
0900
0933

B0 L.200 1.215
123
1.233

100 1.233 1.655
1.300

1.367
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Effect of meisture {nondried soil) : The regression analysis of the data
on moisture and force (penatration resitunce) recorded in Table 2 vielded the

follawing results ut 5% level of significance for different bulk densities of
s0i] :

F= 0818015 M (70 1hicht) {15)

F = 1430-L14 M—0.025 M2 90 Ih/sft) (16

F= 4.97-035 + 0.035 M2 (40 lbjefy) (1)

F= 1507-1037 M = 0.024 M2 (100 Ibycft) (18}
Where ;

F = estimated force for tnondried soil (b}
M= mosture content of soil (%)

Figure | shows dizgramatically the effect of initjai moisture on the
resistance of soil  with  bulk density of 80 Ibjeft. The general predi-
ction Equation 14 has been added to the figure and is represented by Lhe
dotted line.  The decrease in force with mojsture ay indicated by the diagram

and Equations 15 to 18§ may be sttcibuted 1o the decrease in stremgth and
viscosily of soil,

Effect of drying. Table 3 shows the values of iorce measured by the
penelrometer of 0.115 inch in diameter on different duys wien boxes were kept
uncovered in 4 constant temperature room of 20°C One reading of toree was
laken lrom cach box, The regression of analysis of the duta shows in  Lhe
Teble preduced the {oliowing equations :

127 infral molsture :

Fd= (.58 +012]4 { 70 Ibjcft ) (19)

Fd = 1.667 + (1348 d ( 80 Ibjelt ) £20)

Fd= 3737 L no9%0d {90 lbiclt ) (21
165 intitial moisiore -

Fd= 0686 + 02574 t 70 Ibfeit ] (2

Fa= 0927 + (07274 { 30 Ibert ) (23

Fd = 1960 + [.733d { 30 Ibjefe) (24)
205 initial moistyre -

Fo = 040 d ¢ T Iyfefr ) (25

Fa= 13384 { B0 lb/clt ) (26)

Fa= 117+ 2.095 d ( 90 Tbfeft § (27}
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Equations |19 10 27 were used to inclede  the effect of drying in
Equation 13, used to determine Hounsel's n valugs. Considering  anly the
slopes in these tguations and dividing them by the aren (0.0104 sguare inch)
of the penetrometer, Mousel's © as 4 funetion of drying time {d) was
obtained. The tatin nid thus  obtained from Equations 19 ta 27 was
evaivated and has been shown below for different  soil moistares and
densities :

Muaisture r=w-62.4 nid =slopefarca
{ Sl {Ib/ofty = slope/0.01
12 7.8 1162
7.6 33130
276 34.0
16 7.6 24.7
7.6 BY._ 3
276 166.6
0 7.6 865
16.6 128.3
276 202.0
The multipie regrension of the above values gave the following equation :
nfd = 5&51 1 S A1.ATR M - |94 124
o= A {5660 4 115TE M 194.124) (28

The funclion given by equution 28 was udded to eyuation 13 in order
ta wecount for the effect of drying.  This resulted in the following equation:

n= r{00386 MI—2778 M + 37.122) + Ad (5.66] r + L5378 M—

194.124) {29
minee F = A n, where A is the end area of the prnat fometer
F = A r {0058 M2_2 778 M 437122,

+ AdEes! — JESTEM — 194 124y (3

Figure 2 shows a graphical comparison of the meusured und predicted
force at different days for 169% moisture and 90 Ihicft, The predicted line
shawn dotted represents Eguation 30

The predicted values of force, as obtained from Equation 301 hawe
been entered in Tuble 3. The difference between the teasured and prodicied
values, as shown in the Table, range from 068 10 43% excluding (b Jow
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moisture (1257) and {ow density (70 Ibfcft) data. The mean of all the per-

centage differences was computed as —5.62% of the measured values, the
negative sign indicating overprediction by Equation 30. The absolute value
of the mean difference was determined as 0,712 pound.

Effect of different varinbles on registance, The method of multiple regres-
sion was employed to estimate the penetration resistance of soil considering
the effects of moisture, density, days of drying, and the interaction between
them. The ¢quation developed from the valves of measured force shown
in Table 3 is presented below. based upon the highest multiple correlation
cocflicient and the least standard error of the estimated value :

Fax= 013 w—0.802M —0.033M2 — 5464

— 0,005 Mw +0,1MJd 4+ 0,06 wd (31)
Where :
F a4 = estimated force {1y
w = unit weight or density of soil (ib/eft)
M = moisture of seil (%)
d = days of drying

The multiple correlation coefficient was computed as 0.976 and ihe
standard error of the estimate 0975, The value of t for testing the
regtession coefficient of each vardable and the associated standard error is
given in Tahle 4.

TABLE 4. Values of ¢ and standard ervor for the regression coefficient
associated with different vaviables affecting resistance

Variable standard error t values
{d.l. = 127

density = w o.02 6_617
maoigture = M 0.388 =2.07
{moisture)? = M2 0.013 2.493
day = d {0,322 —-16.962
moisture X depsity = M x w 0.001 —4, 781
movsture ¥ day = M x d 0.008 11.88
density x day = wx d 0.004 16.444

et
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Table 4 supgests that the drying time {day) has aclear effect on the
resistance of woil, since the absolute value of t-statistic for the regression
coefficient associated with the time (day) variable is very high. Similarly,
the initial maistire content of soil may have less effect since the corresponding
absolute value of t-statistic is the lower.
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