
Arab Gulf 1. Scient. Res. , 9 (2), pp. 55-6lJ (1991) 

Bulk Density in Relation to Infiltration 

Capacity of Loam Soils 


Y.Z. EI-Shafei and A.M. AI-Darby 

Soil Science Department, College of Agriculture, 

King Saud University, P. O . Box 2460, 


Riyadh 11451, Saudi Arabia 


AUSTR ACT . An Infiltration experiment was carried out on columns of a 
loam soil (Fluventic C amborthids) packed to five bulk densities. Equa­
tions based on physical parameters were derived to compute the advance 
of the wetting front and cumulative infiltration. Thcse parameters were 
bulk density (Db) ' initial moisture content (8 0 ), the moisture content in 
the transmission zone (8T ), the hydraulic conductivity of the transmission 
zone (KT ), and the malric suction head of the wetting front (1\') . The 
equations mainly utilized Darcy's law and the physical characte ristics of 
the transmiss ion and the wetting front zones . The derived equ a tions have 
been found to be in good agreement with the experimental results and also 
with empirical power type equations which often used for practical 
purposes. The empirical equations were taken into account Db, 8 0 , and 
8T . A relation be tween an empirica l constant (A) and bulk density (Db) 
was found. This may be used as tentative guide for predicting the 
infiltra tion capacity of loam soils which are subjected to seasonal volume 
changes as result of cultivation and heavy agricultural machinery. 

Seasonal soil volume changes usually take place particularly in the plowed layer. 
They are caused by both vertical displacement of the soil particles as a result of 
cultivation, gravity, precipitation, and irrigation, and by the horizontal displace­
ment of individual portions of soil due to shrinkage and cracking. Voronin (1982) 
observed an increase in bulk density due to the use of heavy agricultural 
machinery and irrigation . Atamanyuk and Moldavian (1970) found a relationship 
between soil bulk density (Db) and moisture content (8). Rigorous mathematical 
techniques have been developed in recent years for the analysis of infiltration into 
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uniform as well as composite profiles. These techniques are generally based upon 
numerical methods for the solution of the partial differential equation of 
unsaturated soil-water flow (Philip 1954, Hanks and Bowers 1962, Rubin and 
Steinhardt 1963, Parlange 1972, Clothier et aJ. 1981, and Boulier et aJ. 1987). 
However, most of them are still too formidable for practical routine use. Hansen 
(1955) utilized Darcy's law and introduced an equation to determine the wetting 
front advance (L) during infiltration which depends mainly on the characteristics 
of the transmission zone. 

In many cases it is desirable to seek a simplified approach based upon physical 
parameters and specific assumptions which may apply adequately to particular 
problems. Thus, the main objective of this study was to develop mathematical 
equations based on physical parameters to predict the rate of wetting front 
advance and infiltration during ponded infiltration, taking into account the effect 
of soil bulk density. 

Materials and Methods 

A laboratory experiment was carried out on soil columns contained in 
transparent lucite cylinders, 6-cm i.d. by 60-cm long, and packed to five fulk 
densities (1.35,1.40,1.45,1.50, and 1.55 g cm-3). The cylinders were assembled 
from 5-cm sections joined together by grooving and tongue jointing around the 
circumference . The soil used was a loam (Fluventic Camborthids) with 20% clay , 
30% silt, and 50% sand, sampled from the 30-cm top layer at College 
Experimental and Research Farm, Dierab, Saudi Arabia. It contains moderate 
soluble salts (ECe = 4.5 dSm- 1), high CaC03 (36%), and low organic matter 
(0.5%). The soil hydraulic conductivity at saturation (Ks) and its saturation 
percentage on weight basis (9s) were 2 cm h- 1 and 31.6%, respectively. The soil 
was air dried, sieved through 2 mm-screen, and packed to the desired bulk density, 
in increments of 5-cm at a time. The water used has EC = 0.44 dSm- 1 

. The 
hydraulic conductivity (K)- moisture content (9) relationship was obtained by 
using sprinkling technique (EI-Shafei 1988) and by applying Jackson's formula 
(1972). The sprinkling technique depends on the existence of a unit hydraulic 
gradient in the established moisture profile under an application rate (q) supplied 
by sprinkler (rain) simulator. Thus K(9) = q. The sprinkler simulator was 
constructed by water supply reservoir with a constant head syphon connected to 24 
capillary tubes (0.27-mm i.d.) which were held 5-cm above the soil surface to 
minimize the impact energy of the falling drops. For more details, the reader is 
referred to EI-Shafei (1988) . Many sensitive micro-tensiometers (l-mm i.d.) with 
mercury manometers, were inserted along the soil column through slots to obtain 
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the mat ric suction ("V) - moisture content (8) relationship . The Jackson's formula 
(1972) is presented as follows: 

m m 
K; Ks (8;18s)C ~ [(2j+1 - 2i) "Vj2]/ ~ [(2j-1) "Vj2] (1) 

j~i j~1 

where Ki is the hydraulic conductivity at moisture content 8;, m is the number of 
increments of 8 (16 equal intervals was used from 8 = 0 to 8 = 85), "V is the matric 
suction at the midpoint of each 8 increment, j and i are summation indices, and c is 
an arbitrary constant and was assumed equal to unity. A wide range of moisture 
contents (8) were obtained by distribution and redistribution of moisture in the 
soil column after an infiltration process, then matric suctions ("V) were measured 
by the sensitive microtensiometers (EI-Shafei and EI-Naggar 1981), to get "V-8 
relationship. The moisture content (8) was determined gravimetrically (on weight 
basis) for each 2.5 cm depth along the soil column after each infiltration run. Each 
measured point is an average of two determinations. 

Results and Discussion 

The results obtained from the infiltration experiments are given in Figures 1, 
2 and 3. It can be deduced from Fig. 1 that below the surface saturation zone, 
there exists a lengthening unsaturated zone (transmission zone) with uniform 
moisture content (8T ) . The transmission zone is followed by a wetting zone where 
the moisture content sharply decreases with depth , then a wetting front which 
forms a sharp boundary between the wet and dry soil. These soil moisture profiles 
are in accordance with those observed by Bodman and Coleman (1943), and later 
presented by others (e .g., Cannel and Stolzy 1962, Gupta and Staple 1964, Bridge 
and Collis-George 1973, EI-Shafei and Fahmy 1975, and Bond and Collis-George 
1981). The 8T value was taken as an average of the moisture contents between 5 to 
30 cm depths. The 8w value (Fig. 1) was determined in the one centimeter ahead of 
the wetting front. Fig. 2 shows how the advance of the wetting front (L) 
decreases as the buik density (Db) increases. However, there was a substantial 
decrease in L when Db increased from 1.35 to 1.40 g cm-3 . The cumulative 
infiltration (D) showed the same trend (Fig. 3) . The computed power regression 
equations for Land D as a function of t are presented in Figures 2 and 3 which 
yield a correlation coefficient (r) = 0 .9990. The results obtained are in good 
agreement with Kostiakov (1932) and Baver et al. (1972) who stated that for time 
intervals of a few hours and for uniform materials, the equations of Land D are in 
the form of power type with an exponent (n) close to but not always 0.5. The 
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Fla· 2. Wetting front advance for different bulk densities (Db). 
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analysis of the transmission zones (Fig. 1), and the depicted data in Figures 2 and 3 
lead to the following relationships: 

L = A to (2) 
D = BtO (3) 
D = A Db (ST - So) to (4) 

where A and B are constants have no particular physical meaning and are 
interrelated by soil bulk density (Db) ' soil moisture content in the transmission 
zone (ST) and initial moisture content (So), The exponent (n) is close to 0.5. The 
difference (ST-So) is expressed as a fraction (g g-l). The power type equations 2 
and 3 can be converted to linear relationship if are plotted on a log-log scale . 

20 

10 

6 



•• 

• •• • •• •• 

61Bulk Density in Relation to lnfiltratio n . . . 

Thus, the logarithms of the data were taken and analyzed by using the 
General Linear Model (SAS User's Guide, 1986). The statistical analysis (Table 1) 
revealed the high significant effect of the soil bulk density on the advance of 
wetting front and the cumulative infiltration. 
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Fig. 4. Matric suction of loam soil as a function of moisture content. 
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Table 1. 	The parameters A in equation 2 and B in equation 3 as 
affected by soil bulk density (Db. g cm- 3 )* 

Db A 8 

1.35 

1.40 

1.45 

1.50 

1.55 

2.25 a 

1.89 b 

1.77 c 

1.65 d 

1.57 e 

0.80 a 

0 .65 b 

0 .61 c 

0 .59 d 

0.54 e 

LSD (0.01) 0.016 0.013 

* Values followed by the same letter are not significantly different 
at 1% level. 

For developing an infiltration equation accounting for soil bulk density and 
based on physical parameters, the following few assumptions can be made: 

1. 	The bulk density (Db) is uniform throughout the profile and remains 
constant during watering. 

2. 	The initial moisture content (80 ) is uniform throughout the profile. 

3. 	The hydraulic conductivity of the transmission zone (KT ) remains constant 
for each Db' 

4. 	 The soil matric suction ('P) that depends on the curvature of the menisci 
near the wetting front, is constant for each Db' 

The advance rate of the wetting front (V) can obey Darcy's law as follows: 

(5) 
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Fig. 6. Wetting front advance for different bulk densities ; comparing computed values by the derived 
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in which , t in min., (8T - 80 ) in g g-l, Lin cm, 'IjJ in cm and KT in cm h-1 . The 
parameters KT and 'IjJ are functions of 8. Fig. 4 shows the measured values for 'IjJ 

plotted as a function of 8 which produced the following relationship for loam soil: 

8 = 29.52 - 3.131n 'IjJ (r = 0.9952) (6) 
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Since the lowest value of OT obtained was 24.5% (81 % of saturation) for Db = 
1.55 g cm-3

, it was found that three water rates (1, 0 .50 and 0.25 cm h- 1) applied 
by a rain simulator (EI-Shafei 1988) were quite enough to cover the needed values 
of KT . Fig. 5 shows the measured hydraulic conductivity (K) plotted as a function 
of O. However, a good approximation for K-O relationship over the whole range 
of 0 (0 to 32%) was calculated by implementing Fig. 4 and applying Jackson's 
formulation (Eq. 1) . The resulted K-O relationship conformed to the following 
exponential equation for loam soil: 

756K = 7.82 X 10-10 e-O. (r = 0.997) (7) 

Fig. 6 shows a good agreement between the computed L by the derived 
equation (5) and the measured ones. The good agreement is attributed to the 
accurate measurement of K-O and 'IjI-O relationships which were taken under 
infiltration process (wetting cycle). One can conclude from equations 2 and 4 that : 

(8) 

Accordingly, equation (5) can be converted to equation (9) which implies the 
cumulative infiltration (D) . 

(9) 

Although equations 5 and 9 give greater insight into the physics of infiltration, 
however, the empirical equations 2 and 4 still have considerable currency because 
they contain parameters that can be adjusted for different bulk densities . Fig. 7 
presents the relationship between the parameter (A) and Db ' 

A = 4.41 D~41 (r = 0.968) (10) 

It should be mentioned here that equation (10) is only valid for loam soil and 
within the range of Db = 1.35 to 1.55 g cm- 3

. 



67 Bulk Density in Relation to Infiltration ... 

References 

Atamanyuk, A.K. and Moldavian, V.V. (1970) A method for determining soil density. Soviet Soil 
Science 2: 244-248. 

Baver, L.D., Gardner, W.H. and Gardner, W.R. (1972) Soil physics. Wiley Inter-Science. New York, 
498 p. 

Bodman, G.B. and Colman, E.A. (1943) Moisture and energy conditions during downward entry of 
water into soils. Soil Sci. Soc. Am. Proc. 8: 116-122. 

Bond, W.J. and Collis-George, N. (1981) Ponded infiltration into simple systems: 1. The saturation and 
transition zones in the moisture content profiles. Soil Sci. 131: 202-209 . 

Boulier, J.F., Parlange, J.Y., Vauclln, M., Locklngton, D.A. and Haverkamp, R. (1987) upper and 
lower bounds of the ponding time for near constant surface flux. Soil Sci. Soc. Am. 1. 51: 
1424-1428. 

Bridge, B.J. and Collis-George, N. (1973) An experimental study of vertical infiltration into a 
structurally unstable swelling soil, with particular reference to the infiltration throttle. Aust. 1. 
Soil Res. 11: 121-132. 

Cannell, G.H. and Stolzy, L.H. (1962) Hydraulic gradients associated with infiltration in field studies. 
Soil Sci. Soc. Am. Proc. 26: 112-115. 

Clothelr, B.£., Knight, J.H. and White, I. (1981) Burger's equation : Application to field constant - flux 
infiltration. Soil Sci. 132: 255-261. 

EI·Sharei, Y.Z. (1988) The effect of initial moisture content and rain (sprinkler) intensity on wetting 
front advance during rain (sprinkler) infiltration. CATENA IS: 491-505. 

EI-Sharei, Y.Z. and EI-Naggar, I.M. (1981) Change of soil-moisture tensions during water capillary rise 
and evaporation processes. Z. f. Kulturetechnil< u. flurberein. 22: 13-20. 

EI-Sharei, Y.Z. and Fahmy, M.1. (1975) Flow of water in unsaturated unifonn aDd layered porous 
materials. Alex. 1. Agric. Res. 23: 173-184. 

Gupta, R.P. and Staple, W.J. (1964) Infiltration into vertical columns of soil under a small positive 
head. Soil Sci. Soc. Am. Proc. 28: 729-732. 

Hanks, R.J. and Bowers, S.A. (1962) Numerical solution of the moisture flow equation for infiltration 
into layered soils. Soil Sci. Soc. Am. Proc. 26: 530-534. 

Hansen, V.E. (1955) Infiltration and soil water movement during irrigation. Soil Sci. 79: 93-105. 

Jackson, R.A. (1972) On the calculation of hydraulic conductivity. Soil Sci. Soc. Am. Proc. 36: 
380-383. 

Kostiakov, A.N. (1932) On the dynamics of the coefficient of water percolation in soils, and of the 
necessity of studying it from a dynamic point of view for purposes of amelioration . Trans. 6th 
Comm. Intern. Soc. Soil Sci. A: 17-21. 

Parlange, J.Y. (1972) Theory of water movement in soils: 8. One dimensional inWtration with constant 
flux at the surface. Soil Sci. 114: 1-4. 

Philip, J.R. (1954) An infiltration equation with physical significance. Soil Sci. 77: 153-157. 

Rubin, J. and Steinhardt, R. (1963) Soil water relations during rain infiltration: 1- Theory. Soil Sci. 
Soc. Am. Proc. 27: 246-251. 

SAS User's Guide (1986) Statistical Analysis System. SAS lnst., Inc., Cary, NC. 27511-8000. 

Voronln, A.I. (1982) Bulk density of an irrigated chestnut soil and its productivity. Soviet Soil Science 
14: 78-79. 

(Received 1//03/1990; 
in revised [arm 13/(611991) 



68 Y.Z. EI-Shafei and A.M . AI-Darby 

~~ -.:ill..\ .........'-":- _ ~\))\ ~ _ .....jj\ \~ ~ 


...._~~\ ~.~\ ~\ - \ \ lO \ ui:'\"'_)\ - 'i l \' '. ~ . u'" 


~)~ ~~ o~1 J ..}UI ,-:-",.,--:-ll 4-..lj..u ~ :w.,;i- ~.r.-i 

uUL:5 ~.J &---11~ t"'" r .)L.o hLP J (t"'" "\. Jy--l:>.J t"'" "\ 

01 ~ (1" t"'" / ~ , , 0 0 (,', o· (,', i 0 (" , i' (,', r' 0) ~.,;ll ~~U; 

.1" t""'/ ~ , , i' JA-:l-I J ~~lk.ll ~L:S:l1 .k......p 

Cj..L::J1 0-" o..l:>-.J ~~.J Jy o~l) ..}Ll.1 ";)1 ~.;k ..:-~1..Ai.J 

~ ~.,1 .i..b.-...ly, (:w."k..,JI c:jy-.J t.lkA.l W~)'I ~I J ~.Jj..y.1 
0~~ .u~~ ~-' Jl uLP)'~ (~o~ ul;~ ~)";."L! 

~.Jj..y.\ ~'pi J-L...." ~ ;jJL,JI Jy J~I w..lr. ~~.J (,<\vr) 

J .i.)Ls- ~L>- ul~ ~~ u~l~ ..:-~l \c5 (,~.,;ll y,,,k)1 LS01.J 

~ ;jJL,JI ~4:u :w.,;JI J (y,,,k)1 J""~)'I o...l.!.) y,,,k)1 ..l.!J1 uL...y 

. ~;J \ J y,,,k ) I LS0 \.J y,,,k) I ..l.!J \ 

,-:-",.,--:-ll J.:l.v.J J~)'I ~ i...\...Aj J~ 0-" '"j..S 01 <tUI u ~1 ..Ai.J 

~.JJ....>- J ~..r-"'lk.ll ;jL:S:l\ ~ ~4~j~ ~.f--~ ~;J\ J ~I,;J\ ..}Ll.1 

. ~\ ~L:S:l1 LS...I.A 

~~.J :w.,;u ~L:jJ J-Iy ~~ ~~ u~~~ .k~l ~ ...u.J 

o.l..A.J . ~I~I ..}UI ,-:-",.,--:-ll J~.J J~)'I ~ i...\...Aj J~ ,-:-"LJ­



- - -

Bulk Density in Relation to Infiltration ... 69 

~I J u..rk)1 lS~1 (, ~I~)'I ~.,1)1 (, ~J""\.hJ1 ~l:5J1 J1:. JolyJl 

..L:.l1.J .'i...:J~)'1 ;;;;6'" II ~.J.J..I.;AI ~pi (,~.,1)1 e:: jy ll..kA.l d..)~)'1 
,.:/'::;~WI i~.J . JJL:)'I ~~ (~.,1~I ~L.a.,:..)'1 o..,L.;,) ~.,1)1 

JJL;:.; 'jl - d..J~'j1 4.., . '-)1 d.4.k.:l ~L . ~ Ii uLA...a..l1 I~ 0 .L; LL..i.< ~.J _ < •.Y __j.:"'-' .J ~.J Y 

. ~i)\ ol)l 4S? 

;;6 '- II u'j~W~ ~~I .)UI ,-:-"..,.-:JI ~ U;-: ~.Jl.i.o ~?i -li.J 

. k I~ r;lA;1 ~t;..." 0\ ~.J.J ~~I uL..l::AJ1 ~.J 

~I~)U J~)'I ~L:JI) ~i ~..rf. u'j~~ ~i ,- 6:- "1-li.J 

~ LL....i ..L,.;..U.J ~UI ~I u'j~WI.J eL::.:JI c:: wl~ (;;)_.6-11 

.'i...:J~)'1 ~I .J ~.rk)1 lS~1 (, ~I~)'I ~.rk)1 (, ~J""\.hJI ~l:5JI 

..u.J . ~~I .J .)UI '-:-"..,.-:JI.J (, JJL:)'I ~ i..u; ,-:-"Ll (, (Jot.-) ~~.J 

~L;S::.lI.J ~~I u'j~WI J j-.>I..ul (J-WI) ~L:.l\ ~ U~ u~.J 

;; __ " 6 II ~p..U ~..,.-:JI ~UI ~\ .J ~~ J.::-:ll1.!lJ~.J ~p..U ~J""ll2.J\ 

u'j'J1 il~U 0~1 u~~ 40-).\ ~I ul~ ~~I.J 

.¥I~I.J)I 


