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Abstract
Downward water flow in the vadose zone occurs principally through the non-capillary pores, while the redistribution and lateral and upward flow occurs in the capillary pores. The purpose of this study was to propose equations to estimate water
flow, Q(θ), and hydraulic conductivity, K(θ), in the capillary and non-capillary soil
pores. The equations related K(θ) to soil pore radius (r) were based on soil hydraulic
data, including water retention h(q), field basic infiltration rate, water sorptivity (S)
and distribution density function f(r) of the soil pore size. Calcareous sandy loam
and alluvial clay soils located at the Nile Delta were used to test the validity of the
assumed equations. Data showed that the values of K(θ) calculated by the proposed
equations were in the common ranges for such soils. The equations are therefore
expected to be applicable for both coarse and fine textured soils. Also, an equation
was derived to estimate the sorptivity at steady state infiltration. It was observed that
S is decreased in going from the un-saturation condition to steady state infiltration
by 15.1% and 45.9% in sandy loam and clay soils, respectively.
Keywords: Unsaturated hydraulic conductivity, soil pore size, water infiltration and
sorptivity.
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1. Introduction
Mathematical models have become increasingly popu-

The aim of this work was to propose equations for

lar in the research and management of soil water flow

predicting water flow and unsaturated hydraulic con-

and transport processes. The unsaturated hydraulic

ductivity, K(θ), in capillary and non-capillary pores

conductivity, K(θ), and the relationships between water

of soils. The approach is based on data on certain hy-

content (θ), pressure head (h) and soil pore size are im-

draulic parameters such as soil water retention y(q),

portant to quantify the rate of water flow and transport

distribution density function f(r) of pore sizes and

through the vadose zone. Water moves into soil pores

sorptivity at steady infiltration rate. These parameters

due to gradients in water content and potentials, and

can be measured experimentally and the procedures

this is usually from a wet soil to a dry one. The ability

are not as time-consuming as measuring K(θ) in situ.

of pores to conduct water is controlled mainly by pore

Moreover, results of measuring K(θ) in situ are often

sizes, continuity and distribution of the pores in the

unreliable.

soil. The soil pore sizes could be classified into macro
(non-capillary) pores, coarse capillary pores and fine

2. Theoretical background

capillary pores (FCP) (Baver and Gardner 1972). The
non-capillary pores are represented as rapidly draining

2.1. Soil water retention and pore size classes

pores (RDP), while the coarse capillary pores (CCP)

Water is held in soil pores by cohesive and adhesive

are represented by the slowly draining pores (SDP) and

capillary forces. The size of the pores in unsaturated

water holding pores (WHP) (Amer 2002). The pressure

state can be determined through the so called hydrau-

head corresponding with the cutoff between capillary

lic radius (r) of a section of pore space. The relation-

and non-capillary pores varies widely, ranging from 0.1

ship between r and the capillary forces expressed as

kPa (Beven and Germann 1982) to 10 kPa (Marshall

pressure head potential (h in m) is represented by the

1956). In the present study, h = 10 kPa has been se-

capillary rise equation (Hillel 1980):

lected as corresponding to the limit between capillary
and non-capillary pores (Amer et al., 2009).

		

		

(1)

Theoretically, K(θ) may be predicted using statistical pore size distribution models, which assume

where, r (in m) is the equivalent cylindrical pore size

water flow through “ idealized “ cylindrical pores.

(hydraulic) radius related to the meniscus curvature

These models are described with the equations of Poi-

radius (R) via the equation; r = R cos α, and cos α =1,

seuille and Darcy (Mualem 1976; Amer et al., 2009)

(as it was assumed that the contact angle (α) is 0 for a

in which water filled pores can be treated as capillary

wetted surface), γ is the surface tension between water

bundle tubes. The non-capillary pores have been rec-

and air (at 20ºC= 0.0727 kg s-2), g is the acceleration

ognized as significant pathways for water and solute

due to gravity (9.8 m s-2), ρw is the density of water

movement in the soil. In most cases, macro (non-cap-

(at 20ºC= 998kg m-3). As the soil dries out, increas-

illary) pores comprise only a small portion of the total

ing suction occurs due to the progressive emptying of

soil voids, but under some conditions vertical flows

capillary pores. Pore size diameters were determined

through the macro pores dominate during infiltration

for the ranges of soil matric potentials by applying

(Chen and Wagenet, 1992).

Eq.(1) with respect to the soil water retention curves.
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The equivalent pressure (ψ) ranges of 0-10, 10-33,

Given Re = 1 (i.e., inertia force = viscosity force), and

10-1500, 33-1500, and > 1500 kPa, are roughly cor-

as gravity acceleration,

then from Eq.2a,

responding to rapidly draining pores (RDP), slowly
draining pores (SDP), coarse capillary pores (CCP),

the criteria radius (rc) between laminar and non-lami-

water holding pores (WHP), and fine capillary pores

nar flow can be calculated as (Chen and Wagen-

(FCP) diameters. Classes can be combined into to-

et,1992):

tal draining pores (TDP) (0-33 kPa), and total water-

		

storage pores (WSP) (> 33 kPa), as well as into macro

(3)

(non-capillary) pores (<10 kPa) and soil matrix (capilBy applying the aforementioned values of the param-

lary) pores (>10 kPa).

eters in the right term of the Eq.3, then the critical radius of pore is equal to rc= 95µm. As the water-filled,

2.2. Water flow in relation to soil capillary pores

non-capillary pores (RDP) have diameters ≥28.8µm
(r ≥ 14.4 µm), so it is expected that rc divides the RDP

The defined ranges of soil pore sizes indicate that the

into laminar (Re<1 at r = 14.4 - 95 µm) and non-lam-

rapidly drainable pores (RDP) radius (r) may range

inar (Re>1 at r > 95µm) water flow. The Poiseuille

from 15 – 2500 µm (Chen and Wagenet 1992). Within

equation for average velocity (u) of water can also be

this range, as the radius increases, the Reynolds num-

applied for a pore radius ≤ rc in the form (Amer et al.,

ber (Re, dimensionless) for a water-filled- cylindrical

2009):

pore (tube) will increase in value, creating a possible
change in flow conditions from laminar to non-lami-

		

		

(4)

nar flow:
where,
(2)

is the gradient hydraulic head (m.m-1), and

h is the hydraulic head (m), and l is the length of pores
tube. Then the flow rate, Q (L3.T-1) for a single cylindrical pores tube is:

where u is the average flow velocity in the pores tube
(LT-1), r is an equivalent radius, and η is the dynamic

			

(5)

viscosity of water (10 kg m s at 20C) and ρw is the
-3

-1 -1

density of water (103 kg m-3).
By incorporation of the Poiseuille equation for average velocity

into Eq. 2, we get;

where πr2 is the cross-sectional area of the soil pores.
Soil matrix is assumed to behave as a homogeneous soil with a majority of capillary pores
(SDP+WHP+FCP), described by classical water flow

(2a)

equations based on Darcy’s law, in which:
		

where

		

(6)

is pressure gradient, in units of M L-2T-2.
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From the Poiseuille equation (5) and Eq. (6), the hy-

small period of time) and has unit of LT-1. The cumu-

draulic conductivity, K (LT-1) for one cylindrical capil-

lative infiltration (I) is the total volume of water that

lary pore will be as:

has infiltrated through a unit of horizontal area of soil
surface over a given period of time, measured from

		

		

(7)

the beginning of infiltration.. For many soils, a plot
of I as a function of time t is described (in depth unit,

If the distribution density function of pore sizes, f (r),

cm) by the equation of Kostiakov (1932):

is defined for pore sizes from rmin to rmax within a unit
area of a capillary bundle, the total water flow capacity Q (L T ) at
3 -1

(10)

		

, will be:
where, c and m are constants for a given soil and a
given moisture content, respectively. These constants
(8)

could be obtained if log I is plotted against log t;

For capillary pores, water flow Q(r ) can be formu-

(11)

lated as follows:
At unit time, I = c, where log c = intercept and m =
slope of the linear regression of Eq.11.
The instantaneous infiltration rate (i) at any time
(9)

can be derived by differentiating the expression for I
(Eq.10) with respect to time t;

where r is the pore radius as applicable to the water
adsorption capacity (Wa) at which water does not

		

(12)

move, fine capillary pores (FCP), water holding pores
(WHP), and slowly drainable pores (SDP), respec-

Philip (1957) showed that the cumulative infiltration,

tively. The pore radius was taken to be as the largest

I, cm in soil changes with square root of time (t0.5),

one for each class.

with the t in minutes, and it depending on the sorptivity (S) of the soil. Sorptivity is the capacity of a soil to

2.3. Infiltration and hydraulic conductivity into
non-capillary pores

absorb (suck up) water and is influenced by the antecedent water content of the soil. If I is plotted against
t0.5 then a linear relationship is usually found for the

Under the conditions of non-laminar flow where

first 1 to 3 minutes of infiltration. The slope of the

Re>1, the average flow velocity (u) and then the hy-

linear relationship,

draulic conductivity, K ,can be estimated from the in-

the unit time. With respect to the Philip infiltration

filtration rate, i and sorptivity, S. The infiltration rate

equation, the cumulative infiltration, I, and the sorp-

(i) is the volume of water infiltrating through a hori-

tivity, S, can be calculated at relatively short periods

zontal unit area of soil surface at any instant (infinitely

of time as follows:
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(13)

where a is a constant ranged as 0≤ a ≤ 1, and Ks is the
saturated hydraulic conductivity.
Philip (1969) and Swartzendruber and Young
(1974) suggested that a fit of Eq.13 to the whole time
of infiltration would lead to select a ≈ 1. So, the Eq.13
During infiltration, the application rate of water to soil

can be rewritten as follows:

surface is often greater than K(θ)RDP + K(θ)h, where
(14)

		

K(θ)RDP is the hydraulic conductivity into the rapidly
drainable pores and K(θ)h is the matrix unsaturated

After long periods of times, t at which the instanta-

hydraulic conductivity. If the addition of water contin-

neous infiltration rate (i) reached the basic infiltration

ues until the time of steady state infiltration is reached,

rate (ib), the steady state of water flow is predomi-

it is expected that the macro non-capillary pores (Δθ)

nant, and ib is supposed to be proportional to saturated

RDP

hydraulic conductivity ( i.e. ib = aKs). Amer (2011)

before the matrix is saturated (Chen and Wagenet

proved that the matching factor a (dimensionless) as a

1992). Then the steady state infiltration rate can then

function between ib and Ks, is:

be considered as ib= aK(θ)RDP for rapidly drainable

will eventually be completely saturated with water

pores. In this case, the matching factor (a) is assumed
		

(15)

to represents the inverse of the saturation degree at
steady state infiltration, i.e.

. Hence,

where, the parameters in the right term of Eq.15 are
combing these relationships with respect to Eq. 20,

the same as mentioned above.
In this study, S, after a long period of time, t hr

the K(θ)RDP can be estimated as follows :

from the beginning infiltration, is denoted as wet sorp(21)

tivity or steady state sorptivity, Sw (LT-0.5). To estimate
Sw, the Eq.14 should be developed using Eq.12 as follows:

2.4. Elapsed time for steady state infiltration
		

		

(16)
The time, t, that must elapse before the instantaneous-

At steady state infiltration, i= ib, hence, substitut-

ly infiltration rate, i, becomes approximately constant
can be expressed in term of the soil property, m. In this

ing Eq.16 into Eq.10 produces;

case, ib can be defined by differentiating i with respect
		

		

(17)

to time (Eq.12) and then by assuming that stability is
reached when the change in i values with time, t does

Incorporating Eq.17 into Eq.14, subsequently, we ob-

not exceed 10% of i at the previous hour , as follows

tain:

(Amer, 2011):
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(24)

In practices, since the distribution density function, f
(r), of pore sizes is difficult to obtain (Chen and WaBy solving for t in the right-hand two terms of the last

genet 1992), a conceptual method of water filled

equation, we find:

pores, Δθ, is employed to estimate f (r) function
whereas the f (r) is usually taken to be similar as the
		

(23)

soil water retention (ψ) function with r corresponding
where θ is the volumetric

to:

2.5. Q(θ) and K(θ) in relation to soil water filled
pores

soil water content (L L-3) corresponds to ψ and r.

For rapidly drainable pores (RDP), the existence of a

(25)

3

Then;

range of pore sizes between rmin and rmax (in Eq.8), allows definition of Q (r) for capillary and non-capillary

By substitution of Eq.25 in Eqns. 9 and 24, the total

pores i.e. from rmin = 14.4 μm (= rSDP) up to the critical

water flow, Q(θ) [L3T-1], and hydraulic conductivity,

radius rc (= 95 μm) and from rc up to rmax (≈1500 μm).

K(θ) [LT-1], can be obtained for capillary and non-

The rmax represents the total pores of soil at saturation

capillary pores as follows:

(pF = 0). Substituting Eq.21 into Eq.8, the water flow
into RDP can be obtained as follows:

		

Multiplying the first part of Eq.27 by a matching fac-

where Δθ is the change in the ratio of volume fraction

tor Ks/Kc, i.e. the ratio of the measured saturated Ks

(L3.L-3) of moisture, going from soil pores occupied

to the calculated Kc for total pores, the K(θ) can be

by water from the pores of immobile water (soil mois-

rearranged as:

ture adsorption capacity, Wa) up to slowly drainable
pores (SDP). The Δθ can be expressed as a fraction of
(28)

the soil bulk volume (as in Eq.28), or as ratio of total
pores (Δθ/θs). When this fraction is substituted for Δθ
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each soil profile. The undisturbed soil samples were
used to determine bulk density, and saturated hydraulic conductivity by using the constant head method
(Klute and Dirksen, 1986). The de-sorption soil water
retention curve, for pressure heads h up to about 100
kPa, was determined using undisturbed samples for
clay soil (profile II), and a neutron probe and tensi-

The critical pore radius (rc) between laminar and tur-

ometers were used in situ for calcareous soil (profile

bulent flow is corresponding to the critical moisture

I). The determination of soil moisture content (θ), on

content, and rc which can be estimated indirectly from

volume basis, was extended in the laboratory at dif-

soil moisture retention curve at rc= 95μm. Regardless

ferent h values up to 1500 kPa for the two soil pro-

of the value of rc , the rapid water flow in the non-cap-

files. The data of pore size were obtained using the

illary pores will result in some transfer of water into

soil water retention h(θ) curves, and then classified

the soil matrix through the macro-pore wall due to the

diametrically upon Eq.1. The pore size distribution

difference in water potential between the macro-pore

was expressed as a percent of soil bulk volume (Δθ%)

and the matrix. The K cutoff point is for the largest r

and of total pores volume, (Δθ/θs)x100, (where θs is

of each certain class, and this was matched with the

saturation degree). Disturbed samples were air-dried,

corresponding Δθ class, and the Wa was subtracted

gently crushed, sieved through a 2 mm sieve, and used

from Δθ of the >1500 kPa class. Larger classes are ac-

for analysis of de-sorption at higher pressure heads,

cumulated of the K’s from smaller classes. The value

CaCO3 content, texture, saturated hydraulic conduc-

of hydraulic conductivity K(θ) is recognized as being

tivity (Ks), salinity (EC), and sodium adsorption ratio

it depends on the nature of the medium and the physi-

(SAR) These analyses were done following the proce-

cal properties;(ρwg/η) of the perfuse water.

dures as mentioned by Sparks et al., (1996) and Dane
and Topp (2002). As given in Amer (1993, 2009), we

3. Material and methods

used the water vapour adsorption isotherm method,
with applying the BET theory to estimate the mois-

Two soil profiles were chosen to investigate the appli-

ture adsorption capacity (Wa), which is considered

cability of the suggested equations. The first soil pro-

to be immobile water content in a soil. Wa is equal

file (I) is a calcareous sandy loam soil located at the

to three layers of adsorbed water (films); Wa = Wm

Nubaria area (northern west Nile Delta). The second

+ 2Wme where, Wm is the mono-adsorbed layer of

(II) is an alluvial clay soil from the farm of the Faculty

water vapor on soil particles, and Wme is the external

of Agriculture, Menoufia University, at Shebin Elkom

mono-adsorbed layer of water vapor. Some physical

(middle Nile Delta). Disturbed and undisturbed soil

and chemical properties of the studied soils are shown

samples were taken from each of three depths for

in Table 1.
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Table 1. Some physical and chemical properties of the studied soils.
Soil profile and
location

I
Nubaria

II
Shebin
El-Kom

Soil
depth
(cm)

EC†
dS m-1

SAR

0-20

0.34

20-40

ρb
g.cm-3

CaCO3
%

0.68

1.47

0.26

0.40

40-60

0.24

0-30

Particle size
distribution %

Texture
class

Wa
m3 m-3

Ks
cm h-1

Sand

Silt

Clay

22

64.0

19.9

16.1

Sandy
loam

0.0315

4.40

1.46

23

61.8

20.3

17.9

Sandy
loam

0.0298

4.58

0.33

1.46

26

60.9

22.1

17.0

Sandy
loam

0.0260

4.66

1.90

3.79

1.30

2.10

23.8

35.2

41.0

Clay

0.1100

1.60

30-60

1.60

4.73

1.38

1.84

23.6

34.7

41.7

Clay

0.1183

1.22

60-90

2.00

9.90

1.35

0.92

22.3

32.9

44.8

Clay

0.1227

0.58

EC is electrical conductivity, SAR is sodium adsorption ratio, ρb is bulk density, Wa is adsorption moisture
ratio, and Ks is saturated hydraulic conductivity.
†

The unsaturated hydraulic conductivity, K(θ), val-

to the Kostiakov equation (1932) were measured in

ues were calculated by Eq.29 and compared with

the experimental field.

estimated data (KG ) by van-Genuchten’s equation
(1980) in calcareous soil:
(31)

4. Results and discussion
4.1. Capillary and non-capillary pores
Table 2 shows the pore size distribution; RDP, SDP,
WHP, and FCP as derived from the soil moisture re-

is the volumetric soil moisture

tention data of the studied soils applying the Eq.1. The

content at the moisture suction h, kPa, θr is the residu-

non-capillary rapidly drainable pores (RDP) and ratio

al moisture content, (in this study θr = ρbWa), ф is to-

of air to water (A/W) indicated that the total drained

tal porosity, and n is a constant depending on the fit-

pores, as compared with the capillary and water stor-

ting of the sigmoid curve.

age pores, were higher in the sandy loam soil (profile

where ,

Field infiltration rate was obtained with the dou-

I) than in the clay soil (Profile II). This is due to the

ble ring infiltrometer (Reynolds et al., 2002). The

relatively coarse texture and high CaCO3 content in

sorptivity and infiltration parameters were done for

the profile I. The maximum value of A/W ratio was

both locations of soil profiles. Measured intake rates

observed in the surface depth of the sandy loam soil,

for individual infiltration runs were obtained at 2 to

but it was occurred in the subsurface depth of the clay

10-minute intervals for the triplicates measurements

soil. As expected, the numbers of capillary pores were

of the locations. Infiltration rates (i in cm/h), as fitted

as much as high in the clay soil (fine textured profile) if
compared to the sandy loam soil profile.
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Table 2. Pore size classes as a percent of soil bulk volume (∆q%) and ratio of total volume pores (
Soil
profile and
location

I Nubaria
II
Shebin
El-Kom

RDP

Soil
depth
(cm)

SDP

TDP

WHP

CCP

FCP

107

).
TVP A/W
%

0-20

14.6 0.369 11.10 0.280 25.72 0.649 6.40 0.162 17.50 0.442 7.50 0.189 39.62 1.85

20-40

13.8 0.385 10.01 0.278 23.86 0.663 4.93 0.137 14.94 0.415 7.18 0.199 35.97 1.97

40-60

12.8 0.364 9.42 0.267 22.24 0.631 6.00 0.170 15.42 0.437 7.00 0.198 35.24 1.71

0-30

1.25 0.190 8.10 0.123 9.35 0.142 31.68 0.482 39.78 0.605 24.74 0.376 65.77 0.17

30-60

1.33 0.192 16.30 0.235 17.63 0.254 28.90 0.417 45.20 0.652 22.78 0.328 69.31 0.34

60-90

2.00 0.302 13.28 0.200 15.28 0.231 29.54 0.446 42.82 0.646 21.46 0.324 66.28 0.30

A/W is Air/Water ratio or A/W = TDP/(WHP+FCP)

4.2. Infiltration and sorptivity

soil profiles, respectively. It means that a dry soil (unsaturated) typically has a much greater sorptivity than

Experimentally, the typical trends in cumulative infil-

a wet soil. Though a soil with larger (non-capillary)

tration, I (cm) versus time t (minute) and infiltration

pores has a lower sorptivity than a soil with smaller

rate, i (cm/h) are illustrated by the empirical power

(capillary) pores (Hallett 2008), S was higher in sandy

, i = 56 t -0.35, and I = 0.6 t

loam (calcareous) soil than in clay soil. This result at-

in sandy loam (profile I) and clay

tributed to the abundance of the CaCO3 fraction which

(profile II) soils, respectively. At the onset of wetting,

has a great ability to suck up water in such calcareous

the moisture gradient was the greatest, hence the more

soil (Ghazy, 1993).

functions, I = 1.44 t
, i = 19.1 t

0.53

-0.47

0.65

rapid infiltration. The infiltration rate i (LT-1) slowed
down gradually with time t and reached the steady

4.3. Water flow rate

state (basic infiltration rate, ib ) after 3.5 and 4.7 hours
(Eq.23) from the beginning of infiltration for I and II

The flow of water under saturated conditions is a

soil profiles, respectively. At the beginning of infiltra-

function of two opposing factors, namely, the effec-

tion (un-saturation conditions), the sorptivity, S, was

tive pore size and the continuity of water films in the

calculated using I as a function of time tm where m was

conducting pores. At a given suction, the decrease in

adjusted to 0.5. The S values were found as 1.324cm/

pore size facilitates the flow of water by increasing

min0.5 and 0.618 cm/min0.5 for the profiles I and II,

the continuity of the water films in the water conduct-

respectively. After a long time of infiltration, the

ing pores (Amer 2003). Simultaneously, however, it

sorptivity may be called steady state sorptivity or wet

slows down the flow of water by the increased re-

sorptivity (Sw) (Amer 2011). Using Eq.19 to calculate

sistance in pores because from Poiseuille’s law and

Sw, it was observed that at steady state infiltration the

the present derived equations, the water flow rate per

sorptivity values were 1.124 and 0.334 cm / min ,

unit cross-section area of pores is proportional to the

i.e., decreased by 15.1% and by 45.95% for I and II

square of the pore radius (r2). The ultimate effect of

0.5
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particle-size/pore size (capillary and non-capillary)

values were higher in sandy loam soil (profile I) than

distribution on unsaturated water flow is thus the re-

that in soil matrix pores. This is due to the relatively

sultant of these two opposing phenomena (Mundra

large pores and high RDP fraction percent of all depths

et al., 1989). However, as the values of K(θ) increased

of the sandy calcareous soil (profile I) as compared to

with an increase in water content (θ), the water flow

the clay soil (Table 2). The opposite was observed for

rate Q(θ) must obey the same trend of K(θ) for the

WHP and FCP where K(Δθ)h values were higher for

same radius, since; Q(θ) = πr K(θ).

all depths of the clay soil than in the sandy loam soil.

4.4. Unsaturated hydraulic conductivity

the predicted values of K(θ) by the suggested equa-

2

In comparison with the van-Genuchten’s model,
tion (29) were in consistent with those calculated by
Data presented in Table 3 show the values of unsatu-

van-Genuchten’s model (Eq.31) (K(θ)G ) for the water

rated hydraulic conductivity, K(θ), as calculated by

holding pores values, WHP. The calculated K(θ)G val-

Eq.29 at different soil pore size classes. It was evi-

ues were obtained only for sandy calcareous soil (pro-

dent that the values of hydraulic conductivity for fine

file I), whereas the values of the constant n (in Eq.31)

capillary pores, (K(θ)FCP), were very low in the soil

were 0.1837, 0.1632, and 0.1603 for the calcareous

matrix whereas they fluctuated between (3.26–4.17)

soil depths; 0-20, 20-40, and 40-60 cm respectively.

x10-9 and (0.38–2.30)x10-8 cm/s in the I and II soil

However, the values of K(θ)G were relatively in-

profiles, respectively. As expected the values of K(θ)

consistent for the other pore size classes. These results

increased with increase in capillary and non-cap-

may be due to the fact that the calculation of the n

illary pore sizes from FCP to SDP and up to RDP

constant was done only over the water retention range

(Fig.1). The larger the pore size the greater is the

0-100 kPa of the soil moisture characteristic curve.

hydraulic conductivity (Ahuja et al., 1989). The val-

This range includes the values of air-entry point and

ues of K(Δθ)RDP in the range of non-capillary pores

(Δθ)WHP. In general, the values of the predicted K(θ)

remained smaller than those for the range of soil

were less by about 3 times than those of K(θ)G / Ks for

matrix (capillary) pores (K(Δθ)h), in clay soil (Pro-

calcareous soil (Table 3).

file II). On the contrary, the K(Δθ)RDP

and K(Δθ)SDP
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Table 3. Hydraulic conductivity K(θ) in the capillary and non-capillary pores of the studied soils.
FCP

WHP

SDP

RDP

ΣK(Δθ)
K(θ), by van
(calculated Genuchten’s
by Eq.30)
Model

Soil pro- Soil
file and
depth
location (cm) K(Δθ) K(Δθ)x K(Δθ) K(Δθ)x K(Δθ) K(Δθ)x K(Δθ) K(Δθ)x K(θ) K(θ)* K
G
h
Ks/Kc
Ks/Kc
Ks/Kc
Ks/Kc
KG/KS
cm/s
cm/s
cm/s
cm/s
cm/s cm/s cm/s
cm/s
cm/s
cm/s
cm/s

I
Nubaria

II
Shebin
El-Kom

0-20

1.345
x10-9

3.260
x10-9

5.973 1.448
x10-6 x10-5

9.681 2.347
x10 -5 x10-4

4.011 9.726
x10-4 x10-4

2.493 1.222 5.81 4.75
x10-4 x10-3 x10-6 x10-3

20-40

1.394
x10-9

3.570
x10-9

5.668 1.451
x10-6 x10-5

9.927 2.542
x10-5 x10-4

3.918 1.003
x10-4 x10-3

2.686 1.272 3.71 3.04
x10-4 x10-3 x10-6 x10-3

40-60

1.409
x10-9

4.170
x10-9

6.545 1.925
x10-6 x10-5

9.801 2.901
x10-5 x10-4

3.327 9.847
x10-4 x10-3

3.096 1.294 5.82 4.76
x10-4 x10-3 x10-6 x10-3

0-30

2.559
x10-9

2.304
x10-8

1.096 9.864
x10-5 x10-5

3.128 2.815
x10-5 x10-4

7.104 6.393
x10-6 x10-5

3.801 4.440
x10-4 x10-4

_

30-60

1.935
x10-9

8.581
x10-9

9.488 4.207
x10-6 x10-5

5.974 2.649
x10-5 x10-4

7.173 3.181
x10-6 x10-5

3.070 3.388
x10-4 x10-4

_

60-90

1.698
x10-9

3.783
x10-9

1.014 2.259
x10-5 x10-5

5.089 1.134
x10-5 x10-4

1.128 2.513
x10-5 x10-5

1.359 1.611
x10-4 x10-4

_

K(θ) = K(θ)h + K(Δθ)RDPx Ks/Kc, K(θ)h = Ks/Kc(K(Δθ)FCP+ K(Δθ)WHP+ K(Δθ)SDP )

*

Figure 1. Unsaturated hydraulic conductivity in capillary and rapidly drainable pores of clay soil (profile II).
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5. Conclusions

hydraulic conductivity into the RDP upon the range
of non-laminar (turbulent) water flow, i.e. from rc =

The characterization of water flow properties and un-

95 μm up to the maximum size of RDP ( rmax ). To

saturated hydraulic conductivity in the root zone of

obtain the effective water content which contribute to

soils has become an ever-increasing problem in Soil

Q(θ) and K(θ) values, the immobile adsorbed water

Physics. One of the main problems is the understand-

(soil moisture adsorption capacity, Wa) was reducted

ing of flow in a constantly changing transforming po-

from the water content at fine capillary pores (θ)FCP.

rous media, where the soil pores and water pathways

The values of K(θ) calculated by the assumed equa-

evolve spatially and temporally, for example due to

tions were in agreement with those calculated by van

interaction with the flow, aggregates, compaction,

Genuchten’s model (K(θ)G) for WHP only. However,

destruction of permeability…etc. To overcome this

the calculated values of K(θ) were within the range of

problem, new equations are presumed to predict the

the commonly measured values for the studied soils,

water flow Q(θ) and hydraulic conductivity K(θ) into

indicating the applicability of the assumed equations

capillary and non-capillary pore size classes in coarse

for predicting the unsaturated hydraulic conductivity

(sandy loam) and fine (clay) textured soils. Then the

in both coarse and fine textured soils.

total hydraulic conductivity of the studied soils is
predicted as a summation of hydraulic conductivity
for each pore size class. The pore size classes are ex-
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(turbulent) flow at saturation condition into the large
pore sizes. To solve this problem the conceptual of the
critical radius that found to be rc = 95 μm was provided in the present study. Upon the rc value, the RDP
range was divided into two parts; (1) ranges from the
upper limit of slowly drainable pores (SDP, 14.4 μm )
up to the critical limit or radius, rc (= 95 μm), (2) ranges from rc (= 95 μm) up to the maximum limit of pore
size at full saturation. In this respect a new model,
depending on water sorptivity (S) at steady state infiltration, was suggested to determine the water flow and
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