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Scaling hydraulic properties of a macroporous soil 

Binayak P. Mohanty 
U.S. Salinity Laboratory, Riverside, California 

Abstract. Macroporous soils exhibit significant differences in their hydraulic properties 
for different pore domains. Multimodal hydraulic functions may be used to describe the 
characteristics of multiporosity media. I investigated the usefulness of scaling to describe 
the spatial variability of hydraulic conductivity (K(-h)) functions of a macroporous soil in 
Las Nutrias, New Mexico. Piecewise-continuous hydraulic conductivity functions suitable 
for macroporous soils in conjunction with a hybrid similar media-functional normalization 
scaling approach were used. Results showed that gravity-dominated flow and the related 
hydraulic conductivity (K(-h)) functions of the macropore region are more readily 
scalable than capillary-dominated flow properties of the mesopore and micropore regions. 
A possible reason for this behavior is that gravity-dominated flow in the larger pores is 
mostly influenced by the pore diameter which remains more uniform as compared to 
tortuous mesopores and micropores with variable neck and body sizes along the pore 
length. 

1. Introduction 

Near-saturated hydraulic properties of soil are important for 
predicting water flow in macroporous soil. Mohanty et al. 
[1997] showed the presence of bimodal hydraulic conductivity 
functions using disc infiltrometers and multistep outflow meth- 
ods with detached soil cores at a field site in Las Nutrias, New 
Mexico. New multimodal piecewise-continuous functions were 
used to describe the K(-h) relationship for the macroporous 
soil: 

set measured using disc infiltrometers in an agricultural field 
near Ames, Iowa. In that study the saturated hydraulic con- 
ductivity (Ksat) at each measurement location (x) was found to 
be an ideal (physical) scale factor for K, while another empir- 
ical scale factor was estimated for h; all K(- h) data could then 
be coalesced to one unimodal Gardner-type function. In this 
paper we will investigate the suitability of scaling schemes for 
bimodal-type piecewise-continuous hydraulic conductivity 
functions of a macroporous soil in Las Nutrias, New Mexico. 

g(h) = •k•(h) = •k• (• -(%lhl)•-x[1 + [1 + (,ph)np]mp/2 
p p 

(mp 1 - 1/rtp) h < h* = - •c (1) 

Knp(h) = K* + K*[e (h-h*)a- 1] h* •: < h -< 0 (2) 

Knp(h) = K* + K*[e (-h*)a- 1] h>0 (3) 

where Kp is the hydraulic conductivity of the pth capillary- 
dominated flow domain [L T-i], Knp is the hydraulic conduc- 
tivity for noncapillary-dominated flow domain [L T-i], h is the 
equilibrium soil water pressure head of the bulk soil across all 
flow domains [L], h* • h * = h * is the critical or breakpoint K 0 

soil water pressure head where flow changes from capillary- 
dominated to noncapillary-dominated flow or vice versa [L], 
K* is the hydraulic conductivity corresponding to h * [L T-i], 8 
is a fitting parameter representing effective macroporosity or 
other structural features contributing to noncapillary domi- 
nated flow [L-i], ap [L -1] and rip [dimensionless] are fitting 
parameters [van Genuchten, 1980] for pth capillary-dominated 
flow domain, and kp is the saturated hydraulic conductivity for 
capillary-dominated flow domain p subjected to Ekp = K*[:•L 
T-q. 

Shouse and Mohanty [1998] showed the success of a hybrid 
scaling approach combining similar media scaling and func- 
tional normalization to coalesce a near-saturated K(-h) data 
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2. Experimental Methods 
The data used in this paper were taken from Mohanty et al. 

[1997]. The experimental field is a 6-ha commercial agricul- 
tural farm, situated on an alluvial flood plain of the Rio 
Grande, near Las Nutrias, New Mexico. The climate is arid to 
semiarid and has a wide range of temperatures and rainfall. 
The field site consists primarily of silty clay loam sediments 
with moderate to poor drainage prope, rties, underlain by fine 
sands and with no impeding strata to a depth of about 7 m 
[Natural Resource Conservation Service, 1992]. Surface hori- 
zons, however, contained visible root channels, worm holes, 
and cracks thereby composing a complex network of preferen- 
tial flow paths. Surface infiltration measurements at 0-, 3-, 5-, 
7-, 10-, 13-, 15-, 17-, 20-, 25-, 30-, 60-, and 150-mm soil water 
tensions were made at nine sites in the summer of 1994, using 
ponded and tension infiltrometer procedures as described by 
Mohanty et al. [1994, 1997]. To mi0imize any site disturbance, 
the water-supply tower of the tension infiltrometer was refilled 
during the experiment using the procedure of Ankeny [1992]. 
The sites were selected such that they represent different soil 
series and textures across the field. Ankeny [1992] cautioned 
that infiltration for tensions below 10 mm should be inter- 

preted carefully because of possible inaccuracies in the applied 
tension due to bubbling. As such, we interpreted the infiltra- 
tion rate in this narrow range of tensions only in a qualitative 
manner so as to reveal relative trends near saturation. The data 

were used to develop piecewise-continuous hydraulic conduc- 
tivity functions whose fitting parameters could be further ad- 
justed during model calibration [Mohanty et al., 1997]. For the 

1927 



1928 MOHANTY: TECHNICAL NOTE 

0.06 

o 0.05 

E 
E 

'-" 0.04 

._> 

• 0.03 

o 

o 0.02 

>, O.Ol 

0.00 

10-2 

¸ ¸ 

10 -1 10 o 10 t 102 103 

Soil Water Pressure Head (-mm) 

10 4 

10-1 

._. 1• 

E 10 '• 

.>_ 
'• 104 

o 

o 10 -5 
._ 

• 10 .6 

10 q 

lO-• 

b 

10 'l 10 ø 101 10 2 10 3 10 '• 

Soil Water Pressure Head (-mm) 

Figure 1. Raw hydraulic conductivity K(h) of the Las Nutrias field site measured using a disc infiltrometer 
and the multistep outflow method; (a) semilog scale and (b) log-log scale. 

above intensive infiltrometer measurements we used thin 

layers (1-2 mm) of 40 to 60-mesh contact sand (minimum K - 
48.81 m d -•) to minimize any interfacial effect of the sand on 
the infiltration rate close to saturation as reported by Evens 
and Kanwar [1993]. The actual tensions at the soil surface as 
reported here were estimated by assuming unit-gradient water 
flow through the sand layer and by reducing the tension at the 
base of the infiltrometer with the average sand depth. 

Following the surface infiltration measurements, 50-mm- 
diameter and 50-mm-long undisturbed s0il cores were col- 
lected directly below the disc from the same nine sites repre- 
senting different soil series and textures across the field. The 
soil cores were subsequently used for measuring water reten- 
tion and hydraulic conductivity data over a wider range (0 to 
1700-mm at 100-mm increments) of soil water tensions. The 
laboratory method of Richards [1965] and the multistep out- 
flow approach of Gardner [1956] were used for measuring soil 
water retention and hydraulic coqductivity functions, respec- 

tively. Similar to our approach in the field, we were mostly 
interested in relative trends rather than absolute values of the 

retention data near saturation. While the actual numbers may 
be imprecise, they could be adjusted by subsequent calibration 
of selected parameters in the piecewise-continuous retention 
function so as to better represent the flow scenario at the field 
site [Mohanty et al., 1997]. For this purpose the in situ and 
laboratory experiments were carried out as carefully as possi- 
ble using very small increments in the tension near saturation. 
The K(h) data from all the three methods were subsequently 
superimposed for the scaling analysis. 

3. Scaling Analysis 
Scaling methods in soil science include dimensional analysis, 

inspectional analysis, and functional normalization [Tillorson 
and Nielsen, 1984]. Miller and Miller [19•6] introduced the 
concept of geo.metric similitude and similar media scaling 
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Figure 2. Scaled K(h) after using K scale factors (Ksat.•). 

based on a characteristic length scale that is related to particle 
size and pore dimension in a particular geometric arrange- 
ment. Hopmarts [1987] and Vogel et al. [1991] compared dif- 
ferent methods to scale soil hydraulic properties. Jarvis and 
Messing [1995] used a two-line exponential model to describe 
and scale the K(-h) relationship of a macropore-mesopore 
system. More recently, Shouse and Mohanty [1998] scaled the 
near-saturated K(h) using a hybrid scheme of similar media 
scaling and functional normalization. Ksa t was used as a (phys- 
ical) scale factor for K, while an empirical scale factor (a) was 
used for h. The saturated hydraulic conductivity was used to 
reduce gravity-dominated macropore flow variability, if 
present, near saturation because of soil structural features that 
have little or no influence on water flow under unsaturated 

conditions [Mohanty et al., 1996, 1997]. For the near-saturated 
K the similar media concept is not necessarily limited to geo- 
metrical similarity as given by Miller and Miller [1956] but may 
be more of a combination of dynamic, kinematic, and geomet- 
ric similarity represented by Ksa t [Shouse and Mohanty, 1998]. 
Dynamic similarity refers to the force (e.g., gravitational, cap- 
illary, adsorptive, and viscous) relationships between different 
soil pore systems. Kinematic similarity represents relationships 
between motions (e.g., progress of a wetting front with time or 
depth) in different soil systems. Geometrical similarity ac- 
counts for size (e.g., particle dimensions, pore dimensions, and 
tortuosity) relationships between the soil systems. 

At the field site, soil hydraulic conductivities measured with 
a disc infiltrometer between 0 and -30-mm soil water pressure 
head were found to be, at all measurement locatiohs, several 
orders of magnitude higher than the hydraulic conductivity at 
-30-mm soil water pressure head thus indicating an approxi- 
mate matching point between the gravity-dominated macro- 
pore flow region and the capillarity-dominated matrix flow 
region (Figures la and lb). An arbitrarily selected (K, h) data 
set was used to define the reference model for the bimodal 

piecewise-continuous formulation, that is, 

(1 - (-Ihl)"-'[1 + (alhl)"]-m) 2 
K(h) : K* [1 + (clhl)"] m/2 (4) 

h _< -30 mm 

K(h) = K* + K*[e (h+3ø)• - 1] -30 mm < h -< 0 

K(h) = K* + K*[e (3ø)a - 1] h > 0 (6) 

where K* = 0.00555 mm s -•, • = 0.0015 mm-•; n = 1.80; 
m = 0.444; and & - 0.098 mm •-•. As given by Shouse and 
Mohanty [1998], Ksawc at any positionx in the field was used to 
scale K x for the entire tension range (0-1700 mm). This was 
repeated for ail measurement locations. Before conducting any 
scaling for h, we examined the scaled K for inherent charac- 
teristics associated with the bimodal-type hydraulic conductiv- 
ity functions. The translation of the raw K data (Figure 1) to 
relative or scaled K data (Figure 2) showed two important 
features: (1) K between 0 and -30-mm soil water pressure 
head (gravity-dominated flow region) showed better coalescing 
behavior as compared to K below -30-mm soil water pressure 
head (capillary-dominated flow region), and (2) Ksat• c was a 
suitable and effective physical scale factor for K near satura- 
tion, consistent with observations by Shouse and Mohanty 
[1998]. In the individual flow regions (gravity-dominated flow 
(h > -30 mm) and Capillary-dominated flow (h < -30 mm)), 
paired [Krel(h), h ]i= •,... ,N,x= •,-.. ,X data points were sub- 
sequently scaled to the reference curve using functional nor- 
malization of h [Tillotson and Nielsen, 1984]. Following Shouse 
and Mohanty [1998], the (empirical) scale factor/3 x for a cer- 
tain infiltration sequence at site x consisting of N data points 
(i.e., tension steps) was then found by minimizing the sum-of- 
squared differences (SS) between the reference relative hy- 
draulic conductivity curves and the scaled data points for each 
flow region (p): 

i=N 

SS = • [j•xhi- h•ef] 2 (7) 
i=1 

.ref 
J,x 

i = 1,- -., N Vx (8) h i,x 
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Scaled K(h) after using both K scale factors (gsat,x) and h scale (/3x). 

] i=N 
13x = • • 13,,x V x (9) 

i=1 

Once 13x,(p ) for a spatial location (x) was known, scaled 
h ,*',x ( = 13x, (p)h i,x) values were calculated for all tension steps 
(i = 1,---, N) in the flow region (p). Figure 3 shows the scaled 

K(-h) curves for the biporous soil system; the hybrid scaling 
approach appears quite adequate in representing the hydraulic 
conductivity variability of the gravity-dominated flow region 
(h > -30 mm) across the study area. However, as given by Jury 
et al. [1987], in the capillary-dominated flow region (h < -30 
mm), further scaling of K is necessary (results not shown here). 

Arrangements of Particies and Pores in a Biporous Soil System 

............ 

....................-... 
........................ 

...... .............. .... 

, 

Micropores 

Water Molecules Moving in Macropores and Micropores 
Figure 4. Typical soil particle and pore arrangements and flow paths taken by water molecules in a biporous 
media. Open and solid circles indicate water particles at time to and t•, respectively. 



MOHANTY: TECHNICAL NOTE 1931 

4. Discussion 

Water flows through different pore groups (e.g., macro- 
pores, mesopores, and micropores) in soil. Different physical 
forces (e.g., gravity, capillarity, and absorption) dominate the 
flow process for different pore groups. For example, gravity 
may dominate the flow process in the larger pores (or macro- 
pores), whereas capillary forces dominate the flow process in 
mesopores and micropores. In this paper, pore region includ- 
ing mesopores and micropores is loosely defined as micro- 
pores. Because of differences in the governing forces, hydraulic 
conductivity increases/decreases several orders of magnitude 
across one or more threshold soil water pressure head(s) sep- 
arating different flow regions. At the Las Nutrias field site the 
threshold soil water pressure head between the two different 
flow regions was approximately -30 min. K in the fast flow 
region (0 mm > h > -30 ram) showed a consistent pattern at 
all measurement locations with a proportional effect across the 
field. The proportional effect could be scaled to a reference 
K(-h) curve by using Ksa t as the scale factor for K and an 
empirical h-scale factor (/3). In addition to Ksa t and/3, K(h) in 
the capillary flow region (h < -30 mm) requires further scal- 
ing of K to coalesce all data to the reference K(-h) curve. 
Scaling reduced the root mean square error (as defined by 
Loague and Green [1991]) between the data (raw or scaled) 
and the reference model by more than 95% in the fast flow 
region (0 mm > h > -30 mm) as compared to 36% in the 
capillary flow region (h -< -30 ram). This result indicates that 
gravity-dominated flow and related hydraulic functions for the 
macropore region are more readily scalable (i.e., no extra em- 
pirical K-scale factor of Jury et al. [1987] is needed) than cap- 
illary-dominated flow properties associated with the micro- 
pores. We speculate that one possible reason for this behavior 
is the fact that gravity-dominated flow in larger pores is mostly 
influenced by the pore diameter which remains more uniform 
compared to more tortuous micropores (Figure 4). The micro- 
pores have variable neck and body sizes that are influenced by 
the soil particle size and their arrangement along the pore 
length thus causing different water particles to move signifi- 
cantly different distances in time (Figure 4). 
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