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STELLINGEN 

1. Het gebruik van simulatiemodellen, voor de beschrijving van water- en stoftransport, 
gebaseerd op Darcy stroming in een mobile en immobile fase is in gestructureerde 
bodems slechts zelden een realiteit 

Van Gewichten, M. Th., and PJ. Wieringa. 1976. Mass transfer in sorbing 
porous media, I. Analytical solutions. Soil Sei. Soc. Am. J. 40:473-480. 
Dit proefschrift 

2. In gestructureerde bodems zijn "suction cups" voor de bemonstering van bodemvocht, 
door de grote concentratie gradiënten op korte afstand, een onjuiste bemonsterings 
techniek. 

Dit proefschrift 

3. De gescheiden kwalitatieve beschrijving van bodemstructuur, vanuit bodemfysisch en 
bodemmorfologisch oogpunt, kan zowel fysisch als morfologisch worden 
gekwantificeerd door middel van stratificatie van macroporien naar ruimtelijke 
oriëntatie en fractale dimensies van watervoerende macroporien. 

Butler, BE. and GD Hubble. 1977. Morphological properties. In: Rüssel, J S. 
and EL. Green (eds.) Soil factors in crop production in a semi-arid 
environment pp. 9-32. 
Dit proefschrift 

4. Zonder het gebruik van bodemmorfologische karakteristieken kunnen water- en 
stoftransport in gestructureerde bodems niet adequaat worden beschreven. 

Dit proefschrift 

5. Overschrijdingskansen, berekend met behulp van Monte-Carlo simulaties, zeggen vaak 
meer over de spreiding in invoergegevens dan over de realisatie kans van de simulatie 
resultaten. 

Dit proefschrift 

6. De verzadigde waterdoorlatendheid van een bodem dient, door het ontbreken van 
Darcy stroming in macroporien, te worden gedefinieerd als de minimale water 
doorlatendheid waarbij de bodemmatrix nog net is verzadigd. 

Bouma, J. 1982. Measuring the hydraulic conductivity of soil horizons with 
continuous macropores. Soil Sei. Soc. Am. J. 46:438-441 
Dit proefschrift 

7. Het samenvoegen van verfijnde, complexe gewasgroeimodellen met robuste, simpele 
bodemfysische dan wel bodemchemische modellen leidt vrijwel automatisch tot de 
conclusie dat de gewasparameters de grootste gevoeligheid vertonen. 

Singh, G., DM. Brown, and A.G. Barr. 1993. Modelling soil water status for 
irrigation scheduling in potatoes. I. Description and sensitivity analysis. 
Agricultural Water Management, 23: 329-341. 

8. Éénzijdige importbeperkingen van tropisch hardhout door de Westerse wereld zal de 
ontbossing in de Derde wereld slechts bevorderen. 



9. Het tot op heden door de Landbouwuniversiteit gevoerde personeelsbeleid laat zich 
nog het best vergelijken met een cholesterolrijk dieet 

10. De verkeersveiligheid in Nederland is meer gebaat bij een vermindering van het aantal 
verkeersregels dan bij een uitbreiding hiervan. 

11. Het indienen van manuscripten bij vaktijdschriften dient zoveel mogelijk te worden 
vermeden. 

12. Door het negeren van ijsgang op de rivieren als oorzaak van vele dijkdoorbraken in 
Nederland geeft Rijkswaterstaat, bij de verzwaring van deze rivierdijken, eerder blijk 
van koud-watervrees dan van hoog-watervrees. 

Stellingen behorende bij het proefschrift "Morphometric methods for simulation of water 
flow". H.W.G. Booltink, Wageningen, 22 Oktober 1993. 
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GENERAL INTRODUCTION 

Bypass flow 
The occurence of large cracks and channels in soils (macropores) has a major 
impact on water and solute movement. Observation of rapid vertical movement 
of free water along macropores in unsaturated soils was already reported in 
drainage studies at Rothamsted (U.K.) by Lawes et al. (1882). 
Beven and Germann (1982) defined macropore or bypass flow as: "the flow of 
water through a system of large pores that allows fast flow velocities and 
bypasses the soil matrix". Since water flow within macropores can follow 
different flow modes such as film-flow (Germann, 1987), it cannot be described 
accurately by Richards' equation (Richards, 1931) which is based on Darcian 
flow theory. These theories were developed for ideal homogeneous isotropic 
flow systems (e.g. Taylor, 1953; Klute, 1973), as pointed out by White (1985). 
A clear definition of a macropore is difficult to give. Beven and Germann 
(1982) summarized literature and concluded that macropore sizes varied in a 
wide range between 30 to 3000 urn. The effects of macropore systems on water 
and solute transport are highly variable and cannot be characterised by pore-
sizes only, as reported by Beven and Germann (1982). A functional 
characterization is therefore required (Bouma, 1981). Germann and Beven 
(1981) quantified macroporosity from conductivity measurements at lower 
suctions. This type of data, however, does not provide any information on 
functioning of macropores in terms of conducting and absorbing water. To 
describe preferential flow pathways dye tracers are a useful tool. Anderson and 
Bouma (1973), and Bouma and Dekker (1978) used methylene blue to 
characterize contact areas between bypass flow water and macropore walls. Van 
Ommen et al. (1985) used the anionic tracer iodide, to visualize absorption of 
water during an infiltration experiment. 

Although dye tracers provide good possibilities for characterizing flow patterns 
in structured soils, so far only little effort has been made to use this kind of 
information as input for simulation models describing bypass flow and related 
processes. 
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Edwards et al. (1979) used a two-dimensional model which simulates the flow 
patterns of water infiltrating into the surface of a soil column. Effects of 
macropores were simulated by means of a cylindrical hole from which water 
moved away radially and vertically. A system of uniformly distributed channels 
with different widths and depths was used by Beven and Clark (1986) to 
simulate infiltration into a homogeneous soil matrix containing macropores. 
Chen and Wagenet (1992) simulated water and solute transport by combining 
Darcian flow for transport in the soil matrix with the Hagen-Poiseuille and 
Chezy-Manning equations for water transport in macropores. Hatano and 
Sakuma (1991) designed a combined capacity-bypass flow model to simulate 
transport of water and solutes in an aggregated soil. In their approach soil 
structure was simulated by plate-like elements which reflected contact areas and 
exchange capacities of water and solutes. The interchange between the mobile 
and immobile phase occurred in an additional mixing phase. 
Two-region models describing convective dispersive transport in a mobile and 
immobile phase were used by e.g. Van Genuchten and Wieringa (1976), De 
Smedt et al. (1986) and Vanclooster et al. (1992). The use of this type of 
models in structured soils is, however, limited, since nonideal flow modes, such 
as film-flow along macropore walls, cannot be described accurately by means 
of convective dispersive flow. Especially in moderate climates, with relative low 
rain intensities, these nonideal flow modes are common. 
Germann and Beven (1985) and Germann (1990) simulated bypass flow using 
kinematic wave theory in combination with a sinkterm for water absorption. In 
their approach the soil matrix and macropores are considered as one domain in 
which water is transported as a kinematic pulse. 
All these models have in common that real soil structure, defined as the physical 
constitution of a soil material, as expressed by the size, shape and arrangements 
of the elementary particles and voids (Booltink et al., 1993), is not considered. 
Bronswijk (1988) calculated macropore sizes by means of swelling and 
shrinkage characteristics measured on structure elements in the laboratory. In his 
approach, excess water on the soil surface during a rain event was immediately 
transported to the ground water without interaction with the surrounding soil. 
Jarvis and Leeds-Harrison (1987, 1990) developed a model which calculates 
water balances in two-domains, a soil matrix and macropore domain. Soil 
structure was represented by means of cube-shaped soil aggregates and transport 



General introduction 

of water through the macropores was calculated using an empirical tortuosity 
factor. Interaction between soil aggregates and macropore water was a function 
of aggregate sorptivity. No water flow was modeled within the aggregates. 
Hoogmoed and Bouma (1980) developed a model based on measured soil 
morphological characteristics, describing surface storage and lateral absorption 
of water along macropore-walls and drainage. Although this model is based on 
morphological observations it does not include the effects of tortuous water 
transport through macropores. The model is only capable of calculating bypass 
flow in small soil columns with strict boundary conditions. 

Soil morphology and bypass flow 
Within soil survey, soil structure is usually described in qualitative terms such 
as: "weak subangular blocky" (e.g. Soil Survey Staff, 1975). Although these 
terms describe soil structure conscientiously, they can hardly be used for 
calculations or model-simulation purposes. A more quantitative approach was 
followed by e.g. Jongerius et al. (1972) Murphy et al. (1977) and Bullock and 
Murphy (1980). In these studies (macro) pore spaces were visualized or 
measured and expressed in terms of pore size distributions. Bouma et al. (1977) 
and Ringrose-Voase and Bullock (1984) developed a technique for measuring 
macropores in undisturbed soil, using methylene blue staining patterns. They 
stratified macropores according to Brewer (1964) in categories of channels, 
vughs and planar voids and discussed functional physical properties of different 
types of macropores. This, however, still in descriptive, qualitative terms. Moran 
et al. (1989) and McBratney et al. (1990) used fluorescent dye tracers in 
combination with digital binary image production to interprète soil macropore 
structure. 
Several studies focused on combined application of soil physical characteristics 
and morphological features. Bullock and Thomasson (1979) used image analysis 
of thin sections to calculate macroporosity. Total macroporosity, however, is not 
a very relevant property in relation with water flow processes such as bypass 
flow, since very few macropores, contributing only little to total macroporosity, 
dominate transport of water and solutes (Bouma et al., 1977). 
Spaans et al. (1990) measured changes of hydraulic conductivities in a Costa 
Rican soil before and after clearing of tropical rainforest. In this study 
differences in hydraulic conductivity were illustrated with micromorphometric 
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analyses of thin sections. The effects of tillage on soil morphology and porosity 
were investigated by Shipitalo and Protz (1987). These studies, however, have 
in common that soil structure was used to illustrate effects of soil structure on 
physical properties rather than link morphology to soil physical properties in 
quantitative terms. 
Bouma (1981) suggested to functionally characterize bypass flow by means of 
dye traces in combination with macromorphometric techniques. This approach 
was followed by Kooistra et al. (1987) who combined soil morphological 
measurements with computer simulations on moisture deficits. In this study the 
effects of horizontal planar voids on upward unsaturated flow of water were 
stressed. Van Stiphout et al. (1987) demonstrated, in a field study, the 
occurrence of bypass flow and infiltration of water from noncontinuous 
macropores. This subsurface infiltration process was called "internal catchment". 
In structured soils the use of morphometric data in combination with soil 
physical characteristics is particularly relevant. Fractal theory seems to be a 
promising tool in characterizing macropore systems, since size and shape of 
different combinations of functional macropores can be quantified and coupled 
to soil physical characteristics. Bartoli et al. (1991) used fractal dimensions to 
characterize soil structure, Crawford et al. (1993) used fractal theory to explain 
diffusion processes in heterogenous soils. Hatano et al. (1992) linked fractal 
dimensions of stained flow patterns with Brenner numbers for chloride 
breakthrough in various volcanic soils. 

Research objectives 
In this study emphasis was given to combined research of bypass flow in 
relation to morphology of water-conducting macropores in a structured clay soil. 
The main questions to be answered were: (i) what soil physical methods can be 
used to measure and quantify the effects of bypass flow and, (ii) how can soil 
structure be quantified in a way that it takes into account bypass flow 
phenomena and expresses morphological data in a form to be used in simulation 
models? 
To achieve these objectives, laboratory experiments were carried out to further 
develop and improve soil physical measurement techniques. Data from these 
experiments were used to define concepts for physico-morphological processes 
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of bypass flow. Next these concepts were tested in relative simple numerical 
simulation models. 
Another part of this study dealt with automated monitoring of bypass flow at the 
"Kandelaar" experimental farm in Eastern Flevoland in the Netherlands. Field 
scale modelling was carried out in the clay soils occuring there to test the 
derived laboratory concepts with field measured data. 

Outline of the thesis 
In CHAPTER 2 (Booltink et al., 1991) the crust test for measuring unsaturated 
hydraulic conductivity (HUM and Gardner, 1969, 1970; Bouma et al., 1971, 
Spaans et al., 1990) was modified into a more operational suction crust 
infiltrometer. Similar to the suction infiltrometer (Perroux and White, 1988) a 
negative pressure head is applied to the crust, by varying the level of the 
mariotte feeder burette. The effects of macropores on the hydraulic conductivity 
near saturation are illustrated by series of measurements in a structured heavy 
clay soil. 
CHAPTER 3 (Booltink and Bouma, 1991) describes the combined use of soil 
physical and morphological methods to characterize bypass flow. Flow processes 
were measured in large undisturbed soil cores. The field method for measuring 
bypass flow described by Bouma et al. (1981) was utilized with automated 
outflow registration combined with 102 automated small tensiometers, installed 
at three depths in the columns. Methylene-blue stained flow patterns, associated 
with bypass flow, were morphologically characterized in terms of circumference, 
area, and number of stained pores. Time series of tensiometer reactions were 
characterized and linked with methylene blue staining patterns. 
A sensitivity analysis on processes affecting bypass flow was carried out in 
CHAPTER 4 (Booltink and Bouma, 1993). This study showed the relative 
impact of different soil types on soil hydrological processes affected by rain 
intensity, initial pressure head of the soil water, surface storage of water, contact 
area of bypass water and soil on macropore walls, and hydraulic properties of 
the soil matrix. The sensitivity analysis was carried out using a simulation model 
developed by Hoogmoed and Bouma (1980). Simulated mass balances and 
relative sensitivity of different parameters are discussed. 
In CHAPTER 5 (Hatano and Booltink, 1992) soil structure was quantified using 
fractal dimensions of methylene-blue stained, water conducting macropores. 
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Hatano et al. (1992) used similar morphological techniques to derive Brenner 
numbers for chloride breakthrough. The combination of fractal dimensions and 
methylene-blue stained volumes was used to predict total amounts of bypass 
flow from large soil cylinders during heavy artificial rainstorms. 
The quantification of soil structure by means of fractal dimensions of stained 
flow patterns was further developed in CHAPTER 6 (Booltink and Hatano, 
1993). Tortuosity of water pathways and contact area associated with bypass 
flow are important soil morphological parameters in explaining water absorption 
during bypass flow. Macropore geometry, expressed as fractal dimensions, was 
used to calculate the propagation speed of the waterfront in macropores during 
bypass flow under different initial soil conditions and various rain intensities. 
Methylene blue staining patterns were stratified in terms of vertical cracks and 
horizontal pedfaces of structure elements (Bouma et al., 1977). The developed 
pedotransfer function for calculating macropore flow velocity and the 
morphological stratification of stained flow patterns were used as input 
parameters in a Darcian flow simulation model extended with modules 
describing bypass flow and lateral absorption of bypass flow water along 
macropore walls (Hoogmoed and Bouma, 1980). The model was used to 
simulate bypass flow in 15 large soil columns. 
In CHAPTER 7 (Booltink, 1993a) long-term monitoring of bypass flow and 
soil mineral nitrogen contents, at the "Kandelaar" experimental farm was used 
to investigate bypass flow and related nitrate leaching. Time series of drain 
discharges and related nitrate and chloride concentrations were compared with 
mineral nitrogen profiles in order to derive the origin of the leached nitrate in 
the soil profile. The effect of a catchcrop, sown directly after slurry application, 
on nitrate leaching was stressed. Use of tensiometers and suction cups for 
collecting soil solutions in structured soils are critically discussed. 
CHAPTER 8 (Booltink, 1993b) describes the field scale simulation of bypass 
flow and the comparison with measured data. For this, the one dimensional 
water and solute transport model LEACHM (Wagenet and Hutson, 1989) was 
extended with a module describing bypass flow and tortuous water transport 
according to concepts described in chapter 6. A Monte-Carlo analysis was 
performed to calibrate the model and to investigate the sensitivity and 
uncertainty of the various model parameters. The model was validated using 
data from another winter season at the "Kandelaar" experimental farm. 

10 
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Netherlands. 

ABSTRACT 

The laborious crust test, used to measure unsaturated hydraulic conductivity, was 
modified into a more operational suction crust infiltrometer. By varying the level 
of the mariotte tube inside the feeder-burette, different negative pressure heads 
can be imposed on a soil sample. Unit gradient during the measurement was 
ensured by adjusting the water level in the draining column under the sample. 
Only one crust has to be produced, which leads to less disturbances and 
significant savings of time. Perfect contact between crust and soil surface makes 
the crust infiltrometer particulary suitable for measurements in structured soils 
with macropores. 

INTRODUCTION 

Hydraulic conductivity data are necessary to run deterministic simulation models 
for soil water movement. Many measurement methods have been developed 
(e.g., Klute, 1986). Recently, a suction infiltrometer was developed which was 
applied succesfully in sandy soils (Perroux and White, 1988). Some problems 
have, however, been encountered when applied in well structured clay soils with 
macropores. 
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In that case poor contact between membrane and soil is likely to produce 
variable, unreproduceable results that cannot be improved by the suggested 
aplication of a layer of sand between membrane and soil (Perroux and White, 
1988), because sand may move into the the macropores and contact between the 
membrane and the loose sand can easily be disturbed. 
In addition, problems have been reported with the membrane itself, which may 
exhibit hydrophobic features. 
For several years, the crust test has been used to measure K , ^ values by 
combining fluxes at unit gradient through a crust, with corresponding negative 
subcrust pressure heads. The original theory was presented by Hillel and 
Gardner (1969,1970). A field test, using crusts composed of sand and clay, was 
extensively applied in Wisconsin (Bouma et al., 1971). Later the crust material 
was replaced by gypsum (Bouma and Denning, 1972) and quick-setting cement 
(Bouma et al., 1983, Spaans et al., 1990). 
One operational problem of the crust test was the necessity to replace crusts so 
as to obtain different fluxes and pressure heads. Replacement was laborious and 
often involved disturbances. Perfect and stable contact between crust and soil, 
however, was and is one attractive feature of the method. In this study we 
explore the feasibility of obtaining a range of Kmiat values by using only one 
crust and by manipulating the height of the zero-pressure level in the mariotte 
device of the infiltrometer. Thus, different rates of steady infiltration of water 
can be obtained with corresponding negative subcrust pressure heads. 

MATERIALS AND METHODS 

Soil 
Measurements were made in the Q horizon (depth 15 to 35 cm below soil 
surface) of a very fine, mixed, mesic Typic Fluvaquent (Soil survey Staff 1975). 
The soil had a strongly developed prismatic structure and contained 50% clay 
and continuous macropores (cracks). Samples were taken in P.V.C. cylinders 
with a diameter and length of 20 cm. The inside of the cylinder, with sharpened 
lower edges, was covered with grease to make sampling easier and to prevent 
flow of water along the cylinder walls. During transport to the laboratory 
samples were covered with plastic caps to prevent excessive evaporation and 
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loss of material. In the laboratory the samples were slowly saturated by means 
of a raising water level in a plastic container. The samples were left to saturate 
for at least 2 days. 

Equipment and Procedure 
Saturated hydraulic conductivity (K^) was measured by placing the cylinders 
with saturated soil samples on a perforated disk, covered with a non-restrictive 
cloth to prevent loss of material, and placed on a funnel (Fig. 1). 

20 cm -

- waterfilm 

soil surface de-aeration 

perforated disk with filtercloth 

] measuring jug 

Figure 1 Schematic diagram of the laboratory assembly to measure saturated hydraulic 
conductivity. 

Two tensiometers were installed at 5 and 10 cm below the soil surface. The 
"natural" surface structure was carefully exposed without smearing the 
macropores. After leveling the sample in the cylinder, it was placed on the 
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funnel and water was shallowly ponded on top. Outflow fluxes were registered 
until fluxes were constant for at least one hour and pressures were zero. 
Next, samples were placed on 50 cm long P.V.C. cylinders, with the same 
diameter as the cylinder, filled with medium textured sand. 
Crusts were made of mixtures of dry, well sorted quartz sand (table 1) and 10 
% (by weight) quick setting hydraulic cement (CEBAR, manufactured by 
Metzger Alblasserdam Netherlands). Sand and cement were mixed thoroughly 
before and after adding about 10 % (by weight) water. Using more water causes 
inhomogeneous crusts due to separation of sand and cement, and does not allow 
hardening. 

Tabel 1 Particle size distribution quartz sand 

Fraction 
(um) 

<53 

53-75 

75 -105 

105-150 

150-210 

210-300 

300 - 420 

>420 

Distribution 
(% w/w) 

0.2 

0.6 

4.0 

38.9 

42.7 

12.6 

0.9 

0.1 

The mixture was evenly applied on the soil surface and compressed to ensure 
good contact between crust and soil surface. The surface of the crust was 
flattened to a thickness of 1 cm, thinner crusts become relatively more 
sensitive to small differences in thickness and little inhomogenities. 
After hardening, which takes up to 15 minutes, a perspex cap (Poly Methyl 
Methacrylate, manufactured by LCI England) was glued on top of the cylinder 
and water was put immediately on top of the crust. Air was removed by the 
airvent (Fig. 2). 
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20 cm -

Ü&£ 

Figure 2 Schematic diagram of the suction crust infiltrometer as used in the laboratory 
set-up. 

Hydraulic pressure to be applied on top of the crust can be manipulated by 
changing the level of the mariotte tube, inside the feeder burette, relatively to 
the level of the crust. This is achieved by moving the feeder-burette up and 
down along a vertical stand (Fig. 2) 
In the conventional crust method, the crust ensures steady fluxes of water into 
the underlying soil, which correspond with constant pressure heads at unit 
gradient in the underlying soil. If a negative pressure head is applied to the crust 
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by moving the mariotte device down, as proposed here, ( h ^ is negative in Fig. 
2.), conductivities are defined by the measured flux at a given pressure head of 
unit gradient. Pressure heads are measured with transducers. 
To ensure unit gradient in the soil sample during measurement, the water level 
in the sand column below the sample is adjusted by using an overflow device. 
Thus, unit gradient flow is created for each experiment. 

RESULTS AND DISCUSSION 

A measured hydraulic conductivity curve for the Typic Fluvaquent is presented 
in Fig. 3. 

Log conductivity (cm.day ) 

3 -

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Pressure head (kPa) 

Figure 3 Conductivity curve for the Typic Fluvaquent as measured with the suction crust 
infiltrometer. 

Fluxes and pressure heads were measured when unit hydraulic gradient was 
established. Fluxes ranged from 5500 cm.day"1 at saturation to 0.01 cm.day"1 at 
h= -17 cm. The Ksat value was obtained by ponding a free standing soil sample 
in P.V.C. cylinder (e.g., Fig. 1). When measured in situ Ksat values would 
probably have been lower due to discontinuous macropores (Lauren et al. 1988). 
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The suction crust infiltrometer is particulary suitable to express the effects of 
macropores on K, as can be illustrated with data presented in Fig. 3. Macropores 
can be completely filled with water, and when they are vertically continuous, 
very high fluxes are obtained. With a crust, saturated conditions may still be 
measured in terms of zero pressures, but fluxes are strongly reduced because 
macropores are not completely filled with water anymore. This results in a wide 
range of saturated conductivities, varying from 5500 cm.day"1 to 10 cm.day"1. 
This effect was earlier demonstrated by Bouma (1982) who suggested use of the 
K(sat) notation for such conditions. 
The method was convenient to use. Values were obtained rapidly because fluxes 
near saturation are relatively high and equilibrium conditions are reached 
rapidly. When fluxes become very low, the inaccuracy of measurement 
increases. We advise not to work with pressure heads lower than -30 cm. The 
crust is produced only once, and this is a major improvement over the former 
procedure which required preparation of a serie of different crusts. Crusts, as 
prepared according to the described procedure, were, structurally stable, quite 
homogeneous and had perfect contact with the soil. This is better than adding 
sand to the soil surface which is structurally unstable and tends to flow into 
macropores. Contact between the membrane and loose sand can be more easily 
disturbed than the contact between crust and soil. Even a thin layer of sand has 
a major effect on infiltration characteristics in soils with macropores, as was 
demonstrated by Bouma et al. (1983). Use of the sand column with an 
adjustable free water level, was quite effective to realize unit-gradient flow. 
Finally, the method can also be used in the field, using a field infiltrometer and 
a carved out column of soil. Here the pressure of the lower boundary can not 
be adjusted. This version of the method has been described elsewhere, except 
for the aspect of pressure manipulation (Bouma and Denning, 1972; Spaans et 
al. 1990). Generally, field application is preferred, but available funds do not 
always allow time-consuming field work and we have found that the laboratory 
method, described here, can yield satisfactory results when samples are taken 
carefully. 
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ABSTRACT 

Bypass flow governs solute movement in well-structured clay soils. Combined 
use of physical and morphological methods was made in this study to better 
characterize the proces. Row processes in five 200-mm long undisturbed cores 
of 200-mm diameter were monitored at 11-min intervals by using 102 small 
transducer tensiometers, divided among five samples and installed at three 
depths. Row patterns along macropores were stained with methylene blue. 
Twenty five tensiometers in or within a distance of a few millimeters of stained 
macropores reacted very quickly when 10 mm of simulated rain was applied at 
an intensity of 13 mm.h'1, and showed a drying pattern after the end of the 
simulated rainfall. Forty-three tensiometers inside peds reacted more slowly and 
showed continued wetting after the end of the simulated rainfall indicating 
internal catchment of water in the bottom of discontinuous macropores followed 
by redistribution of water. Internal catchment increased with depth in the 
samples, as indicated by both physical and morphological data. Using 
tensiometer measurements as a point-count it is estimated that 33 % of the soil 
volume was in close contact with continuous macropores while 42 % was 
influenced by the effects of internal catchment. An average of 5.2 mm ± 0.96 
mm of the applied 10 mm water left the cores through bypass flow, while an 
estimated average of 3.3 mm ± 0.96 mm contributed to internal catchment. The 
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observed patterns of water movement illustrate the inadequacy of the concept 
of mobile/immobile water. 

INTRODUCTION 

Rapid vertical movement of free water along macropores in unsaturated clay 
soils has often been observed (Lawes et al., 1882; White, 1985) but cannot be 
characterized by flow theory based on Richards' equation (e.g., Klute, 1973). 
Beven and Germann (1982) defined macropore or bypass flow as "the flow of 
water through a system of large pores that allows fast flow velocities and 
bypasses the unsaturated soil matrix." Different deterministic and stochastic 
procedures can be followed to characterize bypass flow (e.g., Valocchi, 1990; 
Andreini and Steenhuis, 1990; Kung, 1990; White, 1985). The effects of non-
capillary-sized pores upon infiltration was studied by Edwards et al. (1979). We 
have focused attention on a deterministic approach using both physical and 
morphological techniques. 
Flow patterns associated with bypass flow were morphologically characterized 
as a function of application rate and applied quantity of water by Bouma and 
Dekker (1978) using methylene blue tracers. Their study showed that stains 
occurred in small vertical bands on ped faces, occupying only about 2 % or less 
of the potentially available vertical contact area of the peds. Based on this work, 
Hoogmoed and Bouma (1980) developed a deterministic model that predicted 
vertical flow of water into the soil surface and into continuous cracks, including 
horizontal infiltration into the soil matrix. Their model calculations were 
validated by outflow measurements from soil columns but not by physical 
measurements inside the soil. Bouma et al. (1981) introduced a field test to 
measure bypass flow in large, undisturbed dry or moist soil cores. This method 
considered outflow as a fraction of inflow only and did not characterize flow 
processes inside the cores either. Van Stiphout et al. (1987) demonstrated, in a 
field study, the occurrence of bypass flow and infiltration of water from 
noncontinuous macropores inside the soil. Water infiltrated from the bottom of 
discontinuous cracks at 60-cm depth and from discontinuous worm channels at 
120-cm depth. This subsurface infiltration process was called "internal 
catchment". Continuity of macropores was studied with dyes, but the effect of 
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the number of macropores was not considered. Bouma et al. (1982) monitored 
infiltration of water into a macroporous soil using different-size tensiometers. 
They found that measured pressure heads for large cups (8 by 2 cm) showed 
little variation and indicated short periods of saturation during infiltration. Small 
cups (0.5 by 0.5 cm), however, showed considerable variation and did not 
indicate saturation. This was explained by a morphological analysis, which 
showed that large cups intercepted water-conducting macropores while small 
cups did not. Sizes of tensiometer cups to be selected for monitoring should, 
therefore, be a function of the type of soil structure and the spacing of 
macropores. 
The study reported here was made to characterize flow processes, including 
vertical and lateral infiltration and internal catchment, during bypass flow in 
pedal clay soils. Pressure heads in the soil were measured with a large number 
of small tensiometers, using transducer technology, which was also applied to 
obtain a continuous record of bypass flow. Staining techniques were used to 
quantify flow patterns along macropores, which were related to physical data. 

MATERIAL AND METHODS 

Soil 
Soil samples were taken in steel cylinders (200-mm diameter by 200-mm long), 
at five randomly chosen locations within a field, at The Kandelaar experimental 
farm in Eastern Flevoland in the Netherlands. Sampling was carried out by 
slightly pressing the cylinders into the soil and carving out the surrounding soil 
in order to reduce soil disturbances during sampling. The cylinders had 
sharpened lower edges and inside surfaces were covered with grease. The soil 
was a mixed, mesic Hydric Fluvaquent (Soil Survey Staff, 1975), with the 
following horizons: Ap (0-30 cm), clay (42 % clay) with a moderate, medium 
angular blocky structure and an abrupt wavy boundary to; 2C (30 - 70 cm), clay 
loam (40 % clay), strong, very coarse prismatic structure; 3C (70 - 103 cm), 
silty clay loam (30 % clay), strong, very coarse prismatic structure; and 4BCb 

(103 - 120 cm), sand, single grain. The dominant type of macropores were 
interpedal planar voids. 
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Before sampling, a field experiment using iodide tracers (Van Ommen et al., 
1988) was carried out to determine which soil layer governed bypass flow. An 
iodide solution was ponded on top of the soil surface (area ~ 1 m2) and the 
surface was covered with plastic sheets. After 2 d the soil was systematically 
peeled off in layers of 15 cm, until the groundwater was reached at a depth of 
90 cm below the surface. Each layer was sprinkled with potato starch and 
bleaching liquor, which oxidizes iodide into iodine. Iodine gives a purple color 
to potato starch. Purple stains and outlines of peds were drawn on transparent 
sheets and were analyzed in the laboratory. 
The most restrictive layer to flow occurred between 15 and 35 cm below the soil 
surface, this layer was therefore sampled. Natural aggregates (peds) in the layer 
ranged in size from 30 to 50 cm3. This implies that 120 to 200 peds were 
present in a single sample, which should be adequate for the sample to be 
representative (Lauren et al., 1988). 

Physical Methods 
In order to approximate the soil physical field conditions, the cylinders with soil 
were placed in the laboratory, on large polyvinyl chloride columns filled with 
medium textured sand and having a constant groundwater level at 100-cm depth, 
which corresponds with the average groundwater level during bypass flow under 
field conditions, as was measured with a datalogger. The initial moisture content 
for the five samples varied from 0.42 to 0.48 m3.m~3. 
Seven small tensiometer cups were installed at each of the three depths (25, 65, 
and 125 mm) in each core. Tensiometer cups were 10 mm long and 5 mm in 
diameter, and were installed at randomly chosen distances from the core wall, 
through prebored holes in the steel cylinder. Installation was carried out at a 
slightly upward angle to prevent water flow towards the cups (Fig. 1). In order 
to prevent disturbances during installation, a 4.5 mm diameter auger was used. 
By using an auger with a diameter a little smaller than the diameter of the cup, 
good contact between cup and soil was ensured and disturbances of the soil 
were minimized. 
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Figure 1 Laboratory set up for measuring bypass flow 

The cylinders with soil were placed on a funnel (Fig. 1) and cups were left for 
equilibration for at least 16 h before the experiment was started. Every 30 s, a 
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computer-controlled Scanivalve (Scanivalve Corp., San Diego, CA) connected 
a tensiometer cup with the pressure transducer. In this way every cup was 
sampled once every 11 min. Response time of the cups in water was < 5 s. Rain 
intensity was controlled by means of a mariotte device (Fig. 1). For all 
experiments, a shower of 10 mm of rain was applied with an intensity of 13 
m a h ' . In the Netherlands, such a rain storm has a probability of occurrence of 
once in two yr (Buishands and Velds, 1980). The shower caused nearly 
immediate ponding on top of the sample (saturated hydraulic conductivity [K^J 
of the soil matrix was 48 mm.d"1). The bottom of the sample was covered with 
a perforated plate and the sample was placed on a funnel. Outflow, which 
always had a blue color, was measured in a collector equipped with a 
differential pressure transducer in the bottom. This transducer was read every 30 
s by the computer. 

Morphological Methods 
At the start of the experiment, the exposed upper surface of the sample was 
dusted with methylene blue powder (dissolving the methylene in the rain water 
caused plugging of the rain simulator). Rainfall simulation was started after a 
period of about 45 min, in which the automatic registration equipment was 
tested. Ten mm of precipitation, which dissolved the methylene blue, was added 
and the rain simulator was stopped. Scanning of outflow and of the tensiometers 
was continued for several hours, until changes in measured pressure heads were 
small. 
After termination of the experiment, the sample was peeled off in layers to 
depths of 15, 25,45, 65,90,110,125, and 160 mm below the top, and for every 
layer a cross section of the methylene blue patterns was drawn on transparent 
sheets. When tensiometers were present in a layer, their position was also 
indicated on the sheets. The grease, applied to minimize disturbances during 
sampling, created a thin hydrophobic layer along the wall of the sample, which 
prevented water flow along the wall of the sample cylinder. This unwelcome 
short-circuiting was not noticed during peeling off. 
The observed patterns were digitized using software of a geographical 
information system. Surface area, length of contour, and number of stains were 
determined for each level. Total surface area examined per sample per layer was 
31 416 mm2. 
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Figure 2 Surface area (a) circumference (b) and number (c) of blue stained macropores 
for the five samples. The numbers in the figures are core sample numbers. 

33 


