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ABSTRACT 

Rainfall was simulated on unconfined plots on regolith in debris flow source areas using a portable simulator. In total, 
351 simulations were carried out on steep slopes (27-54") with rainfall intensities of 28-291 mm/h. From these rainfall 
simulations the infiltration parameters sorptivity (S) and steady-state infiltration capacity (K)  of the regolith, and a 
threshold for the occurrence of micro-scale mass movements, were obtained. Two evaluation methods were used to 
obtain the infiltration parameters K and S. The 'infiltration envelope' method uses rainfall intensity and time to pond- 
ing from multiple tests and fits an infiltration envelope through the data from which K and S can be obtained. The 
'constant runoff method uses rainfall intensity and overland flow intensity to calculate K ,  after which S can be calcu- 
lated in several ways by using time to ponding. The constant runoff method produced K values of 16.6-128 mm/h, 
which usually show a log-normal distribution. K values depend on the regolith parent material and rainfall intensity. 
Using this method, S values are 0.088-0.381 cm/min'/'. The infiltration envelope method produced Kvalues of 9.8-131 
mmjh and S values of 0.14-0.32 cm/min'/*. It can be argued that both methods overestimate K as well as S, but quanti- 
tative relations between measured/calculated and actual values of K and S have not yet been obtained. At high rainfall 
intensities, typically 100 mm/h or more, micro-scale mass movements sometimes occur. A lower threshold curve for the 
occurrence of these micro-scale mass movements has been constructed. It is a function of both slope angle and rainfall 
intensity. The micro-scale mass movements could play an important part in the initiation of debris flows in the study 
area, possibly by delivering sediment to overland flow. On the very steep slopes, the sediment-rich overland flow can 
easily mobilize coarse material. 

KEY WORDS rainfall simulation; infiltration; steady-state infiltration capacity; sorptivity; infiltration envelope; micro- 
scale mass movement; debris flow initiation 

INTRODUCTION 

In 1991 the project 'The Temporal Analysis of Debris Flows in an Alpine Environment' was started 
at Utrecht University. Initially it was financed by EPOCH. The final aim of the project is to forecast the 
initiation and frequency of debris flows, based on precipitation characteristics on the one hand and on 
morphological and hydrological characteristics of the source areas of debris flows on the other. 

In the study area (Figure 1) debris flows are usually triggered by overland flow produced by high- 
intensity rain storms. Therefore, part of the project is to investigate the interaction between rainfall and 
the soil surface. This paper discusses the infiltration characteristics of regolith material and the dependence 
of micro-scale mass movements on rainfall intensity and slope gradient. 

DEBRIS FLOW INITIATION AND INFILTRATION 

Debris flows are defined as rapid mass movements of granular solids, water and air, moving as a viscous 
flow (Varnes, 1978). Within the project, attention is focused on small-scale hillslope debris Aows. Innes 
(1983) defined small-scale debris flows as debris flows with a deposit volume of 1-103 m3. Hillslope debris 
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Figure 1. Location of the study area in south-east France 

flows are those that occur on mountain slopes and do not continue their movement when they reach the 
valley floor (Brunsden, 1979). 

Prerequisites for the occurrence of debris flows are steep slopes, available regolith, high pore water pres- 
sures and a loss of consistency of the material after the initiation of movement. Debris flows can be initiated 
in many different ways. Landslides can transform into debris flows by dilatancy or liquefaction during 
movement (Johnson and Rodine, 1984; Johnson and Rahn, 1970). Takahashi (1978; 1980; 1981) describes 
the spontaneous initiation of a debris flow by dilatancy when a water film of a certain thickness appears at 
the surface of a saturated body of debris in a channel. Other possible mechanisms include spontaneous 
liquefaction, damming of water behind debris dams (Costa, 1984) and the ‘firehose effect’ caused by the 
impact of a high-speed stream of water (Johnson and Rodine, 1984). 

by 
avalanches (Bovis and Dagg, 1987) can initiate debris flows, usually an increase in pore water pressures 
caused by a supply of water to the material provides the trigger mechanism. Rainfall and snowmelt are 
the most frequent water suppliers. 

Caine (1980) has found a lower limit of rainfall intensity for the triggering of debris flows and shallow 
landslides. According to Caine, debris flows are unlikely to occur if 

Although external forces, such as vibrations caused by earthquakes or impact forces caused 

i, < 14*82D-0’39 (1) 
where i, = rainfall intensity (mm/h) and D = rainfall duration (h). 

In the study area high-intensity short-duration rain storms trigger most debris flows; according to eye- 
witness observations 5-10 minutes of 50-100 mm/h rainfall intensity are sufficient for debris flow initiation 
(Van Asch and Van Steijn, 199 1). Long-duration low-intensity rainfall and snowmelt hardly ever produce 
debris flows in the study area. 
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During high-intensity rain storms infiltration excess overland flow (Hortonian overland flow) will be 
produced on bare bedrock slopes and on slopes covered with fine-grained regolith. Raindrop impact 
and fluid flow stresses may detach soil particles, which can then be transported by the overland flow. 
This sediment-rich overland flow can trigger a debris flow when it reaches an accumulation of coarse debris, 
either by (partly) saturating the debris or by superimposing a load. 

Rainfall intensity, rainfall duration and the infiltration characteristics of the regolith determine whether 
or not overland flow occurs. The infiltration capacity of a regolith depends on the sorptivity and steady- 
state infiltration capacity. Cumulative infiltration I is given by 

Z = St i  + Kt (2) 

where t = time (T), S = sorptivity (L T- f) and K = steady-state infiltration capacity (L T-'). 
K is usually a little less than the saturated hydraulic conductivity KMt. This is caused by the enclosure of 

air bubbles during infiltration. In practice, K,,, is often used instead of K. This is known as Philips' (1957) 
mass infiltration equation for ponded infiltration. After differentiation the infiltration capacity i is obtained 

1 1  i = -St-? + K 
2 (3)  

This equation shows that the infiltration capacity is a monotonically decreasing function with time and that 
sorptivity is dominant during the initial phase of infiltration (Dunin, 1976). Green and Ampt (191 1) devel- 
oped an analytical solution for infiltration based on the decrease of the hydraulic gradient with time during 
infiltration. From their solution it appears that sorptivity physically represents the absorption of water by 
regolith. Sorptivity decreases with increasing (initial) water content of the regolith. 

Assuming a constant rainfall intensity, two situations can be distinguished. If the steady-state infiltration 
capacity exceeds the rainfall intensity, no infiltration excess overland flow will take place. If the rainfall 
intensity exceeds the steady-state infiltration capacity, initially the infiltration rate will equal the rainfall 
intensity. At a certain moment (Ip), the decreasing infiltration capacity will equal the rainfall intensity 
and ponding of water at the surface will commence. This moment is therefore called the time to ponding. 
For t >  t the infiltration rate equals the monotonically decreasing infiltration capacity. As this is less than 

'P the rainfall intensity, infiltration excess overland flow will occur. Overland flow intensity iof is given by 
lof = I ,  - 1 

The timing of tp depends on rainfall intensity: t p  increases with decreasing rainfall intensity. The curve 
showing the relation between time to ponding and rainfall intensity is called the infiltration envelope 
(see Figure 2). The infiltration envelope approaches K for t + 00. A well-known function describing the 

(4) 
. .  

infiltration envelope 

tP time 1. 

Figure 2. Infiltration envelope and infiltration curves 
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infiltration envelope is that of Smith and Parlange (1978) 

where J$ i,dt is the total amount of rainfall until the time to ponding (L). 
Another infiltration envelope equation can be derived using Philip's (1957) equations, Equations (2) and 

(3). The following assumptions are used: (1) the infiltration capacity depends on the total amount of infil- 
trated water, found from I = tP - i,; (2) infiltration takes place under non-ponded conditions with a constant 
infiltration rate equal to the rainfall intensity i,, with i, > K .  

From the first assumption it follows that during ponded infiltration i = i, at t ,  < t,. t* can be calculated 
from Equation (3) 

Combining equations (2) and (6) with the second assumption gives t, 

Z SB+Kt, - - S2(ir-s) 
tp=i,= 1, 2ir(ir - K)2 (7) 

which is the 'Philip' infiltration envelope function. 

STUDY AREA 

The study was carried out in the Bachelard Valley (Figure 1) in the southern French Alps. The study area is 
situated between 1120 and 3050 mad. Rocks in the area are of sedimentary origin. The rock types include 
limestones, sandstones, conglomerates, mark, schists and flysch-type sediments. Human influence has 
strongly decreased since the 19th century. 

The climate has mediterranean and oceanic influences. Precipitation data recorded at St Laurent 
(1660m) show a yearly precipitation total of 977mm, with a maximum in autumn and a secondary 
maximum in June. Orographic influences cause an increase in precipitation with altitude. In summer 
and early autumn precipitation often takes the form of short-duration, high-intensity rain storms. 
For the southern French Prealps, 100 km to the west, Descroix (1989) reports a maximum five-minute 
rainfall intensity of 64 mm/h during a one year measurement period. Van Asch and Van Steijn (1991) 
report that debris flows in the Bachelard valley occur at rainfall intensities of 50-100 mm/h over 5-10 
minutes. 

Debris flow source areas in the Bachelard Valley are located between 2000 and 2800 m asl. They are often 
found in places with a rapid alternation of weak and resistant rocks. Other source area characteristics 
include steep slopes, steep gullies or drainage channels and little vegetation cover. Van Steijn (1991) reports 
slope angles of 33" minimum and 38" mean, drainage channel gradients of at least 30" and less than 10% 
vegetation cover. Slopes within the source areas consist of bedrock, sometimes covered with a mantle of 
relatively fine regolith. 

METHODS 

Rainfall simulations were carried out in several debris flow source areas to assess the infiltration character- 
istics of these areas. A rainfall simulator was used rather than taking samples to the laboratory for testing, 
thus causing little or no damage to the regolith. 

The rainfall simulator shown in Figure 3 covers a square horizontal surface of 0.060 i 0.002m2. Rain 
is produced from 49 holes on a square grid with 3.5cm interhole distance. The rainfall simulator is 
mounted on a frame connected to four rods. The fall height of the raindrops is small, 1.00-1.20m. 
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Figure 3. The rainfall simulator 

The rainfall simulator produces uniform, large raindrops, compared with raindrops occurring in natural 
rainfall. To bypass these disadvantages, Imeson (1977) used a rainfall simulator with a larger fall dis- 
tance and wire-netting to obtain a more realistic raindrop size distribution. However, such 
improvements would have decreased the practicability of the simulator on the steep slopes. 

The rainfall intensity of the simulator can be changed by adjusting the level of an air-entry tube in the 
simulator. The minimum rainfall intensity of this simulator is about 130 mm/h. As it was expected that the 
actual rainfall intensities would rarely exceed 100 mm/h, the simulator was modified in 1991 to produce 
minimum rainfall intensities of 25-30 mm/h. 

With each simulation, the mean slope gradient of the test plot, the rainfall intensity i, and the time to 
ponding t ,  were measured, and the surface type (rill or interrill) and initial wetness were noted. Rainfall 
intensity was held constant during a simulation. During a ‘constant runoff test the simulation was con- 
tinued until the overland flow intensity i,f became constant. A detailed description of the rainfall simulator 
and its operation is given by De Graaf et al. (1993). 

Two different evaluation methods were used. With the ‘infiltration envelope’ (IE) method, infiltration 
envelopes were constructed by plotting the time to ponding as a function of rainfall intensity (Imeson 
and Kwaad, 1982). In the ‘constant runoff (CR) method, K values were calculated from Equation (4) 
assuming K = i when iof became constant. S can then be calculated in several ways. 

The CR method involves more actions in the field, making it more sensitive to operational errors than the 
IE method. Other disadvantages of the CR method are the larger amount of water needed for each test and 
the larger loss of water by splash. On the other hand, with the CR method K and S values are obtained 
from each test, whereas with the IE method at least about 10 tests are needed to obtain one K and one 
S value. Thus the CR method makes it possible to obtain K and S distributions. 



1532 H. M. BLIJENBERG ET AL. 

FIELD OBSERVATIONS 

Observations in some debris flow source areas have revealed the most important processes at work in these 
areas. These are overland flow, water erosion and mass movements such as solifluction. 

Solifluction occurs mainly during the snowmelt period in spring and has a smoothing effect on the 
regolith surface, leaving only a few shallow rills at the end of spring. Some micro-scale debris slides up 
to about 0.5 m long and wide occur on the slopes, mainly under wet conditions. 

In summer and early autumn high-intensity rain storms the cause severe erosion of the regolith. Dur- 
ing heavy rain storms the existing rills and gullies become deeper and new rills are formed. At the end 
of summer rills of up to 20 cm deep and wide are abundant on the slopes. Overland flow produced 
during these rain storms is responsible for these erosion phenomena, as video camera recordings 
have shown. 

During rainfall simulations, some of the above-mentioned processes have also been observed. The 
initially dry regolith surface is usually irregular, showing a more or less pronounced micro-relief formed 
by small lumps and fissures. After a dry period, the desiccated top layer of the regolith often forms a crust 
cemented by lime. 

When rainfall starts, the crust softens very quickly, usually within seconds. Raindrops falling on the 
surface cause splash, which transports material downslope. The splashed material often disappears from 
the test plot, causing a net loss of water. After some time ponding occurs. The steep slopes offer little oppor- 
tunity for real ponding, so overland flow begins quickly after the start of ponding. The overland flow imme- 
diately concentrates in micro-rills of only a few millimetres wide and deep. 

At high rainfall intensities, typically 100 mm/h or more, a remarkable phenomenon sometimes occurs. 
Within a few minutes after the occurrence of ponding, failure of the top layer of the regolith occurs and 

Figure 4. Debris flow source area TSte du Clot des Pastres (TCP) 
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Figure 5. Distribution of K values from the constant runoff method, all data 

Table I. K values (mm/h) obtained from rainfall simulations 

Constant runoff Infiltration envelope 

N* K N* K 

All data 
1990 
1991 
1992 
LL, 1990 
PBN, 1990 
PBS, 1991 
BB, 1991, test series 8 
CM, 1992 

TCP + PBN + PBS 
TCP, 1990 
TCP, 1991 
TCP, 1992 
TCP, 1990/1991 
TCP, 1991/1992 
TCP, 1991, test series 1 
TCP, 1991, test series 2 
TCP, 1991, test series 3 
TCP, 1991, test series 4 
PBS, 1991, test series 5 
PBS, 1991, test series 6 
PBS, 1991, test series 7 
Test-plot 

TCP, 1990-1992 

154 
16 
17 

126 
3 
2 

30 
119 
121 

6 
17 
96 
23 

113 

3 

42.1 
68.3 
41.7 
40.4 
87.5 
53.0 

34.7 
43.2 
43.3 
65.7 
41.7 
42.3 
46.9 
42.2 

41.5 

5 
10 
36 
14 
30 

22 1 
267 
30 
82 

109 
112 
191 
14 
11 
14 
14 
12 
12 
12 

131.0 
127.1 
51.7 
40.2 
47.9 
55.9 
52.4 
--i 
53,O 
71.2 
45.7 
52.3 
29.9 
45.7 
45.9 
9.8 

61.9 
57.4 
42.5 

* Number of cases. 
t Invalid negative value obtained. 
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a micro-scale mass movement occurs with dimensions usually d 10 cm long and wide and a few centimetres 
deep. It usually occurs on a local steepening of the micro-relief. During downslope movement the slide 
disintegrates and, if it reaches a rill, transforms into a micro-scale debris flow which can move well outside 
the test plot. 

When the rainfall simulation continues after the occurrence of a micro-scale mass movement, the surface 
usually becomes increasingly smoothed by splash and overland flow. Process dynamics at the surface 
decrease and no more mass movement occurs during the later phases of a simulation. 

TEST RESULTS 

A total of 351 rainfall simulations was carried out in six different debris flow source areas (Figure 1): Tete 
du Clot des Pastres (further called TCP; 252 simulations); Pra Boureou North (PBN; 10 simulations); Pra 
Boureou South (PBS; 36 simulations); Les Longs (LL; six simulations); Bayasse/Bachelard (BB; 14 simu- 
lations); and Combal du Menon (CM; 33 simulations). These simulations were performed in 1990, 1991 and 
1992. The test plots had slopes of 27--54". Rainfall intensities used in the simulations varied from 28 to 291 
mm/h. 

Most of the simulations were carried out at the TCP site, mainly because this site was chosen as the key 
monitoring site for the project. The monitoring equipment at this site included rainfall gauges, discharge 
gauges, a video camera and erosion pins. Figure 4 shows the TCP site, which is located at 2000- 
2100masl on the western slope of the TEte du Clot des Pastres. 

Constant run-off tests 
Steady-state injiltration capacity. The CR method was used in 154 rainfall simulations at  TCP, PBN, LL 

and CM. The slope angles of the test plots ranged from 27 to 52" and rainfall intensities of 55-230mmlh 
were used. Individual K values ranged from 17 to 128 mm/h. The data are log-normally distributed, as 
Figure 5 shows for the overall distribution of K values. The main exception is formed by the 1991 data. 
Log-mean K values from these tests are presented in Table I. 

In Table I regolith types from different parent materials are represented by their locations. It was 
assumed that different regolith types would have different infiltration characteristics. This assumption 
was tested by comparing location K distributions in a Student's t-test. Table I1 presents the significance 
levels for differences in log-mean K values between locations. Bold values indicate significant differences 
at a 95% confidence level (pa0 .05 ) .  CM differs from all other locations. PBN does not show a significant 
difference from TCP. As the parent material at these two sites is the same, this is to be expected. On the 
other hand, although LL differs significantly from TCP, it has no significant difference with PBN. Here 
the small number of CR tests at LL and PBN is the main cause for the lack of significance. 

Table 11. Significance levels for differences in log-mean K values ( K  values from the 
CR method) 

N* CM LL PBN TCP TCP TCP TCP 
1992 1990 1990 1990--1992 1992 1991 1990 

TCP, 1990/1991 23 0.002.F 0.028 0.718 0.294 0.318 0.397 0.107 
TCP, 1990 6 0.000 0.292 0.478 0016 0.019 0.029 
TCP, 1991 17 0049 0.008 0.452 0.906 0.892 
TCP, 1992 96 0019 0.006 0.553 0.969 

PBN, 1990 2 0015 0.202 
LL, 1990 3 0000 
CM, 1992 30 

TCP, 1990-1992 119 0010 0.007 0.518 

~ ~ ~~ ~~ ~~ 

*Number of cases. 
t Bold values indicate significant difference at the p = 0 05 (95% confidence) level 
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Figure 6. Relation between K and rainfall intensity 

K values from the TCP site in 1990 show a significant difference from those of 1991 and 1992. This is 
probably caused by the high rainfall intensities used in the 1990 simulations, as K values appear to be 
influenced by rainfall intensity (see Figure 6).  The mean rainfall intensity used in 1990 was 144 mm/h, 
whereas in 1991 and 1992 it was about 105 mm/h. The test plot data from Figure 6 were obtained by testing 
one plot with three different rainfall intensities. It shows a strong linear relation between K and rainfall 
intensity. The increase of K with i, could result from several causes. 

1 .  

2. 

3. 

4. 

The ‘constant runoff intensity increases with rainfall intensity, causing a greater depth of the water film 
at the surface and an increased hydraulic head between the surface and the wetting front. If the wetting 
front depth is 30 mm, an increase in the water film depth at the surface from 1 to 2 mm results in a 3% 
higher hydraulic head if only gravity and the water film pressure are considered and even less if matric 
suction is also considered. 
A greater depth of the water layer at the surface results in a greater depth of the saturated zone in the 
regolith immediately below the surface. Therefore more (macro)pores are filled with water and K 
increases. This means that K is not a constant, but a function of rainfall intensity. 
Part of the overland flow was not captured due to the imperfect contact of the collection funnel and the 
regolith surface. This means that measured K values are overestimated. It seems probable that in 
addition to large random variations, the overland flow loss will increase with increasing overland 
flow intensity and thus with increasing rainfall intensity. 
Splash loss is a significant factor in the apparent relation between K and i,. In natural rainfall the net 
loss by splash is zero, but due to the small size of the test plots a fraction of the rainfall splashes outside 
the plot in simulations. If each raindrop causes a constant fraction, c, to splash outside the test plot, the 
splash loss increases linearly with rainfall intensity. Corrected K values K’ can then be calculated from 

K’ = (i, - i s )  - iof = (i, - iof) - is = K - ci, (8) 

where is = splash loss intensity (mm/h). 
Assuming that splash loss is the dominant factor determining the relation between K and i,, Equation 

(8) can be used to assess the amount of splash loss and to correct the measured rainfall intensities and 
K values. Correcting the test plot data from Figure 6 decreases the log-mean K value from 41.5 mm/h 
(at i, = 167mm/h) to 2.2 mm/h (at i, = Omm/h). In some instances, the correction of individual K 
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Table 111. Sorptivity values (cmjminf) obtained from different evaluation methods 

Constant runoff Infiltration envelope 

Direct tp-F=p plot &FLp plot Philip Smith and Parlange 

All Outliers All Outliers 
data rejected data rejected 

All data 
1990 
1991 
1992 
LL, 1990 
PBN, 1990 
PBS, 1991 
BB, 1991, test series 8 
CM, 1992 

TCP f PBN + PBS 
TCP, 1990 
TCP, 1991 
TCP, 1992 
TCP, 1990/1991 
TCP, 199 1 / 1992 
TCP, 1991, test series 1 
TCP, 1991, test series 2 
TCP, 1991, test series 3 
TCP, 1991, test series 4 
PBS, 1991, test series 5 
PBS, 1991, test series 6 
PBS, 1991, test series 7 

TCP, 1990- 1992 

0.194 
0.224 
0.206 
0.190 
0.327 
0.189 

0.226 
0.183 
0.183 
0.196 
0.206 
0.179 
0.203 
0.183 

0,183 0.169 0.181 0.176 
0.210 0.210 0.2 13 0.213 
0.200 0.162 0.195 0.171 
0.174 0-170 0.177 0.175 

0.207 
0.178 
0.178 
0.204 
0.200 
0,162 
0.200 
0.178 

0-207 0.215 0.21 5 
0.160 0.173 0.165 
0.159 0.173 0.165 
0.204 0.201 0-201 
0,162 0.195 0.171 
0.158 0.166 0.163 
0.164 0.195 0.174 
0.159 0.172 0.164 

0-20 
0.25 
0.17 
0.14 
0.15 

0.15 
0.14 
0.17 
0.16 
0.17 
0.20 
0.17 
0.18 
0.20 
0.21 
0.20 

0.27 
0.32 
0.21 
0.20 
0.22 

0.2 1 
0.20 
0.23 
0.2 1 
0.23 
0.28 
0.24 
0.23 
0.3 1 
0.28 
0.25 

Upper limit of s class (cm/mini) 

Figure 7. Distribution of S values from the constant runoff ‘direct’ method, TCP and CM data 
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Table IV. Significance levels for differences in mean S values (S values from the CR’direct’ 
method) 

A CM 
1992 

LL 
1990 

TCP, 1990+ 1991 
TCP, 1990 
TCP, 1991 
TCP, 1992 

PBN, 1990 
LL, 1990 
CM. 1992 

TCP, 1990-1992 

20 
5 

15 
83 

103 
2 
2 

27 

0.122 
0.139 
0.207 
O.OO0 
0.001 
0.248 
0.002 

0.012t 
0.036 
0.023 
0.001 
0.001 
0.239 

PBN TCP TCP TCP TCP 
1990 1990-1992 1992 1991 1990 

0.768 0.172 0.094 0.908 0.804 
0.910 0.645 0.519 0.760 
0.750 0.178 0.104 
0.799 0.580 
0.889 

B N* 1992 1991 1990 

All data 134 0.600 0.487 0.167 
1990 9 0.107 0.554 
1991 15 0.336 
1992 110 

* Number of cases. 

values results in negative K values. Thus splash cannot be the only factor involved in the K-i, relation. 
As the quantitative effect of each of the factors involved is not known, the data have not been 
corrected for these factors. Also, the assumption that splash loss increases linearly with rainfall intensity 
may be wrong. 

Sorptivity. Table I11 presents the results of sorptivity determinations. In the ‘direct’ method, the sorptivities 
wery calculated for each CR test using the Smith and Parlange Equation (5). S varies from 0.088 to 0-381 cm/ 
mi$. Sorptivity distributions appear to be normally distributed, as shown in Figure 7 for TCP and CM. The 
mean sorptivities for different locations do not show much variation: 0.183-0-226 cm/mid, except for the 
significantly higher values at LL. The mean sorptivities at CM are significantly higher than the sorptivities at 
TCP (see Table IV). Even though only two S values have been obtained at PBN, these values compare well 
with TCP values. This was expected as both sites have the same regolith parent material. 

Two other methods were used to calculate the mean sorptivities from the CR method. These methods are 
also based on the Smith and Parlange Equation (5).  Assuming constant rainfall intensity, this equation can 
be written as 

(9) 
2 tp = S Fwp 

or 

- f 
P - SF,P 

where 

is the Smith and Parlange factor. 
When t ,  is plotted as a function of FsBrp, the mean sorptivity is the square root of the tangent of the 

regression line of the data set (Figure 8). For t i  plotted against Ff,,,, the mean sorptivity is the tangent of 



1538 H. M. BLIJENBERG ET AL. 

7 

6 
h 

.- c 5  
E 
v 

.- E 4  
w 

0 3  C 
U 

a 

.- 
5 2  

1 

0 25 50 75 100 125 0 
Smith & Parlange factor (min2/cm2) 

Figure 8. Sorptivity detennined from time to ponding - Smith and Parlange factor plot 

the regression line. Table I11 shows that both methods produce very similar S values, with a maximum dif- 
ference of 3%. Compared with the ‘direct’ method, these methods give on average 4-5% smaller S values 
(range -10 to +4%). 

Table I11 shows that outliers have little effect on the mean S value in the CR ‘direct’ method. Data from 
CM show no outliers, and rejection of the thre? outiiers at the TCP site Yil1,decrease the mean S 
value with only 3% from 0.183 to 0.178 cm/minI (range -6 to 0%). The t:-F&, method is slightly 
more sensitive to a rejection of outliers with an average decrease of 4% (-12 to 0%). The method 
(Figure 8) reacts even more strongly, with an average decrease of 8% (-19 to 0%). 

Relation between steady-state infiltration capacity and sorptivity. According to Green and Ampt (19 1 l),  
sorptivity is linearly related to the square root of the steady-state infiltration capacity. Figure 9 shows the 
relation between K and S for TCP. At a 95% confidence level, the overall data and the 1992 data have 
significant relations between K and S.  These relations are not very strong, with only 13-23% of the S 
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Figure 10. Comparison of infiltration envelope functions and fitting methods, PBS data 

variation explained. The 1990 and 1991 data do not show a significant relation. If S is plotted against the 
square root of K ,  the significance and the explained variation of the relations are nearly the same. 

I n ~ ~ ~ r ~ t i o n  envelopes 
A total of 316 'infiltration envelope' tests was performed at TCP, PBN, PBS, LL, BB and CM. The slope 

angles of the test plots ranged from 27 to 54" and the rainfall intensities from 28 to 291 mm/h. 
Figure 10 illustrates that it is not possible to use least-squares fitting for the Philip and Smith and Parlange 

functions, which is caused by t ,  being a function of i,. Manual fitting of these functions usually resulted in a 
good fit only for near-zero or negative values of K. A negative exponential function describes the data better 

i r -  - K + ea+b ( 1 1 )  
where i,, K are in mm/h; tp ,  the time to ponding, is in seconds; a, a constant, is in ln(mm/h); and b, a con- 
stant, is in ln(mm/h)/s. 
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This function explains as much as 87-96% of the variation in i, for data sets from test plots with similar 
characteristics (slope angle, regolith type, initial soil wetness, surface type), as shown in Figure 11. The 
explained variation is far less for less uniform data sets. For data grouped by test location (regolith 
type) the explained variation ranges from 23 to 92%. Here the high values of explained variation, 82% 
at Pra BourCou South and 92% at Bayasse/Bachelard, are again for data sets from test plots which are 
also similar regarding other characteristics. 

Steady-state injiltration capacity. The negative exponential function is the only function that produces 
realistic K values with least-squares fitting. As the physical meaning of the constants a and b in this function 
is not clear, this function is only used to obtain K values. The results are shown in Table I. 

Sorptivity. To calculate sorptivities, K values obtained from the negative exponential function were used 
in the Smith and Parlange and Philip infiltration envelope functions. Table 111 presents the sorptivities 
obtained from these methods. The Philip function gives on average 28% lower values than the Smith and 
Parlange function (19-41% less). The Smith and Parlange function seems to fit the data slightly better than 
the Philip function. 
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Figure 14. Micro-scale debris flow during a rainfall simulation 

Eflect of surface type and soil wetness on time to ponding. Figure 12 shows that rills and interrill areas yield the 
same time to ponding at comparable rainfall intensities. Figure 13 shows that the time to ponding is generally 
shorter on moist or wet surfaces than on dry surfaces and therefore the sorptivity is generally smaller. The 1992 
data in this figure are from a generally wet period and the 1990 and 1991 data are from a dry period. 

Comparison of the test methods 
Table I shows that the CR method gives on average 22% lower K values than the IE method 

(excluding the LL and PBN data because of the small number of tests at these sites). However, a direct 
comparison poses some difficulties. When fitting an infiltration envelope, the data points with a large 
time to ponding have far more influence on the value of K than the data points at smaller times to ponding. 
This results from the importance of K relative to S in the infiltration envelope functions, which increases 
with increasing time to ponding. As mentioned earlier, the CR method probably overestimates K values. 
It then follows that the IE method overestimates K values even more. 
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As far as sorptivities are concerned, the IE 'Smith and Parlange' method gives the highest values. They 
are on average 10% higher than values from the CR 'direct' method (-7 to +20%). The IE 'Philip' method 
gives the lowest values, on average 21% lower than from the CR 'direct method' (-25 to -13%). The three 
CR methods give similar results. 

Boundary effects during the rainfall simulations 
The plots that are tested during rainfall simulations are not clearly defined in a lateral sense. In the calcula- 

tions a confined situation is assumed: only vertical flow, caused by gravity and matric forces, occurs in a 
regolith column beneath the test plot surface (the 'ideal' situation). In reality, the situation is unconfined 
and matric forces will also cause lateral flow from this column. As water is removed from the column, the wet- 
ting front will move downwards slower than in the ideal situation, so tp  will increase compared with the ideal 
situation. Horizontal flow from the column also implies that for t + o;, the infiltration capacity will also be 
larger than for the ideal situation and therefore the measured value of K will exceed the actual value. At small 
t values the boundary effects imply that for S the measured values are again higher than the actual values. 
Quantitative relations between measured and actual values of tp, K and S are still lacking. 

Critical conditions for the initiation of micro-scale mass movements and debris flows 

As mentioned earlier, during some rainfall simulations micro-scale mass movements occurred. Figure 14 
shows such a micro-scale debris flow. These mass movements only occurred on steep slopes at high rainfall 
intensities, with runoff present at the surface. An attempt was made to define the threshold conditions for 
their occurrence as a function of both slope angle and rainfall intensity. Figure 15 seems to suggest a mini- 
mum slope angle of about 34-36' at very high rainfall intensities, and a minimum rainfall intensity (not 
corrected for splash loss) of about 60-70 mm/h at slope angles of 55" or more. This minimum rainfall 
intensity must exceed the steady-state infiltration capacity as the occurrence of runoff also seems to be 
an important factor in the occurrence of the micro-scale mass movements. 

These mass movements usually occurred on a local steepening of the micro-relief within the first minutes 
after ponding. On the other hand, no more mass movement occurred during the later phases of a simulation 
when the surface became smoothed by runoff and splash. It therefore seems likely that, in addition to the 
overall slope angle and the rainfall intensity, the surface micro-relief plays an important part in the occur- 
rence of these micro-scale mass movements. 

The occurrence of these micro-scale mass movements may be an important link between the occurrence 
of overland flow and the actual initiation of debris flows. This is supported by eye-witness accounts which 
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state that debris flows usually occur within 5-10 minutes after the start of high intensity (50-100 mm/h) 
rainfall (Van Asch and Van Steijn, 1991). The link is probably established through the delivery of high 
amounts of sediment to the overland flow. This causes an increase in density, viscosity and flow depth 
of the overland flow, resulting in a higher capacity to mobilize coarse material such as stones. 

CONCLUSIONS 

In spite of the disadvantages of the rainfall simulations, the method seems to offer good possibilities for use 
in difficult terrains. The main advantages are testing on undisturbed material and the relatively quick test- 
ing procedure. The main disadvantages are the boundary effects in the soil, water loss by splash and, com- 
pared with natural rainfall, the small fall distance and the large, uniform raindrops. 

The CR and IE methods both have advantages and disadvantages. In spite of the larger operational 
difficulties and measurement errors the CR method seems preferable. K and S values are easily calculated, 
and for each CR test a K and an S value are obtained, making it possible to construct K and S values from 
multiple CR tests. 

The occurrence of micro-scale mass movements at high rainfall intensities on steep slopes seems to be a 
key factor in the initiation of debris flows. These micro-scale mass movements are likely to deliver high 
amounts of relatively fine sediment to the overland flow. This sediment-rich overland flow has different 
hydraulic properties from pure water and has a higher capacity to mobilize coarse material. 
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