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A stochastic hydro-geomorphological model 

for shallow landsliding due to rainstorm 

T. IIDA 

Ceo-Research Institute, Osaka Soil Test Lab., Itachibori Nish1ku Osaka 550-0012: 

Japan 

Abstract 

A prediction model of shallow landsliding is proposed. It considers the stochastic 

aspects of intensity and duration of rainfall as well as the deterministic aspects 

containing slope stability, throughflow seepage and the development of regolith. It 

turns out that the probability of saturated throughflow, which is the direct trigger 

mechanism to shallow landsliding, can be expressed by a log-normal distribution. The 

short term probability of landsliding is defined as the excess probability that the depth 

of saturated throughflow surpasses the critical value. The average recurrence interval 

Tav of landsliding can be calculated as the expected value of recurrence interval of 

landslide . 

This model was applied to a test field where a lot of shallow landsliding occurred 

at a heavy rainstorm in 1988. Then aDEM of 5-m grid interval was utilized to calculate 

Tav at every grid point. Consequently, it was found that the percentage of the landslide 

grid number to the total grid number for every Tnv rank increases when Tav decreases. 

The spatial distribution of Tnv reveals its significant dependence on the topography. 

Therefore, it is confirmed that T11' is a hydro-geomorphological index of the 

susceptibility to shallow landsliding. 
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1. Introduction 

Landsliding 1s a pnmary agent of landscape evolution in diverse regwns. 

Especially in humid forested areas, such as Japan, shallow (at most 1 or 2 m deep) 

landsliding triggered by rainstorm seems to be the dominant denudational process on 

hillslopes. For example, TVIoriya (1972) and Shimokawa (1984) report numerous shallow 

landslide scars of various ages across the landscape. Shallow landsliding is important 

not only as a geomorphological process, but also as a cause of natural hazards. 

Therefore, the research on shallow landsliding has been carried out fro1n the viewpoint 

of disaster prevention, rather than from a geomorphological one. According to these 

results, slope angle, slope shape (e.g., concave or convex) and the soil (regolith) depth 

are especially important as the controlling factors of shallow landsliding. In the 1970s, 

the hillslope hydrology approach was developed, and the saturated throughflow 

(shallow subsurface flow) , which triggers shallow landsliding, was investigated (e.g., as 

compiled by Kirkby, 1978). Hatano (1979) proposed a topographic index F (=tan ;'J 

(SCA) 113 ) of susceptibility to shallow landsliding, where /1 is the slope angle, SCA is 

the specific catchment area . Okimura and his colleagues (e.g., Okimura and 

Ichikawa, 1985; Okimura and Nakagawa, 1988), and Montgomery and Dietrich (1994) 

developed successfully a DEM simulation model that coupled infinite slope stability 

analysis with seepage analysis. 

On the other hand, valuable data about characteristics of "immunity" (a concept 

proposed by Koide (1955) in order to explain the tendency that the landsliding doesn't 

occur for a particular period after the former one) and periodicity of shallow landsliding, 

were collected in some regions since the 1980s, utilizing various methods of 

dendrochronology (Shimokawa, 1984; Shimokawa et al., 1989), tephrochronology 

(Y anai, 1989; Yanai and Usui, 1989a; Yanai and Usui, 1989b; Yoshinaga and Saijo, 1989; 

Yoshinaga et al., 1989; Shimizu et al., 1995) , carbon 14 dating (Dietrich ct al., 198G; 



Reneau and Dietrich, 1987; Yoshinaga and Saijo, 1989; Yoshinaga et al. , 1989) and 

aerial photos (Aniya,l985). Japanese data are compiled as shown in Fig.l. It is 

suggested that return period of shallow landsliding is influenced by both geology and 

slope angle. These data, although insufficient in number, stimulated the debate about 

the effect of geology and topography on the susceptibility to shallow landsliding. As for 

the effect of topography, Yanai (1989) found that both slope angle and slope shape 

(hollow or nose) are important factors for the average recurrence interval of shallow 

land sliding. 

In order to estimate long term susceptibilities to shallow landsliding, a 

modelling of soil depth development and rainstorm occurrence is necessary, since both 

of them are controlling factors in the recurrence interval of shallow landsliding. ln 

order to simulate the soil distribution and to estimate the root cohesion effect on the 

slope stability, Dietrich et al. (1995) developed Okimura's model utilizing a soil 

development model. Utilizing frequency distribution of rainstorm intensity and 

duration, a pioneering stochastic model was proposed by Dunne (1991) to simulate the 

past recurrence of shallow landsliding at a model hollow . 

From the geomorphological view point, shallow landsliding can be regarded as 

one of stochastic processes, and the periodicity is the key property for prediction. In this 

paper, a stochastic process-based model (Iida, 1999) is proposed, which . has been 

improved on a previous one (Iida, 1993). This model utilizes the slope stability analysis, 

seepage (saturated throughflow) analysis, soil development model and the statistics of 

rainstorm. Then, the methods of calculating the average recurrence interval ~~~· of 

shallow landsliding is proposed. Adopting this model to a test field utilizing a DE.f\11, 

allows topograp hie effects on shallow lanclsliding to be corn pared. 

This research is originated from Okunishi (1991, 1994), in vvhich the hydro-

geomorphological methods for the research of geomorphology were proposed, and from 
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Dunne (1991), in which the stochastics of rainstorm was emphasaised on the hydro

geomorphological research of landslide . 

2 . Outline of test field and investigation methods 

2 . 1 Outline of test field 

The test field site is to the east of Hamada city in Shin1ane Prefecture. Figure 2 

shows the topography of the site (about 500m X 800m area) . The site is composed of 

ge ntle low-relief slop es surrounded by steep slopes. The bed rock is andesite. The wide 

distribution of relic red soil on gentle slopes, indicates that these ge ntle slopes have 

remained stable for a long time. The mean annual precipitation is about 1700 mm a nd 

the mean annual te mp erature is about 15 oC. The area had been originally covered by 

cedar forests prior to clear cutting in the 19/0s. This area was hit by a heavy rainstorm 

on July 15th 1988, then a lot of shallow landslidings (at most 1 or 2m deep) occurred , 

mainly on the steep slopes as shown in Fig. 2 . 

2 . 2 Investigation methods 

In order to apply the stochastic process-based model proposed in this paper to the 

test field, observation of landslide scars, topographic analysis on DEM, soil depth 

measurement and so me soil tests were carried out (Iida and Tanaka, 1997). 

The DEM of 5-m grid interval is based on originally 1:1,000 topographic map with 

contour inte rval of 1-m prepared for the test field site after the 1988 disaste r (Fig.2). 

Figure 3 is a remaked map from the DEM . The grid point which falls into landslide 

scars (perhaps including some of the runoff sca rs) in 1988 are shown by solid triangle . 

Topographic features, such as slope a ngle ;'J, laplasian v "2 h , specific catchment area 

SCA are estimated at eve ry gr id point. Soil depth investigation \\ as carried out with a 
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portable cone penetron1eter. Open circles show the penetration test sites. N 10 value is 

defined as the impact number of 5 kg weight, 50 em free fall, needed to drive a cone 

every 10 em. Physical properties and mechanical strength of the soil layer were 

estimated with conventional in-situ or laboratory methods. Hydraulic parameters 

which are usually difficult for us to measure were assumed by trial and error as shown 

in the section 3.2. The parameters of soil depth developn1ent model were assumed by 

referring data of other field sites as shown in the section 3.3. 

3. Preparatory analysis model 

3.1 Slope stability analysis model 

Okin1ura and Tanaka (1980) made many investigations which showed that the 

depth of landsliding layer in the granitic areas, which had been experienced frequent 

shallow landsliding, can be determined by a sin1plified penetration test . They called 

this layer "the potential landsliding layer". They investigated the physical and 

mechanical properties of the potentiallandsliding layer and the boundary layer. Based 

on these results , Okimura and his colleagues developed successfully the simulation 

model of shallow landsliding using the two layer model of soil (regolith) and weathered 

bedrock (Fig.4). The two layer model is supported by many researchers of shallow 

landsliding, especially on the granitic slopes (e.g., Iida and Okunishi, 1983). The 

shallow subsurface flow, which occurs on the weathered bedrock, is supposed to be the 

direct trigger for shallow landsliding. 

The bed rock of the test field site 1s not granite but andesite. Nonetheless, 

according to the observation of landslide scars in 1988 and the results of the 

penetration tests (Iida and Tanaka , 1997), it is found CD that topographic features are 

the main factors of soil depth di tribution , ® that the fundamental structures of 

ground is similar to those on the granitic area, that is, on the gentle low-relief slopes 



the Nw value increases gradually with depth, on the other hand , on the steep slope Nw 

value is small (<5) up to a certain depth and increases suddenly at this depth, and G) 

that the soil layer (defined as Nw<5) had been removed by shallow landsliding and the 

weathered bedrock (defined as N1o >5) was exposed. Therefore, the two layer model is 

applicable to the test field site, as well. The potentiallandsliding layer of the test field 

site can be defined as the soil layer with N1o < 5. 

According to the stability analysis for the two layer model, the depth of saturated 

throughflow critical to shallow landsliding Her is written as 

c -y, cos 2 {3(tan f3- tan¢)D 
]{ =--------~------------------------

cr cos 2 {3{(Y.w, -y,)(tanf3 -tan¢)+'}'
11

. tan¢} 
(1) 

where c is the cohesion, rJ the internal friction angle, y c the unit weight of 

unsaturated soil, y sac the unit weight of saturated soil, y IV the unit weight of water, 

/J the slope angle and D the soil depth. Both H and D are 1neasured to vertical 

direction (Fig.4). 

On the basis of a sensitivity analysis, Oki1nura (1987) emphasizes that soil depth D 

is more important for occurrence of shallow landsliding than other factors, such as c 

or rJ. 

When the soil depth is equal to Her, the critical soil depth Dim is given as follows. 

c / cos1 /]{y :;nc (tan/] -tan rj)+ y IV tan r}} (2) 

Assuming the soil cohesion c > 0, the geomorphological significance of soil depth D 

is given as follows (I ida , 1993). 

\\hen the oil depth D is less than Dim (i.e . Her > D ), the depth H of saturated 
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throughflow cannot reach the critical one Her, even at heaviest rainstorm. o shallow 

landsliding occurs, since the water table of saturated throughflow can not rise beyond 

the ground surface because of large permeability of the surface layer (Ao layer). 

Because the period of D <Dim corresponds to an "immunity" period (Shimokawa, 1984) 

of shallow landsliding, Dim may be named "immunity soil depth". When the soil depth D 

is greater than Dim, H can be larger than Her at a rainstorn1, leading to shallow 

landsliding. 

vVhen the soil depth Dis larger than Dim (i .e. Her <D), there are two cases as for 

relationship between D and Her (see eq . (1)) . 

In the case of relatively steep slope ( rj < ;'J), Her decreases linearly with the 

increase of soil depth D, and Her eventually becomes zero. This 1neans that shallow 

landsliding can occur on the slope without saturated throughflow if a critical ( "upper 

limit" ) soil depth DuJ (corresponding to HC/=0, and given as follows) is attained. 

(3) 

However, DuJ is never reached because soil depth Increases slowly with time and 

periodic rainstorms wjll produce at least some saturated subsurface flow and 

consequently destabilization at thicknesses less than Du1. According to this model, 

shallow landsliding occurs when the soil depth D ranges between Dim and Du!. 

In the case of relatively gentle slope, Her increases linearly ( rj > ;'J ) or rema1n 

constant ( rj = /l) with increase of D, then no upper limit soil depth Du! exists. 

The sampling point of soil for soil tests is shown in Fig.3. The measured values of 

soil parameters of the potential landsliding layer were obtained as c =0.4G tflm~ , rj 

=28.8 degs., y t =1.52 t/m:3 andy sat =l.G9 t/m:3 , respectively . These measured values 
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are very close to the values that Okimura and Ichikawa (1985) assun1e? at their test 

field, that is, c =0.5 tf/m2, .¢ =3 1 degs. (tan.¢ =0.6) , 1 t = 1.7 t/m3 and 1 sa t =1.9 t/m:3, 

though the bed rock is not andesite but weathered granite. Additionally, soil 

parameters, such as c and .¢, are not so important as soil dep th or slope angle for slope 

stability (Okimura, 1987) . Therefore, the rounded values of measured values, c =0.5 

tf/m2, .¢ =30 degs., 1 t = 1.5 t/m3 and 1 sa t = 1.7 t/m3 as summa rized in Table 1 are 

assumed as the representative values in the test field site . These values are proved 

app ropriate in section 3.2. 

Using the assun1ed values, r elationship s of the critical depth Her of saturated 

throughflow and soil depth D are shown in Fig. 5 for three sample slop e angles, 40 degs. 

(> .¢ =30 degs.), 30 degs. (= .¢ ), a nd 25 degs. (<.¢) .The relationships of the imn1unity soi l 

depth Dim and upper limit soil depth Du; with slope angle /] are shown in Fig.6. Open 

circles show the measured soil depth (Nw < 5) . 

3.2 Seepage analysis model 

Judging from the fact that the hollow (i.e., zero order valley) is su sceptib le to 

shallow landsliding (e.g., Tsukamoto et al. , 1982), the shallow subsurface flow or the 

saturated throughflow (Anderson and Burt, 1978) seems to be the dominant factor for 

the occurrence of shallow landslidin g. 

In order to estimate the topo graphic effects on the saturated throughflow, a 

s implified method of seepage analysis is proposed on the assumption that the 

saturated throughflow flow s parallel to bedrock, and that the recharge rate of the 

saturated throughflow is equ a l to the ra infall intens ity (In other word s, water loss, 

e .g. , leakage through bedrock or retention of \V ate r to un saturated zone, is negligible) 

(I ida, 1984). 
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According to this method, the depth of saturated throughflow H(t) is written as 

H(t) = J:"'·" (da I dr)R(r- r)dr /(k sin f3 cos [3) (4) 

where 'a ( r)' is the area in which the travel time of the saturated throughflow· (the 

horizontal component of interstitial velocity= k sin 1Jcos /lI ne) is up to r, and da/d r is 

"topographic" unit hydrograph, R(t) the rainfall intensity at time t, ~1wx the maximum 

travel time of saturated throughflow, k the saturated permeability coefficient and n e 

the "effective" porosity. The "effective" porosity represents the fraction of pore space 

that contributes to the quick response of the throughflow. It seems equivalent to 

specific yield as defined in groundwater hydrology. 

Assuming that R(t) is constant (=Io) fron1 t=O to t=t1, for the sake of simplicity, H(t) 

is transformed as follows. 

H( t) = Io a( t) / ( ksin ;'J cos ;'J ) ( O<t<t1) (5) 

H(t) = fo { a(t)- a(t- t1)} / ( ksin ;]cos 1J) (5)' 

The max1mum depth Hm:1x of saturated throughflow, doesn't occur necessai ly at 

t=t1 for hollow because of delay of water in arrival. Introducing Smn.,{tl) defined as the 

maximum value of {a(t)-a(t- t1)}, Hnwx is given as 

(G) 

'vVhen water loss of aturated thro ughflow is not negligible, a modified topographic 



unit hydrograph damcJid r, \Vhich is assun1ed as follows for the sake of simplicity, can be 

substituted for dald r in eq.(4). 

damcJid r = da/d r exp(- a r) (7) 

where Bmd is the modified covered area with the travel time, which is given by 

integrating eq.(7), and rt the decay coefficient. In this case, Sm,1.\{t1) IS re-defined as 

the maximum value of {amc~t)- Bmc~t- t1)} . 

Hydraulic parameters in the te t field were estimated using actua l data of 

sha llovv landsliding in 1988 as follow s. The critical depth Hrr and the maxirnum depth 

hnas of saturated throughflow at 1988 disaster were calculated for grid points of two 

group s . The la ndslide grid group consi ts of a ll grid points within the 1988 landslide 

scar s, while the non-landslide grid group consists of the grid points those a re adjacent 

to the penetration test points shown in Fig.3 by the open circles. 

The values of Her (eq .(l)) den1and data of soil depth. It is, however, difficult to 

estimate the original soil depth after la ndsliding. Therefore, it was assumed that 

original soil depth of the landslide grid group had been equal to the ave rage of D im and 

DuJ as shown by broken line in Fig.6. When the soil depth D of the non-la ndslide grid 

group is less than Dim, theoretically, no la ndslide occurs, and Her is considered infinite. 

On the other hand , the values of hm.-1s were calculated for all grids of two groups 

with eq .(4) substituting dam rtlcl r for da/d r and using the actual hyetograph on July 

15th 1988 (Fig.7). The cumulative ra infall was about 350 mrn in 6 hours. The return 

period of the rainfa ll ra nges betwee n 200 to 400 years according to duration (Fig.l4). 

The topographic unit hyd rograph claii/{Jid ' was estimated for each grid by using flow 

lines (see Fig.3). 

10 



The hydraulic parameters k, ne and rt were estimated by trial and error as 

follows. Theoretically speaking, the area where hmn.r is larger than Her corresponds to 

the unstable area, and anoth er a rea where hma.r is less than H er corresponds to the 

stable area. TVIa ny calculations were tried for various combination of k, n e and rt . 

Consequently, when hydraulic parameters are assumed as k = 0.1 em/sec, n e =20 (%) 

and a =0.4 (1/hour), th best hitting is achieved. The modified topographic unit 

hydrograph damdld rare show n in Fig.8 for three sample sites X,Y and Z in Fig.3 . 

The hitting result for each grid is shown in Fig.9. The hitting rate of non

landslide grid group is as la rge as 96 %. On the other hand , the hitting rate of the 

landslide grid group is 65 %. This value is not very high. The comparison of numbers of 

theoretical landslide grid points (Unstable area) a nd non-landslide grid points (Stable 

area) on actual landslide scars are shown in Fig.lO. Landslide scar numbers (l - 29) 

correspond to the numbers in Fig.3. All landslide scars excluding three scar s (3,4 and 

8) contain at least one dangerous grid point (hna.r> H CJ) . Some of non-la ndslide grid 

points may correspond to the runoff scars. 

Consequently, the assumption that the soil of the test field site is hommogeneous 

as for mechanical , physical and hydrological properties, is proved appropriate, a nd 

these assumed values of parameters seem approximately correct in the test field site. 

These parameters are summarized in Table 1. 

3.3 Soil depth development model 

Acco rdin g to sectio n 3.1 , soil (regolith) depth D is the very important factor for 

the occurrence of s ha llow landsliding. Additionally, from the view point of the long 

term prediction of landsliding, it is necessa ry to consider the time change of soil dept h. 

Shimokawa (1984) investigated the refo rm at ion process of topsoil after la nd s liding on a 

grani tic a rea \Vi t h de nd roclonology. He found that there were two refo rmat ion 
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processes of soil depth, i.e., the initial deposition process and weathering process and 

that weathering was more important than the initial deposition. Then he showed the 

development velocity of topsoil on landslide scars (open circles in Fig.11). His results 

suggest that the soil depth development is approximately expressed simply by a 

logarithmic function of time in a weathering dominant case containing initial 

deposition process as follows, although influenced by many kinds of physical, chen1ical 

and biological processes: 

L(n) (=Dcos /J) = Aw ln (Bwn + 1) + Lo (8) 

where L(n) is the soil thickness (n1easured to normal direction to the slope.) n years 

after denudation by shallow landsliding, and Aw, Bw and Lo are the constant 

parameters. Lo corresponds to the initial deposition. By fitting eq.(8) to Shimokawa's 

data(l984), parameters were detennined as shown in Fig. 11 (Iida, 1993). Trustrum 

and DeRose(1988) have proposed a similar logarith1nic equation of soil development. 

On the other hand, the following soil develop1nent model has been proposed by 

Ahnert (1966), and it states that weathering rate v;v is generally thought to decrease 

exponentially with the increase of soil thickness L. 

v;v = dL/dn = Vo exp(- A L) (9) 

Equation (8) is a solution of eq. (9) where Vo is AwBw cxp (Lo!Aw) and A is 1/Aw. 

Recently, the significance of slow mass movement on soil development 1n 

forested humid areas has been pointed out (e.g ., Reneau et al., 1989; Dietrich ct al., 

1995; Sonoda and Okunishi, 199--1; Yamada, 1997) . Introducing ~-.which corresponds 

to the additional effect by slow mass movement, eq.(9) is revised as follo\\'S. 
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dL/ dn = Vo exp(- ~ L) + V, (9)' 

Vc can be written as follows for soil creep (Culling, 1963; Hirano, 1968). 

where K is the diffusion coefficient of soil creep and v 2 h the laplasian of elevation h. 

The values of v 2 h was calculated to estimate the values of Vc for every grids of DEM. 

If Vc is not zero a nd constant, the solution of eq. (9)' is given as follows . 

n = (11) 

In the case that Vc is negative and the absolute value of Vc 1s less than Vo. 

substituting dLA:ln=O for eq. (9)', soil thickness for steady state Lsc is given as 

Lst = - ln (- Vc!Vo) / /1, (12). 

In order to estimate the soil depth deve lopment, we need weathering parameters 

Aw, Bw and Lo, and the diffu sion coefficient of soil creep, J(. However, in the test fie ld , 

few data related to soi l development was obtained. Therefore, values of AI\' and Lo in 

the test field were assumed to be l.Om and 0.15m, respectively. The se values are 

id entica l to those estimated from Shimokawa's data , which correspond to the case of 

Vc.-=0. Accord ing to observation on 1988 landslide scars, the average depth of initial 

deposition seems to attain t he va lue s imilar to Shimokawa's result (0.15m). 
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The value of Bw \vas estimated as follows, us1ng assumed values of diffusion 

coefficient Kfor soil creep and steady state soil thickness L.~t. Dietrich et al.(1995) found 

out that the average value of K was 0.005m'2/yr for their test field sites. On the other 

hand, Nogami (1980) found out that the average value of K was 0.0059 In'2/yr in his test 

field. This approximate coincidence for K value is very interesting and important. It 

may be because both of their fields are located in humid forested areas, and slope 

length is similar to each other. Because clin1ate, topography, vegetation of this test field 

is similar to their test fields, the value of K=0.005m2/yr is eventually adopted. 

Dietrich et. al. (1995) pointed out that the soil depth on a nose (ridge type slope) 

remains in a steady state based on the balance of the weathering rate of bedrock and 

denudation rate of the soil by the process of soil creep. This relation is written by eq. 

(12). According to the relationship between soil thickness Land v 2 h of slope in the test 

field, L sc is assumed to be 0.5 (m) at v 2h =-0.1 (1/m) (Fig. 12, Iida and Tanaka,1997). 

Consequently, by substituting .!L=l.Om, Lo=0.15m, f{=0.005m 2/yr, L sF0.5n1, v 2 h 

=-0. 1(1/m), cos 17='71.0, into eq .(lO) and eq.(l2) (Vo= AwBwexp (Lo!Aw), ;1= 1/ A11), the 

value of Bw was estimated as 0.0007 (1/yr) . Using these parameters, the soil 

develop1nent curves for different values of Vc are shown in Fig.13 . 

4. Stochastic model of shallow landsliding 

4.1 Statistics of rainstorm and saturated throughflow 

The occurrence of rainstorms that trigger shallow landsliding is a random 

phenomenon; therefore, such type of processes should be treated stochastically (Dunne, 

1991). A stochastic rainfall intensity-duration curve (Talbot type) is used , since most 

effective rainfall duration for saturated throughflow is different for each slope. 

I( t1.N) = a(JV) / { t1 + b(JV) } (13) 
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where J(tJ,lv) is the average rainfall intensity (mm/h) of a storn1 with return period JV 

(year) and rainfall duration t1 (hour), a(N) and b(N) the parameters for N years 

probability. 

After Ishiguro (1961), the parameters, a(N) and b(N) can be approxin1ated by the 

following empirical equations. 

b(N)=(24- I lfvll:J.f!'v) I ( lJNif:z,J.V- 1), a(Jv)={ b(Jv) + 24 } f:z ,Js 

where l1s is the annual maximum hourly rainfall andJ:z.tN the annual maximum daily 

rainfall of Nyears probability, respectively. 

Using 100 years data from Hamada l\!Ieteorological Observatory, parameters a(N) 

and b(N) were calculated for appropriate values of N (=10,20, .. , 100,200, .. , 1000,2000, .. ). 

Consequently, it turned out that the values of a(Jv) and b(Jv) can be approximately 

written as power functions of N Therefore, stochastic rainfall - duration curves in the 

test field can be exp ressed as follows. 

(13)' 

The curves in Fig.l4 shows these functions for several probability years. 

The probability of the occurrence of saturated throughflovv is estimated as follows 

through seepage analysis in section 3.1 using hydrological parameters shown in Table 

1. Substituting I(tJ_.N) for Io in eq. (G), Hm;/_,{tJ) is transformed to 

(G)' 
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Consequently, Nyears probability depth H,\N) is given as the n1aximum value of Hm .-1x 

(t1,N) for the rainfall duration t1. Sm:l.\{tl), Hma.,{ti,N} and H\\N} at sample sites X,Y and 

Z (Fig. 3) are shown in Fig. 15. It is interesting and important that the rainfall 

duration t1 corresponding to fi,OV) are ahnost constant, irrespective of N This is the 

case for most grid points in the test field. Introducing to for the representative rainfall 

duration t1 which corresponds to lft..\N}, fi,\N) is transformed as follows. 

(14) 

This means that liv\N} is proportional to the rainstorm intensity J(to,JV) for a certain 

duration to, because Sma.,{to) and (ksin 1Jcos /J ) in eq. (14) are independent of N 

The probability distribution of annual maximurn rainfall intensity J(tJ )V) for any 

duration t1, can be expressed by a log-norn1al distribution similar to the daily (ti=24) 

or the hourly (t1=1) rainfall distribution. Therefore, it is apparent from eq.(14) (t1=to) 

that the probability of saturated throughflow is able to be expressed by a log-normal 

distribution, too. These relationships are written as follows. 

F( ~) = 
1 f: ;.fi ") -Jn t exp(-1;-)d/; = { 1 + erf(U..fi)} I 2 (15) 

c; = A'(to) + B'(to) log (J(to,N)) (rainfall intensity) (15)' 

(saturated throughflow depth) (15) II 

where F is the non excess probability, A' (to) and B' (to) the parameters for rainfall 

intensity of duration to. A and B the parameters for saturated throughflow depth. 
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Consequently, the probability distribution of throughflow at any point can be 

characterized with only two hydro-geomorphological parameters of A and B 1n eq. 

(15)". 

By substituting eq.(l4) for eq.(l5)" and companng eqs. (15)' and (15)", the 

parameters for saturated throughflovv are given by those for rainfall intensity as 

follows. 

A = A'(to) - B'(to) log { Snul.\{to)/( ksin 1Jcos 1J)} 

B = B'(to) 

The probability distribution of saturated throughflow depth are shown in Fig.l6 

for three sample sites X,Y and Z in Fig.3. Although the specific catchment area SCA of 

Y site (190m) is smaller than that of Z site (295m), saturated throughflow depth of Y 

site is greater than that of Z site at any probability level. This is because Nyears 

probability depth HA(N) is proportional to Sm.-1.\{to) defined as the maximun1 value of 

{amct(t)- Bmc~t- t1)} (see eq.(l4)), and Sm,l.\{to) isn't necessarily proportional to the 

specific catchment area SCA (see Fig.l5) . 

4.2 Probability of shallow landsliding 

The steep slopes covered with soil mantle and vegetation, have alternately 

undergone either a removal of soil by shallow landsliding or an accumulation of soil by 

weathering or slow mass movement (such as soil creep) as shown by Fig. 17. 

According to particle analysis, the soil (Nw<5) on the gentle slope which i 

unconditionally stable, is very mature (i.e. the main components are silt or clay) , on the 

other hand , the soil on the stee p s lope is immature ( i.e. the main components are 
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gravel and sand). This fact shows that shallow landsliding are frequent on the steep 

slopes in this area. 

According to lid a (1993), the short term probability of land sliding Q, which is 

defined as the probability that shallow landsliding occurs within a year , can be 

expressed by eq. (16) as the excess probability that the depth of saturated throughflO\\. 

surpasses Her. 

Q = 1 F( ~ (Her)) (16) 

Q is an index of susceptibility of shallow landsliding from the point of view of short 

term prediction. The value of 11 Q is the r eturn period of the rainstorm which causes 

landsliding. Her is a function of soil depth D, and D (= L/cos ;'J ) is a function of time n 

(year). Therefore, Q is a function of n. The temporal change in the susceptibility to 

shallow landsliding can be expressed by the temporal change in Q value. While Dis 

smaller than Dim, that is, in the immunity period, Q value is zero, therefore, no shallow 

landsliding occurs. When Dis greater than Dim, Q value increase with time because H er 

decreases with increase in D in case of relatively steep slope ( rf < /J ) with the soil 

cohesion c > 0 (eq.(l)). 

The long term probability of landsliding P, defined as the probability that 

landsliding occurs in a year between n and (n- 1) years after the last landsliding, can 

be expressed as follows. 

F{n) = {1- Q:))} · · · {1- Q::n - 1)} Q(n) (17) 

Average recurrence interval (T~t) , average denudation rate (VI\) and average scar 
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depth (Drn) of shallow landsliding can be defined as follows, as the expected values , 

respectively. 

Tal' = ~R..n) n (18) 

V:-n- = 2 R..n) {D(n)/n} - Vc/cos /] (19) 

Dn1· = ~ R..n) D(n) (20) 

where D(n) is the soil depth n years after the last landsliding. In eq.(l9), volumetric 

change ratio from rock to soil by weathering has been assu1ned to be 1.0. 

The distribution map of Tt/V is regarded as a map of the relative susceptibility to 

shallow landsliding, from the point of view of the long term prediction based on hydro

geomorphology. 

5. Model application and discussion 

5. 1 Probability of saturated throughflow 

The probability distribution of saturated throughflow was estimated for all grid 

points of slopes whose angles are greater than 20 degrees . Namely , the hydro

geon1orphological values of A and B in eq. (15)" were calculated. 

The correlation between A and B is shown in Fig. 18. It is clear that the variation 

of B is smaller than that of A. In other words, B does n't depend on the topography so 

much as A. The spatial distribution of A value is shown in Fig. 19. The correlation 

between A and specific catchment area (SCA) is s hown in Fig. 20. The correlation 

between A and laplacian \ 1h is shO\\·n in Fig. 21. Generally speaking, the smaller A 

value is, the larger the saturated throughflow depth is, for any probability level. 
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Therefore , A value is relatively small on hollow where SCA is large and \:!his positive. 

On the contrary, it is relatively large on no~e where SCA is s1nall and \ :!his negative. 

The inverse correlation is clear betv,ree n A and SCA only for the range of less than 

40 (m). This means that the area which contl·ibutes to the increase in the saturated 

throughflow depth is limited to just up slope area, where the equivalent distance (= 

SCA) is less than 40 m, for the intense rainfall with short duration. Of course, the 

contributing area depends on hydraulic parameters k, ct and n e, however, the total 

area of SCA doesn't necessarily contribute to increase in saturated throughflow depth 

in the case of relatively large SCA and for the 1·ainstorm with short duration. 

5.2 Average recurrence interval of shallow landsliding 

The average recurrence interval 7:71' of landsliding was calculated with the 

method shown in section 4.2 , utilizing the mechanical and hydrological para1neters in 

Table 1, the soil depth development model in section 3.3, and the hydro

geomorphological parameter of A and B estimated in section 5.1. 

The time change of the long term probability P and the average recurrence interval 

Tnv of landsliding are shown in Fig.22 for three sample sites X,Y and Z (Fig.3). If the 

depth of saturated throughflow HA\N) is large enough at any probability year N, 

landslides occur as soon as the soil depth reaches D;/1/ (immunity soil depth), since Q 

and P immediately take high values. This is the case for sites Y and Z. Therefore, Tw 

is strongly controlled by soil development. However, if H,,{,N) is small at any probability 

year N, landslides seldom occur just after the soil depth reaches D;/1/. This is the case for 

s ites X. Then, T11 · is controlled by the probability of the occurrence of a saturated 

throughflow, as well as the soil development. 

The distribution of T11·, which is classified into several ranks, is shown in Fig.23. 

Case ~ of T11· larger than 10,000 years is, for the sake of convenience, classified to the 



same rank as non-landsliding. The values of Tm· shown in Fig.23 seem reasonable in 

Japan (see Fig.l) . The values of T:n· are small (less than 1000 years) for the steep slop es 

and the hollow type slopes which are known empirically to be n1ost susceptible to 

shallow landsliding. Because the soil in the test field site has been assumed to be 

homogeneous as for the mechanical, hydrological paran1eters and the parameters of 

soil development, variation of the values of 1:n· shown in Fig. 23 is attributable to those 

of topography. Therefore, the value of Tm· is approxirnately expressed as follows by a 

regression to representative topographic factors,: slope angle 1] , laplasian v 2h and 

hydro-geon1orphological parameter A . 

4.28 - 0.04'7 1J- 2.68 v 2 h + 0.226A ( r =0.9'7) (21) 

Figure 24 represents the distribution of the average recurrence interval T_/t". In 

about 30% grid points of this test field , shallow landslides can occur with 1:-n·less than 

10,000 years. The shadowed bar graph represents the frequency of the 1988 landslide 

grid points. There are some problems, : the data from only one particular disaster event 

had been applied , and the landslide grid points might contain runoff (secondary 

landsliding) scars. However, it has to be highlighted that the rate (percentage) of the 

number of 1988 landslide grid points to that of total grid numbers for every Tw rank is 

supposed to be a kind of susceptibility index to landsliding. This index is shown by dots 

in Fig. 24. Inverse correlation between this index and Tn· is reasonable. 

Figure 25 shows the histogram of the grid point number (%) of Tn· for different 

slope angle ranks . The value of Tn· is widely distributed when the slope angle is small. 

It is interesting that the percentage of stable rank grids (containing grid points of Tn· 

> 10,000 years) changes drastically at the slope angle of 35 degs .. In other words, this 

shO\\ s that suscepbbility to shallow Iandsliding increases suddenly over 35 dcgs .. As 
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for susceptibility of shallow landsliding, Takeshita (1985) already pointed out the 

significance of this boundary angle based on his abundant field observation. 

Yanai(l989) also supported Takeshita's view based on the tephrochronological data. 

Although the bed rock of this test field is different frorn those of their test fields , this 

coincidence of the boundary slope angle of shallow landsliding is interesting. 

The distribution of average denudation rate V:11·, which is classified into several 

ranks, is shown in Fig. 26. It is clear that the values of V:n·, as well as those of Tat·, 

depend on the topography. 

6. Conclusions 

A long term prediction model of shallow landsliding, which considers not only the 

deterministic aspects but also the stochastic aspects of rainstorm, is proposed. 

According to the stability analysis, shallow landsliding occurs when the depth of 

saturated throughflow rises above the critical one, Her, on condition that the soil depth 

D is between two critical values, i.e., the immunity soil depth Dim ( R-c=D) and the 

upper limit soil depth Du! ( Hc,=O ) . 

The probability of saturated throughflow can be estin1ated by the indirect rnethod 

using a simplified seepage analysis (topographic unit-hydrograph method) and the 

stochastic rainfall intensity-duration curve. According to this n1odel, the particular 

rainfall duration exists for each slope, which causes the highest water table of 

throughflow. The total area of specific catchment area (SCA) doesn't necessarily 

contribute to the highest stage of saturated throughflow table. Additionally, the 

probability of saturated throughflow can be approximated by a log-normal distribution 

function, analogously to that for rainfall intensity. 

The short term probability of landsliding Q which is defined as the probability 

that shallow landslide occurs within a year, is equal to the probability that the 
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saturated throughflow depth surpasses Her. While Dis smaller than Dim, Q value is 

zero, therefore, no shallow landsliding occurs. When D is greater than Dim, Q value 

increase with time because Her decreases with increase in Din case of relatively steep 

slope ( rf < /i) with the soil cohesion c > 0. 

The average r ecurrence interval Tav of shallow landsliding can be estimated as 

expected value of the recurring period n of landsliding by using the long tern1 

probability R_n) (which is defined as {1 - Q(1)}· · ·{1 -Q(n-1)}Q(n) ). Although, strictly 

speaking, this model should be applied only to the spontaneous landslide scars, l:1t· can 

be 1napped in order to show the spatial distribution of shallow landsliding 

susceptibility. It was confirmed using actual data of landslide, that the smaller the 

value of Tn· is , the larger the susceptibility to landsliding is . Additionally, Tnt· can be 

approximately expressed by a regression to representative topographic factors: slope 

angle /l, laplasian v 2h and hydro-geomorphological parameter A. The distribution map 

of Tnv can be regarded as a hydro-geomorphological activity map of shallow landsliding. 

The calculation of T.n· needs data of CD the mechanical , physical and hydrological 

properties of soil layer, ® the soil development, ® the stochastics of rainfall and 0 

DEM (at most10m grid intervals). Generally speaking, although it is not necessarily 

easy to gain those data for every site at present, the process based model of shallow 

landsliding seems to have a future. 

On the other hand , the value of 11 Q is the return period of the rainstorm which 

causes landsliding . Therefore, if data of soil depth are additionally available from all 

places, the distribution map of Qor 1/Q, which is calculated using eq. (1) and eq. (1G), is 

regarded as the more useful hazard map for the present (a short term prediction). 



Basis of this paper 

This thesis is based on the following papers; 

Iida,T., 1984, A hydrological method of estimation of the topographic effect on the 

saturated throughflow. Trans. Japanese Geomorph. Union, 5, 1-12 (in Japanese 

with English abstract). 

Iida,T., 1993, A probability model of the slope failure and the hillslope development. 

Trans. Japanese Geomorph. Union, 14, 17-31 (in Japanese with English abstract). 

Iida,T., 1999, A stochastic hydro-geomorphological model for shallow landsliding due 

to rainstorm. Catena, 34, 293-313 (in press). 

The first paper proposed hydro-geomorphological methods in order to estimate 

topographic effects on the saturated throughflow. The second paper established the 

concepts of short term probability and long term probability of shallow landsliding. The 

last paper proposes a long term prediction model of shallow landsliding, which 

considers both the deterministic aspects containing slope stability, seepage of 

saturated throughflow and soil depth development, and the stochastic aspects of 

rainstorm. 
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Fig. 1. The relationship between return period of landsliding with different geological 

conditions and slope angle. The return period was estimated with dendrochronological, 

tephrachronological or carbon 14 dating methods. 
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Fig. 2. A topographic map of the test field site. 
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Fig. 3. A map of the test field which is remaked from DEM of 5-m grid interval and 

exa1nples of flow lines (arrows) . Open circles: penetration test sites, Triangles: 

landslide scars. Each triangle corresponds to a DEM grid point. Asterisk: s~mpling 

point of soil for soil tests . 



Fig. 4. Two layer model of the slope. The soil layer corresponds to "potential failure 

layer" defined by Okimura and Tanaka (1980) . 



Fig. 5. The relationship between soil depth D and critical depth Her of saturated 

throughflow according to eq . (1) for slope angle, 25 degs ., 30 degs. and 40 degs . 
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the field data. 
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Table 1. The mechanical, physical and hydrological soil parameters. 

c f yt y sat k De a 
(tflm 2) (degs.) (t/m3) (thn3) (cn1/sec) (%) (1/hour) 

0.5 30 1.5 1.7 0.1 20 0.4 
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