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Estimation of 3D features of slip plane based
on landslide micro topography
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Abstract

The author likes to try to think how estimates the slip plane structure in 3
dimensional image without borings. The contents of this paper are summarized as
follows.

(1) A landslide is a three-dimensional phenomenon. It is therefore important to read
aerial photographs and topographic maps, imagining their three-dimensional appearance.
(2) A slip plane is assumed to be present at the landslide body boundary in the landslide
topography. This assists deduction of a slip-plane structure to some extent from a
landslide body boundary. For example, the contour of a cliff can be understood as the
extension of a slip plane.
(3) Various phenomena such as cracks tend to occur at places where relative
displacement - relative displacement rate varies, such as at a landslide body boundary.
Places where a slip plane lies shallow are candidates for cracks because the relative
displacement rate varies easily there.
(4) Various phenomena such as cracks, depressions, and lift ups, are also apt to occur at
places where the traveling speed of a slide varies (the uneven part of a slip plane).
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1. Introduction

A landslide is a three-dimensional phenomenon. It consists of three elements called a
“landslide body” and a “landslide main scarp or a separation scarp”, and also a “slip plane
(surface)”. On the occasion of a landslide disaster, we start urgent investigation. It is needless
to say the first purpose of investigation grasps the substance of a landslide. Above all,
probably, presumption of a landslide slip plane is a problem of the utmost importance. This
paper aims at presuming the structure of a slip plane from the form of surface topography.

Miyagi et al. (2005) systematically classified the micro-topography of the Ohokamizawa
landslide, and investigated correspondence of stress field on the ground surface, shape
of slip plane, and the materials of landslide body from states of fragments in borehole
cores. Results showed excellent mutual correspondence, so that the comparative analysis
demonstrated quantitatively that an intimate causal relation between surficial micro-
topography of the ground surface and slip-plane. Watari (1975) conducted statistical analysis
of a landslide configuration and structure, and presupposed a constant relationship between
landslide width (W) and thickness (Depth:D). Recent studies (e.g., Ueno 1997; Hamasaki
2007) verified that the W/D ratio is able to explain by the relation of the lateral ratio and
the degree of stability. Consequently, it is indicated that the lateral constraint effect in
landslide motion is not negligible. These studies suggest which has been commonly used in
Japan such as conventional stability analysis based on the two-dimensional cross-sectional
shape might yield invalid result when evaluating landslide stability. Consequently, many
researchers today admit the necessity for three dimensional stability analysis.

Items that are necessary to elucidate and evaluate the stability of a slope are considered.
We can propose the following four items at this point: (1) 3 dimension features of slip plane -
the configuration of a landslide; (2) physical properties of a slip plane and landslide body - two
material properties that constitute a landslide; (3) pore water pressure distribution (ground-
water pressure distribution) - trigger of a landslide; and (4) stability analysis model (equation)
- analysis tool. The “(1) slip plane structure” built by a landslide motion is the clearest proof
of all. Determination of this structure is regarded as the most important approach. Moreover,

“(2) Physical properties of a slip plane and landslide body”, and “(3) distribution of pore
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water pressure” are important to clarify the mechanism of landslide motion. However these
items are effective only on the premise of a correct slip plane configuration. It is not until (1)-
(3) are fully elucidated that “(4) stability analysis model (equation)” becomes applicable.
Nevertheless, a safety factor is often assumed automatically in practice when planning
immediate measures at the scene. This safety factor is based on the important premise that “a
slide occurred because the safety factor was less than 1,” when a landslide has actually taken
place. Accordingly, stability analysis parameters ¢ and ¢ are used as terms for determination
of an inverse operation equation. This causes little difference between a simplified method
and an exact method. It is only an urgent response to conduct stability analysis backward
from the fact of having slide. If it is permitted to accumulate and analyze status of controlling
factors logically, then it is considered reasonable to “analyze the slip plane structure of
a landslide” first, and “elucidate the structure of the whole landslide” based thereon, to
promote the most rational stability analysis.

Three-dimensional modeling of a slip plane is important, as described above, but few
reports describe the methodology in fact. For example, the “Method of Deducing the Shape
of Landslide Slip Plane” (Research Institute of Civil Engineering, 2013) explains a method
for estimating feature of slip plane from the characteristic of surface displacement measured
of a landslide. However, even such a proposal of latest technology in Japan makes no
reference to three-dimensional modelization. A landslide is a three-dimensional phenomenon,
and it is imaginable that flanks and lateral configuration greatly affect the characteristics of
landslide motion. Consequently, it is a natural consequence of development in science and
technology to assume that “three-dimensional analysis becomes common” in the near future.

Aerial photographic interpretation was adopted in the 1960s by geomorphologists in
Japan. Efforts have been undertaken by many researchers and engineers to elucidate the
three-dimensional characteristics of landslide phenomena. This history was reviewed by
Miyagi and Hamasaki (in press), so this paper focusses on the framework of a procedure “to
comprehend a shape formed by a landslide, to explore the initial structure of landslide body,
thus provide in the most reasonable evaluation of slope stability.”

Viewpoints on discussion are the following: 1) a premise is that landslide topography is
extracted from aerial photographs or contour maps and the contour is shown; 2) the contour
is assumed to have been formed as a result of direct motion of a landslide; and 3) these
premises conclude that topographic features recognized as a cliff is classifiable into two
categories: those with and without an exposed slip plane. These points include views based
on the author’s experience of promoting three-dimensional modeling for many landslides.

This article specifically examines modeling of slides observed by the initial field

investigation after the occurrence of a landslide. Then this article presents a discussion of
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a procedure to infer a 3D slip-plane featured in the head, flank, and toe parts and landslide
body surface based on the fact that the peripheral boundary of a landslide is identifiable as
a part of exposed slip plane without boring exploration. This study is based on the premise
that a landslide body micro-landform shows a sign that implies its characteristic internal
structure.

Regarding the so-called “deep sheeted landslide” accompanied by formation of a slip
plane, compilation of 1:50,000 Landslide Distribution Maps by NIED and various projects
hosted by the Japan Landslide Society, its Tohoku branch, its Hokkaido branch, and even
international collaboration with Vietnam or Croatia, all aim at the comprehension and
reactivation risk assessment of landslide topography. Since landslide risk assessment was
first advocated (Miyagi, 1991), the authors have promoted the study on estimation of slope
stability that each landslide topography is inherent using various landslide topographic
features.

Landslide motion itself is movement to stabilize a unstable slopes. It serves as an
opportunity for the subsequent motion. A landslide is a mass movement that breaks a slope.
The landslide topography is formed as a result. This landslide topography further causes
the subsequent movement. Such a process is designated collectively as an autonomous
destructive process of the landslide topography (Miyagi 1991; Miyagi et al., 2004). It is
considered reasonable that the topography reflect landslide motion for each stage of a
landslide activity. Comprehending principal elements that constitute landslide topography,
i.e., main sliding scarp, separation scarp, landslide body, and slip plane, is to understand
the actual conditions of three-dimensional development of a landslide. It engenders more
reasonable stability analysis. Additionally, it is presumed to provide hints to landslide
engineers, about the matter such as “If only a single geological drilling is allowed for
exploration, which location should be selected ?”, or “If no boring exploration is possible,

how can a slip plane be presumed?”

2. Displacement Late of landslide, and Formation of Slip plane

At first, landslide phenomena are discussed from viewpoints of a displacement field
and traveling speed because it is assumed that this displacement rate are viewpoints related
directly to the formation of a surface of rupture by a landslide.

Fig. 1 shows the modeled displacement zones constituted by a landslide body and the
neighborhood of a slip plane. This is a visualization of the relation of a landslide body with
little deformation, a shearing-deformation prevails zone, and an stable layer, based on the

concept of “landslide observation method by creep well” introduced by Fujita (2000). Such
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a slip plane or slip zone exists underground, even though the deformation thickness of each
landslide might differ. The bottom part of moving body of Fig. 1 visualizes displacement for
the travel distance of each soil particle. Soil particle markers (filled) in this figure are stuck
together and not separated initially (lower right), but each particle gets isolated completely
as the landslide body is pushed forward and displacement progresses through elastic
deformation - plastic deformation - shear fracture (lower left). Fig. 2 depicts the development
of cracks in the early stage of a landslide. Progress of deformation of a landslide body keeps
encouraging Riedel shear zones and conjugate Riedel deformation band shear zones. If a
landslide body consists of brittle lithofacies, rough and irregular cleavage fracture surfaces
might be dominant, whereas if they are argillaceous and ductile, slip planes with smooth
and gloss surfaces might prevail. It is noteworthy that there occurs fundamentally no crack
in moving body above the slip zone because no relative displacement is attributable to a
uniform displacement rate.

Fig. 3 presents a schematic figure of the underground displacement for each landslide
type. The landslide cross sections are shown: a rock slide on the top, a weathered rock slide,
a debris slide in the middle, and a clayey soil slide in the bottom. A displacement model
chart was attached to the right of each figure. Because a rock slide is mostly occurred as a
primary landslide, the slip zone itself is thin. The landslide body travels as a whole, although
the slide zone of a debris slide is thick. Regarding a clayey soil slide, most landslide bodies
have become plastic, and the whole body makes up a slip zone.

Empirical observations of how these are reflected to phenomena seen on the ground

surface reveals that micro topography, such as cracks, level differences, lift up, and surficial
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Fig. 3. The images of the slip plain or slip zone in landslide by
type.

failure tend to appear easily in places near the shear zone of a landslide and where a slip
plane reaches the ground surface. This suggests that cracks are apt to occur over the whole
landslide body because of the small distance from the ground surface to the slip plane and
a close slide zone, when the in a shallow landslide depth is shallow. In other words, a slip
plane lies shallow where cracking phenomena prevail on the ground surface. Figure 4 is a
flow chart indicates that the relative displacement rate between the interior of a landslide
body and a landslide body boundary is closely related to landslide phenomena which appear
based on the discussion presented above. This figure demonstrates that the shape of a slip
plane dominantly determines the relative displacement rate at a landslide body boundary
(relative velocity between the stable layer and a landslide body boundary). In addition,
the physical properties of a slip plane control relative displacement rate. Moreover, the
physical properties of a landslide body act as other factors that control the fracture mode of a
landslide body. It occurs quite often that tension and compression features occur alternately
at a location where a slip plane is convex, even within a single landslide motion, as shown

in Figure 5. Such repeatedly occurrence the tension and compression phenomena in one
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landslide body, which might be exist the “A convex profile” at slip plane in a landslide
body. This incident will be recognized with the differences of relative displacement at some
locations in the landslide body as follows; the moving speed is reduced at Loc. B, D. So
that compression occurs at that position, although the speed is increased down at Loc. C.
Because of the local change of slip plane gradient. Therefore, tension takes place, and a
landslide body is decelerated gently. Thus the compression increases again at the toe. Such a
case is often observed.

The moment of landside disaster at Kosei landslide moving in 1983, such complex

distribution of tension and compression features appears.
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Such a difference in displacement rate might be generated if there is a resistance zone
in physical properties as well as a slip plane gradient. For instance, some phenomena might
occur by which a landslide body rotates horizontally because either flank has difficulty in
sliding when physical properties are not uniform.

It is noteworthy that even if a clayey soil slide once in the past brought about a fine
partial phenomenon inside a landslide body, if it was later covered with a hard layer
by volcanic origin, then the movement mechanism might have been altered (Fig. 6).
Accordingly, if a ductile object such as a clayey layer is covered using a brittle object like
thick volcanic materials, then the stress state inside a landslide body is expected to be
renovated. At this time, the original thin landslide body is forced down and changed to a
gigantic body that moves like a rock slide. This can be regarded as returning to the initial
layer of a rock slide again, based on the development of a rupture surface, as shown in Fig.
6. Consequently, it might be designated as “rejuvenation.” There are many such examples,
such as in the Tohoku district, as the Dozangawa landslide (Yamashina et al, 2004), the
Hirane landslide (Abe et al, 2002), and the Aratozawa landslide (Hamasaki et al, 2009).

A base rock is fundamentally vulnerable to tension. Accordingly, a tensile crack occurs

in a zone covered when the early stages of a slide are initiated from a fragile layer in the
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depth of a landslide body. This tensile crack often takes a shape projected as an arc on a
horizontal plane. This is presumably due to the fact that true volcanic rocks accumulated
over a short time commonly have uniform physical properties: it is hypothesized that a stress
applies uniformly to the slip direction and arc-shaped cracks and that depression occurs like

a rotational slide taking place in uniform banking.

3. Points of Emphasis for Each Part of Landslide Slope

Figure 7 shows a schematic diagram by Suzuki (1982) as an example that indicates
characteristics of the landslide typically, to understand systematically the relation between
landslide movement and the deformation topography and characteristics of slip plane. Here
are listed important viewpoints for understanding a landslide by three-dimensional view
by combining observation of aerial photographs and topographic maps and strategic field
reconnaissance survey.

It is necessary to begin with defining the boundary of a landslide body (zones of
depletion-accumulation) from an stable areas as a prerequisite. Identification of this
boundary line is the most important because “the boundary of a landslide body” is an
important phenomenon in which “a slip plane appears on the ground surface explicitly.”
First, this landslide body boundary is split into three parts. The implication of each shape
is analyzed and used as a hint for slip plane estimation: many symptoms that engender
deduction of the motion mechanism of a landslide are represented in these parts. This
boundary is classified as (1) landslide head, (2) landslide flank, and (3) landslide toe in this
article, and the characteristics of each are illustrated as follows. Next, (4) the ground surface

of a landslide is specifically addressed. Information in connection with physical properties
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Fig. 7. Schematic illustration of typical landform at crown part in landslide. Red colored is the part of
slip surface by shear cracks Brown colored is part of separation surface by tension.
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and slip-plane depth is expressed in this part, and some portion thereof is visible in cracks
and a deformation structure that appears on the ground surface of a landslide body. Strategic
comprehension and understanding of them shall be linked with the presumption technology
of “the thickness and structure of a landslide body.”
(1) Landslide head

There is usually formed a sliding scarp and separation scarps which is indicated as
depression zone in the main failure region at a landslide head, with schematic diagrams
depicted in Fig. 7. The sliding scarp, a) fundamentally presents an arc shape (horseshoe
shape), and the relative height of the sliding scarp is the greatest in the central part and
decreases gradually toward the flanks. In this case, the plane of the sliding scarp can be
understood to be nothing but a slip plane. Contour lines drawn near the landslide boundary
at the head are the greatest hints for presuming a slip plane. It is necessary to observe
directions, such as those of scuffing, carefully in the field survey. Separation scarps of
rectilinear feature, b) accompanied by a great depression might be formed at a head. A
principal scarp formed uppermost at the mountainside is a cliff formed by the movement
of a landslide body, but is not a slip plane. It is a cliff pulled apart from the landslide body,
and is a plane separated by tension. This cliff is not the trace of the slide. Consequently, it is
inappropriate to call it a sliding scarp, but it should be designated as a separation scarp. In
such case, the scratch of slip plane of the side sometimes appears under a separation scarp.

A motion mechanism presumed from this head scarp topography and depression
topography is rotational sliding for a) a sliding scarp and translational sliding for b) a
separation scarp.
(2) Landslide flank

Figure 8 presents a horizontal projection of the flanks of a landslide, and Figure 9 shows
a cross-sectional view of a landslide corresponding to Fig. 8 and the schematic diagram of
the relative-displacement rate (This figure is not necessarily typical. Because a landslide
phenomenon ordinarily presents the complexity, anisotropy, and asymmetry of a geologic
structure, asymmetry might be observed, even on a cross section). Capturing a flank as the
extension of a slip plane as in the case of (1) landslide head helps drawing the contour lines
of a slip plane: if the gradient of a side cliff (flank) is steep, then a slip plane is also assumed
steep; and if it is a gentle slope, then the surface of rupture is also regarded as existing in a
gentle shape. Moreover, fracture and deformation phenomena, such as cracks and bulging,
are easy to be observed on the ground surface at a flank with shallow slip-plane depth.
This figure particularly suggests that “a slip plane lies shallow when a tension crack tends
inward.” Depression might occur at a flank. This case suggests that the principal axis (the

central axis of movement) of a landslide lies inside the appearance position of depression.
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If depression is observed on both flanks, it is likely that a slip plane lies deep at a broad
depression zone according to the relation between a depression width and a slip plane depth
described in (1).

(3) Landslide toe

Figure 10 depicts a simple schematic diagram of a toe configuration. A landslide
body is stopped if it reaches the mountain side or collides with the opposite bank. Then a
compression fold — pressure ridge is formed or the landslide is uplifted or tilts greatly toward
the mountainside. Cracks might be oriented to intersect normally or to be parallel to the
direction of the landslide.

A landslide with a toe on the riverside is easy to collapse at the toe. A slip plane might
be exposed on the ground surface on such an occasion, examination of a cliff surface is
important.

In most cases, when a slip plane appears on a cliff surface, the toe of a landslide body of
a past landslide is left at the middle of a river valley wall by river erosion as depicted in Fig.
11. The rupture surface was exposed on the toe cliff facing the river; from which the moved
materials fell into a river in the Dozangawa landslide (Yamashina, 2004).

The toe movement is smaller than that of a head in many landslides. Especially in such a
case, compression is observed at a landslide toe.

(4) Landslide body surface

Typical micro-landforms ordinarily observed as earth surface phenomena in a landslide
body include minor sliding scarp, depression, slight projection, tilt, compression wrinkles,
and cracks.

Little deformation of the ground surface of a landslide body occurs in translational slides
with uniform displacement. For example, standing trees such as trees move upright without

falling in many cases. In the Aratozawa landslide in case of the 2008 Iwate Miyagi Nairiku

Fig. 10. The schematic image of the toe of landslide.
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Earthquake, a part of landslide body of a 500-m square traveled no less than 300 m without
being accompanied by large deformation (Hamasaki, 2009). Nevertheless deformation and
fracture of forests or roads was limited. A rotational slide is accompanied by tilting motion,
which also tilts trees. Furthermore, trees incline confusedly and micro-landforms such as
cracks and depression are densely formed if a slip plane lies shallow as described in Chapter
2. A clayey soil slide with high fluidity might yield flow marks, hummocks, and separated
mounds appear after moving, and a pond often appears in a depression of a landslide body.
(5) Relation between landslide depth (D) and landslide width (W)

Table 1 reproduce the schematic diagram of landslide clod and the relation between the
planer feature and depth of a landslide, respectively, compiled by Research Institute of Civil
Engineering (2013) based on Ueno (1997), for example. Here are focused onto length (L)
and depth (D) (thickness from the earth surface to the surface of rupture). Nevertheless,
care should be taken in using these data because the Express Highway Research Foundation
(1985, on Table 1) has pointed out a large variance in these values.

A W/D ratio of 3-11 would cover any case, in spite of slight deviation according to
references. Nevertheless W/D < 5 is regarded as a fairly special example. It is considered
that a W/D ratio of 5-10 is reasonable for spontaneous landslides based on the experience of
the author, and it practically settles in the range of 5-8 in most cases.

Three-dimensional stability analysis by RBSM revealed that the lateral constraint of a
landslide body decreases when W/D is around 8-10 (Fig. 12). This is regarded as a limit
when a landslide body does not spread but moves as a whole. This value should not be
applied simply as it is at the real scene, but physical properties verified by on-site observation

should be regarded together. For example, this value for matters with high stiffness tends

Fig. 11. The schematic cross section of the exposes slip plane
at valley side slope according with the river down cutting
erosion.
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Table 1. The relationship between the morphometric feature of slip plane and the depth in landslide.
(After Research Institute of Civil Engineering , 2013)

Reference Depth & Width (W/D) | Length & Depth (L/D) Remarks
ngél(;z% I}ESZ?]rCh 5.5-7.0 6.14 Statistic analysis data based on the
(191855 oo (avarage but large SD) |landslide disasters by road construction.
Watari & Kohashi 7-10 _ Statistic data based on the 100 cases of
(1987) (in avarege) natural landslide disasters
Statistic data of natural disasters and
disasters at the roar side cutting slopes.
There is no large differences by geology.
Heng 3.0-10.7 2.8-19.2 The small figure of L/D: Mainly controlled
(2001) .
by geological structures.
The large figure of L/L: Mainly the
landslide body which consist of claeyey or
debri s type materals
Statistic analysis data of 24 cases at the
Ground Technology . cutting slope in Neogene sedimentary
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to deviate from the range above because the behavior of such materials depends on the
physical properties and structure of geological boundaries (Hamasaki, 2006).

There are unusually great values of W/D in references in Table 1. Although the source
of these values is unknown, it is noteworthy that the value of W/D is influenced by the
definition of the range of movement of a landslide. For example, a clayey soil slide might

exhibit a large width as the whole, although it is an ensemble of small slides.

4. Conclusion and recommendation

4. 1. Summary

The contents of this paper are summarized as follows.

(1) A landslide is a three-dimensional phenomenon. It is therefore important to read aerial
photographs and topographic maps, imagining their three-dimensional appearance.

(2) A slip plane is assumed to be present at the landslide body boundary in the landslide
topography. This assists deduction of a slip-plane structure to some extent from a landslide
body boundary. For example, the contour of a cliff can be understood as the extension of a
slip plane.

(3) Various phenomena such as cracks tend to occur at places where relative displacement -
relative displacement rate varies, such as at a landslide body boundary. Places where a slip
plane lies shallow are candidates for cracks because the relative displacement rate varies
easily there.

(4) Various phenomena such as cracks, depressions, and lift ups, are also apt to occur at
places where the traveling speed of a slide varies (the uneven part of a slip plane).

4. 2. Remaining issues

This article is concluded with descriptions of two remaining issues.

The first issue is already described in Chapter 1. The present three-dimensional model
introduced into this article is applicable only for fresh landslides soon after occurrence,
so that all the discussion presented above might not apply to every landslide recognized
according to its freshness or stage of evolution: the older a landslide is, micro-landforms get
subdued to have roundish edges. Accordingly, the measured cliff surface contour lines of a
head or flank tend to give a shallower slip place than the real condition. Careful examination
is indispensable in such a case; estimates should be made deeper on the safe side as a
whole, while using a depth/width ratio (D/W) as an experiential value. The more aged the
landslide to be examined is, the more comprehensive judgment is required, considering
the importance of a target, making full use of neighborhood geological surveys, boring

explorations, and elastic wave examinations.
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Another issue is that a landslide often moves in a configuration that differs from its past
movement, or not the whole slide area but only a part of it moves as a process of dividing,
even though a landslide is sure to slide again easily. Especially a clayey soil, which slides
with weak physical properties, is apt to form a slip plane easily and to move slightly even
by a small stress change. Accordingly, a deterministic analysis that assumes a slip plane on
the deepest position is not necessarily reasonable. Particularly, the closer to a clayey soil
slide and the more fracture of a landslide body progresses, the more non-uniform behavior
inside a landslide body becomes, so that displacement difference occurs everywhere. Then
distortion appears and various phenomena such as cracks and deformation occur at the

places of such displacement difference.
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