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DAMAGE TO FORESTS BY SEDIMENT MOVEMENTS AND
CONTROL OF SEDIMENT MOVEMENTS BY FORESTS

Yoshiharu Ishikawa'
ABSTRACT

Investigations were made in Japan on the degree of damage to forests caused
by sediment movements due to debris flows or hyper-concentrated flows and on the
control of sediment movements by forests. As a result, the degree of damage to (type of
destruction of) forests was classified into three categories, (i) destruction and discharge
of forests (trees) including the ground (surface soil, stream bank or stream bed) in which
trees are rooted due to erosion and scour of the ground, (ii) destruction, lodging and
discharge of forests (trees) due to crashing of debris flows or hyper-concentrated flows
into the forests and (iii) little or no damage to forests (trees). As parameters related to
the damage to forests (trees), depth of flow, slope gradient, tractive force and fluid force
were considered. Relationships of these parameters to the degree of damage (type of
destruction) were analyzed. This study has proposed methods for estimating the degree
of damage to (type of destruction of) forests due to sediment movements and for
identifying conditions for preventing the destruction of forests (trees). The study results
contribute to a review of forest use for controlling sediment movements.

INTRODUCTION

Means of prevention or mitigation of sediment disaster caused by debris flows
or hyper-concentrated flows in mountainous areas include those based on hardware
systems and software products independent of facilities such as warning and evacuation
systems. As hardware systems in mountain streams, structures including erosion control
dams and channel works have played a central role. In recent years, there have been
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cases of application of forest zones instead of such structures that offer superior
capabilities for preserving ecosystems and landscape. Few have, however, been known
about the effects of forest zones on the prevention of sediment disaster. Actual planning
and design of a forest zone involve a number of unknown factors such as the optimum
location of the forest zone, limit to its destruction and its required scale (in terms of tree
diameter and thickness of vegetation). As a result, no explicit planning and design
criteria have yet been defined.

[n view of the above, an investigation was carried out to identify the limit to
destruction (in other words, allowable destruction) of forest zones due to debris flows or
hyper-concentrated flows. Damage (type of destruction and degree of damage) to the
forests in the areas where debris flows or hyper-concentrated flows overflow or are
accumulated was studied by field investigations and interpretation of aerial photographs
for the recent damage in Japan caused by debris flows. By investigation of the gradient
of slope and the depth of debris flow in the affected areas, tractive force, fluid force and
maximum bending moment were obtained. Then relationships of these parameters to the
damage (type of destruction and degree of damage) to forests were examined.

METHOD OF INVESTIGATION

Investigations were made for a disaster that occurred in the south of Kyoto
Prefecture on July 21, 1986 (the southern Kyoto disaster) and another that hit Kake
Town, Hiroshima Prefecture on July 21, 1988 (the Kake Town disaster). Cases of
overflow or accumulation of debris flows or hyper-concentrated flows in areas where
forests existed were examined. Studies were made of 16 sections in four mountain
streams for the southern Kyoto disaster and of 14 sections in five streams for the Kake
Town disaster. For each stream, generation, runoff, overflow and accumulation of debris
flows or hyper-concentrated flows, and damage (type of destruction and degree of
damage) to forests were investigated by reference to available documents (Mizuyama et
al. 1988a and 1989), comparison of pre- and post-disaster aerial photographs and field
investigations.

The investigation area was basically divided into three sections. The first was a
section where debris flow or hyper-concentrated flow was generated and discharged,
and the forest was destroyed or discharged with surface stratum and sediments on beds
due to slope failure, erosion, scour, etc. In the second section, debris flow was
discharged and inundation started, and the forest was destroyed, lodged or discharged
due to crashing of the debris flow or hyper-concentrated flow into the forest. In the third
section, debris flow or hyper-concentrated flow caused inundation. Crashing of such
flow into the forest caused no lodging of trees but only minor damage to parts of the
trunks. Or no damage was caused to the forest. The degree of damage to (type of
destruction of) forests was classified into three categories, (i) destruction or discharge of
forests (trees) due to erosion and scour of the ground (surface soil, stream bank and
stream bed) on which the forests existed (hereinafter referred to as "erosion"), (ii) severe
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damage such as destruction, lodging and discharge of forests (trees) due to crashing of
debris flows or hyper-concentrated flows into the forests (hereinafter referred to as
"crash-induced destruction™) and (iii) little or no damage to forests (trees) due to
crashing of debris flows or hyper-concentrated flows (hereinafter referred to as "minor
damage").

The bed (ground) slopes in the places where the above three types of damage to
forests were observed were measured based on a large scale topographic map. Types,
diameters at breast height, and thickness (mean tree spacing) of trees; and thickness of
accumulated sediments were investigated by field surveys and interpretation of aerial
photographs. Then the depths of debris flows and hyper-concentrated flows were
estimated from their traces. Velocities of debris flows and hyper-concentrated flows
were calculated by Manning equation based on the depths of flows and slope gradients.
A Manning roughness coefficient n of 0.1 was used for calculation (Ministry of
Construction 1989).

Of the three types of damage to forests, "erosion" moves and discharges the
surface stratum (ground) on which forests reside because of erosion or scour, and thus
causes the forests to be moved, destroyed or discharged. Crashing of debris flows or
hyper-concentrated flows is not a direct cause of the damage. This type of damage
should, therefore, be analyzed focusing on the mechanism of failure, erosion or scour of
the surface stratum. In contrast, "crash-induced destruction" is mainly ascribable to the
crashing of debris flows or hyper-concentrated flows into the forest. Identifying a
boundary between "crash-induced destruction" and "minor damage" is important for
studying the function of controlling sediment movements in the lower reach of a stream.
Forest zones aimed at the control of sediment movements should preferably be planned
for installation in the section of "minor damage". The subsequent discussions, therefore,
focus on the identification of a boundary between "crash-induced destruction" and
"minor damage".

DEPTH, TRACTIVE FORCE AND FLUID FORCE OF DEBRIS FLOW OR
HYPER-CONCENTRATED FLOW, AND DEGREE OF DAMAGE TO
FORESTS

Depth of Debris Flow or Hyper-concentrated Flow, Slope Gradient and Degree of
Damage

Debris flows and hyper-concentrated flows generally lose velocity as they flow
into mildly sloped sections in lower reach of a stream. Forests in mildly sloped sections
in lower reach, therefore, suffer less serious damage due to crashing of debris flows or
hyper-concentrated flows. The smaller the depth of debris flow or hyper-concentrated
flow becomes, the less force of the flow acts on the forests (trees). Thus the damage to
the forests becomes less severe. In this connection, damage to forests is plotted in
Figure 1 with the horizontal and vertical axes representing the gradient (tan 6 )of the
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Figure 1  Depth of Debris Flow or Hyper-concentrated Flow, Slope Gradient
and Degree of Damage to Forests

slope where the forests exist and the depth of debris flow at the point, respectively.

Figure 1 shows that the damage to forests tends to become less serious as the
slope gradient and the depth of flow become smaller. The dotted line in the figure shows
a rough visual boundary between "crash-induced destruction” and "minor damage".

Tractive Force of Debris Flow or Hyper-concentrated Flow, Slope Gradient and
Degree of Damage to Forests

The force of debris flows and hyper-concentrated flows acting on forests
generally decreases with the decrease of tractive force of debris flows and hyper-
concentrated flows. In this connection, damage to forests is plotted in Figure 2 with the
horizontal and vertical axes representing the gradient of the slope where the forests exist
and the tractive force of debris flow at the point, respectively.

The tractive force t of debris flow or hyper-concentrated flow is obtained by
the following equation.

t=pghl (1)

where, Tt : tractive force of debris flow or hyper-concentrated flow (N/m?), p : density
of debris flow or hyper-concentrated flow (kg/m’), g: gravity acceleration (m/s”), h:
depth of debris flow or hyper-concentrated flow (m), I: slope gradient (tan 6 ). Since
the study is made in "crash-induced destruction” and "minor damage" sections, the
density of debris flow or hyper-concentrated flow p is set at 1,500 kg/m’ on the
assumption of a sediment concentration C, of 0.3 (Ministry of Construction, 1989).
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Figure 2 Tractive Force of Debris Flow or Hyper-concentrated Flow,
Slope Gradient and Degree of Damage to Forests

Figure 2 shows that the damage to forests tends to become more serious as the
tractive force of flow becomes larger. The dotted line in the figure shows a rough visual
boundary between "crash-induced destruction" and "minor damage".

Fluid Force of Debris Flow or Hyper-concentrated Flow, Slope Gradient and
Degree of Damage

With the decrease of fluid force acting on a tree due to the crashing of debris
flow or hyper-concentrated flow, damage to forests tends to become less serious. In this
connection, damage to forests is plotted in Figure 3 with the horizontal and vertical axes
representing the gradient of the slope where the forests exist and the fluid force acting
on a single tree, respectively.

The fluid force F of debris flow or hyper-concentrated flow acting on a single
tree due to crashing is obtained by the following equation.

F=0.5- C,o v* D h (@)

where, F: fluid force of debris flow or hyper-concentrated flow acting on a single tree
due to crashing (N/tree), Cy: drag coefficient (approximately 1.0), p : density of debris
flow or hyper-concentrated flow (1,500 kg/m?), v: mean velocity of debris flow or
hyper-concentrated flow (m/s), D: diameter at breast height of a tree (m), h: depth of
debris flow or hyper-concentrated flow (m).

Figure 3 shows that the damage to forests tends to become more serious as the

fluid force increases. The dotted line in the figure shows a rough visual boundary
between "crash-induced destruction" and "minor damage".
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Figure 3 Fluid Force of Debris Flow or Hyper-concentrated Flow,
Slope Gradient and Degree of Damage to Forests

BENDING MOMENT ACTING ON FORESTS DUE TO DEBRIS FLOW OR
HYPER-CONCENTRATED FLOW AND DEGREE OF DAMAGE TO FORESTS

The fluid force acting on a tree due to crashing of debris flow or hyper-
concentrated flow works as bending moment on a tree so as to topple it because of the
point of application of the force. Several static pull-down tests have been carried out for
trees. The maximum bending moment has been calculated from the resisting force
generated as a tree was about to fall and the height of loading at the time. Several
equations have been proposed to represent relationships between the maximum bending
moment and the diameter of a tree at breast height.

Of such equations, Public Works Research Institute of the Ministry of
Construction suggested the following equation based on the results of static pull-down
tests on Japanese cedars (Mizuyama et al. 1988b).

Mr=170 D? (tf - m/tree)=1,667D" (kN - m/tree) 3)

where, Mr: Maximum (resisting) bending moment of a tree, D: diameter of a tree at
breast height.

Hayashi and others proposed the following equation based on the results of
static pull-down tests on Japanese cedars, white cedars and Japanese red pines (Hayashi
etal, 1998).

Mr=310 D® (tf - m/tree)=3,040 D’ (kN - m/tree) 4)

In equation (4) above, a total of height of the ground surface and a vertical
distance between the center of rotation and the ground surface is used as a height of
point of moment application.
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In the subsequent discussion, equation (3), which uses the height from the
ground surface as the height of the point where force acts, is used to obtain the
maximum bending moment (strength) of a tree.

Then the bending moment acting on a tree due to the crashing of debris flow or
hyper-concentrated flow is obtained by the following equation.

M=F - L (5)

where, M: bending moment acting on a tree (N - m/tree), F: fluid force acting on a tree
due to the crashing of debris flow or hyper-concentrated flow (N/tree), L: height from
the ground surface to the point of application of fluid force F (m). Since the vertical
distribution of velocities of debris flow or hyper-concentrated flow is almost
homogeneous, the horizontal distribution of fluid forces acting on trees is also assumed
to be almost homogeneous. Then L is assumed to be 0.5h.

The degree of damage to forests is plotted in Figure 4. Estimated maximum
bending moment (strength) per tree (kN - m/tree) obtained by equation (3) is
represented by the horizontal axis. The bending moment acting on a tree calculated by
equation (5) based on the fluid force acting on the tree and on the height of point of its
application is represented by the vertical axis.
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Figure 4 Bending Moment Acting on Trees due to Debris Flow or
Hyper-concentrated Flow and Degree of Damage to Forests
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The dotted line in Figure 4 shows a rough visual boundary between "crash-
induced destruction” and "minor damage". The boundary is represented by the
following equation.

M=0.3Mr (6)

Figure 4 and equation (6) indicate that bending moment approximately-30% of
the estimated maximum bending moment (strength) obtained by equation (3) causes
trees to suffer damage due to destruction including falling,

The above may be ascribable to the fact that during heavy rains when debris
flows oceur, surface soil in which root systems are located is so saturated that it loses
strength and that the bending moment contributing to the pull-down of trees is assumed
to be less than normal. Static pull-down tests are usually carried out in relatively good
weather without rainfall. Another reason may be variances in estimated maximum
bending moment (strength) of trees according to the individual tree and location. Shock
caused by crashing of boulders contained in debris blow or hyper-concentrated flow is
also expected to have an impact.

CONCLUDING REMARKS

[nvestigations were made in 16 sections in four streams during the southern
Kyoto disaster on July 21, 1986 and in 14 sections in five streams during the Kake
Town disaster in Hiroshima Prefecture on July 21, 1988. For the forests in the areas
where debris flow or hyper-concentrated flow flowed into, overflowed or was
accumulated, the relationships of the degree of damage to slope gradient, depth, tractive
force and fluid force of debris flow or hyper-concentrated flow, and the bending
moment acting on the forests were studied.

As a result, it was found that increases in slope gradient, or in depth, tractive
force and fluid force of debris flow or hyper-concentrated flow tended to aggravate the
damage to forests. The boundary between “crash-induced destruction” and "minor
damage" could roughly be estimated. A relationship between estimated maximum
bending moment Mr (strength) per tree (N - m/tree) and bending moment acting on a
tree M was identified. As a result, M turned out to be roughly 30% of Mr at the
boundary between "crash-induced destruction” and "minor damage". Thus it was
revealed that bending moment approximately 30% of the estimated maximum bending
moment (strength) would cause trees to suffer damage due to destruction including
falling. The above relationship enables rough determination of a possibility of
destruction of a planned forest zone by estimated debris flow or hyper-concentrated
flow. Specifically, depth, sediment concentration and velocity of debris flow or hyper-
concentrated flow expected to flow into the planned forest zone site are estimated, slope
gradient at the planned site is measured, and the tree diameter is fixed for determining a
possibility. Installation of a forest zone in the "minor damage" section is expected to be
more effective than in the " crash-induced destruction” section for the control of debris
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flow or hyper-concentrated flow and for the prevention of damage to downstream
houses. Thus the conditions for separating "crash-induced destruction” and "minor
damage"” identified in this study can serve as a basis for planning and installing forest
zones.

Future challenges include. the development of a method for accurately
determining variances in the maximum bending moment Ma per tree (strength)
according to the rainfall (water content), growing location and individual tree, and a
method for calculating bending moments acting on debris flows and hyper-concentrated
flows more accurately. A method for evaluating erosion of surface soil due to debris
flow or hyper-concentrated flow where trees are located should also be developed.
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