Effect of Tree Roots on Shallow-Seated Landslides!

Kazutoki Abe and Robert R. Ziemer?

Abstract: Forest vegetation, especially
tree roots, helps stabilize hillslopes by
reinforcing soil shear strength. To

eval uate the effect of tree roots on slope
stability, information about the anount of
roots and their strength should be known.
A simulation nodel for the root
distribution of Cryptoneria japonica was
proposed where the nunmber of roots in each
0.5.cm diameter class can be cal culated at
arbitrary depths. The pull-out strength of
roots was used to analyze the stability of
four different types of forested slopes.
Root reinforcement is inmportant on sl opes
where roots can extend into joints and
fractures in bedrock or into a weathered
transitional |ayer between the soil and
bedr ock. Root reinforcenment of soil
i ncreases quickly after afforestation for
about the first 20 years, then remins
about constant thereafter,

Sedi nent disasters by debris flows, mud
flows, and | andslides occur al nost every
year during the rainy July to OCctober
Typhoon season in Japan. In July 1982, a
heavy rainfall of 488 mmin a day, with a
maxi nrum i ntensity of 127.5 nm per hour,
caused 4300 debris flows in Nagasaki
prefecture, Kyushu |Island. This storm
destroyed 2200 houses and killed 299

peopl e. ~During July 1983, intensive
rainfall initiated many debris flows and
199 people were killed in Shimne

prefecture, Sea on western

al ong Japan
Honshu 1sl and.
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The cause of so nuch destruction and

death mght be unprecedented intensive
rainfall. In addition, expansion of
cities, resorts, and roads onto hillslopes

and mountai n areas has been al so thought to

be a prinary cause. In response, national
and local governments have adopted a
program of aggressively constructing many
erosion control works at great expense.
But, even so, it is inpossible for such
construction to protect all nountain
hillslopes from debris flows.

An  inportant cause of i ncreased

frequency of debris flows is the renoval of
forests to accommopdate urbanization and
road construction in muntainous areas. In
monsoon areas, |ike Japan, where steep
nountains are covered wth forests, nmss
wasting is the prevailing type of erosion.
There is a fragile balance of stability on
such steep hillslopes where the forest
cover interacts with soil noisture, soil
strength, geological condition, historical
rainfall, and other factors to stabilize
the regolith on a sl ope. From a vi ewpoi nt
of soil nechanics, on many hillslopes the
factor of safety of a slope (F§ approaches

1.0 during a rainfall event that occurs
once every several years. Under conditions
of such delicate balance, renoval of the

trees by logging may result in a reduction

in soil strength sufficient to cause
| andsl i des.

The influence of forests on slope
stability has been one of the nost

i mportant subjects of study--especially,
the role of tree roots on reinforcing soil
shear strength. To evaluate the nechani cal
effect of roots in strengthening soil,
however, the quantity and distribution of
roots in subsurface soil |ayers nust be
quantified.

In this paper, a sinulation nodel for
the distribution and stabilizing effect of
roots is investigated using an infinite
slope stability analysis nodel.

ROOCT DI STRI BUTI ON

Eield Sanpling
A stability analysis of forest slopes
can be made by adding the soil shear
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strength and a reinforcing conponent
provided by the strength of roots (Endo and
Tsuruta 1969; Gay and GChashi 1983). Thi s
reinforcing strength is generally shown by
equation [I] (Waldron 1977; Wi 1976).

C = Ytry (sin 8+ cos 8 * tan a«), (1]
where Cr Rei nforcing strength provided
by roots
trj: Root tensile stress generated

inroot i at the landslide
shear plane

6 : Slope gradient

o : Angle of internal friction of
the soil.

The tensile stress for various species has
been reported to be a function of root
di anet er (Ziemer and Swanston 1977,
Burroughs and Thomas 1977; O Loughlin and
Ziener 1982; Abe and Iwanmpto 1986). Thus,
to nodel the influence of trees on slope
stability, the nunber and di aneter of roots
at specific depths nust be obtained.

To develop the root model and to
understand the influence of different
envi ronnment al conditions on r oot
distribution, roots of about 16 trees of
Cxyptomeria japonica the nost popul ar
species planted in Japan, were sanpled in
five different fields. The sanpling was
done as foll ows:

1. The study tree was cut down and its
entire root system was carefully
excavat ed.

2. Al roots were cut along planes at 10
cm depth intervals below the ground and
parallel to the surface (fig. 1).

Fig. 1 Method of
di stribution.
al ong planes at
below the ground surface and
diameters of both ends and the
| engths of cut roots were neasured
in each 10-cm thick layer. Zygyx IS
a maxi mum root penetrating depth,
apoint where dianmeter is nmeasured.

sanpling for root
All roots were cut
10-cm i nterval s

12

3. The dianeter at both ends and the
length of cut roots larger than 0.5 mm
in dianeter were neasured in each 10-
cmthick |ayer.

4. The nunber, volune, and total length of
roots were then calculated for each
| ayer.

o A £ the R . {but.
Root volune in 10-cmthick layers (Mz))

About 85 to 90 percent of the total
root volune of a tree was found in the
upper half of the rooting depth. Root
vol ume decreases exponentially with depth.

To investigate the pattern of root
di stribution by depth, v(?:), t he
accumrul ated root volunme ratio, (z), was
calculated (eq. [2]).

Z
F(z) = X v(z)/ vr = 100 [ 2]
2=
Zmax
Vr = Y V(z)
2=0

where, Vr: entire root volune of one tree
Yv(z): accumul ated root volume fromthe
ground surface to the depth "z"

Zima x: maxi mum dept h of root grow h.
The rel ationship between Kz) and depth "z"
coul d be approximated by the probability
function of the Weibull-distribution
(fig. 2). The solid line in figure 2 is
the Weibull probability function, f(z
cal cul ated from equation [3 (Mikabe 1966)

£(z) =nt(z-1) ™1, a*exp [—(z—‘y)m/a] [3]

There are three paraneters that nust be
estimated: a, y,and m "y*is a location
paraneter that determi nes a begi nning point
of the curve. In the root distribution
case, "y"is 0, because the ground surface
(z=0) is the initial point. "nm' is a shape
paraneter. It can be read off the Weibull-
graph as a gradient of the line, and al so
cal cul ated by equation [4 with "Zp" and
"X0" .

m= 2.0/(log Zygx - |0g X0) [ 4]

X0 is an intersecting point of Fn(z)=0 and
the solid line (fig. 2).

From our data, it appeared that if Zpgy iS

deeper, the gradient of "mi nmay be steeper
(fig. 2). A regression between Zygx and X0

resulted in equation [5.

X0 = 0.3522*Zygy - 10.799 [5]

USDA Forest Service Gen. Tech. Rep. PSW-GTR-130.1991



Substituting

equation LS] into equation
[4], "nf can be estimated

y equation [6].

m= 2.0/{log Zymax-109(0.3522*Zp., ~
10.799) } [ 6]

"a" is a scale paranmeter and can be
defined as a dependent variable of Zygx by
equation [7].

o = XO™ = (0.3522*Zpayx - 10.799)™ [7]

Accordingly, the root volume in each

10-cmthick layer Mz) is obtained by
equation [§].
z+10
V(z) ={Ifz(z) dz} * wr [8]
Root Number

In general, the nost roots are found 20
to 50 cm deep. The nunber of roots then
gradual |y decreases with depth. Sixty to
85 percent of the routs are smaller than
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Fig. 2. Relationship between depth (z) and
accunul ated root volume ratio
(F(z)) in the Wibull graph.
Wei bull  coefficient "mf' is the
gradient of a regression |Iine,
obt ai ned by "b/a","a", and "b".

@ :Tree 1 in Mnakam,

O :Tree 3 in M nakam,
O :Tree 5 in Komatubara,
@& :Tree 9 in Msugi,
*:Tree 10i n Ksukuba.
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Table |--Root nunber ratios (Y(i)) in four
field sites

Site Top zone Mddle zone Bottom zone

M nakani 7.91 1747 497 47211 g g5 371-92

Komat subar a 6.01 i"276 2,97 372-3% . g2 173-66

M sugi 3.29 172:93 1 gg 472.65 ;1 g3 47320

Tsukuba 6. 43 i-1.53 4.73 J..-1.86 6.04 i-l.ﬂl

0.5 cmin dianeter.

To conmpare root distribution between
each field site, the total rooting depth
was divided into three zones: top, niddle,
and bottom In the top zone, there are
many lateral roots that vary widely in
di ameter. In the bottom zone, nost roots
grow vertically and there are few roots
greater than 1.0 cm in diangeter. In the
m ddl e zone, nany roots develop verticall
and diagonally, but there are few latera
roots. Even though the depth zones do not
coincide wth soil horizons and the
thi ckness of the zones varies between
sites, each respective depth zone has
simlar r oot di stributions. Root
distribution was estimated as the root
nunber ratio, obtained by regression
between the proportion of the nunber of
roots in each 0.5-cm dianeter class, Y(i),
and the dianmeter class, i (table 1).

Mean volune of a root in each dianeter

class (Wn(i))

There was no difference in the nean
vol une of a root in each dianeter class,
Vm(i), anong the three depth zones.
Consequent |y, regressions were calcul ated
for each field site (table 2).

Maxi mum root depth (Zypx)

It is inportant to note the depth of
root penetration when estimating the effect
of roots in stabilizing slopes. The nore
roots that penetrate a potential shear
plane, the greater is the chance that
vegetation will increase slope stability.
Some of the factors restricting Zmgy are
exi stence of bedrock, soil porosity, soil
noi sture, soil structure, soil consistency,
and soil fertility. Morimoto (1982) and
| kemot o and Takeshita (1987) reported that
Znax could be estimated as the depth where
the soil har dness, usin a cone
penetronmeter, is 27 mm or the N value
(nunber of falls per 10-cm penetration) in
the sounding test is 5. However, nmuch nore
data on this subject is needed.
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Tabl e 2- Mean root volume, Vn(i), of the

four field sites

Site Mean root Coef ficient of Sanple
vol une determ nati on nunber
i)

M nakam 7.62 3212 0. 96 51

Komat subar a 7.04 12-32 0.94 24

M sugi 6.07 32-2° 0. 96 59

Tsukuba 7.81 12-%4 0.97 53

MODEL

~ Figure 3 is a flow chart of the root
distribution simulation nodel.  The input
factors are field neasurenents of height

(H, diameter (DBH, and Zngx of the object

tree. The nodel

out put

is the nunber

of

roots in each 10-cm |l ayer and each root

di aneter class.
V(i) are used
so they nust

Yt (i),
in the node
be measured for

), Yb(i
as vari
each

in

MODHEL

l Input DBH, H, Zmax l

), and

abl es,
region

having di fferent environmental conditions.

The nodel was conposed as fol |l ows:

(1) Input DBH, H and Zpgy.

(2) Cal cul ate whole root weight, W, in
W cgh be calculated by an allonetric
formula, equation [9] (Karizum 1977).
log W = 0.8216%| og( DBHZ*H)-0.3085  [9]
(number of trees = 79; corr. coef. =
0.99).

(3) Cal cul ate whole root volune, Vr, in

cn
Vi = W/Gs [ 10]
(4) Cal cul ate root volune in each 10-cm

layer, \2z).
V(z) can be cal cul ated by equation [§],
where f(z) is obtained from equation
[3] by substituting Zpgx iNnto equations

APPLIED PRINCIPLES

Whole root
weight (Wr)

JI Allometric formula

l<

Whole root
volume (Vr)

JI Spacific gravity (Gs)]

Weibull distribution

¢474,

probability function

k=V(2)/V(2)

Fig. 3.
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Fl ow chart of

diameter class and each
10-cm-thick layer

NG(i,z) = k . N(i.z)

(fz)
Root volume in each
10-cm-thick layer
V(@) Temporary number of roots Root number ratio in each
in each diameter class and |« root diameter class
each 10-cm-thick layer (Yt(i), Ym(),  Yb(i))
(R(i,z))
N Mean volume of one r oot
in each diameter class
(Vm{(i))
Temporary volume of roots in
1 each 10-cm-thick layer
‘ (V(2))
\
Ratio (k) between \ 4
V(z) and V(z) p-|Final number of roots in each

(N(i,2))

the root

distribution simulation nodel

USDA Forest Service Gen. Tech. Rep. PSW-GTR-130.1991



[6] and [7].

(5) Set up the tenporary root number in
each dianeter class and each 10-cm
thick soil layer, f(i,z).

The maxi mum root di ameter (ipgy) should
be deternmined, and f(i,z) in each
di aneter class (0.5-cm intervals in
this paper) uptoipgx N each zone is
set up in proportion to the root nunber
ratios Yt(i), Ym(i), and Yb(i). Al |
10-cm layers that belong to one zone
have the same initial value of R(i,z).

(6) Cal cul ate tenporary root volume in
10-cm layer, V(2).
U(z) = S {N(i,z) * vm(i)} [11]
(7) Calculate the ratio between Mz) and
V(z), k
k = v(z)/9(z) [12]

(8) Determ ne the nunber of roots in
each root dianmeter class and each
10-cm |l ayer, Ni,2z).

N(i,z) = k * R(4i,2) [13]

Even fine roots have a strong influence
in preventing landslides (Burroughs and
Thomas 1977; Abe and |Iwanpto 1986). Thus,
the nodel nust be able to estimate the
nunber of such fine roots. Al'so, the
| andsl i de shear plane has a tendency to
occur near the limt of rooting depth where
there are few roots on the shear plane (Abe
and ot hers 1985). This nmodel can estimte
the number of roots in each dianmeter class
in the deeper |ayers. Furthernore, it is
inportant that "root distribution under
different conditions can be expressed by
one nodel

ROOT STRENGTH

The contribution of roots to increasing
soil shear strength has been mainly
estimated by four Kkinds of experinents:
tensile test, pull-out test, in-situ shear
test, and l|aboratory shear test

Many tensile strength tests of roots
have been perforned. A segnent of a root
specimen is usually |oaded in tension and
t he maxi mum value at failure is neasured
(O Loughlin 1974; Burroughs and Thomas
1977: Ziemer and Swanston 1977; Nakane and
others 1983; Abe and others 1986). From
these tests, the tensile strength of live
roots and its decline after the roots die
have been neasured for many of the
important tree species.

The pul | -out test neasures the nmaxinum

USDA Forest Servicc Gen.Tech. Rep. PSW-GTR-130. 1991

resi stance when a root is pulledout of the

soil (fig. 4). Tsukampto (1987) and Abe
and Iwanbto (1986) reported pull-out
strength could be predicted by root
di aneter and was independent of sl ope

conditions and root type, such as lateral

tap, Or sinker root. Pull-out strength was
conposed of tangential friction between
soil and roots, and was influenced by root

bendi ng, branching, root hairs, and the
tensile strength at breakages.

Data from in-situ shear tests (Endo and
Tsuruta 1969; Ziener 1981; O Loughlin and
others 1982; Abe and Iwanoto 1987) are

i mport ant for eval uating the
appropriateness of theoretical concepts.
But, it is difficult to perform such tests

on steep rocky hillslopes

Laboratory shear tests have been
perforned to reveal the nechani sm of the
root reinforcing effect (Waldron 1977; W
1976; Wal dron and Dakessian 1981; Gay and
Chashi 1983; Shewbri dge  1985). e
conducted direct shear tests using sand
that contained roots and nodified the
rei nforcenent nodel proposed by Waldron
(1977) and Wi (1976).

AS=[{(1+sz28-2bx) 1/2_1} *E*ar] (COos 0

tan ¢ + sin 8) + ExIxb3xp [ 14]
where, E: Young nodul us
a: cross sectional area of the
roots .
B: one half of a shear displacenent
I modul us of section
6: root angle at the origin

¢: internal friction angle of sand.

From observati ons of shallow I andslide
sites, there were only a few fine roots on
the bottom shear planes (Abe and others
1985). And, for fallen trees, nost of the
roots were broken near their tips where the

Recor der
/ (U
| i d
P (ﬂn”4
hack
Ve ' el
Load-cell
4 ,/5 s '.."‘ ".
Tirfor Pull point
L= -

7
7

Fig. 4 Diagramof the root pull-out test.
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di aneter was less than 1 to 2 cm This
suggests that nost roots were pulled out.
Burroughs and Thomas (1977) reported that
the width of the shear zone ranged from?7
to 25 cmand the majority of tree roots had
failed in tension. Studi es of slope
failure in soil over glacial till in Al aska
i ndi cated that the expected width of the
soil shear zone ranged from7.5 to 30 cm
and that the expected node of root failure
is in tension (W, 1976). We assune that
the roots crossing a shear zone generate
tensile strength, are elongated in tension,
and break at the tips, not in the shear
zone. Thus, the node of root failure is
simlar to that during a pull-out test.
Abe and Iwampto (1986) conducted tests on
ia japoni ca and nmeasured both the
pul | - out resistance and the tensile
strength at the point of breakage (fig. 4).
The results were quite different. The
pul | -out resistance includes the tensile
strength at breakage, plus the tangenti al
friction between roots and soil and the
nmechani cal strength caused by pulling bent
parts of the root through the soil
Consequently, it is not appropriate to use
the maxi mumtensile strength to represent
root reinforcing strength. Al 't hough the
rel ati onship between pull-out resistance
and the theoretical reinforced soil
strength is not fully wunderstood, we
postulate that both are about equal

Stability of a forested
simul ated using the pull-out
PO) ,obtai ned by a regression
eq. [15])
points (fig.

sl ope was
resi stance

anal ysi s
of the root dianmeter (D) at pul

PO = 126. 39D 03 (kgf) [ 15]

SLOPE STABILITY ANALYSIS
] ] £ .

CGeol ogy, soil  mechanics, and soi
nmoi sture affect slope stability and al so
affect the distribution of tree roots,
especially tap roots. Tsukamoto (1987)
classified slopes into four types.

A type--Regolith is thin and underlain by

bedrock with few cracks and joints. The

roots cannot penetrate the bedrock and are
densely distributed in the regolith. Tap
roots are not inportant. Soi|l water cannot
permeate the bedrock, and pore water
pressure is easily generated on the bedrock
surface. Thus, this type of slope is
rather unstable and nostly found on di pping
slopes in tertiary parent materials.

B type--Regolith is thin and underlain by
bedrock having nmany joints and cracks.
Roots are able to penetrate into bedrock
and contribute to stability. Pore wat er

16

ﬁressure is seldom generated because of
igh permeability. Accordingly, this type
of slope is quite stable and is found in
areas with mesozoi c and pal eozoi c parent
mat eri al

Ctype --Regolith is thin and there is a
transitional (weathered) |ayer between the
regolith and bedrock. Root growth may be
affected by soil density and hardness of
this transitional |ayer. Soi |l noisture
does not easily perneate the transitional
| ayer, because of its high density, and
pore water pressure is easily generated

Roots are nost effective on this type of
sl ope. As root strength declines after
| oggi ng, many debris flows would be
expected. This type is frequently found in
grani te nountains.

D type--Regolith is thick and roots can
grow without restriction by soil [|ayers.
This type of slope is usually found at the
base of hillslopes and have a gentle angle.
Debris flows never occur on this type of
sl ope.

Stabili Lusi

The stability of these four types of
slope was investigated by assum ng
reasonabl e values of inportant soil and
sl ope characteristics (table 3).

The A-type slope has 80 cmof regolith
thickness underlain by bedrock w thout
cracks and the roots can not penetrate nore
than 80 cm deep. The B-type slope also has
80 cmof regolith, but bedrock is fractured
and roots can invade the cracks wup to
100 cm deep. The C-type slope also has
80 cm of regolith, plus a 40-cmthick
transitional |ayer underlain by bedrock.
The D-type slope has 150 cmof regolith and
a 40-cmthick transitional |ayer underlain
by bedrock. The stability cal cul ations
assumed that the ground water reached the
ground surface. Forests of Cryptomeria
japonica aged 10, 20, 30, and 40 years were
assuned to be growi ng on each sl ope. The

Table 3-- Characteristics of the four slopes

------- Slope type-------
A B C D
Sl ope angle (°) 32 32 32 15
Thi ckness of regolith (cm) 80 80 80 150
Transitional zone (cm) 0 0 40 40
Cohesi on of soil (ton/m?) 0.2 0.2 0.2 0.2
Internal angle of soil(9) 30 30 30 30

Cohesi on of bedrock (ton/m?)
Internal angle of bedrock(°) 40 40 40 40
Gound water table depth (cm O 0 0 0

.3 1.3 1.3 1.3

Density of soil (g/cc) 1
Density of bedrock (g/cc) 2.5 2.5 2.5 2.5
Zrax  (cM 80 100 100 170

USDA Forest Service Gen. Tech. Rep. PSW-GTR-130. 1991



size of trees in each forest was obtained
from yield tables. Root distributions
(number of roots in each 10-cmthick soil
layer for each 0.5-cm di ameter class) were
simul ated using the nodel (fig. 3). The
reinforcing strength (AS) in each 10-cm
thick layer was cal cul ated using equation
[16].

m
AS(z) =_21 N(z,i)*PQ(i) [16]
I=
where, AS(z): reinforcing strength at
depth z cm
N(z,i): nunber of roots of dianeter
i cmat depth z cm
PQ(i): pull-out strength of a root

wth dianmeter i cm

The sinmulation results of the four

strength gradually jncreases. Shear
stress, Ps, exceeds the soil shear strength
at a depth of 40 to 80 cmon type A B, and

C slopes. This indicates a potential shear
zone at these depths |eading to the
possibility of a | andsl i de. The
reinforcing strength by roots (AS) was

%?I'CUI a)t ed by equation [16] and added to Ss
ig. 95).

On the A-type slope, the growh of tap
roots is restricted by the bedrock so there
is no reinforcing effect at the boundary

(potential shear zone). AS is increased
by the growing forest only to a depth of
70 cm  In other words, although the nunber

of roots is increased as the forest becones
ol der, root reinforcenent of the soil never
devel ops at the boundary and Ps will exceed

Ss at
sur f ace

this depth when the ground water
rises. This condition can lead to

sl ope types are shown in figure 5. Soi | a debris flow.
shear strength, Ss, shows an abrupt 0 th |
increase at the boundary between soil and t he Eﬁ-type i ope, thV\lSEVgr, kroota
bedrock of the A (ype and B'iype Slopes,  penetrate the cracks i Lne bed gok, e
transitional soil layer, soil shear bedrock boundary. When the forest is ol der
) SOIL-STRENGTH | (k%F/-‘) SOIL-STRENGTH Ry f/m? _
60 , 104 108 dgz 10 104 108
30 \J‘\ MK \\ E’ »f ﬁ
— | P - N P
3 7 - \ [, | gf
3 SU—' é SO__ \ —>
B
- | Lbd
a S0 T E Q-
=] a \
120+ 120 \'
A type of Sl 0pe * | B type of slope
150 Loy veoplh g A W
SO 1 L-STRENGTH (k%F/l’) 'SOIL-STRENGTH (kaf/m?)
. 104 L 104 108
H
Eit)
:g 60 --‘ :
x - l
= 5 g !
8 Nd|
o=y
II ™ E 1201
C type of slope a
o V(1T AT o i
:Gai l q}?par «trenath \
------- -:Promoting siiding strength D type of slope
@:Rooted SOi | of aforest aged 10 180 |
®: Rooted so il of a forest aged 20 :
4:Rooted soil of a forest aged 30 |
+.Rooted soil of a forest aged 40 210
Fig. 5 Sinmulated rooted soil shear strength of forests having four
different ages on A, B, C, and Dtype of slopes
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than 20 years, AS becones stronger than
S, and Ps never exceeds shear strength of
the rooted soil, Sr (fig. 5. But, for the

| 0-year-old forest, AsS is not strong
enough to prevent a debris flow on the
sl ope.

The C-type slope is simlar to the B
type. Roots invade and reinforce the
transitional zone, and the probability of
| andsl i des decreases as the forest becones
ol der.

The D-type slope is always stable with
or without a forest.

The factor of safety (FS) at the
potential shear zone increases for type B
and C slopes as the age of a forest
increases, up to an age of 20 to 25 years,
after which it renmins about constant at
about 2.0 (fig. 6). For these slope types,
the FS of 10-year-old forests is under 1.0,
indicating a high probability of
| andsl i des. The FS values were cal cul at ed
for a condition where the ground water
reaches the ground surface. For A-type
sl opes, FS does not change with increasing
forest age because roots cannot reinforce
the soil and bedrock interface. Type-D
slopes remain stable at all ages of forest.

DI SCUSSI ON

As forests grow, root systens devel op
to provide structural support to the trees
and to absorb water and nutrients. Root s
are inportant in stabilizing hillslopes.
To quantify t he amount  of r oot

rei nf or cenent (AS), it is necessary to

2.50
ey
&£2.00
3
©1.50
[
(@)
$1.00
«©
(S8 O —E—f)
M0 20 30 a0 50
Forest age
@:A  typeof siope
©:B typeof slope
~:C typeof slope
+:0  typeof slope

Fig. 6. Change in the factor of safety as
the forest ages.
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understand the rel ati onshi p between root
growt h, sIoPe structure, and depth of
sliding surface. In this paper, root
rei nforcement was nodelled for four types
of sl opes. Previ ous research has shown
that there are high slope failure rates on
granite, shattered Pal eozoic and nesozoi c,
and tertiary slopes associated with young
forests (Tsukanmoto 1987). It is expected

that there are differences in AS rel ated

to differences in geologically related
slope structure. Thus, it is inportant to
identify those factors that restrict the
growth of roots and to quantify the nunber
and size of roots that can penetrate into
joints of bedrock or transitional soil
| ayers and reinforce the potential shear
zone.

Loggi ng can cause a |l arge decrease in
AS. As the roots decay, after a 40-year-
old forest has been cut, the shear
resi stance of rooted soil in the potentia
shear zone will decrease to one third of
that in the uncut forest (fig. 5), and the
probability of slope failure will increase.
Kitamura and Nanmba (1981) noted that the
resistance of tree stunps to uprooting
decreases rapidly as the root systens decay
foll owi ng tinber harvest. They concl uded,
when considering the conbined effect of
root decay of the cut trees and root growth
of the planted trees, that the forest soil
woul d reach a mni mum strength between 5
and 10 years after cutting and replanting.
Ziemer and Swanston (1977) neasured the
changes in strength of roots remaining in
the soil after logging and noted that even

the |argest roots | ost appreci abl e
strengt h.
In general, the influence of forest

| ogging on debris flows are greatest in

granitic and tertiary slopes (Ctype).
Pal eozoic and mesozoic slopes (B-type)
generally do not have an increased

incidence of debris flow after forest
removal . Tsukanmoto (1987) expl ained that
the reason for this is that the high
pernmeability of the fractured bedrock
prevents the build-up of | at er al
groundwater flow along the bedrock. (nhta
(1986) suggested that roughness of the
bedrock also nakes this type of slope
stabl e.

As tends to increase as the forest
becones older, up to an age of about 20
years, after which AS remains about
const ant. The contribution of a single
tree to AS continues to increase as the

tree becones ol der. However, the nunber of
trees in the forest decreases with forest
age (table 4) and the net effect is a

constant AS after about 20 Years. Forty-
year-old stands of Oryptoneria japonica
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Table 4--Sizes of Cryptomeria Jjaponica

10 40
DBH (cn) 5.0 13.8 20.0 24. 3
Height (m) _, 5.4 12. 1 15.8 18.1
Number (h™") 3430 2265 1345 1030
Area (md) 2.9 4.4 7.4 9.7

have a high density--one tree per 3.1 X
3.1 m For this stand density, it is

acceptable to estinmate AS on a unit area

basi s. However , for old-growth and
scattered trees, it may not be proper to
estimate the reinforced strength by unit
area, because tap roots tend to concentrate
bel ow the widely-spaced tree trunks.

Most roots in the potential shear zone
are less than 1.0 cmin diameter. In this
paper, only the effect of roots within the
shear zone were consi dered. However, soil
reinforcenent by lateral roots should al so
be considered. Burroughs and Thomas (1977)
reported that zones of weakness devel oped
between stunps that could lead to the
initiation of slope failure.

CONCLUSI ONS

Using a nodel of tree root distribution
and the pull-out strength of roots to
estimate the effect of roots upon slope
stability, we conclude that:

(1) Root reinforcement could be expected on
sl opes where roots grow into joints of
bedrock or weathered transitional
| ayers. DS in a potential shear zone
on such slopes had twice the shear
strength of soil without roots.

(2) Most roots directly affecting slope
stability are about 1.0 cmor less in
di anet er.

(3) After afforestation, DS would increase
qui ckly for about 20 years, then remain
nearly constant.
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