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E: oY v 7% a:  BEMEER Z:HAN by roots
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BEFNERNL, —MEANRBEEBEL /o, RN IIHE TNVELERT 2546, (DIRERLE
WIBADAS EFATH B, COEFNVBEREELERICY 2L — b L, ASHSEMRICIEITZ C
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U HANBROEE L LB EEANT DL T HE

SHEWBRIDGE and NicHoras (1985) (3 [RoH:iRE, Wit +iBoEE&TELEVESICR, ¥
ANIE Z BRIk > TIRT O, ¢ DMENEL ST L bbb, CRETDASEFALRTILEF VT
NVISHRIS SEFHTIRET H 5205, HMMAROREMRET2H/CEEI BV EHELK, 22T, &
RABIOEVEE, TAI=ULDHE, ~N5va—ra—F, NyY—a—F (T4 SOkt
e LTEAM EEodic Ah, ZOEEOHELFEMCHN, TANRORELRI L, $XTD
WM OERIZBRIc X - TEBETE

y=B—Be ®'*! (8)
L, v, xHEE B:#AMEMO 1/20KEE b HEEMOBMETRE 2 RK

Z »X 13 SnewsrIDGE and NicsoLas (1985) MR LU 7o & 5 IS WAEEMEHI TR LB A BT Bk
TH5IEERLTOVA,

DX, BAUBOHBREITOATAS OER(L, EFMEMNRLONTE L, 5 TIIEBRE
N AS ®F A DEAIX WaLprony (1977) SSIEL 2 L5, BANIRANTRMG RV ESLL, £40
KX BIGAIMERES > TASBRBENDZENVIELTH S,

2.2 MORBERHILMEORES RICRT IHROSHRORE

2.2.1 BETNOEICHEES 3 HOBERRBERIFE ORE

INETONERED, SRBHELBONHOMRICODVTRKOE S ICHWET 2 LHTE S, H
Hp oW OFE L HBEME LICET L TV 2RAKDORESRHEES 6, FETXOETERALTVL
RIGERINE A DN T L4 h - Fo, THIZHET X DS Fig. 3 IR T & 5 iciBROHE
Fo i FiEic—3 L, BOSHBEEIDEVESKELZLDLEELZONS, I OES AL
BLEEmOESIc & - TR UL TEEERE L OBRETH - T, BERE I oFSITEY
SIROARRE, tiEEEEEoBEoBL, AR SRAT 2 i OERSFOERMHER
MdL TS,

FlZIE, TEVSEESLE, BRELO TR TRE(LOBITEEMEL, BEFEL, SAMER
Hbi, BAMLBED, ok, YWENCHORESERBMETAAEEICE S L, BHRbHC IS
Fig& o LE b AsFAE L, HEEMRE FANBEEL LS & $58HINT 5, LOWAN
EHAHEFESFAICER D LBLOBARTHEBTRSANCEC, FL U >N TRAICHEY
b, BRE» SHEE P TREBICEESES G, 1981 ; B - i, 1978), XBLHOHOR
HBEELDL, AS IBOBE S A~ LAHEIET 20T, Fig. 3ItART &) BRENHICNE S,
HIREOSEE L L5 &9 235 (Ps] KB 3 kO BAMER A& AS 0&H [Sr] TH b, o
FOESHK 10cm THRAMBEER LBORD & & icE o BREMNE TB/MEICS Y, BUOEEOHET
W< 155 (84, 1987 ; ABE and IwaMoTo, 1987b), Y CRIFIMAEL Ps L TL 3 &, F1%HIC Ps
P Sr & LE 2 ES GEREHSO St SBMEL RTEXTH 57, JIHTNDHEEN - THIEE
DEET b0 EEZ LN B,
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RAENPs &
L&D
HAMFER RS J

- Stiding Strength (Ps)
g(ﬁéé k Sail Shear Res.

+0 Reinfoced With Root(Sr)

HABER S Shear Res. et i ]
Soil Shear 5r l surface
Resistance AS S oil Layer

S - :‘ ‘
BET~AYE
Potencial
Shear Plane
Rz as ¥ 3]
= 1\ \o BEFTXYE Bed Rack
ER

Potencial
Shear Plane

Fig.3 ZEHRAELCHET 3RBLPOLHNFNIIO T 2

Soil mechanical strength in surface soil layer relating shallow seated-landslides occurrence

IokSi, BRBIEBENICHETNOEE A TEESAE VL, X-T, BT AETHEX
EEAER L BS T A IR RAHER TIRICEE T3 TH - T, INoOERE AL ERICHIE
T3 EAMRORAEEES BREDOFHMD 1 DICRRS CLOTERVWEHELRBAL LS, COkHicd,
BoRXHOHY, HUABSEZERE L6 EY 12— TEZEFAVEMRTZIEHPNELLS
Jo

2.2.2 1RO AMIBIL MM X 7 = X L OEE

BRIk 3 EAMBIIEE A 7 = X 2% BE L TIRIES Nl WaLbron (1977) D& F TR, AW
o TG TRACEGENICIThlS S LIGEShTVvw D (Fig. 2). L L, SHEwBRIDGE and NIcH-
oLas (1985) MHEERT/R L 2 ALFHMM OET & [k 15 @R Bt 5 — v g AMTBhORIC b
HU2ETFHEINEH, WALDRON DIRGEIERETT 20 ENH 5, T, WALDRON HE DS AS O
ERFRANBROE X SPET 2 EBNTVE LI AR TOROERIREL ERICHS T & 2504
BThy, TOEREER L AS EFVOMRBMETS B,

2.2.3 fERERITICEHTE 3 AS T F L OMHF

WALDRON (1977) % Gray and MEGAHAN (1981) 53R U T &7z AS & F N II WIS M % ik i Bk
{ELTEAONTED, BILL2 10 AMBEH IM®A # =X L0EFNELHFEEH LD LW
A 5o LT AN, REHHOROTARIFERICHETH S0, HOSEELAEFVTIIEES AS
EHET AL BE LV, 1, BTk 5 AN M BB s REARSEC LB,
COEFALORTRIEEIATORVEALHETS 5, AS OHEF I, HOMIROEE S CHERE
THEEOITHMEMSEEL 72 AS EFABHBBIZN S S, & 512, AS T FAMBEBICHRFE OLEET
BHATES XS BERNLLOTRLTRELR Y,
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2.3 HIEEE
INFTOMERBELEINIESEEEL T, COWFEOHNE THADRICL 2 AS OFAE £
H2ZXLOBWIRE-> T, RBOMELERITICHEATE3EEEORVAS Y ialb—Ya YETL
R L, MARROMmMEBBHEY LBEOFM I ELHL 5] TL L L
HEDOBIICHE - TFig. iR LEFE 70— F ¢ — + 2 Tlzo COFEIRKICRATHE>OFEL
SITHEKINhTW S,

Rz 5 2 DE AT AR ROV #im %4 ROSWMICHT 53T
Study on reinforced shear strength by roots Slope condition Study on root distribution
FA—Ti# AR FRI&tkEM FREUBI I EkEFA -l SHAX
Direct shear tests Root pull-out Root pull-out test Classification Field survey
in laboratory test in lab. in-situ (BHROMDEL)

(Dig out roots)

l

AR LI HAMRIZ RIS SlEtk& N JISHEEEAN RO
RO BORE Root pull-out Root pull-out Characteristics of
WiKRNAD Root deformation resistance resistance root distribution
j 2 1 411 in shear zone A B C D
Influence by J/ l
voody roots to the
failure criterion  HRICE D A SHE HOAHER
DY l EFN
A S mechanisa Simulation model for
HONENEND root distribution
EF L <——] HEE
Modeling Root nuaber in each (————-l
diameter classes
‘—9 KHET NV <

Utility model l
[ BOE RN
Slope stability
analysis
BUREALE®RE
Lok £1E 3 8 30 I
L 373

Wodel inspection by in- RO MRS IE R
situ direct shear test & L S ]
root pull-out test Evaluation of tree roots

effect on preventing
" shallow seated landslides

Fig.4 A 7o0—-F+—+
Study flow chart
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© ASOAH=A4s& AS i€ FLOHE

@-1) WEBEBETBEMED, FORMAE L DPRGE T TER-HTEANT 2 2TV, £AN1E
TOROEIKEL L CTAS A 1 = X o583, EHCoXERELRIRELL LT, Bic
L AFREE LM TESEERAS EFLVEHRT 5,

@©-2) EARASEFNVEZER L THROPEOHEES L VHIRGERBL T 55 SKREERA%
ot ASEFNV (RHAS EF L) 2EET B, —F4, Fl&KR&TA P EHAMT X + 2 UERE
B, EBEETITV, EHAS EFLVOEEEERITT 5,

® [FHIEICBIT B AS EFIVOWHE

WS IR TERYNCREL L 2 EH AS EFABSETABRZOMHS AS b BUNCTHETS 3, 7
~10 FHED 2 FEHV R E—mE AR EFAES 2R EHBIC L - TRIET 2,

@ HRoomiclEd MK

R FSIARDBO L FRINCINE L, TEOESOROBERRINAY, BicBET~D it
DI RHEEN AR ROSTER e 7V ERERT 5,

@ R FBRGT D FHERA (1 HERE O (S 75 SR 7

BIECDEM AS EF NV LBOATHREEFVERVT, EEE T 5 R F453 O B Ak
ZEICHET X 5 HEERHT 5,

3 HMSECEIIXERRIGEREFI

31 BEOEN

BAETR O L FET 254, MREcEB L TL i RRoMoNHE, BHECREERD
ERR O EER o RIE SRR THEE T E 2 R EHERT A LE NS 5, —BNIc, HEEED
KL THROSHRELFA~E L IRETH 3, COWFETE, BOFSEE B ERRRHEAPTVE
EBRRBESEENL T NOEEET 5 EHE VDT, EREMNEORERITEEZRVWAEI I,
Dk, TOBNECIBOBMEHIEBIESHAANS CEEEZLEL, ROAHERIE [EEOES
DEERERHOBORE | EVIBTHONEIEHNEELY, #-T, TR [EROFEZOER
BEBOROFRE | #WETE I AYOREAFHAEFVERR TS EHNE L,

3.2 WEmb W|EK BEHE

FAHNRE LI EADRAFOKRES LFAMORRE Table L it &k, FHEANo. 1~9 & No.
13~15 (MRS E EAS 0~125cm, HleH 6~26 HE4HTH 3, No. 10 RV 11 3Rl 10 A TH 505, #
EARTS > o OB mEES 22 U 18cm E/h&E W, No. 12 BHEBERTE & AE (HETEE 45em
Th b,

FAEHIC BT HIRH ORI S 5 DETOHIR A EA N, Thid, THIRGEOBVWHPRRAHICSZ 55K
EAFENEEE DI, THEABRE -TH—2DY ialb—va YEFARL - TRENGBHEEET
EZLH T ELHDTH D, BRAHOBKIROEY TH 5, BEEKHKEETHIF T, 1984 £
7T Bic REDFEF TEHOIIRNSRA L, FBE/MAFRIK EB LI AN BT 2 AAFROR
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Table 1. RESHRHERKR CRHEH K

Investigated trees and location for root distribution

A KE AN A E HigY FHREP
Location Minakami Komatsubara Misugi Tsukuba Chiyoda
HBEAES 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

An investigated
tree number

B (em) 17.518.6 11.5 5.0 10.0 7.5 18.014.3 9.0 22.018.045.0 — — —

Diameter at
ground height

sE%E (cm) 12.212.5 7.0 0.0 5.5 4.0 11.0 80 6.4 — — — - - —

Diameter at
breast height

fE (m) 10.4 12.5 5.8 1.2 4.0 3.5 10.7 7.8 7.1 —_ = — - - —
Height
Bt i 26 24 17T 6 15 15 22 11 15 70 70 70 6 6 6
Tree age

HMALEREMmMD? 6 6 4 3 4 4 5 4 4 12 12 12 1 1 1
Area occupied

by one tree
HiE A, v+aE BB %= LS o— A
Geology Andesite Tertiatry Granite Granite Loam
HEMOREE REME FEME I -1z ERNE ] ZER EE R HE
Characteristics Stable Collapsed Snow Collapsed Stable Nursery
of the location area

& D RERCHEEERT- 2) : 1 KoM EE T 5 mE

Note) 1) : It was investigated after logging. 2) : Area occupied by one tree

FEHIE T, BE 7 51 Fic L 3B ORI D b
B LW, 7 RAMORIFEIC R F 2R -
B, BRABERL I, SEEEEHX RS
HTIM2HECEBRICL2EHo LB REL
foo RWMBEHBEHIX FTEMEHH T, EELHN
BRELTWIIN, RIRETREMX I FHTHE
BAEMMT, n-sEBTETH B, 4B, BiER
ETIBMIcREE L TEE L TV 3 REHEER

LTOREXRANDEZATYHL. FBROBELEZ

ELTHEEL T, 2UETZ. BEFZNIenFELRWZ L CMHT S,
BENREB RO & 5 15 HETH -0 All coots were cut along planes at 10 cm intervals below the

ground surface. and diameters at both ends and the lengths

D FEAOH FIAERE L, BRLEKETE of cut roots were measured in each 10 cm thick layer.

Legend : zane. The maximum root-penetrating depth | x”,
EL, Bosunws S iciEy e, All roots are cut at this point.
@ Fig. 50T & 5 icHIRE & BT %, Fig. 5 MWONMmRE RIS &
HER, OFEEAFFIC I0cm B & ICERET Measuring method for root distribution
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3, IhoOAEEMOEHTTRTOBREUIMNT 5,

@ LFicHa-lmickEhns 0ecm BX0 (LT 0em ELBEFES) &L 72i8%
3, UL ABOmROBERE B 2T 5, KL, BER05mm L EORETENRELET B,

@ £ 10cm BHEC S IcEHBBEEMNCARKEET UARBEIHET 5,

3.3 RF¥FBRRIBORH

3.3.1 ESHROERSH

) 10cm B4E T & oo [RV(2)]

RV(z) % 10cm ELEAORDERS | KOBMOBOLERC LD 2EE5E2RTSOT, K
Lo TRDBIENTE S, z RSOBR) FIROKEEE 0cmEXEITLIRDBTVERLD, 1, 2
Bz (2 BIRDRE T ZRADES 2R THEREEDT) VS5 EELE 3, HlAE, RV(D 3FES 0~
10cm @ 10cm E+BROBOEELEEZEL TV 5,

RV(2)=100{V(2)/Vr} (%) (9)
Vr:éle(z)
1z#2L, RV (2) : 10cm E1/8 T & 0 O&ELL
o : IMOFRKRMERS OREK
V(z) : BXOEEH z <D 10cm ELENOBROERE (10 - z,cm 13 Zmax iK% L W)
Vr: 1l KOEOHBET XTOEE
Zmax : BOBRKNBREES

BOSHORELESHMICH S &, RORAMBRESD 1/2 0EEFTiL, | KOROROEHED
85~90% HHEHFL, THLOBEVERA TR 10~15% ULHABFEEL TV, £7, B - IS HTIC
HETBRATS RV (2) FESHICIEMBIRAINELERL, TOBDLOEEIE Zmax HAE VI
o @ ER T,

2) 10cm E+ERNOBROERE (V(2)] D74 T Ladh~OHH

BOBHEOES HE~ONFREEARL DI W0Rick » TRO > W IR0 BREEHEE [F(»)] 2
T A TANFHBRIC ST RS TH T,

F(2) :mozévu)/w (%) 10
72720, F(z) : AL SFES 10-2cm F TORORRERE (%)

I T A TADTHRIYOEREFMET FEICHVONB T EHEV, 74 TAREREY (2] &

WRTERT&mTED (EEE, 1966),

f(2)=[m(z—7)™ Y JEXP[— (z—71)™/ay] {in
74 FNVHERBEME a, 7, mMOZE0DNI X — XS TRE S, 3R T—A¥5 2 —F &b,
TA FNHERDEN D 2 KT 7 RBP4~y Evbh, 74 TLEMOEEEHD 5. BONTH
DA, #ER (z=0) TORDOEEIXY DT, yid0EK85, mBEDNS 2 ~5T7 4 7 AEHER
ORI A 2 % 8% R4,
Table 2 BFBEAD F(z) LFESOREFEERLTWS, Fig. 6 3T 0OlEOMBBRETIA 7757 ki



Table 2. 10cm ELE O &I filE L ARORBROR S H~ofEHE [F()]
Accumlated root volume ratio [F(z)] measured by every 10cm depth soil layer
(%)
L;oﬁc%%n Mir?;fgmi Konlf;ltguﬁﬁara Maiiﬁ;gi Tsﬁ;uba C:L:i{;toEga
Tﬁéﬁlﬁiﬁir 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Fs (cm) ‘
Depth
0- 10 21.00 10.04 85.0 61.5 49.43 22.75 1,12 24.40 3.82 8.92  20.39 — 42.5 46.1 37.0
0~ 20 43.05 40.32 92.5 86.2 90.11 74.12 50.13 72.90 65.23 13.94 45.80 — 81.6 71.8 81.5
0- 30 56.10 46.81 95.6 94.8 97.09 92.18 69.00 94.93 89.70 24.95 58.87 — 98.3 90.4 94.6
0- 40 82.03 73.28 99.7 97.1 99.47 97.93 81.13 97.09 97.88 36.20 77.03 — 99.9 96.3 97.7
0- 50 93.656 85.23 100.0  99.1 99.94 98.52 89.28 98.77 99.06 59.81 84.49 — 100.0 98.5 99.1
0- 60 96.58 91.88 99.9 100.00 100.00 94.25 99.55 99.61 77.45 89.89 — 99.3 99.7
0- 70 98.19 97.44 100.0 96.67 99.87 99.90 91.00 92.96 — 99.7 100.0
0- 80 99.26 98.82 99.44  99.97 99.96 95.06  95.63 - 99.8
0- 90 99.61 99.41 99.92  99.99 100.00 97.66 97.99 — 99.9
0-100 100.00 99.78 100.00 100.00 98.78 99.25 - 100.0
0-110 100.00 99.43 99.66 —
0-120 99.92 99.96 —
0-130 1006.00 99.98 —
0-140 100.00 —

— 021 —

SO B

=R
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FLELbDTH S, 757 LOBREEFEALERRIZ, AEOMERLI T TR HHcEET AL
ERLTVS, m@74 TN 57 LOBEROARE LTHALBIENTEBL, 0@RET747
N5 7 OEHMEMEXRTIRPORBEIELTES,

m=2.0/(og Zmax —log Xo) {12

Fn(z)=In In[l/ {{-F@}] 13
BlAE, 757 EIRESNTVWAHATEARNo. 100 m 2RKDBES, B “@° & “b” olick->TK
BoN5, D" 1EFn(z) MISRENB L3 CEHK2THD, “a” i3 log Zmax & log X, ORIDFERET
$5, BB, Xk Fnle)=0 LEH L OREOHE (&) 0fitd 3,

$7:, Fig. 6 TZmax AKX W2 LBEEOEEX “‘m” bREL B EHHEML SN/DTFig. TR

4 &5 Zmax & X, DBRETE NI, ZOR, WE ORI 1 ROBFRIRD S,

X,=0.3522 Zmax —10.779 (14
WREFOQRIRATHIT “‘m” FOORIRT LS I Zmax K SHEETE 5,

999 T —r 2
S 950 . Ty
__ 900 3 v b1
_— ~ 2
CHEN pm———f =t =L s 0
= 5 500 - a
s Z -1 3
{:;.‘{ g 200 // >
2 il
ol - - —
¥ 2 100 // 2 s
- J
o —
'»"57 ¢ 50 -3 =
u*' -] / =
Q 3 1§
s -4
=2 <
3 10 =
g z
< -5
05
-..6
0.1 -7
1 2 3 44 10 4 20
Xy LN
ZEOX 1 (x10em)
Depth 1

Fig.6 7471737 L TOBRORREERL F(2) LBS z OBR

Relationships between depth z and accumulated root-volume F(z) on a Weibull graph

B :E& K No. 1-4k F, €:No.9-FEH, O:No. 3-KE, % :No. 10-8E, [1:No. 5/

&) vATNEHR ‘mT RERESONE (b/a) THD, a, bR 57 EhSkponz,

B : No. 1 at Minakami, @ :No.9 at Misugi, O :No. 3 at Minakami, % : No. 10 at Tsukuba, []:No.5

at Komataubara,
Note) Weibull coefficient “m” which shows a gradient of a regression line is obtained by b/a; “a" and
“b" are shown in the graph.
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m=20/{log Zmax —log(0.3522Zmax — 10.7990)} {15
@ 21 RITRT LS Zmax HRD B EHTE B,

ap=X,™ (0.3522 Zmax —10.799)™ {16)

COL 3z, Zmax AHEET BT m & ahSRE D, BOSHERT 71 TAVBEDRE S, 55

i, 10cm BEHET L OBORBAEITHAF(@ &) RVTATHRETE %,
F(2) =flzf(z)dz

£t % 10cm EHEBROBOFRIWXTRD NS,
var={ [ t@az}ve

3.3.2 oA YD), Ym(D), Yb(D)]

Fig. 8 & 10cm B+ @A DRO A% =-> OEEKK (D05, 05<D=<10, D>10cm) [ Iy @
Lo AL T, 60~85% ORMBEFE05cm LT THO, BOAEKH,SRGE WV 10cm ETE
HEEX 20~50cm ICHFEE L TV AZORMAS SN, T2 TRIBOAKICET 2RANEERD LS
Fih TN, BEHAOBOSHEE (Zmax icFLW) 2Lk -th- FE (Top, Middle, Bottom
zone) 12 3ENFT B L, FETEAMAEC, ZOEFERAV SO SHV b0 F TEHEMIIRATY
3. FBTE 1.0cm UFOBAREAET, HEARICETT S bONEL, PETRMEM SRR
PR HRIEL TS E VS EBA B 5N 5, Table 3L - i1 - FTEAIOROALEHEEScm T
DOERI AT TRLTVS, & - & - FTEEXST 5B, Zmax & 10cm E&AHT 3EHTEEVIE

an

18

£
e moxy 2

Raot numbaer

>>

80 srotie
° T
= 50 — o) 0l
s O
» 40~ °
L -
N = 30 |— 5
<z S ° wl
n 20 [, # &
- F P o o ©
a 10 %O ° o _‘_ 2 [ I
ol -
ottty by wd B
50 100 150 ol ot
BORAHBETEE Imax  (cm
Maximum depth of root . 5 & s ] .
growth,  Imax Fig.8 4FHAMLEICE TS 0cmELET LD

RO AR

Root number distribution in every 10cm soil
thich layer, in four study site

Fig. 7 74 70335 5 —% X, LBOBRKEER
ZE X Zmax OBEE%

Relationships between Weibull parameter X,

and maximum depth of root growth Zmax
) B WA TR ARER
O : fiEiE
Note) The line was obtained by equation (14),
O : measured values

B PR PR lem BLE

More than 1.0cm :

0.99~0.5

0.99 ~0.5¢cm :

[ oa9mdF

Less than 0.49cm (in diameter).
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Table 3. k- FTRICHEEL T ERBEENORO AL

Root number in each root diameter class and top, middle, bottom soil zone

Fei KL N A Ek2 i
Location Minakami Komatsubara Misugi Tsukuba
HEARS No. 1 No. 5 No. 7 No. 10

Tree number

+5&E g 8 TR &8 T8 tTE B 8 TR LB 48 TE
Soil zone  Top Middle Bottom Top Middle Bottom Top Middle Bottom Top Middle Bottom
B RREH (cm)
Diameter class

> 0.
5=

432 229

o
o

723 1589 956 537 528

o
o0
[52)

158 440
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9
12

[N
NG XY
w
3]
oy
&
©
©
w
&2
[N
)
W
st

[y
[=7]
—
Ne)
(3]
(=]
—

[}
|
WO OO ONOCOQO© WO O WN & 0 -3

— 2 00
[ =t

a
|
O OO OO OO~ OO0 0 WWwwWawKMw

PP R?
-
<

.
S ]

e

T

W W oo O 1 30 DO O b WWw NN - — O
? R

o (2

| |

o

S WO W00 -1~ U O R W WN DN e e

SO OO OO U OO OO o oo oo o
O O o OO N = ke e o WW WD O W
O OO0 O OO OC OO OO OO OO W~
OO OO OO OO0 OO O OO~ O W
O O OO OO OO OO0 O OO0 OO O N
[ QN e R e [ s Y e A o B oo B e B e B oo B v Y v B e I o T o I e T i T e B R
OO OO N O O R = O RN NN A e =]
C OO0 O OO0 O OO D O —MNW=0om
OO OO OO O OO OO OO OO OO O
C O OO0 OO OO OO =N =N~
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o
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£@TED S 10cm £A TW 3, HlA1E, Zmax 490, 100, KU 110cm O&ic - - & - T
B2 7z hZh 30-30-30, 30-30-40, K0 30-40-40cm & Uiz, 0% 5 IZBMIIS HE %17 - T b FiId
DEAHBEBOBROSDHRECHENIELON LI LRV, EEREFEOIBAIE B L1 0s,
T ABE, dEEBE »5VWEBJELE BE%Y, TERIBE 5520w BEECEDLEEE
ATV B,

wic, BETLOROER LHERBRNABOBFRER </, £, FEILOBOLERICKT S
BRI DOHOAKESE 9Rick -~ TERY, Z0OBEREE Fig. 9ic7oy b L1,

yHD = 100{NtD)/ E N}
ym(@) = IOO{Nm(i)/;ZxIle(i)} 19
yb() =100{Nb )/ £ Nb (i)}

722U, N, Nm@@), Nb(@D) : #hzh L - b - FBICHB T 2EEERK L 0ROBERyt(), ym(),
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yb@): #hEn L - - TiEIc B 2EEREE I 0B ES,
i: EZERER, 0.5cm BfL,
ix: BOBRAREERER,

MOAHE (YD), Ym(D), Yb(D)] & T OROEE&AHESOHEMBFKEETRL TV 5, Kk
HR3 Table 4 1R Ui, Bk, BOAPHGER Lc 7oy F 28R, SEERROTRE L
FA%E7ay L1, i&DIED=05G—1)+0.25 DRAFRICH B,

B, BOAKLREHASHETLICEREALYD, TOEFLEESIBASICRIONEHX TEich

ShUHRDBLENS S,
58 100 = € 100 = 8100
el = \g\ (1) Top zone - (2} Middle zone = (3) Bottom zone
50 [~ 50 (— 50 —
#= \ e = L
S > D
Q
= 2 10k > 10 = > 10 =
S — — o~
bl ‘E 5 — .o : s — : 5 E—
® " o\," o — @ —
e -~ 2 — 2 r
4|1 © - A o — @ =
= o *, a (=%
Mo o 1% 0 \oo = i -
#: 'E 2 'E N |2 E
% 3 |2 LE s E
g Qs f— s OSp— s 05—
e 2 - om\e| = — . E
- S - -
- - = - =S
o o @™ =]
= oLl o= g b bl o aafud= g, peliul il
0.1 05 1 5 10 0.1 o5 1t 5 10 o1 ) 5 10
BE 0 (cm E®E D (cm) EHE 0 (cm)
Root diameter D {cm) Root diameter D (cm) Root diameter D (cm)

Fig. 9 RoFKEE yt(D, ym(), ybd) LEED OB
Relation between root number percentage yt (i), ym (i), yb (i) and root diameter D
¥ O:#EAKNo. | OHEME @ : FHEK No. 2 ORIERE

KO EG I RIEE, & RO EIRER T, < OEEH Table 4 IRTBOEKLE KB
Note) Circles denote the sample values of root number percentage, O No. 1 tree, @ No. 2

tree. Lines are drawn by the regresion equations shown in Table 4 as root number
ratio.

Table 4. Lt - TEMNcA-EFAMOBOXE (YD), Ym(D), Yb(D)]

Root number ratio in top, middle and bottom soil zone, in four study fields

Feh L&

Location Top zone Middle zone Bottom zone
Kkt Yt(D)=7.91D ¥ Ym(D)=4.91D" %" Yb(D)=5.95D %
Minakami
LAY Yt(D)=6.01D"'7 Ym(D)=2.97D %3 Yb(D)=0.62D%%
Komatsubara
Ex Yt(D)=3.29D 2% Ym(D)=1.98D %% Yb(D)=1.13D"3Y
Misugi

i Yt(D)=6.43D!® Ym(D)=4.73D"1% Yb(D)=6.04D7}¥
Tsukuba
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3.3.3 HoOYHEE[VaD)]

Fig. 10 TR EXEMK | JEickdi 1 XKH
fo b DRDOEEER [Va(D)] 2 8HEREO
iz 7oy b LTVW3, TOMICRFEAR
No.l1&No. 2o k- FTEZ & D Va(D)
ZRLTVWAY, BECEOERIT VLB
7oy b Lic2F— 2BV T DL Va(Dd)
DORIRE EROEER % Table 5 iR L7,

3.3.4 WMoBKMEHEX [Zmax]

BFHEARD Zmax id Table 2 & 5 FHAHAN,
¥10cm~1m¥ 10cm TH -7, —#kic, 1B
DRI AEOMEELELT ARFELTEE
HoBRhHES, TIEEE Gk 1982; bk
3, 1987), TIETLRGR, THIKSY, TS
AVVRFyY -, BERALBESELLONS
25, It coRBERIREIRE L 2T VHHE L
HOBRICEEEDRNAEI N Zmax & 1§
HeFv, BEOESIHMEBARBRE L LT
BB L LM TE B,

3.4 BRAWMLIaLl—2aVEFN

Bic & 2 B LR EE L CBEREH
HOREBTETREICT 3 D CBOSH%
Yialb-—tgEEFLE, BLIEF(),
Yt(D), Ym(D), Yb(D), Va(D) #Hu\TE

KL, Fig lliKEFVD IR —F v+ — |} %,

1000

500

(cm?)

100

Va (i),

50

10

ROE RSB TR
T T TTm T Oy

LW

Mean volume per one root

osf=,
=/
ISR S

01 05 1 5 10

E®R D (cm
Root diameter D (cm)

Fig. 10. 1 &%/ h oROFEH&EHE val) 2 E
& D ok

Mean volume per one root Va(i) and root
diameter D
&) ok EXicE i3 2 #EA No. | & No. 2
DREBTH 5, HEEIX Table 5 iR L ARR
THROFEERKERL TV 5,
Note) Dots show the measured value of No. 1 and
No. 2 test tree. The solid line is a regression
of them shown in table 5.
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Table 5. &FEMIC BT HEOLEERE [Va(D)]

Average volume of one root [Va(D)] in four study fields

— RO FIER HARE R v TN
Location Root average Correlation Number of
volume Va(D) coefficient specimen
i\ Va(D)=7.62D*" 0.96 51
Minakami
AR Va(D)=7.84D*% 0.94 24
Komatsubara
£ Va(D)=6.87D*% 0.96 59
Misugi
Va(D)=7.81D%! 0.97 53

i
Tsukuba
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BEAHFEFI
Root distribution model

AHES RENHICET 38800
"B, e T

AR R

Allometric formula |
BOLEE (W) ; L !
Whole root weight

Specific gravity

|
ROLE  (Gs) (
ROSEM (Vr)

Whole root volums

Weibul!l distribution
10emBLRE T & DROEMR probability tunction |
Root volume in each 10 cm (t(2))

thick tayer (V{2))

oA FIVEERY ]

r———
E0cmELTH. BUEERRE EEAROXI

Root number ratio
BADEY DROEH |« | (Y (D), Ym (D), Yb (D))
Temporary root numbsar in

each diameter class and
gach 10cm thick layer

N (i, 2)

EZ BB OF XK
Average volume of one root

(va (D))

HenELAEDRYD |
i:3okeY: | ;

Temporary root volume in
sach 10 cm thick fayer

v (2))

V() &V () ok k)
OHN

Ratio k between
V{z) and V' (1)

k=V{z) /V (1)

Zl0emELTEW. RV
ROERBBRINEHOHE
Final number of roots in
each diameter class and
each 10 cm thick layer

(NG, 7))

N(i,z) =k N (i, 1)

Fig. 11 HBEAHHEIAE TV

Root distribution model
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Fig. 12 it E 7V OHOERS AL TV A hERL 12,

COEFATH, #E [H], WEERZ [DBH], Zmax BANRFE LTERE N, ThoRBIB0NH
ERDES EFTBRRCOVWTENETNBBTHIET 2 48855, £/, YD), Ym(D), Yb(D),
Va(D) 6 ABEHMIRS L ICRE >R TEREINS (Table 4 RU5B) OT, ¥Iab—va ilkil-T
RODHBEWPH B, TEFVTRDBCEHTELHEREI 0cm F LT & OEEREAHOBROERKTH
%,

EFNMIIRDO & I BRI - T3,

@ H, DBH, Zmax @A},

@ WRoLER [Wr] OHE,

Wr idbi{E (1977) sk 1o 00 ic L b HEE T 2,
log Wr=—0.3085+0.8216log (DBH?H) (g) o0
GEASL T, AR 0.99)

® 1XoK0BOER [Vi] O#E,

Vriz@Rick - Tk 5,

Vr=Wr/Gs {(cm? @
foi2 L, Gs:HBoBfEEER

@ 10cm ELHENOROER [V(2)] OHEE.

V(z) 2 Zmax % BRICRALTRD B LHTE 3,

vo={[" 1wadv 8
Kb £(z) F15, WREFODRcRAL TR SN B,
® 10cm BE+EIE oBERERINOROBOFHK NG 2] oFE,

2¥  Sugi
Cryptomeria japonica

i Nen® WO E0R EOR Bt
HOE #o it
D FHE L H R I HE
Average Root 10 em Roqt valume Temporary Temporary Finel
volume number Soil thick in sach root root number
of one ratio 2008 DEH soil 10 em number vo!ume of root
root S PR . layer suil fayer ——
— 1o v NG v (1 NG
vew o EA — g Y@ NuD  v@ [T
- o8 _one —_— 3 Y@ NG @) T
¥i PR Inax
Va(d) m (D) Middle zone | l v - v NG D
¥b (D) TH — _— = —_
Battom zone 4 inax V{Ix) N Li 2x) V(%) (i, 0

Fig. 12. BROS/FHHBEEFVIfEbO TV 05 42% L AERK

Schematic illustration of the symbols used in the model
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—%, BOBRKEEREE ix 20D ix FTOREFRK (223 05ecmBRE LR 8, RUK Y-
VIO N (4, 2) ZEOFELL YD), Ym(D), Yb(D)] KBS 4 THET 3, ALV~ DN (,
z) BHIDREICEERS LKL, ix IRORRKEREZ b LIRD 3, COWETHHAKE L/ DBH
13cm ST OMATHUERABEEE 10cm, ix=20 LN +HTH 5,

® 10cmBE+EIEDROBOERE [V (2] OHE,

V'(z) R@DATHET 5,

V (@ - EiN' G D) VaD) @
t# L, D=05G—1)+025
@ V(2 & V(@ okt [k] OFHE,
kig@A TR 5N 3,

k=V{({2)/V' (2) @
® 10em BEHE L 0EEBEEOBOFH (NG, 2)] OHE

IDEFNOERHNAELTONG 2) URXTKRHSHh 5B,

NG, 2)=kN' (@, z) 2
uE, COEFLVOBEHEIE S ETRRDIFEMNELAMBBET - LBICHIE L AMROER
BB OARKEEF VY Y ab—v s YEERET S C & TREITT 2,
3.5 &0

VHIRHGO RIS S S Bt BV T X ¥OROAHICET 2 HAMLHEN, RoXGEERTELEF
WEERL I, BOSHREBICMET 258, RAMLE L TROKL I SRS ST,

O MOBKMBERES Zmax $EEEP HIEEE 2T mm 0 +EFIC L > THIRS N 3, Zmax Hik
W, BRMELVONE ZAFTOMNBEROREEGECKERBE 85,

@ 10cm ELENOBOFKEIHRRZ 71 TANHERICL > THERETE 5,
® 10cm BHEAOROERE - APEG LML - TRT L WTE S,

@ 10em EHEROROEFE L ZOFRIOHBBEKIcL - TRT &0 TE S,
ERLTFNTE, H DBH, Zmax @ 3WTAAHNT 5 &, FEHcEEREINOBOXKIHA
ENBHHMAI N - TV B, BIETHNEY, HIBRIEENRVWESTOROAHRELBER
CETIENTEL, BHETRXVENIBOARHPRESHMICBERDIBES TRETIEEELS
L, COEFNVIBEERTICELTVEEA505,

4 RIZK 310 EAMERDHEHE

4.1 HBICLBLDOEANERDMHERE [AS]

4.1.1 FBRoBMEKFE

BEED AS 12BT 2 IR TITO N S AMBR TREAE S 2~3 FEOAALEORSE {FHE N
fzo FN 5 ML BRMICES, HEOHET O E CTHERILBEEERET 2 LEL SN 3 KHE L
LEBAOROBERPAS L RPHLLBHELRS S, COHEAREBRICRSRLLTOAREHLR
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WotfERERTEEZONS, CD/%, BHR053~1.39cm DX¥oREHhoFicwn T—mHEAN
HEAETV, TAMBREONTREINS ASOEELZIEET A L2 0EOHME L1,
RERCHH L —AEANRRBREEB® Fig. 1317, 2ANHIE30x30x30cm T, && 15cm @
EIATERETHICO»P NS, THREE SN TED, HHCEAMNEMA TEAMENEZEL
T3, BAMNREHR 7 Va—Ve v+ TEL, LY+ FOMIKEy P LIco—FEATEA
Wt EERET 5, BEHEAEITHOBRE LT3 sick » THAT 5, ERIIEEIG%O,
0.11, 022, 033, 044 R 056kgl/cm?’ D 6:FD & L, HE - ZHEE TIT- 7, BANMICIZ ETHA
L ERDREAND CENTE S, EBRAENT I ZEHERED - R FOREEH L, Table 6 1Rd &5
KIHOFE 0, 1, 3RV A LRIELATERL L, PoFEnhld, STV OE
Hppik g ANFHICAN, ZAT—I3cm OFMERE - T30 HEEESED 2EEL BV ELITOEAN
FA—HIcB 2 EThRI 7, BB E LTHOABICETE 37213 8EHY & D% EY, WALDRON D AS £
FAOYPAGREE—BHE®E L DI L,

4.1.2 HEBFER

(1) BTk 3 EANHEREOHN Y
SERFER I © ¥ AWHEDT & & AMZERL ORISR
RROEBEIGST (o] Blick &HT Fig. 14 IR L

&(‘Dﬁ '"ﬁhl;ck
L&

Fo HEARL OB DO AMIESS [S] e XFREA~> - B By, seus
AMORTTE & b IRBRIEC AL o BEA P ff'i*““" '
NEBOEANIERS [Sr) RELAETIIS L . _

B 1t AR B AEMOMME & bic s S A

B AR BREREE RS TVHANE L, Bhven i

BORKOEERZHPSHLT, EEBEVHIFE ST {@/ §m5_yjiﬁnumb
"\ Arplying handls for normal stress
RAZEVWEERT, Bick - THRBRINZEAN

BHITASIRS ESTDEELTETIEHBTE Fig. 13 N —HEEANRBRES
3, AS-ZATHEER I3, AP LEMIE T AS Laboratory shear apparatus for rooted soil

Table 6. EN—HEETAMBRICER L HBOXHKEz0ER

Root number used for laboratory shear tests and their diameter

72 b5 B oA L R0ES | BoRs HOEHE cm
Test name Root number Symbol of used root Root symbol Root diameter
F 0 — Mt 1.39
G 1 Mt Mf 0.53
H 1 Mf M3 0.69
L 3 M3,A3CH A3 0.75
M 5 M3,A3,B2,C6,D2 B2 0.85
Cs 0.78
Cé6 0.87
D2 0.90
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(kg f/cm?)

SHEAR RES{STANCE (kgf/cm?)

€ AR

(kgt/cm?)

SHEAR RESISTANCE (kgf/cm?)

AN

(kgt/cm?)

SHEAR RESISTANCE (kgf/ca?)

A MBS

SHEAR RESISTANCE (kgf/cm?)

BB EMAFRTARE $EI3 5
5~Normal stress = 0.44 kgf/cm? 1.5 Normal stress = 0.56 kgf/cm?
( FEEIGD = 044 kgf/cem? e BEGSH = 0.56 kgt/em? .- T
2 ST 52t e T e -
k=S B
x . e
w gL LT P R
] P e m -
Z § e
[ ¥
Z 6 /2
¥ / /7
= 3 /r/,'
0 i 1 Iy 1 — ) O 4 — L. 1 e J
0 5 1D 15 25 30 0 5 10 15 20 25 30
DISPLACEMENT  (mm) OISPLACEMENT  (mm)
.5[-Norma| stress = 0.22 kgf/cm? 1.5 Normal stress = 0.33 kgf/ca?
FERISH = 022 kgt/em? EWHSD = 0.33 kef/em?
2F 1.

) 2 L L n ) 0 — L
UD 5 10 15 20 25 30 8} 10 15 20 25 30
DISPLACEMENT  (mm) DISPLACEMENT  (mm)
.SrNormal stress = 0 kgf/cm? 1.5 Normal stress = 0.11 kgf/em?
EWIEH = 0 kgt/cm? _ SEWMEH = 0.1 kgt/em?
L &
ol.2F
<
£
I w
(=)
2
L &
é .
=4
af £
&
T R T e e
| 1
DISPLACEMENT  (mm) DISPLACEMESNT (?n?n) 5 o
HAMEE  (mm) HAMEL  (wm)
!Sand without root
‘Sand with one thin root
:Sand with pre thick root
:Sand with three rpots
‘Sand with Five roots

Fig. 14 FEICHFICEE L 12 8 ANIEIT & ¥ AN OBR

Relation between shear resistance and displacement for each normal stress
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DOFRE, ZOBROEPHBEMICE - THE B, £/, AS IERELANOEBVOEELZT L, Hok
BOBOLIZFICHEBIN S,

(2) BRI SROLE

BHBROBAKEAMNIBN % & 0, BUEEELE Fig. 15 IR L 72, ROEEBRFAR T, YoliEiEs
LA TR L L3 THOBEREEREL TV 2, COBRIQRNCHRTLICE—
7 —o v OREREC T, HIcL 3 AN IOMMEEIEI LR U BHHEE LTRES T
EERLTVS,

BFEomEohTiIbh 2 8 AMRRTRERECHRAERE (HA) 0RSHVIRERBIEIZ L
REBBINED -, FRLORBICL > THEOWAERTE, HOMRREIBAGELTOROE
Hiclhh#iL, TOBBENLELHEETILBRTVEIEANEILALTH D, SRIOERTHEHL
R 05 cm Pl EORBERLHRARORSFE > ZFRER S, FRMrEh, TOESHLTVE
B, EAPHMADREGLEEEL TVAE I EARE N,

—7, ROWRBESNLTORNBERAGEELERFTHOELTSH 5, /NME (1983) LEEED
(1988) IRk » TLHONMEREASEML L L BE L7, MBEOEBRGEERBZ MBIy » T
Er vy o F -3 7R EEBSELER I cm 01D S AR - K—HEAMRRE, HBE
FEFEINV—EVT ST 7 2RI DEBFHT 400cc DELMBEEH VBB AMNRRET - 72
MHRBOBEIIRANEOES 2 LOFEEMEL TN FRIOBIEAE (IRME  FaEd 2R <

WRELTVWBAILS D, I LAFESTEAN 50

HxRD TERETSBE, LBEEE,IHE
EHAMEERICERS N, S5I0E IREL e = ~
TOWARBRBBAVWEABVORENHE S LE éLm — -
Abns, LREELIERMNL TEANSRE 3 Zlm V//j/l/////
175, FROBE:MOBAAVOREL R & 5 b P
HRCSUTHE T L1cn s, TORELNE 3 : = %;44:;/ﬁ
T-Ly -  OWESECHIRC L S AT 8 s = =
HRNEEBAOENE LTELS &I 3, E'“a'

LirL, — bkt TR <O EAEL 5 &5 2 ]
S mj:igﬁ% N igiﬁ e e Eﬁﬁ)% 00 010 Q20 030 040 050 080
{, BOEXKRIIFEFILEVED, BOBASV Normal stress (kg/cm?)
DL LOFEEOEPE I DIT L, BTk BESH

DEEEESNTEEA L ENSE 3 ETHMS u
Fig. 15 1% Lo ?
CERELI W, SEOKBEME RS 815 MEMAL RDORRSE
Failure criterion of rooted sand
TARDEHOLIBKELZZE L THOBELEL, O:+v, +: 43K x sk
HOBEDLL L, #-T, EBOBET~D O:f1% GE). A:#IE (X)

[}:noroot, + :3roots, X :5 roots

ETESEOHEBERD X 5 IcRIic Lk 3 fitRiaE O : 1 fine root, A :1 thick root
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- OBEREL T L LI AETERN, QIRXOLHICEREE LB~ LEL oh 3,

413 #

BORIEN I EES EEE 2 200, BB 27 ) — F O3B0 BERBOERE % Fig. 16 105
U7z UD#K - M, 1980), @hHimo v 2 ) — MicEMEZHE U X85 LBUNC A STOUEhSEL,
EOREREZEP LTV CHEE T2 ) — F ONfBEABESNED, >Vici3#@EssE2Erh
TLES. OSSR, #iffE vy — b ORNES BREE (o] FLV) 34 50~60kgf/cm’
(B & 104 0.025kgf/cm?, WaLDroN, 1977) EIEFICKEL, Fv—va v sy — | ORFEEE L
TEZHEEEMACTS, rick-Ta vy ) — PHEIKA SN TV 2WMERHEIZT R /1L, <
DHEEXADI LW TED, £, BMOKOEEIZ LD bREBHENBET 2 L4, HER
DIEN  OBMRET v 7 U — F OBEIC A5, Btk - THBIA LT ORAKBER S 08
REFMUESICEAZONB, Fig. MITRL1 Sr OBRAERIORL T LBV R T ERMO itk -TK
AONIRICHE L BERDIEIIC & - TREE NS &S 505 (WaLDRON, 1977), £ D OBRIKEED
FEE, ThETRIRAELCTVRSERDIEIOENEMERL TO LU ONBRTO ekl s
KEBbDTHDH, 2590, LEBMOMOMNEMTHEE (H5VWRRY) v 7)) BRI -KLEZEZ LN B,
BERD TiE WaLDRON IC & 3 & 0.025 kgf/cm?®
EHEEI NN, bk g Tk o MO & BT
Y7 U= D& BRAOBE LS SICHA B e e e ot
TEIRNB, TTTHEALLEREETIIEAN A P
HISHERETE D W S RESFRE L L OLEET
xhwh, HBREBEELAFAXTOERRLTVEL 8
DT, BEEHTR Y » 7 L CHRIREI S - 72 Ao Beee T hiar carerars
LEABDHESTHS I, s

—%, ARO LS KA EOKBRTHV CAHEAL E B
LROR b, BERECH THENOIRLE
UEMIAE LTHRT O EHTE R, CORA, Fig. 16 HisERR v 7 U —  D515%R 0 BIAEX

Bk smmnRoBng
BEIG/ZHME € THREPOMOBRREH] Reinforced strength of steel fiber concrete on
BEAELEp>kIDELLbDEEISND tension collapse test
(B8, 1991b),
1.2 HANEICETIROETE LEAGERLHHSHROET L

4.2.1 HBoOHWEFE

SHEWBRIDGE and NicHoLas (1985) #fT-72T7 NV =v any F/NF v 2 — b a— FIZEDOFHEM
EANLHANMRBERNRRT 2L 51, HAOHESAE T2 EANT AEACLROKSPH
H, ZEZ0BVSEANBOBEI PIROEERECHELREIT IR IFLELLONS, CDiEH
DORYIMHSFTEN L ETHIE, BERDAS €574 (Wu et al, 1979 ; WALDRON 1977) TRIBIC K3 €
ABHER A ORSEBEAF LG22 L3 L VI Eici b, COERTIREIERICERE0.79~

Load
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1.37cm OF TIREARBL L tMKOBEEHAERBAL, SAMCEZ O OIROBEREEZHEL, £
ORER» OERIRELZZTHRERDENE O ELHRDAS EFLEFLOBEORVEFVICT S

ERHME L,

HES Fig 1T 0 RTEAMBREBLH W TiThh i, AN IEIER (54x38X40cm) & EH
F& (40x37x40cm) THEESh, MEIKECE~NShTHVE, ERABOBIRICRT & ik
I, PORANEHCEIEAOEANBOEREEEB LI LI Icty FF 5, HANRIERIIR
OEEHBETE LA I ARTELNA TV S, ¥AMNRITFHROR 7Y 2 -V » » + THEH
KBHEh, TORERBER STV T - 7Y vk - TEHlllEh 3, EBRTIE 7 2T 88mm O
ABENESZ, SPHIBTEAMIGAZIRU oo EBRICIREKIL 195%, WREFR 147g/cm’® O
BHOWON, BAERE S, 1B1kg DUERAMBEICANE T - EREKESEHD XL 5HBHEL
T, BT Y5kg DAL, 517D iz 250kg DM ELZEA L, SHEDIREEL—FICHE> T
il

ERICIZAEXOWRBAFTER S -0 TILT # ) AFEHRIC L ADBNE Y a 7—¥1 v (Pinus
contorta Dougl var. contorta) OBDBEIESIZTEFERH L, BEARGS > TOHEREUTVW D
T, TANHTOROERRERZAFLEL LREL . EERTHEHLBOELY, FHEER
Table TICE &M, HAMTEBNICB R Y F T2EAKRASTRALCHEZCH LHBES
R TRE Lo FIZIT 9 ADBEE 5 EE
TREBIC3IEToEy P LI, LIL, TEO

HRIR & AMRE
RILANNOERARLBE T 5 1-DICEN 5 Aool specimen Shea piens
AR Ei ko b L, fEES S RS 5 RUI0 EFDCH;&ZE
cm bic+ o b U7 (Fig. 17). EEIZBOEHE fﬁfﬁ] § 0 7 0 —-—E
0.3, 6RUOAKD 4 &L, A 1LEHT > ‘“D ]
(Table 7). -~ oOoO a E
ERPOBOETARIE L _EH 7 RTIESLIT broving g
VB EANRIERAE L TEEL, RBRMGIE gk

)
|
wicHOEE< ¥V LT, ]
|

4.2.2 HAKTEANTOROER SIEFAF, i 38cm | 37em Sﬁﬂ);{é
L ORBTEE S L ANHIROROLIK "“'\\ /7€_
8% Fig. 182 10k Lo AS EFVEBOLTK o, NEE °
Hex b Lo EET 2 00icid, BIREL Bish G,“:\pm'
BRick » TERTIARITANL L, ZOkD ol

KRB0 EMZ H 2 EEI D BVl
R TEAMBROMOERERTLENH B, T ) .
Fig. 17 BoOEEEFCEN—HEE A BT
Z T, Fig 18bi/RT X HICHAMIC & » THED . .
Laboratory shear apparatus to investigate
BE LR (di] 2 xEICB-Tlcm BRT deformed root in shear zone
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BHREIEFTHERE FIB3 =

Table 7. HOEEEREH 2. HOEN—MEAMBBRICHER L BOFKLEE

Root number and their diameter used for the shear tests to clarify root deformation in a soil

shear zone
HBES RO (B L 7 iof s ROES  PHEE (mm)
Test number  Nnumber of root  Symbol of the used root Root symbol Root diameter
1 0 — a 8.18
2 0 — b 7.91
3 3 a, b, c c 8.19
4 3 a, bc d 13.69
5 3 d,ef e 12.97
6 3 d, e f f 11.06
7 9 a, b,cdef g hi g 8.69
8 6 a,cdfgi h 9.96
9 6 acdfgi i 9.76
10 9 a, bcdef ghi
11 0 —
a < b . REL, ZhieANAIOBEERE 20 LA
4, d < Bhrofdiz 7oy b L, BEBICENSDES
BELLEN L
. Eiﬁ BARHMEE EAMBOLEE L -iBoRKEAS
® - 2 3
o - %S IR Tl
w ~ £ [
E(v &[°© £ 28 FTORBEES @ oOL, RO
e 7 & ° %
t é g M{g $ 5 i Fig. 19IC/R L2 &E LK R &~ R BHHERIC
) Py o TATLENTER LOZBREE
©
— T 2 g Wacpron (1977) pRE L /2 £ F VOROEEH
é B (ZANIR E £ O/ M O FEBELR OB R HE TR
a

Fig. 18 #AMHI%OBEONIK & itk o Bk
Map of roots before and after deformation,
and simplification of their complicated
shape
) a: BAKBIEROBEORE, b: x=i TOEAdI
A EA N SE - CBSIE L R oK 2 BRI L
1o
Note) a:Original root shape before and after a
shear, b: Displacement “di” at x=i is re-
mapped from a straight base line to
simplify root deformation.

DEA I B AL, Fig. 3) OfEEI—
FH L7 WH3, SHEwsrRIDGE and NicHoLas (1985)
OERE L ATHMSH O EE & b THRELL
TWA I LRSS M, 22T, HEMPEELL
B R EMOETERRED LB ETT - 120
y=B—Be ®!*! (8)
ERERL SBOERERRN Y TIID 1B
&, ToEHERIZ 060~097, FEH 091 T, BO
EAREL b 1 0.1~02cm ™' TH - 7 (Fig. 19),
72, b OERBOER & ¢ ANEE [A] ITh®
2 RBOMEEATT (Ar] 0Fla [Ar/A] IcEEX
n, —RICHVIRT ¥ A MEESR OB S DT VS
A b FHERAE WEE L b, BREEEISRKS
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SUSHD Y ERT, RO, KOIRTHEANRE
HOBRMBEL VS, bihSWMEE & -1,
KEEERD S 09 RIR L7 bicBAd 3 BRI Byﬁw
81, 2o
b=0.2262—0.0715(Ar/A) —0.0016D 5
(r*=0.88)
72U, b EREK (em™) -
D:#BoEZE (mm)
Ar: HAMHERH OB OMTERAT -e
A: AN 20
4.2.3 AS EFNL
(1) ASEFNVOHE

b c

z

"
n

—t—{ d

B~

t

8__ -

TAEE A MR i A&
Shear plane = 5 Shear piang =S Shear plane

— -4

5 |/l s Scm

-30cm

BUEOBIAT, AS GHCAEL BRIENC Lo mmEss oo sROBELES
B CBE LA ERENTO A - 0T, B)R 5% U8

Rt LS R TERSNT R, leference's of deformed ‘shape influenced
by coefficient of deformation “&”

AS=a,t,(sinB+cosf tan¢) (5) ) (a) Taft:b=05 (b) #:5=0197, (c) #
LinL, USROS CIRIAT SO0 Reet e
BCERHT A 3THFCESSKGRESEZEZ SN ZD 0.197, (¢) Root: #=0.116cm™!

T, ASRWRoLHcRITRETHS (FEM,
1986),
AS=ASt+ASp {6

fotZ L, ASt:AROFER DB E D M

ASp: HEICE-S < BRI
#-T, BRRENTOE AS BARAStTHD, ThEHR—ORIZ>VLTOMMEE ASt THT
EGEIRDED 8B,

ASt” =a’ t(sinf+cosB8 tang) GD)
2L, t:i5IERDIES), & IROWTH
1, RPO5ERVIENTIORDL S icER»r KD SN B,

t=Ee en
fetZl, E: v g RERDIENFRED,

e:5lEk0E
—H, TR L BBERBICNP3E—A Y b DB EOTHEH0 TOBRRKEANNCHELWEEZ OO
Z0THARICRTLHICRI ILEMTES (Fig. 20 2H),

ASP’ ZDJO‘Mlpdx o8
72121, ASP : HFICk BEANS] D HBOER
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p:1tHE M :EEOKLIE
(-1 5lERDIEHIC & 5 fhigsaeE
Al & S ITARSER L oK EBRIc & > THE 5, COMRIIFES 0 KB L THEL 0T x #o
IEDOEAIE I EEZ L, FBROETORANBOBROES BRI EnTcxs (Fig. 218
B), X% WRITRAL, BAKMBEOBROES [1] 2RKp2ENROLS KB,

di’=dx*+dy? 29
x2 )
1:2f (1+B*ble ") dx 30
x1
72ZL, HERLILBOES
B: BAMEMND 1/2
b: HROEFMAE dx : x 81k o#/NXE

dy : y i b oW/ E
X1, X2:x 8 EOFEOS

#AME AT
Shear plane 1y 8 Shear plane
v

0 |7 v X1

X1

LI IR

N h A

& AMRET HA M

Before shear After shear

Fig. 20 ZEELBcmb31E
Model illustration of earth pressure generat- 0
ed to the deformed root

H) () ¥ANHEL (b) CAMBREA0 TRIAES

BEL, LHEp#b 5,

Note) (a) Intact root. (b) Deformed root after it is . ; .
displaced, d, makes an angle, 8, at the ori- Fig. 21 'li‘/ubﬂf{ﬁ@}{}f; L 7R AR

gin, 0, and earth pressure, p, is generated. Illustration of deformed root after a shear
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dl: fUpIXRE dx eI d 2 R AMKROROE X
QX oMEEEACLRBTERVLY, WXEMSIT 2 LROMUE (HANRIOROERS T 58
ABBEOROESOEIE) 2RTOIAPBOLN, TOoRICL-> TxHEOFEROSEOBROMURERY
o5,
Vr(x)=dl/dl;= (1 +B?bZe " 2x)1/2 @n
722 L, Vr(x) : Rofho®
dl : B/ hX dx ioxtisd 2 ANRIOBR DK S
BOE (6] oEsict 20 EE0HaE0 o 0REAVERARTRE 5,
e=(1+B*ble ®9) —| (32
(e=dl’ /dly=dlp{Vr(x) —1}/dly=Vr{x)—1)
fetzl, dl cdlg MEANIC X - THULBOES
B@RiE, BLbAEOER x PEHTHS, -7, e 2RDB L x=0 THRABEERL, x &P
TLe=042WRE LTRDT A E000 5, LT, BREIEVIEARZORXEMRTRALTS®
ARokrikbonzd,
ta={V(0) —1}E G
oL, ta BICE L BHRARGRY IES
H-T, BOMUTICk2FHAEIZR BRXE2GEHRACRALTESQZURIcX~TERIT &M

GBIRETH B,

ASt" =a’ E((1+B?be #*)1”2 —1) (cosB tan¢ +sinfB) &)
CCT, BRxEEHOBTHET, FROTOSRIORNTRT I LNTE, TELZETI LM
ARTRHLNB,

(dy/dx)x-o=DbB 35

B=tan"'(bB) 36

(1-2 +FEic & 2o
TRk Z2HEEER AR ORDBIEBTER L, LI L, BXNTEE I HANKOBROEIRE
THTOWMDI DA LAEEEDT, LhAEFANMNEZRTOR FLE, FH - B - /MK, 1968)
% ASp' &y TERTEBMROLH KERTE S,
d*6/dx*=—Q/EIl @an
ASp’ =—EI (d%6/dx®;, 3
72720, 8:fcbd (=y), Q: AW (ASP), 1 WHIZIRE— 4 ~ +
&5, BRAE®ICIAAT S E ASP RBIRO LI L3,
ASp’ =EIb®B (39
(1-3 H—Ric & 3 Mgk
Bkic, 8, B9XE2ATTIIE, B—0BIc L 2HHEE AS BUROX S RT ILWPTE S,
AS =a’ E((1+B?b%e )2 —1)(cosS tan¢+sinB) +EIb*B )
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2) WORY 7 LM
TAMBHBRTEAMBNEE L TV EH3BATRIIRY » 72BD 5, SRIOERTH, AN
ROHECLIHOIROBEPHEAS K, CAMPIEIERY » 7L TR EBERShI, 2
U 7RBE A t B EOBRKNE C ET B, B-HOBRKGIERD B G BRERIS IS v iE L
EEIHELEDT, WKtk ->THEHES (WaLdron and Dakessian, 1981),
Tns=2¢" (L/D) )
72U, Tns: #MORK5IEDIEN
L:#BoEx (L=M'N, Fig. 21 8%)
7 RRHARERIL T
D:#oEEF
7o, Tof ZBOBMIGH &L, BOESE2 52— L Tihz2@ROLS>1cET &, BB
THERFIIBRICK > TRE S,
Tnf=27 Lf/D 2
f2#2L, Tnf: BOBEEILAH
Lf : AT T 2 0 I B0 E X

{(1+B2b)2 —1}E>Tns and L>Lf @3
Z 0oy fﬁ’éﬁb%%fgﬂi Wiz - —Ciﬂ'éo
{(1+B*b3)"?—1}E>Tns and L<Lf 44

ZDXIIE, AS EEAMEAMICHHEL TFEE L TV BE, EAlomio
{(1+B?b%2 —1}E<Tns
ORETTE, WRNick->TAS HFETE 3, 51, SANMES,
{1+B2b)2 —1}E>Tns
DORBICHOBRMBRY » LTV EEAIRE, FERVBTCL A TERERE NI TO Rtk - THRY
B,

AS =27-a,(L/D)(cosB tan¢+sin8) +EIb*B @5
1220, tidR )y TIRETOENHEREBILNITH 5, - T, W, GRS AS ZERTEANKLE TV
E15 5,

(3 ASEFALYIalb—¥aV

40, WAHOBRBEHELUTOLS IKED, ERTHESNILAS DY I ab—va v EfT-10

O ¥v7# [E] @2AFTHIEL M 27600 kgf/cm? (PSR - Hor, 1986c) Z B\,

@ BWoORITERERIL3°E LT,

® B EBOBRABSREEEIGS 12002, 02 RTF06kgf/cm? D 3iY & L1, ¢ L OBREOEE
RT RS - DT, WALDRON MFEERD 53R 72 0.025 kgl /cm? 12TV 0.02kgf/em?, 1 4~ %
L7 02kgf/cm?, Z L OHHEL PO OREEE I &H U4 — 5O 06kgl/cm? D40 o 2HE
LT¥iab—varviiT-t,
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@ HWogkx (L] @72cm Th 5,

(31 ZEEFRE [b] Of

e (a) ORI, B%E 3 6 RUIRANKEEANBBRTHY o h, BRI & ICEEY, b 25
ES N, bOEREFNEN, 01947, 0.1558 T 0.1251 DE%ER L 12, Fig. 22ad, <DL 5 1[EUR
Th-TbbOEPRNBIBEDASEFEFN Y Iab—Ya vy LkbDTHS (¢ =06kgf/cm2d
BE). bOER/NSVELROEEHELH T, AS D LEHEI/NE WV, b DEANZLLZDE D
AP SHWETEXZXIICArBRED (BANHEICHEMNE V) LE2TH S, ZOEES, 1 K1 XOHBIT Ar
PhEVEELE~NEE, RILBAMENTIRLID/NEVAS LORBLIEWI &It d, $H2Y o
THTH AS O EREGINES B BEGBHNTS B,

(82 BARESEZIGH ] o

DEIT OEV (T =002, 02 XU 06kgf/cm?) S AS 5 X 3%, 05 (a) OREHOVTRE
L, Z0#R% Fig. 22b /R U/, £ LEEEE Db I b=01947Tcm ™ & LTHERT-o /. T & -
THRBZRY » ZPLBOTRBI LTV ERIE, FERDIEC L - T AS 328U FRT %, 515R0IEN

k-]
Mg (o) e (b :
gA - o558 ' o - .sm.cl‘“
#q3T o012 o= 12} § 7.0
g §5 B B = 0128 S
ﬁﬁgoom— .08 ozwgom?
< g‘g ~ = 2
p 2 ao4f Qo4 }- T . 002kg CM
=
E -
T 1 ] | | o | | L
0 20 40 60 80 0 20 40 60 80
14
g 0.3 4 ' (d)
g {c) 12 b o ool
o 3 :
I o, | to = 5 oot
#®s5 ° - 08
€. g °° !
ol . as }-
2 gcg 01 }— 4 ro0l 04 3 roots
P E 0.2
& o, T ! ! 1 o y 1 L | |
[ 20 40 60 80 0 20 40 60 80
Displacement, d {mm) Oisplacement, d (mm)
T £

Fig. 22 AS ®FMc k2 HOEHEHM b, BRAERERILN O, HOKKDORVWSEAMNEME
B 5 2 5B

Estimation of coefficient of deformation, b, tangental friction, ’, and root concentration by

the model simulation as they affect reinforced shear resistance

) (@) ERFERbDASICESAZEE, (b) BAEBREREN P ASKHZ 2R (o (d) HoARK

ASIKHABHE

Note) (a) Effect of coefficient of deformation, b, on AS. AS of root “a” was calculated using the values
0.1947, 0.1558, and 0.1251 cm ! for b, and using a constant 7 of 0.6kg.cm™2 (b) Effect of tangental
friction 7. AS of root “a” was calculated with using a constant b of 0.1947 cm™". (c) Effect of root
concentration. AS was calculated using a constant 7 of 0.02kg-cm™% (d) Effect of root

concentration. AS was calcurated using a constant 77 of 0.6kg-cm™2
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&2 ASOEREIAR, BHERY » FTRRELD bR ENIREVILERTIREOATV S, T,
THREVEERERDIGEIIC L 2 REREME VW

(3-3 RoORKOE

FAMTBIc S BOEK OB E L Fig. 22¢ (¢ =0.02kgf/cm?), Fig. 22d (z' =0.6kgf/cm?) <R
Ltze T =002kgf/cm? DI, BOFERDEBW/NS, BEAER Y vy 7RETAS I ERT 5, 2
)y FIREETD AS @ LFH i1 ASp’ (=EID®B) IcHE T DT b OFEESKE YV, b DfHITEAM TR
HCBAB VR ENS VDT, FARAMIER A b/ME 2, FlAE, Fig 22c TREANTIHbO
BOAEBEOIHE OK) OFHASHHHL

BEEMBENTV S, Fig. 22c & d 2 KT 3 g
. . . < | (@) Three - roots test
&, THBOVEEIRVIEHORESEEICE L 2150 RaimB
S &
h, ROFROHE bWRITE - T < B § g0
34 HAMBRBREROYIaL—vav § %0.5
o)
Fig. 23 KCERMEREEEF LY Lal—va Y 2
HERERLK, Yiab—va Yy THOET O _
[ n
002, 0.2 % 0.6kgf/cm?®D 3 i /= & . (a) Six-roots test
1£0.02, 02 KR 06kgf/cm* D3FOT, K7 T pgl's 1R 6 AR
LR AS &, HEESDBOVBEZTOR AN quo
EHAEmA, viabv—va itk BELL §§05 -----------
2o
too EBRD OROIMRESAEEAOE ANIED - .
&

g, BAMENOTHERETY 1av—Ya Y 0 20 40 60 80
ik aEL D/hEVERDSE SN, ThIZER

15 | (a) Nine - roo[ti 0 hgfion?
DG, BIZTERVIGHAMPEL 2 TIKIZEOH

10— Ep—
Hick 3734088 ELATRESY, £0Kk T TS0 B

HEMNOTIHBRBE TII AS STEETHVWEEZ S
N3, EFLVTRIOEADBEREINTVANLD
T, AS BEMEL BICEDBICAEL S, UL,
7 002ket/cm’ DHERLEMBEEBELTY by g3 wgo v tar—vavick sl
Salb—va YERMERMEL L —HLTE B0

h, COEFNVIZAS FTHRFETEBEF L Comparison between tested and simulated
’ shear resistance

¥ AMER D
Shear resistance, Sr {kg+cm?)

0 20 40 60 80
Displacement, d (mm)

& %2_ oh By (ABE and ZIEMER, 19913) E) (@) 3k (b) H6ZE () B9 FHBRAE
424 FED BIREEIS S T 13 002, 0.2, 9.6 kgf/cm=2& Lf;c
Note) (a)three-roots test, (b) six-roots test (c) nine-
WO THM(LL K, BESHLLo—mE AR roots test. Values of ¢ of 0.02, 0.2, and 0.6
. L . . _ kgf/cm? were used for each simulation.
RKERETV, BOXREL S AS 27T 5 ®
HERE £ 7 IH
FNEER L, & OJE%'EHI&:?&@J: ORAY= Tested Simulated
_____ BESUER v =06kgf/cm?
S I - Fo, Rooted soil

LY OXE —-—— 7' =02kgf/cm?®
D ASREAWLBHOBNBRY » 72D — Noroot —---- 7 =002 kgf/cm?
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ZETIHROIEHICE - TEMIEER T2, XV o 7HE% 58, BEBEOMOEHEEREEN LI,
PHLHEIRE - TAS BEPHULERICEDS, EBRTRRY » 7OBEIREAEHOA I LHTE
Whotehl, ODRY o FBEELILRBTORESICE - THE B,

Q@ BAEHERIL) R AS ZAUROARNIEBET, T OEEICL-TAS OBELRE B,
UBREVEET R BICLIHANESREIN, 2BMICAS bKELLE, COEBRTO T DE
1389 0.02kgf/cm?* Tdh - 1o b3, EBICAT L TV 2ARORIE, £ 0B, MIBEOEEIC LD,
FOoRREVTERSbOLHEFEENS,

@ M, RY L TEOTRBTEDHNELLEY, TOBTOERERITELEFCHE L - TR
BE3THAH, COERTHVADPEITE-LSEETEAZBOEG IR, Y » 7Bk s 312
RFELLWHEDEALN S,

@ BEIMVELE, FLPRVBEERROBENREVLHIROIEICL 2HREENKREI O, 1B
DEHE L, TBFPVFEICE, ROBYPDRLVBEELID S ASHNE(LBEIEETAY Tab—
¥ a Y TR&ENT, GrAY and OHasHl (1983) (dSEERHYICIBRI 7S flistiit DML AS DEIDIC27EN S
ZEEZRLTWVS,

® CITHRINLTFVIERERZ MY I2Lb—va v TELRLDTH-1,

4.3 HHHEOREHW TERTIEEL AS FFEA kOB

4.3.1 BIEOBKLHBRT

C TR, EBOHEMMEOREHELZTOBSCHBIC L2 FEEE L5 cx 5 AS T F L3R
TAHIEEHME LI,

B TR~z AS 5 (BT, BEA& AS 70 EFES) (D THELL - HREO T T, AN
TEHOROLEEBRERD TERLLBFNEFATH 1 WH-T, WREBRLOGADPELD
o, Hoks [L] - HoBER D] - BREGERIGH (] FE2ROTELEND L, BROBOE
RS 1B - HH - HEEOTHEHEISHOBEL It kEVEBEEA24E2ELS L, £E
AS EF A EEMED AS FMIcHWVWAC LREETRVWL, #TThHVWEEDbNE,

22T, MOBKOTHREERMLAZAS 2 ED LS IERANITLIVLHNEE B S, HLETL
FERFENEE AN BB THEHE AS 2RO TEEHNREICHWE L THA 34, ARETHARDREA
NTHAMBRBRETS CERARARETH 5, EBFR NI TORRLEFE 2ETHRALBOBE BT 3
BEOWMAEEEL 58, ETARELSHET, ROBRPIMEF ORI LI BOBMELRDH SN S
FHikid (5 2kERE] THHEELI

ZCT, COMTHSIZEERBTROONEE SR BN P EHVWTAS 23 icE s H L0 E
Fu (LT, EHAS ®EFLERES) 2EELL, &5, COERAS TFUHMNAS HEER TR
ZIHRINICKIT T 5, £ OWEHENIL Fig. 24 1R, BERUTOLIcELH NS,

© HEASEFLVELEEL, PEMAANKEOER AS £ F L ERHT 2,

@ HAMRBREITVAS 2RkP 3 @1 T TN,

@ ETAWRREEUEBRVPEAHETENTIZKEIRBRETV P ERD, EHASEFMIZL-T
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AS ERW B,

@ FIHEQEQELLET A ETEAAS EFLOEEEEBRET 2,

SlEREARIL 41 TRRAHANRBREE UARBAER L, PIHRELEANKR S EKcE
%, Table 8 ICRTHBEM - THAMEARBEEC 6 BEORBEISH T TITE -~ —EIORBICIE A
D%y PLTHE, LEIDHLTHIBOABO—mERHEETHES, 22V a-VryFiC
DHWEgAY—o—~ 7T 1IFT25[ k01 (Fig. 25). 5| XK HEL—ET, BFSBEL 71 v —

BOZREDLEICL TR EHERE EATAMES
- XEASETI Laboratory root Laboratary direct
Basic AS model pull-out test shear test
based on root

daformation Jﬁ
Bos| &m I3 %-3::30w00) EIC kBHEAN

EHHEBA LT M oE HREBEORTE
EBASEFIL Measurement ot root Measurement of

Practical A S model pull-out resistance reinforced shaar

basec on rppt pull-out resistance: A4S
resistance !
|
ERASEFNICLD |
ASODLIalL—ay 1

AS simulation by

practiccl A S madel EFNEEEREOLKICELS

with pull-out resistance ERASEFIORIE

Model inspection by comparing
simulated AS with testad AS

Fig. 24 #EHAS = F RO » OB E

Study flow chart for development of practical AS model

Table 8. ZFX5|EHXHBICMR LR EER

Roots and their diameter used for laboratory pull-out root tests

ESEN VYA fER L 4B E Boins *ﬂ@ﬁ@
Normal strzess Symbol of used Root Symbol Root diameter

(kgf/cm?) Toots (cm)
0 M, A.BC,D M 0.90
0.11 M, A, B, C. D A 0.39
0.22 M, A,B C. D A’ 0.66
0.33 M, A, B, C. D B 0.54
0.44 M A B2CD B2 0.70
0.56 M A.B2,CD C 0.71

D 1.37




AR 03 R 2 R4 I B1IEBS L BRRE D FFE 5 B OBF . (FTEE)

o— 7Ot o — FeLTh 2k X5
P % BIE L1, BEBRICHV 4313 Table 8 1R
TEORBEEDERNZLDEEAL,

4.3.2 FHBER

FEHgEE 13.7mm O (D), 7.1 mm O (C),
43mm D (A7), 39mm OB (A) KoV T,
6 BT N CTORBEILNERHET TO5| 2K SN
LRI SR ESBHRIOBGR%E Fig. 26 iR L. K
D& ICH EFEREFERNEEEGOEVIT LS
EEAZITOREL, ChIUADKGEUHERN %
RLtce —H, HAMERTSHOMBYE IE
BEIGTOREBLAZF TORL I EBSh->TL
5, CNSDORQUIE| 2K E I TE ORERE
EWETELTREHERL TV B EEAL S,
FRHLAREZRIEELS GOTH S0, 5l&

— 143 —
@/ ) Block
g £
Load ceTl 24r—o—7
Wire rope
BREIFRE
Roat holding chack TeuF
i) R_'W‘\. Serew jack
gﬁ Block
] -
gl 1A

Fig. 25 N3] 1k B

Laboratory root pull-out apparatus

KREBMNOKZEIAZRETIEELNERRBEREELAONS, Fig. 2T BRI ZKk BN EHR
DORAFRER LD T, MEOHBEBRRUONIC L > TRT I EDBTES,

Py=212D—185
160
“D" root
3
R ~—
B¢
-+ 5 C” root
W s st 4000 T :
® e
‘ﬂ_U .g A" root
"z
- A" root

.20 25 30 35

Pull-out distance (mm)

SlERERL

Fig. 26 7| XiR&EHI EROBEEDOBGR

Relation between root pill-out resistance

and root diameter

) #Hoigs A A, C DoRi->VWTORKRER

Note) Test results of roots with the symbol of A,
A',Cand D

46

300

Po=21.2-D—18.5
250}

Py (kgt)

200}

150 +

BAS | EHEERD

Maximum puli-out resistance,

1001

50F (-]

0 .20 .40 .60

ROEE

Root diameter, D (cm)

.80 1.00 1.20 1.40

Fig. 27 BASIZiRE&ERNLBOBEEORG

Relation between maximum root pull-out
resistance and root diameter
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i, Po:glEkEBIS  (keh

D:#E#%E (cm)
4.3.3 5|2KEEHAEHCIER AS €7 LV ORE
BETERNAL DL, ASEFVOEANEZSE, [SAMEN ORI - TRICEL 555Kk D
67) [t] OBERSHEEILS] (o] i<, KEEIVEHEE AT (S] SfEALTHRILZ T oW
EHEPREI NS LVHIbDTHS (Fig. 2, £L T, ASY BE IR TREN S,

ASt =a’t (sinB+cosB tang¢) (5")
FIEI T, YANBRTOROERRELEN, GDHREERLTAS 2RIt L -TRETES &
AR LT,

AS =a’ E((1+B%b2e *)¥2 —1) (cosB tan¢+sin8) +EIb’B (40)
ZORTRE, GHRERLELBOGERVIES [t 2R TRL TV 5,
t=E((1+B?hZe 212 —1) an

GIRXDPLBBLEASY BtIKE>ThhoENBI LN ED, t IBELOEREEIES (]
Eo>THELBLDT, KEMICRTICE > TAS BEHEINDEEZBENETH 5,

AT, ASY ZRDBEAICEBERICE LTV AEERD S [T] SEEEERS (T oX/NE
FERETIUENDH 5, T< St OBAIILAMBENETIROE ML, FEED M IERERN
EFLLNBETERT R, T2t 0RBEICT B2 L, LLBOMTRY) » 7H4EL, BisI2Es0T
LES, B2 » 7 LEEY 5 L E0BRIRVAS [T'] RBRABEREBELS V] K&-THET 5,
FORMBRBWRICK » TRT I EHBTE B,

T =Tns a’ =27 L/D)a’ ]
7L, L:#loEs D:BoEZE
Tns: BOJRKSIHRD IET @ORicEL)
Thbb, TT ORELZE AS RUWRTRDONEH, T2T ORETIR 47] RioRL iz titfRA
TTos ZWRICRA L WRick - TAS 2RI TRESL N,

AS =a’ (2 L/D)(cosB tan¢+sinB) +EIb’B 9
g7, TORNEORDOLHILERTELMTES,
AS’ = (Py/2)(cosB tang+sinS)+EIb®B 50

7L, Po:5l&REEHS (Po=Dar’ L)

#-T, BlEREFZRTROALOWRENRNICRAT S LICL - TH FEREEH AN 5 AS KD 3
CEMTEBLSIIES,

4.3.4 EFADORDIAS L EBREROLE

4 1 T - ANBRRIARESE, ABESL LI CoHioq| 2 KEXFRELFLTHEDT, 41D
EBRERD SR/ AS LU0, CORTRD 7 ASHEZHE L/, BAMERY» S ASERD 3 & X213,
FBUHAMZER dIcBT 32 HORBTE R EANEI L, BE2YERBRTEONLEAN
P DFEE AS & L, Fig. 2812R L1,
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1:One fine root. c: Three roots tests

.90 RI1EX (38) .90 R3I=E

25
5

b:One thick root. d:Five roots tests.

% ®I1E (K 50 |"5%F

& ABIES S R
Reinforced shear resistance {kgf/cm?)

~10 5 10 15 20 25 0 5 10 15 20 FEL]
Displacement (mm) Displacement (mm)
IRFE IREEL

Fig.28 HAAS EF LT LBY L alb—¥a YEEHN—TRHAMRBTRD MBI L 22 AN
BT O

Comparison of reinforced shear strengths which were measured by AS model simulation
and the laboratory direct shear tests

EHEIGH FEH AS EFAERDI AS
Normal stress (kgf/cm?) :
: Simulated reinforced shear resistance.

R L7k ic, ASREEHENCLZEEBEISLNT, COFHEIEHTTHRIEERLEELR
L1z, BOAKEEA T COBEMIBEDOEM T, EF D SR FHEEME & FREIZHLEK & <
BELTEY, SIXKEBRANCX > TAS ZHEET 248N, THREHTE 2aliElERL TV 5,
Lipl, KOB1IAZHVEESICR, EFVICLAHEESPPREVELRZRLTEL, BoERD
BONRASIKEZ BEBIIS>OTRE SR IMENBE N,

4.3.5 EHAS TFILOEE

FANEBERL SBONLASH - TRIBENRY » FLEBTOHBRL I EREKITVWS (Fig 28
H), CHIZEE THEHRO BB DR & B (MR TOMASbRIT L2745 %) 2EBICHL
fetedd, Ry TROBREES (] 2 Y » THIO 7 EBEREICEERL TV B0 5EEZ N5,
Lipl, —MHcHEVYARDBTER—ER Y » 715 & 2 OXHWBSIUMsn 3L, BetoEmmsa
BWTA0T, .t EECEEHE>EEEZ SNV, Fig 29 BB $EKxHBRTE T 2K
EE &8 BRFIEHNOMEETR L (8K, 1987, PdE -7 2BE 2 LABICHLLTLE L,
LETUHELOEEESLRIIOHEEL O AHETELL, MHME CREZANSL ASEHELTAHS
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&, Fig. 30 107RT &£ 512 AS RHAWWIHICIRICAE L 35RO ISHTERIET 548, —ER ) » 7%
LT EEbEPL, HRLTLES Elbh 3, - T, FAETODAS # — 7k Fig. 8% T/RL K
KEEAD, Fig. 30 IR T LAY » 7RBEBRBL 0B BLBBLAABEETH S, TH LA
EEADE, WEFEICEFig. 30 OFRAICR LR Y » THEMHADAS 2RV ERETH L, R
TRAY » 7HEKO ASHRD LN S, HUELHIRCHHETEERLTHD, TAMEMNLOHE
FTEEBICASALREAEE R LTVWAY, R U - 7EERIE, ZhEBOBRVTAS 23 ET
AHMEELVWEEIONS, Fh, TITHBNKENT 2KEFERII Fig 25 iR & ) KEANF
DLFEOELOHM L THEIBO—IMEOHATIEEE, CONEPELTVBIDOTFR KRLL
BoEX MN icfd 3 Picd (MN=30cm), L2 L, 8&K5| &K ZEH S [Tns] @) € AN
fido TiclllE - TWAHROGI XKEEH AL > THE 579, Fig. 20 DON OEOE S IcHT 5
Pyl k> TAS ERDBFNITHWSL L, Tk, RTRP,O /2 DfEMHVSRTWS, L2 5
B, BETNDERLEET BO5| 2R BERNVHEETEI3EACRI PO 1/2DEEHVILER
B, 0T, CHSDHEEETHLORRBODROLSRERTE, ThHFEHAS eFLEL 5,
AS’ =Py(cosB tan¢+singB) 1]

436 18

EEAS =FVEERL, RO $KEEBHT [P CX-TASEHETEIZ2EHAS ©7 (6D
A EBEEL FEAERICL - TRO L P MBOERORME L TET I EHTEL WOR), P, K
CEHAS EFVEHVTREANLTOZRCANABERE Y 1av—bLEEDA, EFMECL
5 AS OHEEMIIERTRD L ASERBEE L O—HKEAT, Thick-T, EBRUCTRHIPEA

e BAE
== Max imum
=% - bt n - e
o Broken g Broken < ;
Ra s
is = KPR -
Q he Bt Lateral and -
e Rock siope diagonal root M i
i
®= AFARLS ®e
W 3 3K 5IBS ﬁ :
— Pull-out of {aterai =)
n b root without broken g"-
= e .=
e
BOZHE () TABEL d
Root displacement Displacement

Fig. 29 [Hfu@s|&kEFERTASN/5| 8k Fig. 30 JRfIEic¥d 2O ¢ AMEI MR

SEPLN EHOENBROME (FF, WEE D BN o MEREEN
1987) Illustration of assuming reinforced shear
Relation between root pull-out resistance strength by roots in a forested slope

and displacement obserbed by in-situ pull-
out test (TsukAMOTO, 1987)
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W HEORMNR LTV B E ANRI) ORE 20| TR EHUIH SHET 5 2 & ORAMHAR
ahi,

ERASEFADOL I, SIEKREBEHANEAVTAS ERETEHETRROL I LAY v M E
AohB, Blic, EBOBMARRREFVTRLEMRO L S KBMNBEERT DI, BHTHE
BThd, -7, TAOEBNG AS 2EL/TH 51 LBOMOEREE) & B+ LiBoMo
BENEELZZCLRITENL Y, 20, ARUHEREEICMA T, HAEML YL TV 2H
HRTOT L OB LBEVICL BT, &5, BHICOEL TORHERNE>H, ThoiiYi
RENTHBELEZDINETHSH, FMES| KRB ZBOROBEEERBL TV HTH
D, CORENERT ODLEALND, F2i, HHEENIHE - +H - SO HREERT O
BEAH T 5, i, BETNDHESOPIVRBEL L EEBOMONME - +HEREREELR
FThd, A, FRUESELKHIRBLICEETT 2HAROERL, BROSVERE LKH2ERE
TAEETIRARZEELANS L, FIFEIEETICHRPBATED, BRERTEZ0T, HEBRECD
BESRE LAcENTFHEN S, #-C, RUBESI2KRERBRICBVT, TR FHRINZTNOEK
FHREL TV ARAMRIITAR, 5 LAHE - 1B - THOEBLSAXROEBRIEMS 2 KT
&% (R, 1991b),

5 TEEX¥FHAEFERALZRAB—EEANSREFNRSISEHEERBICLDS
EHR AS EF IO

5.1 HBOBMEAE

HENERL L EICERINLEHAS E78, RXOROE-S & ANIKE IHRHSE 2 B 30
TEBp, £k, BEMGHBEEFAVPEBOES BIAEEANE) KB 5 EEREIOROEHK
ERER(HETXA»RETE L 2T L 5B E LT, Fig 31 IR THIFEE 2T TERL 1.
BEAIHEHET S LORIER, BFMNEYANERBRARIER L TEFLY Iab—vavickbR
Bl AME FS50cm) b1 2EEERINRORKE, FAESANKBRRICHBICAEL 2E
RSB ORRERET 5 2 itk biT-t, 7, EHAS ®FAR20TIE, BEAE—HE AN
B ORDIAS &, FABT EKEF R TROAFIZEREERAANEERAS EFVIERAL TR
Wi AS ZHBT B3 LItk > THRIEL 72,

5.1.1 JRf B+ AMRBTH

Fig. 32 K EBOEAKER L /2o HAMERKIZ Im? (IxX1m), ANHROEZIE0cm Thd, |
MUE—EHANRBREBRERSS D THLRE, COoEBEZRAVAABEIBRESTREhS &
SBAMEAT S C & REL B, ENOTVERERATHETEEL 2, HBOEM - HERILUTO
£ HIEfT I,

O RBAOH L#HMERIEL, ZOBRKEHLICL TIX1X05m ORAB K L AL H
¥, (Fig. 32 (a) (b))

@ FHBtBcHssiow ANMERY M, EEK FRFEEMA S (Fig. 32 (b) (©)s
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B AR S

EBINBE

FiuB—EEA NS

In-situ direct shear test

Ctod ClE-32 43¢

In-situ root pull-out tast

it it
Bare land Forest land Forest tand
1 ¥ T \
=10} TEIRD gk D |AHEOD B XIRXIEHH &
CRAMERS BAMNERD HWE-REEZ BOSXH HERORE
Soil Rooted soil Height and DBH Measuring roots Measuring root pull-out
Shear resistance| |Shear resistance|jof tres specimen||on the shear plane

resistance and diameter

BRESHHRE T I

Simulation made!

RBASEFI

for root
distribution

Roet distribution
on the shear plane

EFRICLD
AMED
BOSHKEE

FREEAHEBRCLY
MEZN-AS
AS
by in-situ direct
shear tests

simulated
by the modal
J-4 /4
Comparison

.

Inspection of
Simulation model for
root distribution

(ﬂﬁﬁmﬁﬁ%¥wm
g

-4

Fig. 31

Practical
A'S model

Comparisen

ERALSEFND
- S 3

Inspection of
practical A S model

EHAS EFVERRAHERE FALRIED D OWEIE

by model simulation

Study flow chart for inspection of practical AS model and simulation model for root

distribution
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@ HRTHAHICEAWMNDBRITAOL 1 v
Ve FEEy F9 5, mAlEICREMITERD
12 (Fig. 32 (b) (©))o

ABRE LB EE b L AAAY ey
FILL > THAMMEZ 2043 T & 100 kgf
L THREMNS ¥ 3 IR AHRBEARX TIT» 7o . ——

OIS 30 BRI TIRER L 1o BElAIE 7~10  wAME ﬁm@—% a- ke
FAEOAFT, BiE5~Tm, KMEEBEE5~10cm i sk ALy
THs, RBHOHEIMED — 2 THEH, T s e Rt
OEREGMAERT 2Bcl@ELa T D, B “’xmﬁEiEéiEhEégﬁzsﬂwf

H BB R TIR BV, YRR

Table 9 i EBREHAE T D, ERICRLE
i coHARE, AFOREET RV OE
AWHEIL 12 RET B 712DICfTH bDOT, ¥R
BHOBEMTHENFERIL A 5N 2T
EREL oo M TORERL Fig 32108 T X1 Plans viow
Z¥OREEAMACSAKRIRETTSHZRTH
B, WEGHRES 13m Uz TCORBHEEE Fig 32 JRAIE— e ANABREROMS T

‘ FARE K L AR
AT009~024kgt/em*ic Ui, YAMEPES o oqure of preparation of in-situ direct
Z50cm iICHE— L7, TR DEBHIO X F shear test.

BROBAMERS Zmax i3 60cm TH Y,

B 50cm TRIROAESFHFE DT VDT, BLETRALL S CBETXVE (FANE) OFS
DRORTELEE—BLTVENSTH B, BT MO Sk, T 405% GAEH n=28, {EERE
0=T72%), RIFIERK 93% T, HAERATH X RO BEOEEIEICKER L, BLE 15 KRHBER
ZHEET B LD iIcH— L, EBETER, SAMEE 20x20cm OFHER 25 o8 L IMRICHE
THROBEREFBEHE L /2o

5.1.2 JRbGrEs | k&AL #*

Fig. 33 w7 ES | &Kk S RBHERAKZ R Lo CORBTRERAKROH EER BB EROBR OV
®’ic, HE 1KF>FEIBTH &tkE, TOBOEH (P] 2HET 2, I THEX0cm OHA
Wi E TRAL TV ARG EEREEHNERD 210K EMOERE, & 5ICHES 30cm  THYIL
T, #E 30cm OEICELE L 15 36 ROMAMRICREREIT - 1oo 27, HANRRE THERESZSL
KT Bk, HEBRHK 15 BRAFTICHINI U 2 WiEc Ak 2wz LT Wi,

Test tree

L

(d}

Recorder Pressure

gauge
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Table 9. BEfE @ ANRBROSBREMH

Test condition of direct in-situ shear tests

T oRR i DAER
Tests in bare land Tests in forested land
(Soil without root) : {Soil with root)
T eﬁﬁg?ﬁ or No%n%lmstjgess T eﬁ%ﬁi er No%%ﬁ@ess Treéﬁit hrae]ight E%%EH{;
(kgf/cm?) (kgf/cm?) (m) (cm)
83-18 0.09 83-01 0.09 6.4 5.5
83-20 0.14 83-27 0.14 5 3.6
83-21 0.19 83-25 0.19 5.4 4.4
85-01 0.09 84-18 0.09 — —
85-02 0.14 84-19 0.14 — —
85-03 0.19 84-17 0.19 - —
84-00 0.05 85-04 0.09 8.8 5.5
84-01 0.1 85-07 0.09 8.2 5.6
84-02 0.15 85-11 0.09 8 5.1
84-03 0.05 85-05 0.14 9.2 5.3
84-09 0.1 85-08 0.14 6.8 5.5
84-14 0.15 85-12 0.14 12.2 6.2
84-15 0.1 85-17 0.14 10 7.4
84-12 0.15 85-06 0.19 6 5.3
84-13 0.05 85-09 0.19 7.6 4.6
84-16 0.05 85-13 0.19 6.2 5.5
85-16 0.19 9.6 5.8
85-10 0.24 9 6.3
85-14 0.24 9.8 5.9
85-15 0.24 9.6 5.7
86-04 0.09 6.8 5.4
86-05 0.09 6.2 5.5
86-09 0.09 6.2 5.5
86-13 0.09 8.2 6.9
86-20 0.09 9.4 7.3
86-01 0.14 4.4 4.3
86-06 0.14 7 6.6
86-10 0.14 6.8 5.4
86-15 0.14 7.6 5.9
86-18 0.14 5.8 5.5
86-03 0.19 9.4 6.6
5.2 HEWRE

52,1 FAIE—EEAKGRERER

1) BAMBERCE TS AS OBRELE

AS N BAopIT, PR BT - 1R E T ANTRBE RS 5 ¥ AN & ¥ ANER
OBFZAE 3 BB OREIEAHNC Fig. 34 IR L7, BRRE bRANMEMIARIRATE WEY + »
FTHAMNEBRT 20 OmBTIHHRAIL/ETH 5, WIROELN—FAMNIBRIA — 7BV A
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et

Recorder
4

Vg , " 7
ﬁ@ﬁﬁ%(ﬂﬂ(
Root bl

Tirfor

W

AN

Fig. 33 JGRAES] & ik & BRI

Diagram of the root pull-out test

5501, BRBRIMIEELTVWSLDTH 5,
5B, TITRUCEABERR, ASHPLCA
ShiBithy, ASOBRNUEI-kFl&HB, A
BEROFNHYEIROLIULEATH 5,

© to¥ANERIIIZ20~30 mm OEALT
F—7&RTOCHL, BEZFENEILICL-T
v— 2 2RTEMSEBN, 351, 52 HRE%
I

@ ¥AMPHBRKTOAS LR DLH
B2EEL, YA FACEAT2EALHY —EDH
GIZ AR

@ 0=0.19kgf/cm? CPEEICA SN B KT
EEBALBATOE - RICRTOBREBEE T
Sr i3 T4 5,

A5, BLETRREERNLANARTORA
WREICEHN S AS LT 5L, ROLITEV
HHEON B,

O FREBTOEECTHR~L, B2z » 7%

3 ESraRT AL VIELHE, FUBER
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w
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BEEED o
Normal stress = 0.09 kgf/cm?

NN
(== NS 5]

(= RO, ]

[}
wn

1

1] 20 40 60 a0
IKFZLL (mm)

Displacemsnt

o

100

wAMERSD S, §
Shear Resistance (kgf/cm?)

(4]
o

f: 31 155 I
Narmal stress = 0. 14 kgt/cm?

HABRERY Sr, S
- = N
o »n oG

o
al

1 —_—t

40 60 80 100
KFEZESL (mm)

Displacement

(78]
o
T

BEIED o

Normal stress = 0. 19 kgf/cm?

[\
(8]
3

Lt = S

[AS]
o
T
».

Y AMEHA Sr, S

Shear.Res'ist.ance (kgf/cm?) Shear Resistance (kgf/cm?)

O = -
g o W
T

0 20 40 60 80

o

100
KEZLL (o)

Displacement

Fig. 3¢ 700 AKEBRNISORNT LM
EEAETOEAMEBHRT SroFkh
DENV

Difference between shear resistances of soil

without root and with roots

o AN S

Shear resistance without root

______ REE AR L O AN St

Shear resistance with root

B2 0=0.19kgf/cm? DEERICA HN, E— 7 ¥ TORASTOLREE -7 BROEUROHPFRET LT
3, FiROLESic, COERYE - 7EATEAMECS > BN, $50VERY » 7 LELEEID

5,

® ZFHNEBTAONLEANTO AS BEMBESABRTRERBLI L EE L,
@ FEHNEBTIRLEAMOmm (X3 10%) £52TH, BEESALLOSrREREARIE—2 %
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AT ER UL, BLALOEMNBRRTRY -7 hREN,.

I LENBE S AMBRBRERORM, S, RiatoBEcod ANERIZH®EL, o
&> TRARANIBIISHEMT 5 < &, RURMSHI Kb N1 0 BN 3 SAROBE MBI QHE
L, BAMHEIRIIEREEEE TIH5 C EbmEfr,

(2) TR

BHITORMEBER AMBRRERY» 5 LOFREAMNER 1 & REESOMKA Fig. 35 IR/ L, K
hoERETOBWERETRATEE 5,

S=0.074+0 tan 37.8° (n=16) 62
2L, S: ovANIERY (kef/cm?)
o: EEIE (kgf/cm?)

BHIEER MR BRI BT 5 20X 10 m O TEREL 72, FRICI IV F 0564, I
UEEBRMAERS AR HIEN AR TRk > THRELI WL CEREARREAON S, K
DS EFRITANRRET-LBERECNI TORAKIBI N S OFRIEERL T3, SR
1 80% {EFAXE, BHRIZ 95% EFXBERL TV 3,

301
o e 3
% .o0f o L=
> 2 « =
zs 8t
=157 W =
2 ot p g
2 2 e .
2 0sF Q %
L 2
4z
O i 1. ] )] 1 J g “ : : H i H
0 . : . ‘ :
6 .05 .10 .15 .0 .25 .30 0 005 01 015 0.2 025 03
FEEIEH  (kgf/cem?) |EIEAH o (kgf/cm?)
Normal stress Normal stress
Fig. 35 +ovANIER /& BEERE%E Fig. 36 MEESAK TO¥AMIESS

Soil shear resistance of rooted soil
O: BraA Lo ANEBRHHIER

Soil shear resistance and its failure criterion
O: £ o¥ AN IRIEM

Measured shear resistance without root

st R

Failure criterion

1 80% {SHEE O F IR

Predicted range with 80% reliability

1 95% 1S RREE O FHIX Y

Predicted range with 95% reliability

Measured shear resistance with root

C T opERRE
Failure criterion

: 80% SHE T Lo AMEH ) TR
Predicted range of soil shear resistance
with 80% reliability

1 95% EEE TOL o8 AWHER T RIKM
Predicted range of soil shear resistance
with 95% reliability
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3) WMEZSAL LOWAMERS [Sr]

MU TIT - 72 31 BOHBE RS S, BEZAETORKEAMERT & 0 DBFE% Fig. 36 1R L
foo MIthDFRE, HHR, WL Fig. 35 02 h o LEUT, LOBIEREL 80% KU 95% (EEXMO T
AEERL TV S, HRHITORANKRD 55 24 HOHKRT Sr 3T OWHREL D LHL, BKT
0077 kgf/cm? DBEHHMA A S, KT, EEIES) 0.09 & 0.14kgf/cm® OHER T IFEBEENS LO
HANEI N O 20~34% ICR SERPBON, BETNDHOREER LICH L TRFBERER
BEERZLTVAIEMBEEEN, LL, #NLAO THEHORRTI St T OBERELH b
KL, BOBEZIIvAFROMBEELBODEN -, ORI, BBl BRSO+
SR DA IS T OMBEREO TR EE L2 L THE LIS ASHBLVERVAKR L, #A
(&, Fig.36icmn L AXSiE 95% TR O THLEL i2d b, T OREHRE X © 1359 0.034kegf/cm? &
B, ToTAREIIMN A BSLD GECUEIERLESh TV S,

5.2.2 [R{IES) 2K ABRER

JEAIET | Xtk X 5UER 35| 2R X MBEE (D] 5~28mm DO4f 36 Klc >V T, #R% Fig. 371cg &
Wiz, D LIRMES | Sk EIEGS [P] OBRIERHMEKICE - TERTILoTE, ABDLIICH-
1o

P,=1.98D' 53

5 =
G XA RBTA SN S Py L5 ZKEE = 5
_ = &
frOBAFZ % Fig. 38 Ic/” L 72, —RRIC Fig. 38 (a) I ?{ =
A=
450 ( 3 3
400 fé& g
b x =
< £ 350 g -
- m o3
= 300 b)) ?
5 5 250 z
§ ‘:;: End ,
- 200 B oM GIEmETiR wm)
® ] Time { Root displacement by pull-aut)
W =150
=
< 100 Fig. 38 JRANE7| 2k asHB CiiBa oyl &
5 s EHT) (GRRE)
0 ) Pull-out resistance recorded by in-situ pull-
0 5 10 15 , 20 25 30 out test
ROWE ) B (2) ROMEADIBEAVEROBENC L > T
SRR WA REHT 2, b) BoHENE
Fig. 37 OREFEED| St OBIE {, BRERSEFEZEE S > THlid 5 /2H5| &
i, 3T MOERE LS| &K BRI OBIR & LT % 1T B
Rela.tlon . between root pull-out resistance Note) (a) In case of a root without root branches,
and its diameter pull-out resistance rapidly decreases by a
O 5l R EERLDRIEME break of the main root. (b) In a case of
Measured pull-out resistance of root another root with many branch like a
: (4R lateral root, the resistance gradually

Regression curve decreases by time difference of the break.
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ALfck DI, FlEREEMOMMICE > TP ERL, ¥ — 2 2 MA L EBRICHOEIREE AN L
BRI BEANEL A SN E, Fig. 38 (b) DL E— 7% RAIC P AEHDT 3 5 1 7RSYENE
WRIZAoN B, DF D, SHELTWAEBKHEEES b - THE, 52VR5ISEINERD Pyid
WeITELT B, ENTI KX ABRER (Fig. 26) TAHLNBLSNBE—/HbE— s AL Sk
BIAAMSRIIN S T ERFENERBRTRA S AL,

5.3 KA AS EFIIORE

5.3.1 AS®Dyialb—vav

1) ¥Iavb—va3rokfbiE

EHAS £ 7% TRME—-TEANRBMEREY LaL—v 2 v $388, kok>uFHET
iT- 1o (Fig. 31 B1)

@ FHIE ¢ ANREBRE, Fig 39 I0RT LI, TANTHAERD RV 5 EEAME (1X1m) %
20X 20cm DMK, B/DRICHEET ROERE DOn: j REANE/NNXDFIESE, n IROEFS
2%KT) RHlES 5,

@ OTHELLTRTORICOVT, R DR ERALLMRIcL - T, BRO5| K EEITH
AR B,

Po(Djn) =1.98D;, ' 68
@ GVRI Py (D) FRALE@BRICE T
B0 08 £ 5. i
AS’ (D;n) =Po(Djn) (cosB tan ¢ +sin 85 direct shear tost
AN Jﬂ n
1751, AS' (D) : A AS &7 L TRDIHEE QRSN AN A WA |
Dj, DD AS’ — ‘)nn:mA T
GRPOBREAMICE > THEL ZHEEAN _—
HOAETHY, BR (F4EQWRXLEL) i< Plane visw
Ko TRO DR, ot
B=tan"'(b B) (56) atter rest
I, b MBOEAEKT, HOEREL AN '
EhORMERHSEERE LTORTRT S, TR
EMTE B, ﬁﬁfﬁ’:ﬁ?ﬁ?ﬁ& o: §1.3°60.2° 90" 111.8128.7°
b=0.2262—0.0715(Ar/A) —0.0016D 7 i 238 280 10 016018
EIRIRLAb OIS FTLL20KREH 05 e N
T LR AN, B LB, ROR s e
KoL TEBLhibDT, NHNKLLOTIRE Repte AS HIELRE

Ly T, KT & AN < BV + Angle of the roots of each r9ws upon .the
shear plane (o) and AS revise coefficient

BEROWEE, bitkiZT HEHNEELZZ 5.0 obtained by GRAY's shear experiments
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FEhEH L, BEDOE A b DEEASF— #3100, BurroucHs and THomas(1977) DEIRIT I3 EEE
ORBETXYAEOTANBOR IS I cm THE L LTHBY, IHidB4EORRTRE L 72 & A MR
DOE x EREHIEY (ABE and ZIEMER, 1991a), # - T, BEAFEER & EBogEobRIcfiiB T on
ZEMEBETAMBBO Y I 2L —Ya VILHMNAEAV T, 12, 00RPD B (FAKEMND 1/2 0K
&) BR) y THADBAMEMNS»SRKD SN B DT, TORMEHEEAMNRRTRAL AN
HPRENEENEE - TBDlEE Lk, ZOENMBIEIHN2~8cm TH-72OTB=25cm & L1,

@ JeweLL and WorTH (1987), Gray and Onasm (1983) |3FEIRIIEERRTICE A M & #isstt o
I RE (LT, 0&£93) BSric52 2EERFT U7, Fig. 40 X GraY E &0/ DT, 0 & AS
DEARERL TV 3, AS 2o MK 60°D & ZICBAEERL 115°~135° IKh it Cid =1 + 2 DEE%
RELTWE,

T, o DEEAENEB Y AMNSARICEEYT 5201, Fig 39 1IT737 & 5 ko duis & /NX ol
LA EREN S AN E T T MAE o EIREL 2o - T, o @RIFURLAcL S 1 FIHDAXT
1351.3°, 3F[HTIZ90° L7 %, Fig. 401c/R L7 Gray OHEEREERD S, 0=90°D L T D AS L &F|D
olxxtd B AS ObAEKRD 2 EFPIRT L DI 3 (ASHIERE). HHASEFLTRBONBME
2 0=90" DD AS TH 2D T, REATERIT&ic ASHIFFEKEH T o Ic L ZEEET- 12,

ASI’ (Dy) :ngl {AS (DG )
7751, ASI (D) : AS WIFAREIC & - T o BE o
% L% Dy OO AS DY
Gy: i FIH® AS HIEHRE i B rrrman Y
n’ :j ¥ HOROBAR "5 o 7‘5”‘ \“’ SINGLE PLANE
® BRikic, BATEAMESMED AS 23k D 4 o' | Rewroncement
. Ll _z,.°1 o ',‘ 1 ltrom Jeweit, 1380)
o ¥ /
AS= % ASY (D) o o ?_3 // t\:
@ ¥ial-vavoREH E § ol 7 ivers ‘\‘
HBREBE 8504 ORI B AMRBRER L > ¥ & / e \
TY ialb~va Y OBEEHRYT 5, Table 10 f, g " " ‘.
D 1) 1T 20x20cm O/PX T ECBOBEREER ﬁ_ g 0 30 ‘3590 35 ‘W 5
Lo YIalb—va YTl sFRRCEHEE ‘%‘ INITIAL FIBER ORIENTATION, - DEGREES
RALSI R EMAAAHEL, So1cih%i 6 IHAsHE R AR fi\"é
ITRA LTI 20T 06 A BHRME &R o

W5, JOBRBEOGTEEREIE Table 10 ® 2) TR Fig. 40 € AWIERIHSBEHE L L ANTOL
, . THE C) OBOUMNASIKEA K
Lizo IRIC, BRITL » T AS HIEFREK TR0 $ (GrAY and OHaAsI, 1982)
BEATT- - BORBOH AMEHMEE % Table Influence of initial fiber orientation (o) on
1003) R L. CAMTEOSE 4 KOS5 shear strength increase (AS) in dry dune

sand with reed fibers (GRAY and OHASHI,
TEHERBOAS F<AF R ->TWVWE, FBIRY 1982)



Table 10. FHE —FHEANRBR—EAMNTMOBOEHRE (mm) & AS
In-situ direct shear test—Root diameter {mm) on the shear plane and AS
1) HOEPE Root diameter (mm)

HEBRES 8504
Test number 8504

5%%5 Row number 1 2 3 4 5 -
g;r%ﬁ?division 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15| 16 17 18 19 20 21 22 23 24 25
» 111.3 0.3 0.5 2.4 0.5 0.8 1 1.9 0.8 0.7 0.6 1.4 0.7 5.5 0.5 1.5 1 1
o 210.8 1.2 0.6 24|19 1.8 1.8 1.2 1.1 1 0.5
BOFS 3 (1.4 0.9 11 0.7 4.3 2.7 0.8
Root 405 2.9 0.8 43 1.3 3.4
number 5 13 2.9 1.9
6
7 .
2) AS :ERAS EFNVTERDEB LAY DEANKEME Reinforced shear strength for each root on the shear plane simulated by practical AS model (kgf)
5%% Row number 1 2 3 4 5
PR ion| 1 2 8 4 5|6 7 8 9 10|11 12 13 14 15(16 17 18 19 20 21 22 23 24 2
1 |1.540.15 0.33 4.100.330.71 1.01| 2.820.710.570.45 1.73 0.57 15.45 0.33 1.93 1.01 1.01
2 10.71 1.35 0.45 4.10( 2.82 2.59 2.59 1.3 1.18 1.01 0.33
Ho®S 3 11.73 0.85 46.82 0.57 10.42 4.95 0.71
Root 40.33 5.55 0.71 0.45 1.73 1.93
number 5 10.42  1.54 7.15
6 1.73 3.06 1.35
7 61.17 5.55 2.82
3) ASI':AS HERMTELATT-> e AMEMEE Reinforced shear strength reviced by AS revice coefficient (kgf)
5|%% Row number 1 2 3 4 5
g;rll%\f‘ie?division 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 17 18 19 20 21 22 23 24 25
1]3.660.35 0.79 10.380.841.78 2.54| 2.820.710.570.45 —0.28 —~0.09 —2.47 —0.05 —0.31 —-0.16 —0.16
o 2 11.68 3.41 1.1210.33( 2.82 —0.41 —0.41 —0.22 —0.19 —0.16 —~0.05
Bo&S 3 14.12 2.15 46.82 —0.09 —1.67 —0.79 —0.11
Root 410.79 13.98 0.71 —0.07 —0.28 ~0.31
number 5 —1.67 —0.25 —1.14
6 —0.28 —0.49 —0.22
7 -9.79 —0.89 —0.45

/J\Eﬂllﬁkﬁﬁﬁﬁﬁﬁ Reinforced shear strength in each smaller division (kgf)
10.250.350.000.000.790.0029.86 0.84 2.90 12.87 53.170.71 0.570.450.000.00 —12.58 —4.07 —2.690.00 —0.05 —0.50 —3.24 —0.330.00
2HAMEIMMEE  Total reinforced shear strength in the shear plane (kgf/m?

ISP

AS

89.30

— 961 —

FHEHEC O WU

Lo
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25313 Table 10 D 2) TRLUZELORE B, BHEIC69RIcL > T Table 10 ® 3) iRk L&
B AS 24311, HAMHAED AS 2R 5, ZOHERD AS (4 89.3kgf/m? (0.0089 kgf/cm?) & 3K
BHoNt,

B vyiav—vaviER

Table 11 it & AMHEICFE L HOBRBERANATE, Y 1alb—va v TROLAS OBAFEE &
Wi AS i3 9~439kgf/m? (0.0009~0.0439kgf/cm?) EHEE N7, 1, Fig 41 IT3BALE & AN
HEBREVIarv—vavick->TRDAS BLORAKIEN ) (LOBERE) Of v —+ v MY
12 B ERLE, 0=009 KU 0.14kgf/cm’ DI, AS RBE T LORANIET O 20% LI T TEY

Table 11. BAMEICKITI2BORKEEHAS EFLTRDI AS OHESEME
Root number on the shear plane and AS simulated by practical AS model

AW & 2RO E RSB

HBREE ROBEE B Root number in each diameter class l:%;ﬁéAASS?’g%l{/ﬁ
m’xrrflsbter aﬁg heiglge{e(m) B XML /Root diameter class (rnm) Sti}r::eur]r?(t:i%lA(ksglf))y
1-5 5-10 10-15 15-20
8301 6.4 5.5 21 3 — — 161
8327 5 3.6 9 1 — — 118
8325 5.4 4.4 28 — — — 97
8504 8.8 5.5 30 1 2 — 89
8505 9.2 5.5 41 6 1 - 290
8506 6 5.3 39 1 — - 81
8507 8.2 5.6 41 — — — 146
8508 6.8 5.5 30 — — — 87
8509 7.6 4.6 61 2 — — 263
8510 9 6.3 26 6 — — 92
8511 8 5.1 61 2 1 (38.4mm) 258
8512 12.2 6.2 51 2 1 — 157
8513 6.2 5.5 43 1 — — 66
8514 9.8 5.9 18 — - — 61
8515 9.6 5.7 37 — — — 82
8516 9.6 5.8 38 3 — — 169
8517 10 7.4 34 3 — — 76
8601 4.4 4.3 18 — — 1 9
8603 9.4 6.6 25 1 — — 138
8604 6.8 5.4 36 2 — — 153
8605 6.2 5.5 37 2 — — 179
8606 7 6.6 14 1 — — 108
8609 6.2 5.6 21 1 — — 107
8610 6.8 5.4 35 3 — — 172
8613 8.2 6.9 36 7 1 - 140
8615 7.6 5.9 74 6 — — 439
8618 5.8 5.5 51 6 — — 247
8620 9.4 7.3 30 2 1 — 320
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Normal stress

Fig. 41 T ovAMEHINCET 2B & 2 B AN /THHEER 0S (¥ AN IER)
A ERED SR 1 & AR EwRR

Reinforced ratio of shear resistance obtained by the tests
X EFNY L2 b= a VIZk - TR AR R
Reinforced ratio of shear resistance obtained by the model simulation

1
(o1
O
o

10% 95, 6=0.19, 024 kgf/cm® Tid 10% LIT TRER 5% TH - T, FEISIH/NE WiGiE (BT~
DEBERVBESIEL) BEBOPRBREIAREVI EMNINNZ B,
5.3.2 FRLEHAMAREERAS TFAVTRDIAS OB L 7 L ORKGEE
HHAS EFNVICE > TROEDPERERZLELCFHL TV EHEI D IILOFAMIEI IO/
SYFEROVBROWTEZLZMLENS D, COREERLT, Fig 42 1R FFIHT AS 0% T - 1,
(1) S (LoHAMEBHRD OERRERD 2, S OFHIic> W TOXEHEETY, ERTHE- L
o K BHEERE w 2 RY, KRN THEERE (95%, 3 it 80% DEHXED © LR [Smax] &F
fR [Smin] %iIET 3,
Smax=S+w, Smin=S-—w
(1) EBTRDHIBEEZALTORAMNERY) Sn »6FHEINS AS OB/ME (ASmin) & &
KB (ASmax) 2K TRD 5,
ASmax =Sr-Smin,
ASmin=S8r—Smax
() ASmax & ASmin DEAEREEZLE F N TRD LIBOMHEREE [sAS] RS Lo L TicE
550K B, 51, ASmax=1, ASmin=—1 & 1Z Z2ZEH% L T sAS &R LT DI B
PERTRD 3,
P= {sAS— (ASmax +ASmin)/2} / {(ASmax — ASmin) /2} 60
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(V) POERLFZ 34

PERICOVWTIT-LEFALY L alb—YavdD
R, sASOPZHBED 95% & 5\ 13 80% A5 P &
torz1ofRfllic 7o v bEhiE, EHAS 7
VIZE B AS OFHE S EUNCITA HAREED & 5 C
EERLIZCEIC B,

T, RUBEAMEART — 7 %% & ¥ Fig
36139 TicFig42 (1) o757 LIcSr 2 7oy
FLAERTH B, RIS, 0XREHVTIRTO Y
Iab—va YEERIZHSWVWT 5% EHXED P %
Ko, (V) R4 3R +254%Fig 43
i1z,

KR, 2FNE Y A KRR 31 Bt
LT, *1oAf~Toy bEnzoE2E, K
N 29EITH » 12, FEIOF X b DA 31 BlhD
1[6] (32%) 3T DOEED /5 v +HBEKTP OE
BE1OA~T o v bERTHELEMLTVNS, 2
EIE»E A~ T2y FahhiEEF L0 Iz
AL 0S5E2FHLTVWS, -7, to
HWEO NSy FICKDS LESTEBRV 30 BT L
T1H (33%) DHERTIOEFNVTIIEYE AS
OWERTETWT LI -7, L, BELL
fi—DDEFNITL > TARE—LBARTEODTH
EL, SRR T 2BSRET 3 L OM%S
BE AS % 29/30 ORERTHEY)IC M T % 2 T
BB EFRLTBEVERETEIBTVWEEL SN S,

5.4 BRIGHERETINOBRIE

541 YIalL—varyohiE

an

Almin i A Smax
AsH
L2 1
> pag L)
-1 0 +1
v)
n
-1 o P+

Fig. 42 EH AS ® FLOEERIE S

Inspection procedure for practical AS model

BIETHRRAERAHBERE S VY BEYICRODBERETE 50, FNECANBRER» OB
SN ANHEORBOEEMEAIFRAEHEEH O TR L, TOFIERKRDLS>TH 5,

O RAESAMABRICHY 28 RK0KE (H] &WEERK [DBH] 2#8IET 5,

@ FNERANEBRE SANTHENDRE, SANALICS2FXTOBOBERLREL, &

BEREBIO A E KD B,

® ¥AEOy v 7AK (FEIEIA) ZRULHBHO 2 F125> W TOROEERERIAKLL (Table
il

4ICEL) ZRk» B, ROBRHEE [Zmax] 131313 70cm TH D TID

W, HOYEEHE
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BiIHRIc L 3 23S o TVWOTEIZ TR
LifExzozsHOVI,
@ BEAGEBREFTVICOTERS /- EERS
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B

5 24 M [Tl AL A BAL, BEtA | K95 H, DBH £
23 o gt ,
§§3— sk FMRAL, #AMETOROBEENEMKER
R e %,
g2 ® @OREEL®OREMEILKTSC L
Yok T, COEFMICL > CRIISHRAGE ORI

éo lJﬂ 1 | AEERRENT 5.

= -3 -2 -1 0 1 2 3 5.4.2 BELAHBETF VORI

P # (XihwW) Table 12 12 & A MiH 0RO BHEREEIIAK O

¢ ted P j
opverted b axis FHE L € 7 i £ BHEEEAR Ll MEEH

Fig. 43 figizzgg?ffﬁifﬁ%ﬁ 843 SEE Smm L EORORERRSETS
Histogram for inspecting conformity of AS <o Smm DT OREARMSETF DS VEEIC S
simulated by practical AS model A, SR EAEABCHEHLTVWAEVWL

%o BBHSOBROAEILERD B0y » 7
BE2LDELHNEHEOERERI S EBB3THS I, #-T, COBRSHEREFNVTHICE
AMHTOROERINAKEFETEELEZ SN 3,

5.5 & ¥,

ERAEMTT - BN E—mE ANERE, (LEMETORMEEE S FNTORAKREE & O
HISAEM % b0 & ASE 5, MAEDOH SN IERIEICBT 2 BEEOHR TITbR L EN T ANE
BT, EEANSVLD, \~2FEDTOERPEBEREAAOE - TV7 » V7 » R EDBIEYH
Huwohizy, $5VBORARELT, K730, TiMtFEiiffibhi, 34, AN
EHBELOABFTHBLUESOED S LB t, TOL S KEANTANBBR TIER KM
HOKEEE RIS - RETHEBRHBITOR TV AT, BohiER%EENHNE OTERITICERT
BIZREBHPMETE 1. SEIT- RN E—-TEAMSER TR, T~FEEOAFORREZAL
+%, FOREF¥BEFLTWAERT, £BLTVIRECEE T, ¥AKLE, TOAT, I THl
EE N R FERIC & 3 AMBEREBE R, ZBABORESTEINS L5 LEBOKMME
DREBBDFESEANIBRIBRBEC LI VEVLDOLEZ SN S, FEBRERTRAFBRICK -
THI—0.034~ +0.077 kgf/cm? D& A W /1 DRI R E N c, HAMNEES % 50cm & T 3184813,
FTOHAMBRIOM MBI BRI LR EEFILBOPRBEAETVBASHIES N, BRESHE
REFNVSRIBIET 5 C LRy, BEAR Zmax HOBEERIIARL A AR Icm2 k%
B/ECETHA D,



Table 12. ¥AMIC B 2B OEEEFHNABOENBEE Y a2 v—v a3 vick3HEEMDOHE

Comparison between measured root number on the shear plane of in-situ direct shear test and simulated root number by the root distribution model

EEIC & AHlEM Yial-vavick 3WTHE
HBREES TR S o= Measured root number Simulated root number
I&;?gtg?g:rr 8:?1}1{) Tree(rlrlslght H M Root diameter class (mm) HXBES Root diameter class (mm)
1-5 5-10 10-15 15-20 1-5 5-10 10-15 15-20
8301 6.4 5.5 21 3 — — 25 2 — —
8327 5 3.6 9 1 — — 10 1 — —
8325 5.4 4.4 28 - — — 7 2 — —
8504 8.8 5.5 30 1 2 — 27 2 1 —
8505 9.2 5.5 41 6 1 — 23 3 1 —
8506 6 5.3 39 1 — — 11 — 1 —
8507 8.2 5.6 41 — — — 30 — —
8508 6.8 5.5 30 — — — 22 -— —
8509 7.6 4.6 61 2 — - 22 — 1 —
8510 9 6.3 26 6 — — 30 3 1 —
8511 8 5.1 61 2 1 (38.4mm) 29 3 1 1
8512 12.2 6.2 51 2 1 — 42 5 2 1 (27.5mm)
8513 6.2 5.5 43 1 — — 12 3 — —
8514 9.8 5.9 18 — — — 8 2 — —
8515 9.6 5.7 37 — — -— 34 6 — —
8516 9.6 5.8 38 3 — — 16 4 — —
8517 10 7.4 34 3 — — 21 — — —(22.5mm)
8601 4.4 4.3 18 — — 1 19 — — —
8603 9.4 6.6 25 1 — — 25 5 1 —
8604 6.8 5.4 36 2 — — 12 1 1 —
8605 6.2 5.5 37 2 — — 23 2 — —
8606 7 6.6 14 1 — — 2 — — 1
8609 6.2 5.6 21 1 — — 13 3 — —
8610 6.8 5.4 35 3 — — 22 3 — -
8613 8.2 6.9 36 7 1 - 27 3 1 —
8615 7.6 5.9 74 6 — — 29 4 1 1
8618 5.8 5.5 51 6 — — 56 4 — —
8620 9.4 7.3 30 2 1 — 38 7 — -

Clgled) 248 OF L WAL oM T Y Y G - S U Y

— 191 —
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6 SMAEEWFICLITEMES 1 TICH T SHARRROBRIERALLBEED MR

6.1 WARROBEFLIHELERL-HERTERTIalb—Yay

INE TN T SR OEERESIAKOHEES H: - Bic & 2 S OME S EEEHT L
2k - T, AFMMBPRIOLERTEIT C EHABBICIE 5, £ DFH%E Fig. 44 1TR LT FIDIRFTS
FERITE L N AMAEORERE TAL LRI EOREERSA 3L ThH 5 HRHEBLOS
). Chid, BKIBROFIEN IS ZERITICVWNAEAIE, ASHREZ NI E S hREL
HEREEBLOBAMORE, THOLBETXVEOREILL » TREUEEBEZIEHETH S,
R, PRI, HEE, ToRBERA, MBS, SKMREIIE Uk LoBMARERSOHERK
BEME H5VEHETHIETHS (LHE - HEHAE), BET NV EOROERMERIFHIL, 2
F IR TH RO & BTG U 7o, MESER, REEERY, ToMERRSEHR
EFMCATILTRD 2 (KHTRE - WESHHE) WO AMIETHREE RN EL Stk HE
DOEHAS EFVEHVTHET S GIE2HEFERB), CO X5 LT AFRROHIER LBEEEE
LIZERNI Y S ab—va vISEBTE 5, DTiCZ0—#%ERT,

6.1.1 #mRTBOIE

ZEMORBEI R HNEEERE (52 VAR L 1TBEORRE BET<H@) 23T<DH
ELTHIET 2BA0E V. MARRRCOEEBS 2 W REEBRROBUCEIOREIL L -T
B, TORMMICETRETS LD, RELNEVIL LD, HEREICHT HOBENE RS,
BOREILBEERT 2B RIBE - COBET VA TORDORAERELZEE L < TRALY
Lo BA (1987) B LAERh oMmBEBOME L T 0P~ OREROWERED 5, MEEXK
D> IEX3T B EAEEL TV S,

@ AyA7pE: B LRE, KETHEEERICEL, EE5EINHEERZTV, BRORE
KB LHICERS SN T 2HERBCRBATELR L, oS TRIBOLRERIRTRVEGES
HEL, bELESEOMNNAHEE T TOEEANBEL, AS BE¥ o LAlEE s,

@ B4 7plE: KBTI, HEBEESCET S, BERUNEES >, BROBMIBEEN
LRATE S, FEICLELLHAT, —RcHEBLPEFOIMETHASEF L TV 3BERT
DA TORBESZENTES,

@ CH4 Ml XBLRE, ZBTLBEBOMCERBIRAT 5, EBETITHAORR
BET 5, BRBOEECHECEEINLIOT, MEOREEZVAVSDFy —AWEL 5N 5,

@ DA Ty EuEELE2FH >, BAaXB P TESOFBREZY FIKBRETZLMTE
o BEIHROBPEFM~NOEBICH SEBESINV, 054 7IEEROILUE, [LEOREL
HoyickH oh, RERGESRE LZVHET, ASHRLEET ZAELL,

DBOEEBITRIORSERVENTNOME S 1 7T & TRXRRO BN LR RS
5
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Table13. ¥ Ial—v 3 vORHOPHESLE
Initial condition for slope stability simulation

(2) HmEmoHEHRTF

Slope factors

FMEsA7

Slope type A B ¢ D
AmERAaE ¢ 32 32 32 15
Slope angle
#E+oEx (cm) 80 80 80 150
Thickness of soil layer
T oEH (kgf/cm?d) 0.02 0.02 0.02 0.02
Soil cohesion
ToNmMERS ) 30 30 30 30
Soil internal angle
EEorESH (kgf/cm?) 2 2 2 2
Cohesion of bed rock
A oNSmEREs () 40 40 40 40
Internal angle of bed rock
ZELHNOM FAKm#EE (cm) 0 0 0 0
Depth of subsurface ground water
+OBMEFER (tf/m*) 1.3 1.3 1.3 1.3
Soil density
EEoBMAEER (tf/m) 2.5 2.5 2.5 2.5
Density of bed rock
BEARRBHERS (cm) 80 100 100 170

Maximum depth of root growth

() HIBSIADEET

Tree factors

i (ki)

Tree age (Stand age) 10 20 30 40
DBH (cm) 5.0 13.8 20.0 24.3
Diameter at Breast Hight
BE (m) ) 5.4 12.1 15.8 18.1
Tree height
AHEE (ha ™) 3430 2 265 1345 1030
Tree trunk density
Ay (m®) 2.9 4.4 7.4 9.7

Ao: — RO 54 W /Area occupied by one tree

6.1.2 RIERHOEE

A, B, C, DE&HE S 1 7Blic ¢, ¢, Zmax, MEAAIE, THAARGFELLLoRBUKRER
%% Table I3IT/RTLHICHEL/ A, B, C¥4 FYTRIFBEBOES LAMNEL —EC L, Ficho
BRICOWTIFA, B C, DysFEblA—¢L, BLERFETYIaVv—-vavETS>&5i LI, &
L, B 7OREBHEROBYEER T/, A ¥4 7Tid Zmax (I 80cm & L THEENICRIZEZ
AXRAREE Lk, B2 A 7TIIARIC 20cm F TRATESE LT Zmax i 100cm & Lz, CH# A7
LEBEIC20cm BATES L L Zmax i3 100cm & L7, D # 4 FI3BEBEH A % 20°, Zmax % 200
cm & L TILBEB O E AT,
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Table 14. BEAHHEE FLICL DRDLBE R~ ) BT OROERMH R4

Root number in each diameter class around shear plane simulated by the root distribution model

@ A %4 7HEOEERRIMERFY (I Xoghc>\WT)

Root number in each diameter class, A type {for one tree)

LIS

Stand Soil
age depth 0~0.5

HOEZEMEH/Root diameter classes (cm)

0.5~1.0

1.0~1.5

1.5~2.0

2.0~2.5

10

70
80
90

15

70
80
90

20

70
80
90

25

70
80
90

—

30

70
80
90

—

35

70
80
90

(3]

40

70
80
90

[N
OO DOONCOXW OO OO W OO IOCOOTL,

CONICONMODODUOOM ODOW DO N OO O

CONOO N OOWOON CO—-IOOoOOoOO

CODOCCOOCOO OO |ocoD|ooo|oo o

COQC OO0 OCO|COOCTODOCOO

(b) B # A4 7REOEERERIRREY (1 AX0BIK>WT)

Root number in each diameter class, B type (for one tree)

— 165 —

B/ X

Stand Soil
age depth 0~0.5

HOE XY /Root diameter classes (cm)

0.5~1.0

1.0~1.5

1.5~2.0 2.0~2.5 2.5~3.0 3.0~3.5 3.5~4.0

10 70 2 1 0 1 0 0 0 0
80 1 0 1 0 0 0 0 0
90 1 1 0 0 0 0 0 0
15 70 19 4 3 1 1 0 0 0
80 26 2 3 0 0 0 0 0
90 6 2 1 0 0 0 0 0
20 70 54 8 5 2 1 0 1 0
80 38 2 3 0 0 1 0 0
90 10 3 3 0 0 0 0 0
25 70 58 9 6 3 3 1 1 0
80 47 2 4 0 0 2 0 0
90 22 4 5 0 0 0 0 0
30 70 73 11 7 3 3 2 2 0
80 79 5 9 0 0 2 0 0
90 35 5 7 0 0 0 0 0
35 70 88 13 8 3 3 3 3 0
80 92 7 9 0 0 3 0 0
90 48 6 9 0 0 0 0 0
40 70 120 16 13 4 3 4 3 0
80 109 9 12 1 0 3 0 0
90 59 10 10 0 0 0 0 0




~— 166 — BB O RTIIRASE $3135

(© C 4 7#HEOEEMEIIRRARK (1 KoicowD)

Root number in each diameter class, C type {for one tree)

KR/ X o B ZERES/Root diameter classes (cm)
Stand Soil

age depth 0~0.5 0.5~1.0 1.0~1.5 1.5~2.0 2.0~2.5 2.5~3.0 3.0~3.5 3.5~4.0

10 70 9 0 2 0 0 0 0 0
80 2 3 0 0 0 0 0 0
90 0 1 0 0 0 0 0 0

15 70 20 1 2 0 0 0 1 0
80 15 3 1 1 0 0 0 0
90 12 1 1 0 0 0 0 0

20 70 32 1 2 0 1 0 1 1
80 27 3 1 1 0 1 0 0
90 16 2 3 0 0 0 0 0

25 70 36 2 3 1 3 1 1 1
80 36 3 2 1 0 2 0 0
90 28 3 5 0 0 0 0 0

30 70 b1 4 4 1 3 2 2 1
80 68 6 7 1 0 2 0 0
90 41 4 7 0 0 0 0 0

35 70 66 6 5 1 3 3 3 1
80 81 8 7 1 0 3 0 0
90 54 5 9 0 0 0 0 0

40 70 98 9 10 2 3 4 3 1
80 98 10 10 2 0 3 0 0
90 65 9 10 0 0 0 0 0

6.1.3 BETOEICET ROBERMEEIEROWE

FIREHT AL 2 0 2 FITHR AR VT, 10, 20, 30 R0 FEO R FOEONHER SETR~N:
BORFHHEBEFVIck-TA, B, C, DEJMET & icHE L 72, Table 13 icid X ¥H1 LEBDET %,
%7 Table 4B F A 7TEDY Iab—va VEEREE &L, BEST VA (FEX 8cm) fHED
1A >W T OROBERERAROHEMEHEINCR L, A ¥4 7HETRIEED & B BE
TRYOENDOHEOBARE LV, BRUC ¥4 7HEATEEATXOE~OROBZADSKIE & & btk
KA 5, 0FEICEEERVOGDTRER3cm OBMIAZEETZE VI aL—bahl,

6.1.4 AS OFFEAH:

BEEPNIZIE5.3. 1 THRREASDY I ab—va v HREERBULIAKEHAS EFVEHRWTAS %
FHT B, L, FBOIETHHREILAMTORE o DRBELEERL oA, FRO X 51 Gray and
Leiser (1982) HERRIFICHGRMMHEL o=90° KHAL TH, SV FLBAL THRANBRASEL
EERLICEBRTVB L, FRIAROBRONHEEHES 2 LBET D EMEORS TRIABEHH
KU BRBE VI EEOBBICEL - ToOBR WL 5 AS OEIEIZEBL 1,

6.2 ¥al—ia ViR

6.2.1 HEs 1 7HID AS

BEHES A THNIT- Y 1ab—va YOBRE Fig 45 10/R Lk, I TRESFIicRE LA
HWLESET B, LORAMEI, MEBIORIC X 2FaaELsn cZEL o ANEBR %R
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A S L DRAMERN. HAERN AS EXDEAMERN. BREND
AS. sliding strength and AS., sliding strength and
soil shear resistance {(kgf/cm?) soil shear resistance (kgf/cm2)
102 103 104 10° 102 103 10¢ 108
° T T AT
» A-TIRE S\ }J- BT PE
30 1= 30 7
\ z
R E 50 |
wE HaL || =z &l
o . 0. M.
B*g 90 o 0 \:
120 . 120 .
1 \
A 1
150 150 !
102 103 10¢ 108 102 103 104 105
U 0 | J
HN
\ 4l c1TiR S D-TIRE
30 30 d
A s
E i\
£ B0 60 .
wE \ _ \
& 50 S Z 90
E*D \r\_ \
\ \ = ]
120 5120
\ o
150 * 150
L
180
210

Fig. 45 BEAFHEREFVEEHAS EFVERAOCTIT - 28HE ¥ 1 7HIORERITER

Simulation for a slope stabiity analysis about four slope types using the root distribution
model and practical AS model

1+ 0¥ AMHES ST /Soil shear strength
—————— : BitE7) /Promoting sliding strength
O—7 : 10 4K 0¥ ABEDL S /Shear resistance of 10 years stand
O——0 : 20 FHH5 D ¥ ABIEDHLT) /Shear resistance of 20 years stand
A\ 1 30 FHERS O AWIEDL S /Shear resistance of 30 years stand
+ 40 T4 OF AMEDUT) /Shear resistance of 40 years stand

LThb, 2L, FIPEHETRLILD KRR PR ASHERRICEL LBEEHEL THHEET-
TW3,

A YA TRE: ETHOKRENEE L X >THIESh 2 dic, EE 80cm o+ EEEESEORD
BHETNOATHRIC L 2FHHBE IV, AS BHHORETHINL TWah, Fo@BHRMER
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ORI N0cm AT TTH S, COKTAH S LHEN [Ps] BLod AR [S] 2ES 40~80
cm A TRES EE->TWSEH, FHH 10 FEAICKET % & 2 OB 60~80cm 1o, 2030 RU
40 FHETI T0~80cm ickg/hah b, L L, MBSV SREL THEBETNDEICE T2 AS 3€
oTHH, REHTKMPHERES FTLERATALIUEFIINI 024 7O IIHRES 2 C
EMRINTV B,

B4 78EH: BRIEED7 S5 v 7OHIBATIOTHETNDE TS ASBEL TV 5, HHRD
ARECHE > T AS i3#n L, 30 AL EitiRE T AU IR OSIMEE £ A B4 ~ 0 HO ¥ AN
JTdPs L RESHD, PMARIHCLEL LREER - Lt 3, HBoEREBEIFHOKRET
BACELLTL 325, BEELTTREL AS o TREL, HERBEEOBRERFE-TVWEC
LB,

CHA7HE: BREBEOHTNRATIOTHATNVHETS ASHBREI NS, ASFIZIETB S
A 7RmEM R ERL, B FEEOHERE TRIFIBOERESERIh TV S,

D 54 7H#H : fEXSOERTEN L S KRB BOBREO L VWHETH Y, HFHOHE »
BOIHKEBOEVIT L > TASHESE(LL TH Ps BT OB AMIEITHE FH 2 2 & 3w,

DX IO IHEEELRIESNEDRB, C4 A1 7HETH S, BHET<OVEEEOPT W
TEERLREEOERELAEN LT, JVEVES I TIRMET T LN OBESRBINLSE
HEE-TWD, TORAPORREL > TLEREBED 7 1 7ORAEICET 2 o2 HMT 5213,
HOBELZFMT 2 LCROGEELFRETH 5,

6.2.2 RO E

BHROBRRIZL D AS BHEMNT 5, CThERBELEE [FS] LHBOBKRTA S & Fig. 46 DL Sichs
B, 1oL, BERRIZOELIBNTR/NUEIBETRVETOMEE L >TW5, KBROEEIZB
RO CHBMTHRICE NS, ChoORETIRIMERE &S IRL2ICELRGER LTV 24, BHEF
TREFXLFSH 10 IESTHERERTIKECHSILERLTL S,

AZA7RETIBETXOVEICEIFZASREoTH S, HIRENTVS FS BT owANER
HEFIZHEITOTOB, D74 7HE b & KB BBARICEILRETH 3,

6.2.3 REALEIAT S AS OF5F

BRUC 4 7HEICSVT, AS ORR2FICHT 2HFSE [R] 260Nk » TEKD, Fig 47 10k
BERLI BAONIIRED b L TR, HBHRD 10EECHKET 5 TORROFSRIIMB~10
W% LEWD, ZORIEMICHA I5EETBS LR, WEECETREINOB TSRS &b
REh, EBERHEBICH L CRGFEFCEECRIERLLTVE L EMNEL SN,

R=(AS/Ps)/Fsx 100 6D
6.3 MEEZ AS FHEHE

Fig. 44 12 AS FRE A EOFNE LB~/ 0, HENFHXIC BT 2RI EOEIRE (c, ¢, 5, KLEE
& [Hs], Zmax, #{HH 5 1 7% BT TREESATOREIRRIGHRAE NV EER AS 7L EF]
Bl U CHiBIC AS 2303 2 Z EHAIHETH 5, COEITIZAS It KE VB S > Hs &kl %/
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Changes of the factor of safety as increment Fig. 47 ikfgfg;g;fﬁ%éémﬂ#%
of stand age about four slope types. i

LJ: A %4 72iE/A type slope Relationships between forest age and ratio

O:B P /B ” of AS occupied in a factor of safety
A:C ” /C ” O : B # 1 7#lif1/B type slope
+:D ” /D ” AN C %4 7#H/C type slope

A=z L, im0 LKeR [FS] 2 MEICH T 2 HEEHHET 3, 1E, AS SFEELEICKEL
HEERST Cy 4 7R GEBEE 20ecm Fo) 2Hlic s -7,

6.3.1 BETNDHEICHIT S AS DFHE

RIEI TR L e Ak & RRICRREH S 2 ¥ M0 2 oRMR» STALKE [H], WRRER
[DBH], AEEEFRENHHET TNV EEMH AS TFVICRA L THRIBSEID AS 238 T 5, #35,
Hs 12 40~200cm £ TT 12 @0 I ER THEETT - 720 #5Rd Table15 TR Lo, Hiibhorid & AS
PSS HRBOMINE £ I AS bRELC N B, HsDEL S ASIKKEVEEEEL, HspEv@RLE
ASR/NEL BTV E, COERR, —FINEEZODBH-HEHVW TV LY HsHEAKESE
L -TH 1 ROBOBOREREI LT, CHERRAHE TNV (74 TA0H) L - T Hs 24Kk
T 255 HsHEVWIEE 10cm BEXEB I EOBOBRBDELEE1:DTH I, —ic, EEHITHN
¥ Hs REVEEMAOEERITBRTHRORK LB VW EELLNEOT, SHEMCHEL IR E
ALELTRESKEL, LHL, TITidHs BRI - THHMREICR L 2o NHEROE D Ik 3K
BT 5 EKEL

6.3.2 ASICESK REBOMMS [AFS] OHE

EREHBORENEEERVT, ZTETOM TR MERE —BLBEEEXLLLOAT
LR [FS] 2KTEMNTED,

FS={c+AS+Hs & tan¢ cos8}/{Hs & sin@} 62
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Table 15. HOAHHBEEFALLERAS EFATHTEL o v VIrREEE (kgf/m?)

Py I R B

#3738

Reinforced strength simulated by the root distribution model and practical A S model

ZEtE 7
Thickness of Forest age
soil layer
Hs (cm) 10 15 20 25 30 35 40 45 50
40 56.62  261.17 372.73 385.29 438.68 486.17 518.13 570.47 605.05
50 42.20 172.75 304.15 337.62 352.31 373.32 392.24 414.88 437.83
60 40.98  201.00 314.51 295.64 322.10 378.03 408.53 424.18 444.15
70 38.71 120.13 208.36 237.27 275.89 307.54 326.43 357.32 357.84
80 26.56 113.52 165.78 185.61 201.50 219.10 234.77 249.31 263.75
90 23.53 92.82 134.21 160.88 181.00 211.02 216.21 225.80 235.46
100 17.45 69.91 114.37 133.73 148.38 161.65 168.95 181.48 186.13
120 18.22 69.47 92.51 111.81 127.91 141.78 149.27 155.27 161.27
140 12.14 58.38 73.47 83.43 94.28 102.77 109.39 116.46 120.43
160 9.11 43.60 74.67 75.93 86.18 89.26 97.13 106.47 109.50
180 6.07 31.78 48.61 60.78 70.53 71.77 87.97 91.16 96.14
200 6.07 22.91 40.59 49.13 61.30 71.09 78.39 83.42 84.20
2L, & fAfitoRMNEEER
Hs: £BTEX 6: $lmEsifA
CORP B, AS Ik ZRAEKOMMS [AFS] BERTRD >N D,
AFS=AS/{H & sin6} 63

Z T, Table 1527/ L 72 AS 2 63 RIcRA L T Hs OBV EAREOMINICLE S AFS 0o & L% Mims
EEAZMIC L TR, Table 16 ikl CORICAONB LS He Sz E, o BREIIZ L,
EHHS A E AFS R AE %, Table 16 05 B Hs=50 KT 100 cm @ AFS ZIzR L7 & D8
Fig. B RU 9 TH %, CORTERITHTORANIBRNC L ZLRELERL TS, L, c=
200kgf/cm? ¢=34°& L1z, TOTORLSRERTH — T ASHNH 3 BB ->TLOE
2flicB8HT 5, TEESHBEOEEBAETAVAEE THETAHEIRI BV D ASHKEL, &2
MHET2IBORELND, SVEASE, TBESOFEVRMERE AS OfEH%2EBIRT 50T,
BHRERIFELZBAR S ERERBREETT IRV C LI 5,

5T, Fig. 48 % 1F 49, Table 15 R 16 1R L7 AS 2 L - ReRIMRETIME, 30
MO X T EO HERE RROARM RoT[SEKIERALHRL TR, SEThNTE

TIBEAHEREF LV EEMAS ©FVEM - TEBIERTE 5, —F, JOERNORRSTENT,

BRHERE CBRIT R £ 2 RMHEORE S ETRHEDKEFNEDL S IR 202 TFHT LI L
LOETH Y, FRHETHHEICZOHELT T ILHTE S, BNEXOBRBLHEY T 2HITL-T
i, 9 LARIRSHEOE, RTCRVIIRIS6DLEEX SN S,
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Table 16. AS ic#D < FLROMS
Increased factor of safety by AS

1) RELE

Thickness of soil layer Hs=50cm

HE ) Kt # Forest age
Slope angle 10 15 20 25 30 35 40 45 50
26 0.107 0.438 0.771 0.856 0.893 0.946 0.994 1.052 1.110
28 0.100  0.409  0.720 0.799  0.834 0.884 0.928 0.982  1.036
30 0.094 0.38¢ 0.676 0.750 0.783  0.830 0.872  0.922  0.973
32 0.088 0.362 0.638 0.708 0.739 0.783 0.822 0.870  0.918
34 0.084 0.343  0.604 0.671  0.700 0.742 0.779  0.824  0.870
36 0.080 0.327 0.575 0.638 0.666 0.706 0.741 0.784  0.828
38 0.076  0.312 0.549 0.609 0.636 0.674 0.708 0.749  0.790
40 0.073  0.299 0.526 0.584 0.609 0.645 0.678  0.717  0.757
42 0.070  0.287 0.505 0.561  0.585  0.620 0.651  0.689  0.727
44 0.067 0.276 0.486 0.540 0.564 0.597 0.627 0.664  0.700
46 0.065 0.267 0.470  0.521  0.544  0.577 0.606 0.641  0.676
2y &E+HE
Thickness of soil layer Hs=T70cm
wEe C) # # TForest age
Slope angle 10 15 20 25 30 35 40 45 50
26 0.098 0.304 0.528 0.601 0.699 0.780 0.825 0.906  0.907
28 0.092 0.284 0.493 0.562 0.653 0.728 0.770  0.846  0.847
30 0.086 0.267 0.463 0.527 0.613 0.683  0.723  0.794  0.795
32 0.081  0.252  0.437 0.497 0.578 0.645 0.682 0.749  0.750
34 0.077  0.239  0.414 0.471 0.548 0.611  0.647 0.710  0.71il
36 0.073  0.227 0.394 0.449 0.522 0.581 0.615 0.675 0.676
38 0.070  0.217 0.376 0.428 0.498 0.555 0.587 0.645  0.646
40 0.067 0.208 0.360 0.410 0.477 0.532  0.563 0.618  0.619
42 0.064 0.199  0.346 0.394 0.458 0.511  0.540 0.593  0.594
44 0.062 0.192 0.333  0.380  0.441 0.492 0.521  0.572  0.572
46 0.060 0.186 0.322 0.366 0.426 0.475 0.503 0.552  0.553
(3) E®B1THE
Thickness of soil layer Hs=100cm
HE () # ¥ Forest age
Slope angle 10 15 20 25 30 35 40 45 50
26 0.044  0.177 0.290 0.339  0.376  0.410  0.428  0.460  0.472
28 0.041 0.165 0.271 0.317 0.351  0.383  0.400 0.430  0.441
30 0.039 0.155 0.254 0.207 0.330 0.350  0.375 0.403  0.414
32 0.037 0.147 0.240 0.280 0.311 0.339 0.354 0.381  0.390
34 0.035 0.139  0.227 0.266 0.295 0.321 0.336 0.361  0.370
36 0.033 0.132  0.216 0.253  0.280 0.306 0.319 0.343  0.352
38 0.031 0.126 0.206 0.241 0.268 0.292 0.305 0.328  0.336
40 0.030 0.121 0.198  0.231  0.256  0.279  0.292  0.314  0.322
42 0.020 0.116 0.190 0.222 0.246 0.268 0.281  0.301  0.309
44 0.028 0.112 0.183 0.214 0.237 0.259  0.270  0.290  0.298
46 0.027 0.108  0.177 0.207  0.229  0.250  0.261  0.280  0.288
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BEBE oM AL, HEANLLO-EEANRBRERES b S IclR 0k, F10iC, TANLE
HOROEFEEHSFHICE - THEL 25RD IS OEMANEAMBRICODENE LOEZINS, HO
TEKEEZ R TR0k o h, CoRERAVAHEEEOMER (BARAS 7)) SRR, K
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LEEHOHUDEIBL, TOBREARPHERT S LT, HELEEOHM, Kifick3EE8OH
EFOCBEIITADHEGIES N,

2EICRH 1T HPACRSTHKEBERIIRBE 5, £05 508 DK TREKRERKT 38
T, MEOREEZHFLES EL TS, UL, HBICX 2RSSR S, EBMIC bR
AToRE, LMK TEHMREHEH LR OB L IKBICERT I MENTE, KV EBNS
BHROERBEN D, £, H10 Fkm? LR SLEOATHKEHRL i EHELZ 5255, T LA
THOBIRICEE L THHEOFHEI NS L 5 AN T RO B HBIEOTREZ BB L K2
RO BB KETSH 2, HFE, SHEAHIEEE, LEEBORE »23VIEE T
DEHARPEAT, TSk THEONZATHHLTOMAKOERLEBELRBEICL > TE X,
ALE T AR 0712 ) ORISR OFHSEE NS L, HcBERR 00 It AT/E L
BAZREST ZNEEEFTIHAOEILONS, WTLOBEAICHHRICL 3 & AMIEHHRELE
DEZFBRICKEOBRICILE EEZ LN, Lh—EZOHEHRY, EEBNBEVIRDONS,
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A Method for Evaluating the Effect of Tree Roots on Preventing
Shallow-Seated Landslides

ABE, Kazutoki‘P

Summary

1 Introduction

Sediment disasters such as debris flows, mud flows and landslides occur almost every
year during July to October in Japan. The main cause of so many sediment disasters might
be extremely intensive rainfall. In addition , the expansion of cities, resorts, and roads onto
hillslopes and mountain areas has also been thought to be a primary cause. In response,
national and local governments have adopted a program of aggressively constructing many
erosion control works at great expense. Even so, however, it is impossible for such projects
to protect all mountainous slopes from debris flows. Another important cause of increased
frequency of debris flows is the removal of forests for timber productions, urbanizations and
road constructions in mountainous areas. In monsoon area like Japan, where steep moun-
tains are covered with forests, mass 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
moisture, soil strength, geological conditions, rainfall history, and other factors to stabilize
the regolith on a slope. In terms of soil mechanics, the safety factor of many hillslopes
approaches 1.0 during a rainfall event that occurs once every several decades. Under
conditions of such delicate balance, the removal of cover trees by logging may result in a
reduction in soil strength such that landslides may occur.

The influence of forests on slope stability has been one of the most important subjects of
study, especially the role of tree roots in reinforcing soil shear strength. To evaluate the
mechanical effect of roots in strengthening soil, however, the quantity and distribution of
roots in subsurface soil layers must be quantified. The purpose of this study is to develop
a method for evaluating the effect of tree roots on preventing shallow-seated landslides. It
is based on investigations of tree root distribution and soil mechanical studies concerning the
reinforcement of soil shear strength by tree roots. Crypiomeria japonica, the most popular
species for planting in Japan, was selected as the study species.

2 Root distribution

The characteristics of the root distribution of Cryptomeria japonica were studied at five
sites with different environmental conditions. The total volume, the number of roots in 10cm
thick soil layers, and the mean volume of roots in each 0.5cm diameter class were in-
vestigated. Using these results, a simulation model (Fig. 11) was developed to estimate the
quantity and distribution of tree roots at an arbitrary depth. This model was developed for
application to an infinite forest slope stability equation. The simulation requires three
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factors : DBH, tree height, and maximum depth of root growth. From the simulation, the
number of roots in each root diameter class is obtained for every 10cm thick layer of soil.
Thin roots (those less than 0.5c¢m in diameter) found on landslide shear planes can also be
simulated. The model is structured as follows: (1) The entire root volume of the simulated
tree is obtained by allometric formulas (2) The root volume in each layer is calculated by the
Weibull probability function (3) From the root-number ratio of each diameter class and the
mean volume of each root in each diameter class, the number of roots in each diameter class
is obtained for each layer of the soil {4} Then, the number of roots obtained in (3) are
adjusted to make the root volumes calculated therein equal to the root volumes assumed in
(2), and these amounts are then used as the simulated values. Here, the measured and
simulated numbers of roots were similar except in the top 20cm of soil
3 Modeling the reinforcement of shear stress of soil by roots
Tree roots provide important soil reinforcement that improves the stability of hillslopes.
After trees are cut and roots begin to decay, the frequency of slope failures can increase.
To more fully understand the mechanics of how tree roots reinforce soil, a fine sandy soil
containing tree roots was placed in a large shear box in horizontal layers and sheared across
a vertical plane (Fig. 17). The shapes of deformed roots in the sheared soil were explained
satisfactorily by an equation that had been developed to model the deformed shape of
artificial reinforcement elements, such as wood dowels, parachute cords, bungee cords, and
aluminum rods by Shewbridge and Sitar (1985). Root deformation in sheared soil is in-
fluenced by the diameter and concentration of roots. A basic model (equation @0)) is proposed
that uses root strain to estimate the shear stress of soil reinforced by roots. The shear
resistance measured from the shear tests compared quite well with the model simulation.
4 Practical model for reinforced shear strength by roots
To develop a utility model which can estimate the root reinforcement effect on actual
forested slopes, large scale (30X30x30cm) direct shear tests for rooted soil and root pull-out
tests were made using the same shear apparatus and giving test conditions. By comparing
those test results, an improved practical model (equation 51)) that can estimate the reinforced
shear strength of roots by the root pull-cut strengh was developed. Simulated reinforced
strengths by the model coincided with those obtained by the shear tests very well. Root
pull-out tests are coﬁsiderably easy and practical even at forest sites. Since the root pull-
out strength reflects the influences of actual slope conditions and intact root morphology, the
model can give much more reliable results.
5 In-situ large-scale direct shear test
To confirm the practical model for root reinforced strength, in-situ large-scale direct
shear tests and root pull-out tests (Fig. 32 and 33) were performed in a nursery containing 7
-to-10-year-old Cryptomeria japonica. In the shear tests, natural rooted soil was sheared, and
in the in-situ root pull-out tests, living roots were pulled out in their natural condition.
Reinforced shear strength obtained by the in-situ large-scale direct shear tests coincided
quite well with that calculated by the practical model using the root pull-out strength.
These tests have shown the reliability of the practical model for application to an actual
forested slope stability analysis.
6 Simulation for forested slope stability analysis



BAKR SR 035 o e T B 1L BRBE D FFAE 75 R DB FE (Fit) — 181 —

Using the root distribution model and the practical root reinforcement model, slope
stability analysis of Cryptomeria japonica stands was performed under a condition of saturat-
ed soil layer for four slope types which have mutually-exclusive slope compositions, The
effect of root reinforcement was quite apparent on some slopes which have bedrock fissures
or transitional layer into which roots can invade (Fig. 45). As forests grow, root systems
develop and root reinforcement also increases. Under conditions of 50cm soil layer and a
32° slope angle, the safety factor of a 30-year-old forest exceeds 1.0, and root reinforcement
of 15-to-25-year-old forests for the soil shear resistance is about 30%.

Diagrams to evaluate safety factor of forested slopes were also proposed for forest
managers to use. These diagrams can give information concerning changes in safety factors
based on root reinforcement affected by forest growth and logging.

7 Conclusion

A root distribution model and root reinforcement model were developed based on studies
about factors affecting of root distribution and soil mechanical experiments such as laborato-
ry direct shear tests and in-situ direct shear tests for rooted soil, and laboratory and in-situ
root pull-out tests. Using these models, a method for evaluating the effect of tree roots on
preventing shallow-seated landslides was shown. This method can be used to identify
landslide slopes or landslide risk after logging or forest growth.

The root effect as also quantitatively clarified. An importance of the root effect became
apparent, especially for some types of slopes that have fractured bedrock or transitional
layers. If the root effect is lost, the slopes will have a higher risk of landslide occurrence.
The simulation of forested slope stability analysis using the models shows that the effect of
tree root reinforcement on slope stability is absolutely important and that forest management
in steep areas should consider tree root reinforcement to prevent shallow-seated landslides.



