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Multi-Scale Investigation of the Evolution of Deep-Seated
Gravitational Slope Deformation and Associated Landslides in the

Slate Region of the Wushe Area, Central Taiwan

ABSTRACT

Deep-seated gravitational slope deformation (DSGSD) represents a time-
dependent rock mass deformation process that links regional geological structures
and local slope failures. Although DSGSD develops slowly, its evolution is
strongly controlled by tectonic structures and governs the spatial occurrence of
slope instability. Clarifying the relationship between regional geological
structures, DSGSD types, and local failures is therefore critical for large-scale
slope stability assessment.

This study investigates DSGSD in a slate-dominated region of central
Taiwan characterized by a large synclinorium with moderately to steeply dipping
cleavages. At the regional scale, folds and fault-related fabrics provide mechanical
anisotropy and kinematic conditions controlling the spatial distribution and types
of DSGSD. At the intermediate scale, DSGSD manifests as rock mass
deformation controlled by the relationship between slope orientation and cleavage
attitude. At the local scale, slope failures preferentially occur within zones where
DSGSD-related damage is more developed.

High-resolution LiDAR slope maps were used to delineate geomorphic
features and lineation structures, enabling systematic spatial analysis. The results
indicate that the interpreted lineation structures are mechanically consistent with

the regional stress field that governed the development of geological structures.
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Scarps and linear depressions identified at crown and mid-slope positions are
interpreted as surface expressions of deep-seated shear zone development.
According to DSGSD evolutionary stage, all sites adjacent to the Meihsi Fault
had progressed to the partial collapse or collapse stages. Five sites have not yet
developed into collapse stage, and five sites exhibit actively developing scarps
and linear depressions, indicating ongoing progressive deformation. Scarp ratio
values range from 3% to 32%, for partial collapsed slopes, a scarp ratio of
approximately 8% may be regarded as a preliminary index, corresponding to the
formation of continuous deep-seated sliding surfaces. Local slope failure analysis
indicates that historical landslide area ratio recur most frequently and over larger
extents on dip slopes, suggesting that dip slopes with slope orientation is broadly
consistent with the cleavage dip are more prone to near-surface fracturing,
particularly in buckling-fold, bending-fold and fault-like DSGSD types. These
results demonstrate that DSGSD acts as a key transitional process linking regional
geological structures and local slope failures, and that multi-scale interpretation
combined with geomorphic indicators provides a robust framework for

understanding progressive rock mass failure mechanisms.
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Tertiary metamorphic complex)
CR: Coastal Ranges
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Alluvium deposits
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Terrace deposits
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~ Lushan formation
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Tayuleng formation
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Meichi sandstone

157 &

Chiayang formation
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(dash where inferred)
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ik o BAARA R TR I o FA L4 B %) (Deep-Seated
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FEF ML R ERI FAEORGAL FHART LS A
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(1) g st %473 7] (Buckling folds formed in consequent slopes) : & 32
e Bl eipk o 2 E
TH S RS E b R DI AR FREE e
Acr B R AT ERR -

(2) i B85 % 4737 (Drag folds formed in obsequent slopes) @ i## 2 # &

%

FHEL T Ap s o FRFG AEFLS T AT H S 0

Y TRNE N SRR SIEATETY S I E 3

(3) EE 3 ¥ & 74478 3] (Bending folds formed in slopes with steeply dip-
ping foliation) : A F HF A N EE e 2 BB B v PR T PR 2
W2y BRMPERLRLELIFER S AEERD LS PFEREY

e TR ) g 00 #8 f (Toppling)) 3¢ e



(4) & 3L %7 4] (Faults formed in consequent slopes) @ 4 £ M & 1L W & &

P B e - R BITH G R BT € £ PIH R PR

MOk a0 gwpd e o Flty 2L T PFERG i

FOLIATION
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ool STRUCTURES
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N .

W@, Wi

fHiff
i,
7

N\
N

R

I . Buckling folds formed in
consequent slopes

Il: Drog folds formed in obsequent
slopes

I1l: Bending folds formed in slopes
with steeply dipping foliation

iV: Faults formed in consequent

IR

slopes
il

B 2-3 # Fp E I+
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Sliding
B 2-4 £ 12 L 82 FH 55 3] £ Bl(Chigira, 2000) » Buckling 3 %* ; Bending

474 ; Dragging 45 % ; Sliding i # o

Lo and Feng (2014)#2 & 57 3L % avEe 5 £ £ 4 8 8253 e
FIREFEE LRI ERMENNEL T > 8P f A MR LIS S
PERD e 2 MAETF o BT AP MRS R 2L B IR
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B3I AT AT - PR R o ¥ - B DR IR IT R T EFIZ A i
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Kink band slumping model
(Kieffer, 1989)

Feb. 2013

Bl 2-6"M % 2 E 4 BB % REFEES %2 3 (Lo and Feng, 2014)
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o VR ABRN =BT R 2 A (R 2-7)
(1) F@4115 = L4 (Foliation-controlled rear rupture) : § ¥ 2 &

BARMEAY Modde - REF> 2 8d Hnide TELG ) Fap

(2) & 2@F=411s > B % (Joint-controlled rear rupture) @ 2482 L & § 31
MAERIT T Moy gipk & ﬁﬂ@i%i@ﬁ%’%ﬁmﬁﬁ
ilagt  RURRECE SE- Sl 8 PR SRRl €0 R N - 1 IE R SR
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(3) %74 411 = B 4| (Fault-controlled rear rupture) : % £ ¢ 5 %G %7
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TR o B “ﬁ%fﬁ 3w T
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a Moderate-steep b Foliation plane rear
foliation dip

Joint plane rear
rupture

Shallow or | -
unfavourable ﬂ

Fault plane rear
rupture
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B2 R NTE S e THET M R Ak  E2
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&
.H

AR X2 R e o AR AR B F R B 3R

It

Flpb @ A e 2 Ba AL i {7 H BB &~ 47 (Hoek and Bray, 1981; 1%
#7 > 1987 ; Singh et al., 2021; Gigli et al., 2022) > 3 B432 3Rt B8 7 a0 % 2

IR Tk - HEFFHEINITE c FHAREYNLET A L
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T 5 A g3k (Planer failure) : 28 E 7 - 27284 o > A 2255 2

Aw M BEE G 2 e - R FPRE]NHE R 2R 5 €

T

35

pos

PREGEE PRI BUS I Seabl sl

B 3% (Wedge failure) © 2482 5 3 27 @ 5 2 €252 #4548

o F H ARz ML 4 (Plunge) | >t HAE T H G 3 2 AR v 4 R4p
PR CEN-E T E I Al I 8 T

" % B3k (Toppling failure) @ 4% 2 *t 2 3 RP|FE2Z AT ~ F & & 38
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s
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Legend
Pole concentrations %  dip direction of face

Great circle representing 2 direction of sliding
face =~ = direction of toppling

Great circle representing . L G dip direction,
plane corresponding to centers  ~——" line of intersection
of pole concentrations

B2- 8 J1 % & T P& 47 £ B B3R A58 (Hoek and Bray, 1981) » (a) & 4|8k
o §BedA s oA e - KRB AR g4 H- 53
GO Be el (bRl A > A b a % g4 Al A e
33 L A2 ML & (Plunge) ] 2 R w2 Hog MR & pE R 4 ot AU
(O B » £33 5 Fo ke ink BT a2 5 (AT - 24
CRARR TR X 55 ERERA G
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Goodman and Bray (1976)#% 41 /8 B B3k ¥ fma 5 = fE8p7] > & W 5 3
# 8 % (Flexural toppling) ~ #. %8 #8 % (Block toppling)* H. f8-Fed 1 %
(Block-flexure toppling) » 4o # 3L W & - ®= @42 72 2 5 > HARBH+

Wt % #ed ¥ % (Flexural toppling) » 4] 2- 9a #7771 » H 2w F v iF 424 ) 2-

10 #577 » PG H RONE A P E R LW AEAIE PR RF Y
FAHHE RS R EaTr AL IBRERA T FURE L P

T B g LR FIRAAER S B A AR A 0 B ORR b5
RHM oA EH G AS BT 2 2R RSN ERETE
ARETT RN EFRAINL B > T AP I G RES ARSI
SHRMER(B 2- 9b); BLRE-Hee MERA| S S BRI e & (R 2-

Oc)» ¥ A HPRPTH NP A BRIBEE2LT K -
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Bl 2-9 3 05 % 454 7
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&

Bl (Goodman and Bray, 1976) > (a)3&d 1 % ; (b)H
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Excavation at
slope toe

Slight tensile crack

/

Slight bending

[
k)
~
~

@ (b)
Sliding hetween layers
Sliding between layers

Moderate bending Heavy bending

Collpase at Flexural toppling

_- slope toe

() (d)

Failure surface

Deposits

(e)

B 2- 10 5w H Hed 18 % AF 1 142 (Jia et al, 2023) > = m % & 1 5k 4 B
Bloo (Pt HEER G A d 5 (b)SE 4 BB R A T A2
RN )RR TS 0 AR R AT BT 2 ML (d)E
Al 2 kA BNEB R ()% B ARR T S L e $

RMIL T IEAF I H o

LB A A S S - AURE 4 BE R 8y 28
3RE G R E DD o A% § L (Stike joint) % % 7L

(Dip joint) (B8] 2- 1la)% e 410t B2 A58 4] - 3k £ 7 £(2009)5 3
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A5 e B AR B () 2- 11b) > £ AR89 =i en? e 4p T 8 w8

LA HiEn EREAEE 4 -

N30E/STSE
N32E/2TNW

N BSlwms

ol RENER
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Bl 2-11 @ LaAsit2a2de O Lrds FHReETLR2 284

B A (R £ 5 ¥ 0 2009)
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Weng et al. (2024) F7 7 S8 LM - Aiiw F 28 > 2 £4 Ju ¥
53] 8y > #8v 1E % (Flexural toppling) > 4c @] 2- 12 #7571 » S5 ¥ % 4 3w 2.
Rk B8P > WP Ed LD E A4 B EapnE s gg > F1H 8
B IR P on A R ig 2 Lk (Daylight) > R AP €£4 A »

TR e o BB gl HmgE o

B 2- 12 i 4r 2 i 5 2 39 ¥ K IR % (Weng et al., 2024) » (a)#ed 1 f st

DR (b)EREY F2 Tk ()WY R I REFAH -

23k £4 B FE p REFK

Chigiraetal. (2013) $# & d Bk 3| RamEh Lo# 2 g 5800 fipsd > 4
Ty S I R Fal IR b B BB T B R
BARMREE A3l AT AT wd FE L4 T ER A

R % 75 #73¢ = ¢0 ; Kaneda and Kono (2017) #8534 P & ¢ 305 #RFIFEE € 4 i
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BBt Fl 432 2 BP9 Hhpe rad 25 A5k €4 B4
BAR AR o YR F B A T I RRAR w ERE M EE
R E e TR TN Pz HE R R Ao R
HIL T2 P2 FHEAR 0 d AR L - EARY R R 0 doR] 2-13 97

7 FH ARG IERER AL RS

-

l

%75 3 43 (Kaneda and Kono, 2017) » F]pt 538 & jadp | i &
CER B 8 EVEp Sl iy i S TR S £

Tolocka (2025) 53t 23kiT= f BiA A £ 4 FHF2 77 %0 #i&
Do RFHEMANE 2R FEE TG o 2 T RS
B WM E LW LTFH o P REY LY - £ HE R S #r(Alps)
P 2 24 #0(Pyrenees)¥? % Li(Tian Shan) % > 4@ 2- 14 #7771 » BT 7k & 4 if
BB LR i s B E R0 RAPM o R RIS 2

et RE ML ERF LR D222 984 K > B2 & b Hci

«

SE R EFHE T EURE F TR AT FRREEE > DAL

TR EEFA @ f"t‘—“ﬁ H#-

%

RIS F RO T AR
TR R A ER €4 B A2 (B 2- 15) 0 B o Bt
SRR R AR e N T A T IR A 2 W A 1935 R
RN - AR A

(1) 5 & rsp(Early stage) : 28X €4 BREERFE DT HF Zorg v >
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(2) = 3 F# B (Mature stage) :

LR E A IR R R EP B
FEE Y AN IR e THE PRl B R AT PSS
A ER T AN ma R S E FER AT 0.1-5F K /# o
3)

FR 4 8 3%y £ (Partial collapse stage) @ iF A A F e vy g a &)

JRF A SRR E Y B 02

|
-h_‘\
N

(4) 3% FF B (Collapse stage) :

BFIFERFEFe EEET A @

THED
BoARER 0 AT ot E Y B F o R A SIS T R F g
B AE A RANLHBRE TR EF T NATOMME ST N MR
Mo TR R = 2

S EE-E e
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distinct head scarp
AL ot

¥ uphill-facing scarp
¥ downhill-facing scarp

intact mountain

catastrophic
landslide?

A
A 4

> landslide

A

deep-seated gravitational slope deformation
(DSGSD)

B 2- 1357k £+ B %357 1 L #2 #4](Kaneda and Kono, 2017)

DSGSD stage (b) N

o Deformation

Alps
o Partial collapse ‘
e Collapse @" ’ :
Regional <
concentrations
of DSGSDs Iberian

Peninsula

B 2- 14 (a)iF /é]'éﬂ,%&i B2 2L FE L (D)F 3 wmanFhk £ 4 F

H %3, % &) 4 F (Tolotka, 2025)
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Initial topography

Ostre, 1167 m, 49.229196°N 19.136213°E

Early stage of DSGSD development

-« —> ridge-top spreading

i 1 ¥ downhill-facing scarps

{ ‘uphilHacmg scarps

Partial collapse of DSGSD
i * head scarp initiation
¥ | downhill-facing scarps

'3 ‘ uphill-facing scarps
¥

Collapse of DSGSD
il $uphlll-faclng scarps

Bl 2- 157K € 4 #8827 1 FF B2 1 4 #72] (Tolocka, 2025)
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Chigira (2009)3# % 2005 &3t p & & §83 F FHE S & F 2 F 5 T e
U % 3% 8 3% (Catastrophic landslides) » ¥ #F 3 2 225k £ 4 B )2 B
BB o (TR RV R SFA TR ST NF 4V T L angdy o F
i Az PR VRAEE S o B RS FHEE A L)S
Wb TS B RARR 2 PSR o T MR 2 MR ER R
A 1~16% ©

Chigira et al. (2013) 7 7 Be b 31 R ey Lo o Pl TR B i 3 50 s 3h 38 4

m\.

P BRI R 3R b B AR e T DA W R A
T TP AP R M R T 4 AT R TR
- HBRNEFEL NG HRP R RHAERTER(SdE I KT R
B(Lysnt & 5 %25 chdn o L5 T # #1 (Scarp ratio) | > 4o ] 2- 16 #77%
Fo v E MR 2 A2k o I #W w2 F iR &R e 3 2103 (Digital

Elevation Model, DEM) 2§ ~ it s @2 v e iE > 4 7% 7 5~21% o

Dt

Chang et al. (2024) % 7 #Ft £ M2 385 = ji4cm P BF 8 d 835 5
NP D R I A R B H XL TP GEL FEwl E RO
B e AR G0 0 SRR N A E R (D)E M AN $ T R
FRePEESE(L) - fEe B 1RV 2 R o AR R o v ¢ L AL -

Bl HY A e 2 B REE G 2.2~42% H AT mid e BB A
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