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Residual Strength of Poorly Cemented Soft Rock

Student Yang-Chun Lan Advisor Dr. Yii-Wen Pan

Department of Civil Engineering
National Chiao Tung University

Abstract

Progressive failure may occur in a poorly cemented soft-rock slope.
Very often, stress concentration may cause localized failure in the slope
prior to the development of a full sliding surface, followed by the final
large sliding deformation along the, sliding surface. For strain-softening
geomaterial such as a poorly:cemented-tock;, the post-peak shear strength
usually will drop to the-residual shear strength and may result in
stress-redistribution and progressive failure of the slope. This thesis
aims to study the residual strength’ of poorly cemented rock using
ring-shear test which is the best method for obtaining the residual
strength of geomaterial. The Bromhead ring shear apparatus has often
been used for determining the residual strength of soil. However, this
type of apparatus is not suitable for soft rock. A device appropriate for
testing the residual strength of soft rock with hollow sample was
developed by Liu (2004). In this work, the designs of the ring-shear
device, the approaches for preparing hollow specimen, and the
procedures for assembling the device set were improved to overcome
problems encountered using the previous version of the device. In

addition to the improvement of the device and test procedures, a
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simplified strain-softening model was developed. An approach for data
interpretation using the suggested simplified model was also proposed.
Various types of ring shear tests, including constant-normal-force test,
constant-volume test, and repeated shear test, were carried out.
Stress-strain curve and strength properties were back calculated from the
curve of torque against rotational angle obtained from ring shear tests.
This study helps to understand the evolution of the failure surface and the
strain-softening behavior of poorly cemented rock under large shear

strain.

Keywords : residual strength, ring shear test, cyclic ring-shear test
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Shear Stress(T)

Strain(y)
B 2.3 ok 3 smengt k3 4 5 B F E (P~ Miao, Ma & Wu 1999)
Skempton (1985) & ‘mije 4 e dp g R 17— kil o s/ B ALS
A 2 % {3 (postpeak)ss & T R IBYRFE Ao T
() BAP S P T > T 5 5Bl 4 OBYE) R 58 B S 3 % 2 i
©E TR R
Q) =BT o IR I EIT S e T E

A FRRBAIBRE THEPRFE D P HEFQ)TEE o B
B

4@ T a2 Pkl 7 EPERBA T ¥ RBA R BT R
BRE o AR T T KRB IomGER ] 2 0.002mm £ £ F
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9 50%PF 0 % 2 B3 G BEE SR SRR .

O-C
i N1 Increasing water content
[NC N .

. Critical state

3‘: Residual =~ N-C peak

[
Low (e.g. < 20%)} clay fraction

1 | 1
(b)

High (e.g. > 40%) clay fraction

. ’{\\O-C Increasing water content

c
b
® IN-C Particle reorientation
_ /S
Residual at ca. 300 mm
1 | J
0 10 50 100
Displacement: mm
(a)

Bl 24 Hztefps @ ad i -84 s (Skempton, 1985)

Flptd Skempton 3 ¢ VAo ¥ BRBPAER DA T E A ()
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A E DA R o 4B 2.5 #757 Skempton and Petley (1967) 5
LA rEsn PR By T 4 G BN A, NEREER
Walton’s wood I3+ 2 3EAEH W if o T4 G chP 4 FIpAE ] € Bk

et T > o { B Skempton ¥ w4 EAARLE TR AR o
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© Clay pellet
w Organic inclusion

™\ Particle orientation
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Ak C= cdnstant'é
R - Shear displacement
G Jk --'-...--u-----.--;
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+ =
& §. : ; AL
B Shear displacement
5 2
S 4
5 8
' g:;- .
0 Loose sand
Bl 2.6 23R Tﬁ_ﬁz B Y MZE EME R % (Das, 1997)

242 B BARARR R T
Negussey et al.(1987)4p 1 7 £k 448 ( ™2 Ottawa sand & &])0
RARRELER <) CRR e 2R REMN o 4oFl 2.7
1o 0 AR ¥R B Dr=30%:" % Ottawa sand iz %7 ¥k T 25k ¥
PTG 30 RaAARELESE T B B4 £ I o BRE AN

AR R o d B 2.7b FI o F VMR kR T @R % g

15



R AT AR > AR E 2 NED » b4 H @ sTH o ol e R
FREEF D FAAHRAESRT E% > S4B 27c FR o ALRE
S5 Eh 8 B Tl B A 4Rl e § ALK A e o
R AR R R R ERSREEE B AT L
4o @ 2.7d #15 o

B 2.8 7 g #H X TP 20k X JoiEE (maximum contraction)
HEOFLEEL o 2HH AR ICF/ERT M - Negussey et al.(1987)
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2o A I 2 oo e HGF S F F g Se B I RSP AR
RARF R BB S 24 BT % 5 »xFBR 5 M o Skempton (1984)
VIR ik B R AT BREE R o I R ERERRRA

% B (B 2.9) - @ Tika and Hutchinson (1997) 12 — % G| & 47 #-303 4
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B 2.9 w7 € ¥ AR AL B 5 (Skempton, 1984)
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.: | Liquid Limit = 48 =
0.C ¢ Plasticity index = 24 |
005 }
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Bl 2.12 T X484 B 5288 (Taylor, 1952)
025 . -
-9 i i
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020 | -
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B 2.13 ¥ =484 ¥ 9 :#% (Bjerrum and Landvs, 1966)
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© 1
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30 = Leaad Shots ]
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o
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20 40 60 80
ci‘b’cv ! deq

B 2.14 & < fTHEPF ez dhidk B b & BT R
(Negussey, 1987)
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=
! | | | i
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Ring Shear ¢ , deg

Bl 2.15 = hid %" VUR R BB LER T RRASELEL
(Negussey, 1987)
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Stark and Eid (1992)45 &1 » & R E ¥ 2% 8 AR L% k REF AL
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T4 piam- b A P EBE R E 1320 BREWAL TP

\4
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‘-\\1-

- B2 e PR o FP G -

GERIRE & k8 B % oy Rt s SRR RS IR
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Contreras (1996) 7 12 ¥ § ;88 2915 @ AR3E% = 2 ¢ > Bt 2 4 7 4p
R R A o L s AR W R E TRRE R T RE%E
S4B 2160 BT REHRBEARAVVET REZR{ L7 2 Fd g E - H T3
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% 0 3% Hvorslev(1939)3 2 -3 B4 - #d g 2T R4 -2
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2B T ¢ 2 TG B (R /R, =0.5) T L4 A 1 L BT 423 3%

Skempton(1984)% ™ F % % R T F%K &I F N E L A LR
L o U E Bk A 5B E 85 e b 0 @ Blhc ] 2.18 P I
BORARG BERIRT RS E < 1922 b 2REEFE 7 ROk
TREfr? P2 RBFHR 2B A RE I BT AFIX¥REB2F
AR o E IR B RERE R AR o
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al.(1989) 14 gtk 4 & ec L 4= 4 @ 48412 2 Stark and Eid (1993):c 2
Bromhead & % ik @ iv i€ {7 7] T4 4 % - Stark and Poeppel (1994) *
RKEPARMEIEZ LI EH Ao R AALRR S B FEHD
EERE TR R REBUYE BT ALFEE R ERA -
TR Ao P AP R RE RS HES A g v A

AL RTRE WG S AT A ER ekt b R T
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Hvorslev(1939)% % F|? ZFW T R4 » G52 2 4pk » 23t F
HEAB23 3% 27 REMEe L THORI RE,AFTHISTHE
ZAnfe B o R I E(R/R) A L G EART o P PEL TN
B RO R T R RARE AR o

Sadda(1981) 14 [F] 4 & 2314 18 34 > 42 58 3% 4o Q. D) aip g 8

RICHZRHMER PR Z RABGFBAPZEEpN 205 -

H>544 /R, -R, and n = Ri> 065 (2.1)
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Hight, Gens, and Symes (1983) 7™ 5# ~ % & 47 /% #& 114058 (2.2) >
H o~ 2R R o

H>15R " and 245 0.71 2.2)
Ro
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Shear Stress (Mpa)

MNormal Displacement {rmm)
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Shear Displacement (mm)
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al., 2001)
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Skempton (1985)45 &1 7% 43k B 24> Sk e $s 0 2 8 2 % A £ F
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Bromhead (1979), ™ % Stark & Contreras (1996)% - d Negussey et al.
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BT UVARKER T BT BRAOHE P FH YRR AR LN
A LA AR R AT SRR
PR P B FI R R B AR T > B

P gE o F U H R BT RS A F2 M FEE -
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AAEARE BRI CERE T M RAE  FRIARSERR
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baghz 54 2 %A 395 (Taylor 1948) » b LN 7 it i 4
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Torque (N-m)
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ATRIFICIAL SOFT SANDSTONE
Constant normal force 2500N
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l.

A2 BT RSB 2T 45 ) 203 2R EEHERF
P AERR A2 24 BT REFLF S SERAT L 2T RTERF
TR BRI R DR EE AR S fUREF 4 2R g

4 EMEE R TR o R Y ARE R4 P AT

"mﬁ%

ol

IO S PR TR R T 0 X
RERFE -
FRREA R NES PR RFHNE N0 RLL 0 F - L

FR NI PR A ST A, > ¥ 4 X T Al o
Rob TR e d S TR R BT & BT R
- R G R TR R SR A - R R L R

MFEFTHEBRAN DT - d S BHBRFE - BHF N 0R

POERFUFEAL A M bR o F G A
FEAL > R kTR > 4 Fla T o

TR MY o APHFREFA ] RERBREREET T - L&
Mol BHFE 0 o2 Negussey (1987)% Leeetal. (2001)% & 47 3

PR AT R25) T RIEAREBUEERDR L - R o
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%051 2RI a4 R TORY R ABEERDS (F ik
H ¢ ERPUAE R AL R SOV e MU IR BT 2SR e R
Bl BRM %Y o8 LR PR TR Y R

RS PLF BRI TR M AHRAFRE S 4)T
WL TER S 2 BRF RS B RRK L > TIRAED » 4 A4
AP R AR AR I Ry WP R RN T e 4 AR)
P ARPE r AT REH IR 7 A ABEWIEE

meE e M SRR A RERE BRI -

% 5.1 Fla it SRR T R(T S

2 B Ov L < UEE | PR B ¥
(mm/degrees) (mm) Ee
500N-1 0.660 3.851 0.041
1000N-1 0.532 2.218 0.023
1500N-1 0.464 3.166 0.033
1500N-2 0.377 1.614 0.017
2000N-1 0.275 1.798 0.019
2000N-2 0.353 1.737 0.022
2500N-1 0.286 1.783 0.019
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5.2 H =48 # % (Constant Volume Tests CVT)
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FEETL > FEAAFREE S ARE R BlY For o &3 B
Bt AR PRI OEEE 10 R =+ o F ALY T
it AR EF T AERETALRE T AT S

AP ERIRG F RBE R B A LA R T ST A
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Normal force (N)

Torque (N-m)
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Normal force (N)
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B AR R 0 N S3RERRBE A Bt Ao
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TR WP e 532> FARAIERE BT BN B
(P AL R) RAaF fRETY > ERAEZFWE RE LT
e o TEGED BREEY T FTW 532 R 30 RWEE &
PRUERT E R PARRER o R SR BRI R
B3 F AR R RITE PR R o
Q) pHkiERE? HEFHEF A2 ¥

BT e e T E (R b A 4 0<30 RSB A &) W G 4 8 (0~3

B)AT ¢ (X3 RIZE)FIRBRRBAES 7§ PRGEEEE
PR AR T 5 SHRE S TER S 0 BARACR 533 fTE
e P EH B SPHEELTEF BRI en R BALR D
REGT L ARTSO0R @ W WRR L 4 BT RET
epduTd e kg HRHME REM 2 TR IR 404 53
S AP PR T R BA S E AR BRI
Befpdcds < > P T BB FART A RART R (R AT RS S
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252 F RUETRT Ak 4 g

% L _‘_‘;«
At 4 )
B AR (B - FFURRYR)
(N-m)
(%)
30.401 -
- 28.952 4.8
, 28.401 -1.9
(30 B %)
28.131 -1.0
28.272 0.5
-25.375 -
P | 223.592 -7.0
(0O R=%) | -23.336 -1.1
-23.644 1.3

%53 F RiATRGRsANE A % B

Ean A2 GERARBE | BISIRRE | gt E Ov
(mm) (mm) (mm) | (mm/degrees)

Cyclel GG 2.326 0.522 -1.804 -0.0602

g g B 0.522 I.111 0.589 0.0187
Cycle2 AC O 1.172 0.356 -0.816 -0.0272

LR 0.331 0.773 0.442 0.0148
Cycle3 e dH 0.838 0.31 -0.528 -0.0176

g B B 0.252 0.641 0.389 0.0130
Cycles RO o 0.678 0.199 -0.479 -0.016

g B B 0.218 0.528 0.31 0.010

(+:dilation, -:compression)
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Dilatancy (mm)
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0 20 40 60 80
Angle (degrees)

B 532 F BT ETH > v X FHRTES R
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Dilatancy (mm)

—N\/— Return shear loading
—~2/\— Advance shear loading

10 20 30
Angle (degrees)

c bEooiuiil s > d J

d ‘ c "

Bl 533 = = l}%-;%\ doEe Ve ﬁrﬁ@ﬁi
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2. EF v ARMA TR F RBRT #%
(1).7% 4855 B WL i

e F e AR RA R 2 F BT R%R L A RT g4t
S o TR AR A AR R Aol 5.34 o 3R R % (B 5.34)8 ) & (B
S53Dfale A F BTy MR LB AT 2 BHEER LY -

SR g k2

“‘u

ﬁ a:‘:”\ IF‘I%FE ’Li"ﬁ' g"fl?"}’é ra,alli,é
A4 BN 0447 B FRT 2 G e EE e TR 4 R4

F 5.4 #75% o

FRE2THAR (B S35 % B4R LR > 7 %#E*ﬁ’a“‘ﬂﬁﬁ
Ao ME X T A P R SR IO R T BN 0 A Y R
e £ T 9G0~29 R)RFFIP L EE RS QI2TE P X AW
o RUEAERBE I I0RZ A2 BAETRT O R > E

2 %4 (B 5.36)

N

(3). 7k i Aeds 4 A B2 BT

HBrujds o kg Hiptla REM 2 TORET 40k 554
TR PEEHF LD U FPE o d S e T E T 43

R MEASE S TRAKE L EL 030 BHF R TR

Al B G TEA RS 2 - ) ERR%G R L
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R AT S T (4 0B A 30 B

PR E

PR

B

g P

(B 5.36 ¢ &

7 AR L % (R 5.33 7 B

SRR D LR TE A

AR TR RS T R

TRHTEREELFNRFZEL LS o

e PE(d 30 R/4L0R

Tt A d b ATRE AR o

2E At T

+* 54 F ?;é_%iﬁi%\»“f AR 4 L
(LK
, 7 Az 4 €A
WA (B -RRR)
(N-m) )
%
i 35413 -
36.337 2.6
(30 B i %)
35.850 -1.3
G T -16.938 -
=16.861 -0.5
OR =) 223
-15.000 -11.0
3055 F RATRESREE R R G
Eir AZhe VR EE | B P REL | R E O
» (mm) (mm) (mm) | (mm/degrees)
L 1.921 -0.269 -2.19 -0.040
Cyclel —
g e g -0.927 0.841 1.768 0.064
G 0.66 -0.269 -0.929 -0.033
Cycle2 -
1Ig e B g -0.927 0.62 1.547 0.056
L 0.507 -0.269 -0.776 -0.027
Cycle3

(+:dilation, -:compression)
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Cycle
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——7/\— Advance shear loading
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3. 29T 2 F RRY %
(1). 745 B R

2R HREFH g F REELLEZ S > 2 BT AeR R (7
oo ERERAE 537 ARHRVELF RERTF 224 2 HE

G FEREEAETE MR- e TR (G HE)
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pu)
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%56 2 %NTH2 AERERE R

7 AR 4 ey
Az (B -k
(N-m) o
0
34.029 -
28.567 -16
30 BB -k 28.978 1.4
29.734 2.6
32.324 8.7
g B B AR TR 30.427 -5.9
25.888 -
26.529 1.4
0 Bizdg &=} 24.387 -8.1
25.695 5.4
24.105 -6.2
-33.594 -
-25272 -24.8
0 Bizdk &l -22.413 -11.3
-23.259 3.8
PPE Ty -22.233 -4.4
-28.208 -
-28.016 -0.7
SBOREHEE Y -28.054 0.1
-28.99 3
-28.888 -0.4
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%57 29T & A5 B R

. AR EE | B SR EE | BTV E Ov
A (mm) (mm) (mm) | (mm/degrees)
i 4.053 1.945 -2.108 -0.035
Cyclel -
Mg 1.945 1.476 -0.469 -0.016
g 1.476 1.092 -0.384 -0.006
Cycle2 -
Mg e 1.092 1.031 -0.061 -0.001
i 1.031 0.696 -0.335 -0.006
Cycle3 -
Mg 0.696 0.733 0.037 0
e 0.733 0.417 -0.316 -0.005
Cycle4 -
Mg e 0.417 0.5 0.083 0
g 0.5 0.297 -0.203 -0.003
Cycle5 -
Mg v 0.297 0.368 0.071 0
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4 5.8 No.l #8447 4 ¥

53 ¢ R
Normal force G T, T
(Newton) | (MPa) | (N-m) (N/em?)

500 | 39.32 | 11.45 14.1

1000 | 40.23 | 19.46 | 24.0

1000 | 54.78 | 29.31 36.2

No.l | 1000 | 55.33 | 29.47 | 364
1500 | 55.89 | 35.29 | 43.6

1500 | 33.03 | 22.03 | 27.2

2000 | 43.70 | 4298 | 53.1

4

Fa

~

5.9 No.2 ix 48 28 A 47

877 S F B f
Normal force G T; Tt To
(Newton) | (MPa) | (N-m) | o Too | T Nem?)
500-1 | 35.83 | 18.62 | 23.0 |0.0234|0.0744| 83.8
1000-1 | 45.25 | 26.16 | 32.3 |0.0240|0.0751 | 108.5
1500-1 | 49.14 | 45.63 | 56.4 |0.0271|0.0766 | 133.2

No.2 | 1500-2 | 36.45 | 38.11 | 47.1 |0.0298| 0.083 | 108.6
2000-1 | 48.55 | 52.81 | 65.2 |0.0298 | 0.0741 | 144.7
2000-2 | 64.34 | 53.27 | 65.8 |0.0211|0.0995| 135.8
2500-1 | 66.58 | 57.23 | 70.7 |0.02120.1037 | 141.2
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# 510No03 F BT %A 17 ¥k

#71) s B S
Normal force | G T, T . . To
p r
(Newton) | (MPa) [ (N-m) (N/em?) (N/em?)
1000 | 30.26 | 26.61 | 32.9 [0.0293|0.0659| 88.7
No.3
1000 | 29.62 | 3542 | 43.8 [0.0393| 0.07 116.4
£ 511 2333 R+ o418
B ERAE| R 7o Vi 7 m
G 45.257:66.67 | 37.04 | 47.62
(MPa) 3 . . :
Yp 0.02407°0.0159 (£0.0286 | 0.0223
Yr 0.075110.0528:1 0.0950 | 0.0739
Tp
108. 106. 106. 106.
(N/em?) 08.5 06.0 | 106.0 06.0
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Peak shear stress (kg/cm2)

16

[HEN
N

oo

N

+ + +

No.2 Friction angle 420
Y =0.907* X+ 6.158

4 6 8 10
Normal'stress (kg/cm2)

Bl 544 No.2 ¥2 No.3 « & B i
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Residual shear stress (kg/cm2)

»

D

No.2 Friction angle 349
Y =0.681 * X + 0.952

4 6
Normal stress (kg/cm2)

B 5.45No0.2 %2 No3 A4 i
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Residual shear stress (kg/cm2)

No.1 Friction angle 29°
Y =0.555* X + 0.639

2 4 6
Normal stress (kg/cm2)

B 5.46 No.1 7 4 e &
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Yi= POH

B 547 233 k43 EE2 RSP E TR B
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shear stress (N/cm2)

120

strain of uniform variation
A — — outer edge
A} K \\ inner edge
— - — medium edge
80 —
40 — \
0
0 0.04 0.08 0.12 0.16

shear strain

B 548 % 595 g4 R
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542 HTMFfFH
d “BAGEMT RRT 74 S¥cick 5120 G & 4 > 50~40
MPa ff o d sl 225 A § RS Gy S8 B> %7 4k 5%
B 5.23~528 B> e 2~10 B & PN I 4 BiLZEF MM T
RABMNYPA FEFIRTPRFEEREE w4 3 B G TP
VA TEME VA D e W RE T e 4 3 B B %o #B A
T RE%? 4 FEHIE w4 1500N~2500N T ¥R & 5 4o B
549 c BIP 3t 2~10 B b > FHE RS O, (H g & ik
ERE - R gt s AhkERipRar T areiTi o d
B 524-526~5.28 ML E o PR E- i 4§ F HRF 5.44
PRI TSP RS 2ZPIER k)4 HE R WIRRE > FT
AE B EMENE e R4 0.6~0.95MPa T i % A (Normal
stiffness) K, &35 2067N/mm > 7|3 & S #icd#cdpr AN~ §, 40

513> 27 AD 5 HEr® 4 F%RTHFEYE»WIEE o
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512 AR RS S

e G e Tep )
(MPa) (N/cm
495N | 49.86 | 0.0101 | 51.8
380N | 47.63 | 0.0101 | 48.1
135N | 39.57 | 0.0063 | 24.9
# 5.13 6,=0.6~0.95MPa &+ % {7 5 %-¥c
CNT CVT
£k B
Sy AN (N/mm)
(AD/AB)| (N)
495N 0.354 1007 | 2120
380N 0:227 1137 | 1903
135N 0.287 1003 | 2177
Average 0.295 - 2067
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Dilatancy (mm)

I WW%W
= VATV
MM /5 ‘Mm d) «ﬂﬂkﬂﬂ‘km & A
Ll ) 0 mmmmm‘ ‘W
2 — . . ‘uﬂknu L
f,ﬁ“' LT DN -t‘h ":‘"‘ ) “:";lw N WW u\WMMM,M‘WM w
A T / ¢ W , ”mv mw B ¢
- ”'M m”“ Ly X )
peef
14 Constant normal force
ﬁ. : > 2000N
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BN E D, R o AR AT E RN RT A G 2
FEbL s FpL ) b R R AR A b T BT - MR KL R o
d TR KD T 4 55 R Sli()=42° c=0.62 MPa ) » & k4T
£2004) 2 FeE A B HBAETEPN ZBERTINT S BAE S
#c(p=45.12°> ¢c=0.46 MPa)1piT o 19455 & £ (2004)> F - -k & +
P2 VP F T B R EF GBS 20~100 MPa > 14 2 HRAT
£(2004) % ) = fhiE% 4719 ) B & 180~220 MPa > Bk ik

oy % 030 R GE 3 69~85 MPa > ¥ & &% G=30~67 MPa
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Torque (N-m)

Torque (N-m)

100

100

g <> Original curve
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