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3 Modes of slope failure  
As a result of the complexity in strength, fracturing, and weathering, greywacke rock slopes can fail by 
a variety of mechanisms, depending on factors such as the conditions of the rock mass and dominant 
defects, the geometry of the slope, and the loading conditions. Slope failures in greywacke can be 
structurally controlled or rock-mass controlled, or a combination of both. Individual slopes may also 
be affected by more than one failure mode. The modes of failures determined as typical for greywacke 
slopes in Unit 7C.2 (Table 1) were confirmed in the studies of the landslides triggered by the 2016 
Mw 7.8 Kaikoura earthquake (Singeisen, et al., 2022)(Mason & Brabhaharan, 2023).  

Table 1. Most common slope failure modes in greywacke rock masses. 

Principal 
Mechanism 

Mode Typical occurrence  Typical size and 
scale (relative to 
height of slope) 

1. Structurally 
controlled  

Planar, wedge and toppling 
moderate size failures –  

In moderately strong to strong, blocky rock 
masses with >3 sets of discontinuities. 

Small - moderate  

Translational rockslides  In all types of rock masses with at least one 
persistent discontinuity.   

Large 

2. Composite   
(translational and 
rotational) 

Planar with step-path structurally 
controlled mechanism (en-
echelon failures)  

In moderately strong to weak, blocky to 
very blocky rock masses - non-persistent 
but consistently oriented discontinuities. 

Large 

Multi-planar compound slides In weak rock masses with persistent 
discontinuity (-ies).  

Large 

3. Rotational  Circular failure plane In highly fractured, disintegrated or highly 
weathered weak to very weak rock mass 
that can exhibit nearly isotropic behaviour.  

Large 

4 Assessment of geotechnical parameters  
4.1 Intact rock 

The intact rock strength of unweathered Torlesse greywacke is generally strong to extremely strong, 
with reported unconfined compressive strength (UCS) values of up to approximately 350 MPa (Read, 
et al., 1999). Intact rock strength varies with lithology; sandstone typically exhibits higher UCS values 
than associated mudstone or siltstone beds. Intact strength decreases markedly with increasing degree 
of weathering to as low as 1 to 5 MPa. A key difficulty in laboratory determination of intact rock 
strength in Torlesse greywacke is the frequent presence of hairline or incipient fracturing, which can 
adversely influence test results and lead to underestimation of true intact strength. Indirect field and 
laboratory index tests, such as the Schmidt hammer rebound test and Point Load Index test, are useful 
for estimating intact rock strength and for calibrating laboratory triaxial and UCS test results, 
particularly where truly fracture‑free specimens cannot be obtained. 

4.2 Rock mass 
Use of the generalised Hoek–Brown failure criterion (Hoek, et al, 2002) for estimating rock mass 
parameters in slope stability modelling is considered appropriate for very blocky, disintegrated or 
sheared Torlesse greywacke. As mentioned in Section 4.1, obtaining intact rock specimens for 
laboratory testing in Torlesse greywacke is inherently challenging. Consequently, best‑practice 
guidance for defining the intact uniaxial compressive strength (σci) and the Hoek–Brown material 
constant (mi) is provided in Unit 7C.2, based on a combination of published laboratory test data, the 
authors’ experience on New Zealand projects, and available literature. Unit 7C.2 also provides 
guidance for Geological Strength Index (GSI) assessment, defining typical rock mass classes based on 
the work of Read et al. (1999). The guidance includes indicative GSI ranges linked to characteristic 
rock mass appearance on both field exposures and borehole core. Typical rock mass parameters 
assessed based on the recommendations of NZGS Unit 7C.2 are shown in Table 2. These ranges are 
provided as starting points and must be validated on a case-by-case basis with appropriate 
investigation and assessment.  

4.3 Discontinuities  
The shear strength of discontinuity surfaces is adopted for the assessment of structurally controlled 
failure modes. For Torlesse greywacke, the Barton–Bandis shear strength criterion (Bandis, 1993) is 
considered a practical and appropriate approach for estimating discontinuity shear strength, 
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particularly given the difficulties associated with sampling and laboratory testing in fractured rock 
mass. To support the calibration of strength parameters derived from the criterion, Unit 7C.2 presents 
published results from direct shear testing of greywacke joint samples spanning a range of weathering 
grades. Guidance for recording joint roughness, strength, and weathering discontinuity conditions 
during engineering geological mapping is provided in NZGS guidance (NZGS, 2005). 

Table 2. Typical ranges of rock mass parameters, input to the Hoek-Brown criterion.  

Rock mass 
class 

Rock mass description GSI  Unit Weight 
(kN/m3) 

mi σci (MPa) 

I UW or SW – sandstone blocky 50 - 70 26.5 – 27.0 12 100 - 350 

 
II SW to MW – sandstone very blocky 40 - 60 25.0 – 26.0 12 50 –200 

(most common 
range 50 – 100)  

III MW- HW sheared mudstone, interbedded 
sandstone / mudstone, blocky disturbed 

25 -45 23.0 –25.0  9- 10 5 - 70 

IV CW-HW Interbedded sandstone mudstone, 
mudstone or very fine sandstone, crushed – 
disintegrated  

15 - 35 22.0 – 24.0  8 3 - 30 

V CW HW Mudstone or fine sandstone (rock 
material generally sheared) – foliated 
laminated sheared  

10- 20 20.0 – 23.0  8 1 - 10 

5 Analysis and Design  
Slope stability analysis in greywacke, as in any material, requires a combination of analytical skill, 
geological understanding, and engineering judgment. Computer modelling using limit equilibrium 
methods is recommended for slope stability analyses in the guidance. Emphasis is given on the need 
for a sound engineering geological models to form the basis of these analyses, which are developed by 
thorough engineering geological mapping of existing outcrops and intrusive investigations where 
possible, including downhole geophysical investigations.  

Observationof existing nearby slopes and evaluation of their past performance are recommended to 
calibrate the results of computer modelling. Back analysis of failed slopes is recommended for 
calibrating parameters assumed in the models, recognising its limitations for modelling the exact 
conditions of failure. Typical slope angles for use in low-risk projects are provided, however the need 
for review of all designs by experienced geoprofessionals is emphasized. Seismic demand is an 
important part of most designs that lie within central New Zealand – that area of the country where 
most greywacke is found. Drawing on past earthquakes, general comments are provided on the 
expected failure mechanisms in future ones. For greywacke, coseismic landslides typically are 
disaggregated falls, slides and rock avalanches. As most failures in greywacke are expected to be 
brittle, and evacuative failure is so common, use of the Newmark sliding block method to estimate 
seismic displacements of slopes is cautioned against. 

6 Unit 7C.2 derived frompractice - Wellington Case History  
Landslides of greywacke slopes frequently affect residential properties, transport corridors, and 
infrastructure in Wellington city. Given the city’s steep topography, restricted access, and the close 
proximity of private property, opportunities for intrusive investigation are often limited. Consequently, 
slope characterisation is largely dependent on observational methods, supported by experience and 
engineering judgement. The accumulated experience on successful analysis of slope instabilityin 
Wellington and elsewhere in New Zealand, underpin the development of the framework presented in 
Unit 7C.2.  

An example of a ~20 m-high slope in a suburb of Wellington city where a landslide occurred is shown 
in Fig. 2. Engineering geological mapping on the slope aimed to develop the engineering geological 
model and assist interpreting the failure mechanisms (Fig. 3), a process that is recommended in Unit 
7C.2. The mapping identified unfavourably oriented discontinuities and a highly weathered, highly 
fractured, low‑strength rock mass in the upper slope, coincident with the failure zone. The failure took 
place during very wet conditions, with elevated water content of the slope materials inferred to have 

748



 

 

further r
failure m
translatio
mass. Ad
(principa

The sele
Unit 7C.
refined t
and exp
controlle
measure
modelled
paramete
simulate
followed
targeted 
guidance

7 Co
The NZG
guidance
series is 
internati
investiga
New Ze
greywac
data on 
principle
consisten
integrati
modern 
methodo
site-spec
a transfe

Fig. 2. Vie

reduced the s
mechanism w
onal movem
dditionally, f
al mechanism

ection of ro
  2, employin

through back
perience on 
ed principal 
s were then 
d using limi
ers. Cases ex

e high rainfa
d in this case
at the upper

e. 

onclusion
GS Slope Sta
e for slope s
to transfer a
onal studies
ating, analys
ealand. Unit 
cke rock. Th

failure mech
es. This coll
nt and evide
ng observat

modelling 
ologies for sl
cific conditio
erable examp

ew of the slope 

strength of bo
was interprete

ent along dis
failure of ind
m 1 of Table 

ock-mass and
ng the gene
k‑analysis, a 

local slope 
mechanism

 tested and 
it equilibrium
xamined inc
all condition
e history, co
r slope, are in

ns 
ability Guida
stability asse
accumulated
s to engineer
sing and mit

7C.2 of the
he recommen
hanisms and
lective know
ence-based a
tional metho

techniques,
ope assessm

ons. The prin
ple for develo

in Wellingtona

oth the rock 
ed to be prin
scontinuities 
dividual bloc
1) was obse

d discontinu
eralised Hoe

process supp
performanc

m 1, using d
calibrated fo

m slice meth
clude static w
ns, and seism
omprising roc
ncluded in th

ance series h
ssments and
 knowledge 
ring practice
tigating slop
e series, pro
ndations are
d laboratory 
wledge ensur
approach ev
ods, engineer
, the fram

ment and mak
nciples of dev
oping similar

after the landslid

 

mass and its
cipal mechan
and a rotatio

cks governed
erved at the to

uity paramet
ek–Brown an
ported in thi
ce. Stability 
discontinuity
for the more 
hods and a 
with normal 
mic loading
ck anchors, 
he practical, 

has been deve
d analysis in 

of experienc
e, thus ensur
pe instability
ovides practi

based on lo
testing, and

res the guida
en in challe
ring geologi

mework supp
ke informed d
veloping the 
r practical an

de (Stantec, 202

s discontinuit
nism 2 of Ta
onal compon
d by the dip 
op of the slop

ters followed
nd Barton–B
s case by kn

analysis co
y parameters

complex tr
combination
water press

g. Similar st
shotcrete fac
experience-i

eloped to add
New Zealan

ced local pro
ring a consi

y, which is a
ical guidanc
ocal experien
d internationa
ance remain
enging, data-
ical mappin
ports practi
decisions for
guidance se

nd efficient d

23, modified fr

Eurock 2026

ties. In this c
able 1, involv
nent through 
and orientat
pe.  

d the metho
Bandis criter
nowledge of 
ommenced w
s, and the r
anslational f

n of disconti
ures, elevate

tabilisation s
cing, and sub
informed me

dress an iden
nd. The obje
ofessionals a
stent and str
a significant
e for slopes
nce, complem
ally establish
s robust and
-poor setting
g, back-anal
itioners in 
r remediation
eries and thei
documents w

om Tonkin + T

6, Skopje, RN 

case, the pred
ving a combi
the poor‑qua

tion of discon

ods recomm
ria, and wa
the failure c
with the str
resulting stab
failure mech
inuity and ro
ed water pre
strategies as
b‑horizontal 
ethods includ

ntified gap in
ctive of the 

and existing 
ructured app
t geotechnica
s formed in 
mented by p
hed rock eng
d relevant, o
gs. By system
lysis of fail
applying c

n strategies ta
ir objectives 

worldwide.  

 
Taylor, 2022). 

Macedonia 
 

dominant 
ination of 
ality rock 
ntinuities 

mended in 
as further 
onditions 
ructurally 
bilisation 

hanism 2, 
ock mass 
essures to 
 the one 
drainage 

ded in the 

n existing 
guidance 
local and 
proach in 
al risk in 
Torlesse 

published 
gineering 

offering a 
matically 
lures and 
consistent 
ailored to 
can form 

749



 

 

Fig. 3 Eng
2022). 

Refer
Bandis, S

C
O

Begg, J. G
G

Hoek, E.,
N

Mason , D
s
E

NZGS. (2
h

NZGS. (2
h

Price, R.,
W
2

Read, S., 
G
6

Singeisen
s
s

Stantec, (
W

Suneson, 
Z
3

Tonkin +
W

gineering geolog

ences 
S. (1993). Eng
Comprehensiv
Oxford. 
G., & Mazeng
Geological & 
, Carranza-To
NARMS-Tac,
D., & Brabhah
slopes in New
Engineering. (
2025). NZGS 
https://www.n
2025). Slope S
https://www.n
, Mortimer, N
Waipapa terra
213-228.https
Richards, L., 

Greywacke R
660,Paris Fran
n, C., Massey,
slope failures 
susceptibility.
(2023). 16 – 1
Wellington, N
N. (1993). Th

Zealand. New
384.https://do

+ Taylor. (2022
Wellington. 

gical model and

gineering prop
ve Rock Engin

garb, C. (1996
Nuclear Scien

orres, C., & Co
, 1(1), pp. 267
haran, P. (202

w Zealand. Pro
(8ICEGE), Os
Guidelines - S

nzgs.org/librar
Stability Guid
nzgs.org/slope
., Smith, I., &

anes, North Isl
s://doi.org/10.

& Perrin, N. 
ocks. Proceed
nce, 25–28 Au
, C., Wolter, A
triggered by t

. Geomoprhol
8 Woodhouse

New Zealand.  
he geology of 

w Zealand Jour
oi.org/10.1080
2). Woodhous

d failure mecha

perties and cha
neering: Princ

6). Geology of
nces,Lower H
orkum, B. (20
7-273. Toronto
24). Lessons fr
oceedings 8th 
saka, JapanMa
Slope Stability
ries/slope-stab

dance Unit 7C
e-stability-guid

& Maas, R. (20
land, New Zea
1080/0028830
(1999). Appli

dings of the 9t
ugust 1999.  
A., Kellett, R.,
the 2016 Mw 
logy(415), 4-1
e Avenue Lan
 

f the Torlesse c
rnal of Geolog

0/00288306.19
se Avenue Ka

 

anisms of the slo

aracterization 
ciples, Practice

f the Wellingto
Hutt, New Zea

02). Hoek-Br
o, Canada, Jul
rom the 2016 
International 
ay 7–10, 2024
y Guidance - A
bility-guidanc
.2 – Torlesse G
dance-unit-7c

015). Whole ro
aland. New Z
06.2015.10268
icability of the
th Internationa

, Bloom, C., S
7.8 Kaikoura 

17.https://doi.o
ndslide – Desig

complex alon
gy and Geoph
993.9514582
arori. Initial In

ope (Stantec, 20

of rock discon
e and Projects

on area. Scale
land 
own failure cr
ly 7–10, 2002
Kaikōura eart
Conference o

4. 
Available Uni
e-available-un
Greywacke. R

c-2-torlesse-gr
ock geochemi
ealand Journa
832 
e Hoek-Brown
al Congress on

Stahl, T., .Jone
earthquake an

org/10.1016/j.
gn Statement. 

g the Welling
hysics., 36, 369

nspection Repo

Eurock 2026

023, modified f

ntinuities. (J. H
s, 1, 155-183.P

e 1:50,000. Lo

riterion-2002 
. University o
thquake for de
n Earthquake 

its. Retrieved 
nits/. Accessed
Retrieved from
reywacke/. Ac
ical reference 
al of Geology 

n Failure Crite
n Rock Mecha

es, K. (2022). 
nd implication
.geomorph.20
Wellington C

gton area coast
9-

ort, Wellingto

6, Skopje, RN 

from Tonkin + T

 
Hudson, Ed.) 
Pergamon Pre

ower Hutt.: Ins

edition. Proce
of Toronto Pre
esign of cut an
Geotechnical

from nzgs.org
d February 20

m nzgs.org: 
ccessed Februa
data for Torle
and Geophysi

erion to New 
anics, pp. 655

Mechanisms 
ns for landslid
022.108386 
City Council, 

t, North Island

on City Counc

Macedonia 
 

 

Taylor, 

ess, 

stitute of 

eedings of 
ess. 
nd fill 
l 

g: 
026. 

ary 2026 
esse and 
ics, 58(3), 

Zealand 
–

of rock 
de 

d, New 

cil, 

750


	3.Design methods and analysis (incl. EC 7)
	1111_SEISMI~new
	1120_Integrated_Drone‑Based_Stope_Geometry_Reconciliation_and_Stability_Assessment_at_the_Danne
	1124_P
	1151_EUROCK2026_Batocchioni_et_al_FINAL_after_review
	1160_Torrero_et_al.__2026__Applicability_of_the_Stability_Graph_Method_for_Designing_Large_Caverns_in_Roc
	1200_EUROCK2026_Numerical__Modelling_Secant_Caisson_High_Stress_Shallow_Bedrock_FINAL
	1212_Design of reinforced sprayed concrete arches in rock tunnelling_final
	1215_Optimization_of_shear_strength_parameters_of_deposited_clastic_sediments_via_crack_shape
	1217_EUROCK2026_Gkeli_1217_final
	1241_EUROCK2026_Małkowski,_Kulula
	1242_EUROCK2026_Paper_Llabjani_ID-1242_Final
	1243_Pietro_Festi_EUROCK2026
	1247_Spross_et_al_2026_Characteristic_value_sliding_of_dams_final
	1249_revised
	1270_Uotinen_et_al_2026_Estimation_of_boundary_stresses
	1289_Full_Paper_ID-289
	1295_EUROCK2026_Caving_Risk_&_Bulking_Paper_1295_-_Carter_&_Van_As_-_FINAL
	1313_EUROCK2026_jovicic-konovo_koncno_rev
	1314_EUROCK2026_Karavanke_bv_jr_sg_vj_koncno_rev
	1316_EUROCK2026_FD_AL_Final_version _1_
	1319_Cancino_etal_final
	1323_EUROCK2026_Paper_FSanz_20260615
	1380_EUROCK2026_Paper_Anticevic_et_al_Ff
	1389_ArshamMoayediFar
	1390_Submission_1390_revised

