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1 Introduction 
The stability of slopes in rock masses, especially in low-quality rock masses, is directly related to 
weathering, which has a negative impact through reduction in shear strength, acceleration of 
decomposition (especially in surface zones), and the creation of tension cracks. The intensity of rock 
weathering and its geochemical alteration influence shallow landslide occurrence in weak 
metamorphic rocks, establishing a link between weathering degree and slope failure susceptibility 
(Silwal et al. 2024). Weathering has been demonstrated to weaken rock mass structure and decrease 
slope safety factors in long-term stability analyses. Although weathering effects play a crucial role in 
determining slope stability, few researchers have investigated the effects of weathering, and the 
traditional analysis methods either overlook these factors or oversimplify them (Liu et al. 2024). 
Therefore, the alteration, i.e., the decomposition of the rock masses over time, as a result of the 
negative atmospheric influence, in the surface zones of the slopes, in the zone of the joint walls, but 
also generally at the level of the massif, should be taken into account, especially in weak rock masses, 
which are susceptible to these unfavourable processes. 

There have been a number of studies related to weathering and slope stability. Berisavljevic et al. 2018 
investigate the weathering-induced failures of the heterogeneous fissile rock mass consisting of 
sandstone and shale and propose a model aimed at addressing the delayed failure of cuts. Recent 
research has specifically addressed the degradation of schist rock masses due to climatic weathering 
cycles. Experimental evidence shows that dry–wet and freeze–thaw cycles significantly reduce the 
mechanical strength and alter the microstructure of schists, leading to increased porosity and reduced 
bearing capacity, which directly impacts the long-term stability of rock slopes under environmental 
loading (Jin et al. 2025). Similarly, investigations into combined weathering cycles demonstrate that 
these processes accelerate deterioration and strength losses in schist, emphasising the need to 
incorporate weathering effects into predictive slope stability models (Gao et al. 2025). Zhang et al. 
2025 emphasise that weathering coupled with rainfall infiltration in weak interlayer rock slopes alters 
failure mechanisms and expands instability zones, highlighting the need for comprehensive stability 
assessment and mitigation planning. 

Based on the above considerations, several excavated slopes are selected to evaluate the long-term 
stability through stability analyses. The findings indicate that slopes subjected to prolonged 
weathering show higher incidences of shallow landslides and surface instabilities, which correlate 
strongly with reductions in UCS and GSI values. Graphical models were developed to illustrate the 
temporal trends of strength degradation, providing valuable insights for predictive assessments. 

The study underscores the importance of incorporating weathering effects into geotechnical design, 
especially for long-term infrastructure projects situated on weak rock masses. Recommendations 
emphasise the necessity for ongoing monitoring, proactive stabilisation measures, and the integration 
of degradation factors into slope stability analyses to mitigate potential geohazards effectively. 

2 General characteristics of the analysed slopes 
The study area encompasses a part of the A2 highway, specifically the Kicevo–Ohrid section (Fig. 1), 
currently under construction. The geological composition predominantly includes low-metamorphic 
Palaeozoic rocks, with phyllite as the dominant lithology, along with graphitic schists and quartz-
sericite schists. 

 
Fig. 1 Aerial view of a part of the A2 highway route, Section Kichevo–Ohrid. 
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The terrain is characterized by mountainous topography, which has historically experienced instability 
during construction phases. The rock masses are tectonically disturbed and susceptible to local 
instability, especially during prolonged or intense rainfall. During excavation, these rock masses are 
relatively solid, but after a certain time of exposure to atmospheric influence, they significantly lose 
their properties and soften, especially in the surface zones. Therefore, the assessment of slope stability 
must incorporate the progressive effects of weathering, especially in weak rock masses, to ensure 
long-term safety and performance. Given these site conditions, the methodology used to assess the 
slope stability is briefly explained. 

3 Methodology  
In this research, several cut slopes were selected (Fig. 2) which, after several months, processes of 
local instability started to appear with signs of intensification over time. 

 
Fig. 2 Illustration of the selected slopes, demonstrating shallow failures primarily in surface zones attributable to weathering.  
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For each slope shown in Fig. 2asafety factor (Fs = 1,31–1,53) was calculated in the design phase, but 
after a certain period, instabilities and landslide processes were observed. Subsequent observations 
revealed progressive instability, attributed to reductions in shear strength and deformability due to 
atmospheric exposure. 

The material properties adopted in the initial design stage correspond to moderately weathered rock-
mass conditions identified during excavation. Laboratory testing and field rock mass classification 
were performed during the construction stage, before the development of significant atmospheric 
weathering effects on exposed slope surfaces. The rock masses were modelled using the generalized 
Hoek-Brown failure criterion. The Geological Strength Index (GSI) classification incorporated 
discontinuity conditions, blockiness, and surface conditions observed at the time of excavation. 
However, it did not explicitly account for long-term degradation caused by progressive weathering 
processes. Similarly, the laboratory uniaxial compressive strength (UCS) values were obtained from 
samples representing the intact-rock condition at the time of sampling, without accelerated-weathering 
treatment or durability testing. Therefore, the subsequent parameter reductions applied in the long-
term stability analyses were intended to simulate the progressive deterioration of the exposed rock 
mass due to weathering effects occurring after excavation and prolonged atmospheric exposure. 
Namely, the UCS, GSI, and the material constant (mi) are reduced to obtain the labile limit 
equilibrium at failure, i.e., Fs = 1,0. For simplification purposes and due to the limited availability of 
long-term degradation data, UCS, GSI, and mi were reduced using the same proportional reduction 
factor to simulate progressive weathering-induced deterioration. This approach was adopted to 
evaluate the overall sensitivity of slope stability to weathering-induced degradation rather than to 
reproduce the exact deterioration mechanism of each parameter. The analysis incorporated the time 
elapsed since excavation, with the main parameters summarized inTable 1. 

Table 1. Main characteristics of the analysed slopes and computed safety factors. 

Slope 
ID 

UCS 
[MPa] 

GSI mi Exposure to 
weathering 

Sliding 
depth 

Fs Reduction to
Fs = 1,0 [%] 

a 5 17 5 12 months 2,5 m 1,34 17,9 
b 10 23 6 22 months 3,0 m 1,43 21,8 
c 4 17 5 14 months 3,0 m 1,31 17,5 
d 12 27 6 17 months 5,5 m 1,46 20,1 
e 15 30 7 8 months 2,5 m 1,34 14,7 
f 10 25 6 11 months 3,5 m 1,31 17,1 
g 8 23 6 5 months 4,5 m 1,33 15,2 
h 3,5 15 5 26 months 2,0 m 1,53 23,2 

The results indicate that in susceptible rock masses, strength parameters decrease progressively with 
increased exposure duration, leading to a corresponding decline in safety factors. Slopes with longer 
exposure times, such as slopes “b” and “h,” exhibited higher initial safety factors but also experienced 
greater percentage reductions, highlighting the significant weakening due to weathering.  

These results indicate significant weakening of the slopes over time due to weathering. This is 
consistent with studies showing that weathering processes reduce rock strength and lower slope 
stability. These findings underscore the necessity of considering time-dependent strength degradation 
in long-term slope stability assessments, especially in weak, weathering-prone rocks. 

4 Results 
The graphical display of the dependence between the value of the safety factor and the exposure time 
of the slopes to atmospheric influences is shown in Fig. 3, and the dependence between the percentage 
reduction of the UCS, GSI, and mi, concerning the exposure time, is shown in Fig. 4.Fig. 3 depicts the 
relationship between safety factor and exposure time, illustrating a clear downward trend as exposure 
increases. Fig. 4 presents the percentage reduction of key parameters (UCS, GSI, mi) as functions of 
exposure duration, highlighting the progressive weakening of rock masses due to weathering. The 
trend lines suggest that the strength degradation can be approximated by empirical equations, 
facilitating predictive modeling of long-term stability. It should be emphasized that the adopted 
reduction factors represent post-excavation degradation effects and are therefore additional to the 
initial geotechnical characterization performed during the design stage. 

154



 

 

Fig. 3 Gra

Fig. 4 Gra

Based o
empirica
months (

5 Co
Prolonge
surface d
correlate
adaptive
geometri
slope st
equation
geotechn
should f
models t

aphical depende

aphical depende

on these emp
al data show
(t), providing

onclusion
ed weatherin
degradation 
es strongly w
e design stra
ical conditio
tability evalu
ns is recomm
nical design 
focus on ad
to improve th

ence between th

ence between th

pirical trend
n in Fig. 4 t
g a practical 𝑅 ൌ
ns 
ng significan
and increasi

with exposur
ategies. Anal
ons, necessit
uations. The
mended to e
standards to

dvanced mon
he reliability

he safety factor 

he exposure tim

ds, an equati
to estimate th
tool for longൌ 0.4𝑡 ൅ 12.4

ntly diminish
ing the likel
re duration, e
lyses indicat
tating the in
e use of co
ensure long-
o explicitly a
nitoring tech
 of long-term

 

and the exposu

me and the reduc

ion (see Eq
he reduction

g-term stabili4 

hes the shea
ihood of sha
emphasizing 
te that safety
ncorporation
onservative 
-term safety.
account for a
hniques and
m slope stabi

ure time of the a

ction percentage

. 1) is obtai
n factor (R) a
ity assessmen

ar strength o
allow failure
the importa

y factors de
n of time-de

strength par
. The findin
aging and we
d the develo
lity assessme

Eurock 2026

analysed cuts. 

e of the parame

ined by line
as a function
nts and desig

of weak rock
es. The rate 
ance of long-
ecrease over 
ependent we
rameters or 
ngs advocate
eathering eff

opment of p
ents in weak

6, Skopje, RN 

 

 
eters (UCS, GSI

ear regressio
n of exposur
gn considerat

(1) 

k slopes, acc
of strength r
-term monito
time under 

akening mo
empirical r

e for the rev
fects. Future
predictive w
k rock environ

Macedonia 
 

I, and mi). 

on of the 
re time in 
tions. 

celerating 
reduction 
oring and 

constant 
dels into 
reduction 
vision of 
 research 
eathering 
nments.

155



   Eurock 2026, Skopje, RN Macedonia 
 

 
 

References  
Berisavljevic Z, Berisavljevic D, Rakic D, Radic Z (2018) Application of geological strength index for 

characterization of weathering-induced failures. Građevinar, 70 (2018) 10: 891-903. 
https://doi.org/10.14256/JCE.1876.2016 

Gao J, Jin J, Wang D, Lei S, Lu J, Xiao H, Li J, Li H (2025) Mechanical and microstructural properties of schist 
exposed to freeze-thaw cycles, dry-wet cycles, and alternating actions. International Journal of Mining 
Science and Technology 35 (2025) 783-800. https://doi.org/10.1016/j.ijmst.2025.04.003 

HasanMFR, Frastika MY, Agung PAM, Susilo A, Suryo EA, Zaika Y, Juwono AM, Zulaikah S (2024) Influence 
of rock weathering and saturation on compressive strength and slope stability: A uniaxial test analysis. 
International Journal of Safety and Security Engineering. Vol. 14, No. 1, pp. 145-153. 
https://doi.org/10.18280/ijsse.140114 

Liu W, Sheng G, Kang X, Yang M, Li D, Wu S (2024) Slope Stability Analysis of Open-Pit Mine Considering 
Weathering Effects. Applied Sciences 2024, 14, 8449. https://doi.org/10.3390/app14188449 

Janevski B (2025) Integral methodology for slope instability risk assessment in weak rock masses. Dissertation 
at Ss. Cyril and Methodius University, Skopje, Macedonia. 

Jin J, Wang D, Lu J, Yin L, Xiao H, Li J (2025) Effects of dry-wet and freeze-thaw cycles on the mechanical 
properties and microstructure of quartz schist. Results in Engineering 27 (2025) 105770. 
https://doi.org/10.1016/j.rineng.2025.105770 

Psarropoulos PN, Makrakis N, Tsompanakis Y (2024) Climate Change Impact on the Stability of Soil Slopes 
from a Hydrological and Geotechnical Perspective. GeoHazards 2024, 5(4), pp. 1190-
1206.https://doi.org/10.3390/geohazards5040056 

Silwal BR, Gyawali BR, Yoshida K (2024) Geochemical and mineralogical analysis of low‑grade metamorphic 
rocks and their response to shallow landslide occurrence in Central Nepal. Geoenvironmental Disasters 
(2024) 11:37. https://doi.org/10.1186/s40677-024-00301-9 

Zhang S, Zhu G, Xu C, Ma J, Sun Z (2025) Stability influence of weak interlayer rock slope under rainfall. 
Frontiers in Earth Science. 13:1564077. https://doi.org/10.3389/feart.2025.1564077 

156


	1.Risk assessment methods
	1107_EUROCK2026_Paper_1107_VerB
	1136_Manuscript
	1161_EUROCK2026_Paper_Template_revised
	1176_EUROCK2026_Janevski_Jovanovski1
	1188_EUROCK2026_Maca_Husain_rev1_2026-06-01
	1193_EUROCK2026_Tumara-Petrovic-ENGv_3
	1207_EUROCK2026_InSAR_Polog
	1234_EUROCK2026_MM_09062026_REV
	1235_EUROCK2026_VDB_MM_FP_final
	1257_EUROCK2026_R^3_Geo-Matrix_Paper_1257_Dixon_et_al_FINAL
	1269_Final_
	1271_Masethe_et_al_EUROCK_2026
	1281_Dyberg_Thonée_et._al_Towards_a_reliability-based_monitoring_system_for_uplift_under_concrete_buttres
	1299_Eurock26_-_Phase-field_fracture_simulation_for_strain_rate_effect_on_fracture_propagation_ACH_LW_MD_
	1357_EUROCK2026_Paper_JWalls_1357
	1374_EUROCK2026_Paper_Adi_Satria_Revised
	1378_EUROCK2026_Paper_1378 _1_
	1388_EUROCK2026_Paper_vf
	1419_EUROCK2026__Risk‑Informed_Foundation_Optioneering_in_Karst_Terrain_Mahmoud_and_Hamza_R1.pd
	1420_EUROCK2026_Paper_Romic _eng_ Revised-Clean Version 1

