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a  b  s  t  r  a  c  t

This  research  investigates  the stability  of  rock  slopes  in the foundations  of  selected  medieval  castles  in
Slovakia.  In the  first phase,  static  analysis  of  the  45 selected  medieval  castle  rock  slopes  was  performed,
where  more  than  12,000  potentially  unstable  blocks  were  analyzed  and  the  factor  of safety  in static
condition  was  calculated  using  the  key  block  theory  implemented  in  the  Kbslope  module  of PTworkshop
software.  Based  on results  of  the  static  stability  analysis,  a pseudo-static  analysis  was  performed  adopting
the seismic  acceleration  in  accordance  with  Slovak  Technical  Standards  – Seismic  actions  on  structures.
This  was  implemented  by  calculating  the  vectors  of  horizontal  force acting  upon  shear  failure  in the
direction  of the slope  face  with  a  zero  vertical  component.  When  non-finite  and  tapered  blocks  were
ignored,  the  results  proved  that 14%  of  the  12,217  blocks  investigated  under  static  conditions  could
be  considered  unstable.  This  number  increased  to 23%  under  pseudo-static  conditions,  when  seismic
acceleration  was  implemented  in  the  stability  calculations.  A detailed  stability  assessment  of  the  Gymes
Castle  located  in western  Slovakia  was  carried  out  with  delineation  of  blocks  prone  to  rock  sliding  and
proper  stabilization  methods,  based  on  joint  sets  orientation  measurements  performed  on  the  3D point
cloud generated  by  laser  scanner.

©  2012  Elsevier  Masson  SAS.  All  rights  reserved.

1. Research aims

There are over 250 medieval castles, chateaus or fortified
monasteries in Slovakia. Although many are in a state of ruin, the
majority of these sites are protected by law as cultural heritage. This
includes Spis Castle which is under the patrimony of UNESCO. Due
to their primary defensive function and the mountainous landscape
of Slovakia, the majority of medieval castles are built on the top of
rock cliffs. Their long-term stability is influenced by the stability of
the rock mass in the bedrock. In addition, there are several reports of
rock blocks falling from the steep slopes and endangering visitors,
as witnessed at Devin and Likava Castles. Here, the contribution of
an engineering geologist dealing with rock slope stability is vital not
only for safeguarding the historic structure itself, but also for visitor
safety. Furthermore, due to the longevity of cultural monuments,
rock slope stability problems must be solved, especially to limit
seismic risk even in countries like Slovakia, where earthquake risk
is relatively low. Therefore, seismic rock slope stability and factor
of safety calculations were established for the bedrock of medieval
castles in Slovakia. This work began on a regional scale, and covered
rock features in 45 local castles where the stability of individual
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rock faces was  described and evaluated in detail. The rock block
stability was  calculated for static and pseudo-static conditions in
three dimensions using the key block theory.

2. Introduction

The accepted methods of assessing rock slope stability and
calculating safety factors, as applied in natural rock outcrops or
engineered man-made slopes, can be successfully applied to the
natural rock slopes beneath cultural heritage site foundations.
In recent years, vast emphasis on national pride instigated the
reconstruction of historical sites in Slovakia, including the ruins of
medieval castles. A set of 45 mostly medieval castle rock slopes
were therefore selected for examination, and restoration where
required (Fig. 1a). Each castle contained several rock faces with
different slope orientation, and these were analyzed using the
static and pseudo-static key block methods. A complete stability
analysis of discontinuous rock slopes consists of the following three
steps: (1) creation of the geometry of the block system isolated
by discontinuities and rock face; (2) finding all potentially remov-
able blocks and corresponding mechanisms causing failure and (3)
the stability calculations [1]. Most previous static analysis research
work on stability problems in discontinuous rock slopes focused
only on details, such as the generation of the blocky rock mass
[2,3]; determination of sliding modes and safety factors of sliding
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Fig. 1. Locations of the investigated castle rock slopes with highlighted castles referenced in the text (a) and photographs of the Beckov castle northern and southern views
(b)  and a view of St. Ignatius Chapel in the Gymes castle (c).

blocks [4,5]; the distinction between single and double plane slid-
ing of blocks [6,7]; the assessment of kinematic feasibility, sliding
and volumes of blocks by means of inclined stereographic projec-
tion [8] or through vector analysis [9], or based on graphic theory
[10]. The block theory developed and continuously extended by Shi
[11,12] and Mauldon and Goodman [13] can be considered a com-
prehensive procedure of static analysis for stability evaluation of
discontinuous rock slopes. The power of the block theory lies in its
simplification of a quite complicated analysis of discontinuous rock
slopes to a step-by-step analysis [13]. Detailed fundamentals and
proofs can be found in the text by Goodman and Shi [12].

3. Methods

In the first phase of this research, a static analysis of the 45
selected medieval castle rock slopes was performed. The necessary
input data consisted of the joint sets orientations obtained from the
engineering geological inventory of medieval castles of Slovakia,
and also field mapping. With the exceptions of the joint friction

angle which was  selected from published data [5] and outcrop slope
orientation determined in field investigation, all other input param-
eters were determined in the laboratory. Approximately 60% of the
joints surveyed in the field lacked information on their spacing, so a
default value of 1 m was  set [5]. All this data was  used to determine
the potential failure mechanism and calculation of the safety fac-
tor using the 3D stability KbSlope software. The resulting factor of
safety and the failure mechanism are summarized in Table 1, with
an excerpt for the Beckov and Gymeš  Castles presented in Fig. 1a
and b.

Based on results of static stability analysis, a pseudo-static
analysis in dry conditions was  performed for the 45 castle rock
slopes. The safety factor (FOS) was determined using the pseudo-
static method, and it is presented with reference to the geometry
and mechanical quantities in Fig. 2a, as:

FOS =
cA +

(
W cos  ̌ − Fh sin ˇ

)
tan �

(
W sin  ̌ + Fh cos ˇ

) (1)
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