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Abstract: Different types of geohazards frequently affect road and railway traffic. Among them, in the case
of mountainous terrains, the rockfalls are considered to be most usual. They cause economic losses of different magni-
tude, in some cases even loss of human life. In order to improve the management of the rockfall hazard and risk,
researchers had been developing many different methodologies for assesment and design of effective control, protection
and preparedness measures. One of the approaches is to apply a structural measure along the road/railway line in the
form of a rockfall catch ditch at the toe of the rock cuts. Experimental field tests and computer simulations by many
authors have investigated the effectiveness of these ditches, with main goal being to design ditches that are as effective
as possible. The paper presents application of computer simulation technique coupled with probabilistic analysis. The
main idea is to test the effectiveness of rockfall catch ditches with different geometries, by simulating rockfall blocks
of different geometrical shapes. Beside variation of the ditch and block geometry, also varied are the height and slope
angle of the rock cut. Results from the probabilistic simulations show the different degree of ditch effectiveness in the
investigated cases. The approach is considered useful for the goals in the design process, with main benefits being the

improved management of the rockfall risk and economical rationalization of cuts design.
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INTRODUCTION

Rockfalls present the most common type of
geological hazard (often called rockfall geohazard)
that can threaten road and railway traffic and cause
material damages and human losses. Besides the
geological settings and geometrical properties of the
road/railway alignment, the extend of the risk from
rockfalls depends on various other factors, such as
the vehicle speed and length, the available decision
sight distance, the traffic volume, the length of the
risk section, the number of occupants in a vehicle,
and the type of vehicle.

Different methods have been developed to
evaluate the rockfall risk, ranging from developing
engineering rock classification systems (Harp and
Noble, 1993); hazard and risk classification systems
of unstable road cut slopes, based on visual obser-
vation, simple calculations and by estimating the
rock mass properties through rock mass classifi-
cation systems (Pantelidis, 2009). In terms of hazard
rockfall analysis, one of the most widely used
methods is the Rockfall Hazard Rating System, also

known as RHRS (Pierson, 1991). RHRS is a stan-
dardized methodology, which sets rockfall project
priorities. Russell (2008) proposed a modified
RHRS method for Colorado region. Singh A. (2004)
developed a different approach in order to deter-
mine an index, known as Falling Rock Hazard In-
dex. The parameters taken into account and scored
are the following: slope height, slope inclination,
slope irregularities, rock condition, spacing of dis-
continuity, block size, volume of rockfall, exca-
vation method and duration without remedy and
rockfall frequency. The hazard level estimation is
followed by the proposal of proper mitigation sys-
tems. Saroglou et al. (2012) proposed a rating sys-
tem, which is slightly based on the RHRS system,
but it is not limited on roadway and railway slopes.
It refers also to the effect of rockfalls on inhabited
areas and estimates the hazard and the risk levels of
a potential rockfall.

Abbruzzese et al. (2009) developed a metho-
dology using 2D or 3D trajectory models based on
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Swiss case studies, in order to assess the hazard
level. The hazard analysis is assessed by taking into
account rockfall intensity, expressed by the total
kinetic energy (translational and rotational) of the
falling blocks.

Others have investigated methods for predic-
ting the run outs paths of rockfalls, rock bounce
heights, kinetic energy conditions, velocity of fal-
ling blocks, etc. (Paronuzzi, 1989; Pfeiffer and
Bowen, 1989; Guzzetti et al., 2002). Arbanas et al.
(2012) presented the Croatian experiences on
rockfall hazard determination, rockfall analyses and
applied protection designs at particular locations
along the Adriatic coast of Croatia.

Rocfall and landslide risk mitigation measures
in general encompas different approaches such as
application of structural and non-structural mea-
sures (Bernardi et al., 2008; Hopkins et al., 1996).
Yoon et al. (2020) introduced simple and new met-
hod to mitigate the rockfall hazard using the so-
called sand pool, was made by ditching and then
filling sand where the rock should be stopped or
arrested, capability of the sand pool to stop or arrest
the rockfall was examined. The proposed frame-
work was applied to a case study by Lee etal. (2021)
of rockfall along the highway network of South
Korea, demonstrating how the rockfall occurrence
rates can be systematically classified and how the
risk reduction effects of different mitigation mea-
sures can be quantitatively estimated. This study
also proposed an operation method to select an
appropriate mitigation strategy for any given artifi-
cial cut slope based on available rockfall frequency
rates.

In addition to other relevant numerous scienti-
fic researches, it is important to mention the work of
Ritchie (1963), which is considered pioneering in
terms of research related to rockfalls on steep

hillside and slopes. Ritchie was the first who rese-
arched and developed criteria for designing slopes
and rockfall catchment areas, and proposed a so
called rockfall catch ditch. Ritchie pointed that there
is a need to determine a way to predict the stability
of the surface material after excavating the slope.
Rolling over hundreds of test rocks he studied the
movement and trajectory of "rockfalls" and tried to
develop an analytical solution to rockfall based on
the laws of motion (Pierson et al. 2001).

With development of information technology,
researchers began to program softwares for simula-
tion of rockfalls. The first known computer program
for the simulation and analysis of rockfall on slopes
was developed by Piteau and Clayton (1976). Other
computer programs that have been developed are
CRSP (Colorado Rockfall Simulation Program)
developed by Pfeiffer and Bowen (1989); GeoStru's
GeoRock 2D and GeoRock 3D products who use
the Lumped Mass and GRSP model; Rockyfor3D
(Dorren L.K.A., 2016); STONE software by the
DEMOCLES European Project. All simulation pro-
grams use the equations of motion of a rigid body
and the properties of the slope inclination to calcu-
late the velocity and bounce characteristic of the
block as it moves down the slope.

In this paper is presented a probabilistic appro-
ach of two dimensional rockfall computer simula-
tions, in a case of existance of rockfall ditch below
the road cuts. Several parameters of the rockfall pro-
cess and geometrical conditions are varied, in order
to forsee what are the most optimal combinations of
geometry of both the rockfall ditch and the slope
face of the rock cut, depending on the geometrical
shape of falling rock block. For better representation
and analysis of the obtained results, many respective
graphs are generated.

MATERIALS AND METHODS

Contemporary computer programs in the field
of geotechnics are proving to be an economical and
reliable tool for slope failure analysis. All simula-
tion programs use the equations of motion of a rigid
body, the properties of the slope inclination to cal-
culate the velocity and bounce characteristic of the
rock block, as it moves down the slope. In order to
reduce the number of parameters in the simulation
of the fall rock blocks, the following general as-
sumptions are made:

» The effect of gravity and friction during the
rolling of the block is insignificant.

*» Rockfall process is considered in a plane
perpendicular to the slope.

* There is no weathering of the rock blocks during
the rockfall process (Baishan, P., 2000).

Although the simulation algorithms of diffe-
rent computer programs differ from each other, the
general algorithm is the same, it defines the rolling
of the block (bouncing, sliding or rolling), calcula-
ting the movement speed at the end of each stroke
and finding out where the block stops.

» Height and slope angle.
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+ Dimensions and shape of a rolling rock block.
+ Coefficients of restitution (normal and tangenti-
al).

In the paper we have applied the rocfall simu-
laton program RocFall® product of Rocscience
Canada. The program incorporates all of the above
mentioned aspects for simulation of rockfalls. In
order to investigate the different level of rockfall
ditch effectivenes depending on variyng geometri-
es, we have varied the following rockfall parame-
ters: block dimensions and shape, unit weight of
rock, restitution coefficients (adopted on the basis
of research results on the A2 expressway in Mace-
donia, section Dlabochica — Chatal). According to
the recommendations from the literature and our
observations of the respective road section, slope
heights of 10 m, 20 m and 30 m were applied. The
adopted slopes inclinations are in the ranges: 1V:1H
(45%; 2V:1H (63°; 3V:1H (729, 4V:1H (76°),
6V:1H (819).

Dimensions of ditch (width and depth) are cal-
culated from the diagram of Ritchie (1963), accord-
ing to the height and the slope angle of the cut slope

(Figure 1). Four different shapes of the ditch are si-
mulated: circular, trapezoidal, triangular and V sha-
pe (Figure 2), and for three different block shapes:
cubic, pentagonal and elliptical (Figure 3). A total
of 180 simulations were performed.

Additional assumptions in performing of the
rockfall simulations are the following:

» the statistical approach used in the simulation is
Monte Carlo method (a mathematical technique,
which is used to estimate the possible outcomes
of an uncertain event) (Rubinstein, 1981);

» the number of simulated falling rocks is 100 in all
tested variants;

« rocks are falling from the top of the slope;.

« the initial speed of the falling rocks is zero;

« the material of the slopes is a degraded schist rock
(Table 1 shows the adopted parameters for the
rock mass).

The effectiveness of the ditch is measured by
its ability to stop the rockfall from reaching the edge
of ditch, with the possibility of analyzing numerous
dynamic indicators of the rockfall process.
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Fig. 1. Ritchie rockfall catch ditch design chart (Pierson et al., 2001)
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Fig. 2. Ditch shapes used in our case study
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Fig. 3. Block shapes used in our case study

Tablel
Rock and slope material properties
Rock properties Slope material properties
Unit weight Average block dimension Normal coefficient of restitution Tangenciall coefficient of restitution
(kgim*) (m) (Rn) (RY)
2732 0.5 0.35 0.85

The RocFall program simulates the behavior
of rockfalls by applying the equations of parabolic
trajectories of free-falling bodies and the principle
of total energy conservation. Block dimensions are
used as additional parameters for rockfalls mode-
ling. It is assumed that the angle between the direc-
tion of rolling the block and the profile of the slope
can be changed according to the parameters for the
specific case of analysis. Therefore, the model con-
siders combinations of motion during free fall,
bounce, roll and slide, which may vary in relation to
the size of the rock blocks (Figure 4).

A Data Collector in RocFall is a line segment
that gathers information about the rocks that pass
through the line on their way down the slope. Data
collectors record the velocity, Kinetic energy, verti-
cal location, and horizontal location of all rocks that
pass through it. The program has the ability to visu-
ally present the dynamic parameters of the rockfall
process. For the purpose of the paper, the data col-
lector is placed at the position where the ditch ends,
i.e. at the edge of the roadway shoulder, which we
consider as a border point from which no further
blocks should pass (on the roadway). A view of the
data collector in the software environment is given
in Figure 5.
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Fig. 5. View of animate path and position of “data collector’RESULTS AND DISCUSSION

The graphs in Figure 6 show results of diffe-
rent ditch shapes and a pentagonal shape of falling
rock block. It should be noted that for a slope with
a height of 10 m, the ditch accepts rockfalls in all
cases, except for the triangular shape of the ditch
and the slope inclination of 45° where 10% of the
blocks pass over the ditch edge. At a slope with a
height of 20 m and a slope inclination of 45°, the
blocks cross the edge in the range of 15-45%,

Geologica Macedonica, 36 (2), 165-175 (2022)

except for V-shaped ditch, where total effectiveness
is obtained (0%). The circular (rounded) shape of
the ditch is shown to be the ineffective for slope
heights of 20 and 30 m. Without further detailed
analysis of these graphs, it can be concluded that for
the pentagonal shape of a rockfall block, the most
effective ditch is with V shape. The same analysis is
shown in Figure 7, which refers to the square shape
of the rockfall block.
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Fig. 6. Percentage of rockfall blocks (pentagonal shape) passing the edge of the catch ditch
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Fig. 7. Percentage of rockfall blocks (square shape) passing the edge of the catch ditch

The graphs in Figure 8 show the results for an
elliptical block shape and for different ditch shapes.
According to the analysis, the trapezoidal form
gives the best results in most cases, except for slopes
of 20 m and 30 m at an cut slope angle of 45°, where
1-5% of the rockfall blocks pass over the ditch. In
the case of a triangular ditch, the angle of 45° is
shown to be the most unfavorable cut slope angle at
different slope heights, as well as the angle of 63°

for slopes of 20 m and 30 m, and the angle of 72°
for slopes of 20 m. The V-shape and the circular
shape of the ditch with this block shape are conside-
red to be unfavorable, except for some rare cases of
slope / height combinations..

For additional analytical comparisons, on the
graphs in Figures 9, 10, 11 and 12 are presented the
results obtained with a different shape of block,
while the shape of the ditch is kept the same. It is
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noted that in most of the assumed cases the efficti-
veness is significant, however the most unfavorable
combinations can also be noticed very clearly. On
the graphs in Figure 9, in the case of a trapezoidal
ditch for slopes of 10 m, the ditch has a high effecti-
veness in all block shapes. At a height of 20 m and
30 m on a slope, a greater deviation occurs only at
an angle of 45°, while with other slope geometries
there is a smaller deviation of 2-16%.

For additional analytical comparisons, on the
graphs in Figures 9, 10, 11 and 12 are presented the
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results obtained with a different shape of block,
while the shape of the ditch is kept the same. It is
noted that in most of the assumed cases the efficti-
veness is significant, however the most unfavorable
combinations can also be noticed very clearly. On
the graphs in Figure 9, in the case of a trapezoidal
ditch for slopes of 10 m, the ditch has a high effecti-
veness in all block shapes. At a height of 20 m and
30 m on a slope, a greater deviation occurs only at
an angle of 45° while with other slope geometries
there is a smaller deviation of 2-16%.
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Fig. 8. Percentage of rockfall blocks (elliptical shape) passing the edge of the catch ditch
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Geologica Macedonica, 36 (2), 165-175 (2022)



172

S. Ivanovski, I. Pesevski, M. Jovanovski, S. Abazi, J. Papié, D. Velinov

In Figure 10, for a triangular ditch and slopes
of 10m, good results are obtained, except at an angle
of 45°, where a deviation is observed (4-15%). For
slopes of 20 m and 30 m, larger deviations are also
seen at an cut slope angle of 45° and the most
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unfavorable combination is a slope height of 30 m,
an angle of 45° and a pentagonal block shape, where
72% of the blocks cross the edge of the catch ditch.
Smaller deviations of 1-16% occur in other slope
combinations.
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Fig. 10. Percentage of block passing the edge of ditch (triangular) with the same ditch shape and different block shape
a) pentagon, b) square, c) ellipse

In Figure 11, with a V-shaped ditch and a pen-
tagonal block shape, a great effectivenes of the ditch
can be seen. If the blocks are square-shaped, the
ditch with this shape at different combinations of
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angles and heights of slopes has a lower efficiency
(and up to 46% in one of the combinations). If the
blocks are elliptical shape, the percentage of blocks
that cross the edge of the ditch are 1-18%.
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Fig. 11. Percentage of block passing the edge of ditch (\VV-schaped) with the same ditch shape and different block shape
a) pentagon, b) square, c) ellipse
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In Figure 12 for a circular ditch shape, the least
favorable combination is with a square block shape,
where a large number of blocks cross the edge of the
roadway. The most unfavorable is the case with a

Rounded shape ditch
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cut slope angle of 81° and a height of 30 m (86%).
For an elliptical block shape, the highest effecti-
veness is obtained, where the percentage of unre-
tained blocks ranges between 1-19%.
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Fig.12. Percentage of block passing the edge of ditch (rounded) with the same ditch shape and different block shape
a) pentagon, b) square, c) ellipse

CONCLUSIONS

The paper analyzes computer simulated trajec-
tories of possible rockfalls in case of slopes/cuts
along road sections equipted with rockfall catch
ditch as a protection measure. By statistical proces-
sing of the results it is concluded that for slopes with
a height of 10 m can be recommended to design a
trapezoidal ditch that satisfies the effectiveness in
all tested variants, i.e. catches the rockfall blocks in
all considered conditions of the rockfall event. With
the V-shape of ditch, for all analyzed slope heights
(20 m, 20 m, 30 m), different inclination and with a
pentagonal block shape, a high effectiveness of the
ditch is achieved, which also applies to slopes of 10
m with a circular ditch shape. For trapezoidal and
triangular ditch shapes, for slope heights of 20 m
and 30 m, the most unfavorable case is a slope angle
of 45° and it is recommended not to apply these
combinations of height/inclination/ditch shape,
while for other combinations of slopes and heights,
the blocks pass the edge of the ditch but with a lower
percentages of 1-17%. With V and circular ditch
shape and pentagonal blocks, in most cases with cut
slopes of 10 m, satisfactory results would be
obtained, but larger deviations should be taken into
account at higher slopes. All ditch shapes show the
lowest effectivness in the case of falling blocks with
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square shape. The applied approach makes it pos-
sible to perceive the degree of rockfall catch effici-
ency of ditches in different variants of cut slope and
ditch geometry, thus can be recommended for prac-
tical design purposes. Depending on the project
conditions, a combination with other possible rock-
fall protection measures is possible and desirable.
Final desicion on the design would idealy be based
on a respective cost-benefit analysis taking in
consideration all direct and indirect influences to the
proposed types/combination of measures. Authors
stress that before performing these types of rockfall
simulation analyses, it is of fundamental importance
to collect the respective engineering geological data
on the slopes and falling rocks, with searching
rockfall databases for similar sections in order to
determine the geometric shape of the expected rock-
fall blocks and appropriate restitution conditions of
the cut slope surfaces. Other conditions of the envi-
ronment should be also considered, such as natural
or induced seismicity, vegetation cover, etc.
Acknowledgment: Authors would like to express
special thanks to the Faculty of Civil Engineering in
Skopje and the company Rocscience, who made it pos-
sible to use the RocFall software (Product Key: 8a8c8ac3-
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Pesume

MPOIEHA HA EOEKTUBHOCTA HA POBOBH 3A 3A®AKAGE OJIPOHU CO PA3JIMYHU
TEOMETPUU. MPUMEP CO BEPOJATHOCEH ITPUCTAII
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TlaTHHOT 1 keJNE3HNIKNOT COOOpakaj MoKaT 1a OuiaT BO
royieMa Mepa 3acerHaTh OJ pa3iIMYHU BUIOBU reopusunu. Bo
Clly4aj Ha IIaHWHCKH IIPEJIeIIN, OZPOHUTE Ha KapIK ce CMeTaar
3a HajBOOOMYACH THII Ha reopu3uK. Tue npeau3BUKyBaaT eKko-

HOMCKH 3ary0u o1 pa3IndHH pa3MepH, 3a KaJl BO HEKOH CITydan
Iypu ¥ 3aryou Ha JoBeukw xuBoTH. Co men ma ce momodpu
yNpaBYBambETO CO OMACHOCTa M PU3MKOT Of OIPOHYBAmE Ha
KapIy, UCTPa)KyBauuTe pPa3BHJIE MHOTY pa3sIHYHU METOMO-
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JIOTHH 3a TIPOIIEHa Ha OIIaCHOCTa OJ OJPOHHUTE W 3a BOCIIOC-
TaByBame ¢()eKTHBHA KOHTPOJIA, 3alITUTA M MEPKH 3a MOJTOT-
BeHocT. Enen on mpucranmTe € na ce MpUMEHH CTPYKTypHA
MepKa II0 JOJDKMHATA Ha IaTHATa/’KEeIe3HUYKaTa JIMHHja, BO
(dopma Ha poB 3a 3adakame Ha OIPOHHUTE KOj ce MOCTaByBa BO
MO/IHOXKjeTO Ha KocuHuTe. EQEeKTHBHOCTA HA OBHE POBOBH €
UCTpPaXKEHa CO EKCIIEPUMEHTAIIHU TEPEHCKH TECTOBH U KOMITjy-
TEPCKH CUMYJIAINH O] MHOT'Y aBTOPH, CO TJIaBHA IIeJI 1a Ce Ipo-
€KTHpaaT POBOBH KOJIKY IIITO € MOXHO noedukacHu. Bo Tpynor
€ TpeTcTaBeHa IPHMEHa Ha KOMI[jyTepcKa CHMYJIANCKa TeX-
HUKa Ha OJPOHH BO KOMOWHAIMja CO BEpPOjaTHOCEH IIPUCTAIL.
I'maBHaTa uzeja e na ce Tectupa eheKTUBHOCTA HA POBOBUTE 32
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3atakame OJPOHU NPU Pa3JIMYHU T€OMETPHH Ha KOCHHUTE, a
IIpU CHMYJIMpame Ha OAPOHETH KapIk CO Pa3IndHH IeoMeT-
pucku popmu. [Tokpaj BapupameTo Ha reOMeTpHjaTa Ha POBOT
U Kaprarta Koja ce OJpOHYBa, BapUpaHM C€ U BUCOUMHATA U
aroJoT Ha HaKJIOHOT Ha KOCHHATAa Koja ce aHanu3upa. Pesynra-
TUTE Off CUMYJAIMUTE CO BEPOjaTHOCEH MPHCTAI IO MOKaXy-
BaaT Pa3IMIHUOT CTENEH Ha e()eKTUBHOCTA Ha POBOT BO HCTpa-
xeHute ciaydan. [Ipucranor e npeutoxeH 3a yrorpeda Bo mpo-
LIECOT Ha MPOEKTUpare, NMpH LITO TJaBHH HPUIOOMBKU ce
NoJ0OPEHOTO YIIpaByBamke CO PH3UKOT Ol OAPOHYBame M
panMoHANIM3aINjTaa Ha MPOEKTHPABETO 0J] eKOHOMCKA IIepc-
MEKTUBA.






