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includes topographical and geological details of 13 
rock slopes along the Lengpui-Aizawl highway. The 
coefficient of restitution was estimated in the labora-
tory using a fabricated rockfall setup. Further, 243 
modellings were performed to analyse the data and 
develop the generalised rockfall equations. These 
generalised equations will help the field engineers to 
predict the outcome of the rockfall activity and help 
design suitable mitigative measures.

Keywords  Restitution coefficient · Design of 
experiment · Bounce height · Rockfall barrier · 
Mitigative measures · Aizawl

1  Introduction

Rockfall is a significant hazardous event in the hilly 
regions as it has the potential to damage infrastruc-
tures and causes severe injuries or fatalities (Badger 
and Lowell 1992). The geotechnical setup and geo-
dynamic behaviour of the slopes are responsible for 
the frequency of landslides in the Himalayan region 
(Kumar et  al. 2018). The failure in slopes is gov-
erned by numerous factors such as geomorphologi-
cal features (Hoek and Bray 1981), freeze–thaw cycle 
(McCarroll et al. 1998), seismic activities (Valagussa 
et al. 2014), rainfall/groundwater (Jaswal et al. 2020; 
Wei et al. 2014) and vegetation. The study conducted 
by Wyllie and Norrish (1996) reveals that rainstorms 
cause 30% of the rockfall activities, 21% due to the 
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freeze–thaw process, and the remaining due to frac-
tured rock, wind, etc.

Asteriou et al. (2012) describe that rockfall activity 
depends on numerous factors, such as slope charac-
teristics i.e. slope height, slope angle, slope rough-
ness etc., block characteristics i.e. block mass, block 
shape, block size, block strength etc. Recently, Dat-
tola et al. (2021) investigated the effect of shape and 
rotation motion on the rockfall impacts based on 
visco-plastic theory. The higher slope height tends to 
increase the kinetic energy associated with the fall-
ing rock blocks. The slope angle affects the rockfall 
trajectory and the shear stress acting on the potential 
failure plane (Roth 1983). Slope excavation is one of 
the main factors causing an alteration in slope geom-
etry (McColl 2015). The various types of rockfall 
motions, such as fall, roll and bounce, occur after 
separating a rock block from the detachment point 
(Ritchie 1963). The trajectories of falling rock blocks 
can be influenced by the coefficient of restitution 
(CoR), roughness of the slope surface, coefficient of 
rolling friction and the coefficient of sliding friction. 
Irfan and Chen (2017) developed mathematical equa-
tions to predict the rockfall trajectories.

CoR is defined as the ratio of the velocities before 
and after the impact of rock block on the slope’s sur-
face. In the rockfall modelling, normal and tangential 
CoR ( Rn and Rt ) are being used separately to calcu-
late the rebound velocity components in the normal 
and tangential direction (Wu 1985). Richards (1988) 
observed that the values of CoR (especially Rn) have 
a substantial effect on the rockfall trajectories. The 
value of Rn and Rt are used to quantify the energy 
dissipation during an impact in the prediction of 
rockfall (Buzzi et al. 2012). Asteriou (2019) demon-
strates the influence of rockfall impact and rotational 
motion on the CoR. Slope roughness is characterized 
by the waviness and unevenness of the slope (ISRM 
1981). The large-scale waviness contributes to resis-
tive shear stress. These irregularities in the slope sur-
face are responsible for variation in rockfall trajecto-
ries, as they alter the impact angle. Slope roughness 
plays a crucial role in the rockfall assessment. Verma 
et  al. (2018) performed the sensitivity analysis that 
shows it affects the rockfall assessment outcome. 

Rolling friction coefficient ( �r ) represents the slope’s 
resistance to the angular velocity of the rock block, 
whereas sliding friction coefficient ( �s ) represents the 
resistance offered by the slope surface to the sliding 
of the rock block. The rolling motion is restricted to 
a limiting angle of inclination. Peng (2000) investi-
gated the characteristics of �r by varying the value of 
�
r
 ranging from 1° to 5°, and observed that under the 

rolling conditions, coefficient of rolling friction does 
not play a significant role. It is actually the coefficient 
of sliding friction that offers a significant resistance 
to the movement of the rock block as compared to the 
coefficient of rolling friction.

A major part of the study was concentrated 
along the NH-44A highway since it is a lifeline of 
the Aizawl city, as this is the only link between the 
Aizawl city to the Lengpui Airport. The stability of 
rock slopes in the vicinity of Aizawl city varies from 
partially stable to unstable (Sardana et  al. 2019a; 
2019b). The preliminary study, based on Rock-
fall Hazard Rating System (RHRS) carried out by 
Verma et  al. (2021), shows that the road cuts along 
the Lengpui-Aizawl highway are prone to rockfall 
and comes under moderate to higher urgency. Hoek 
(1999) allocated the rockfall hazard rating into three 
categories of urgency: high, medium and low, indicat-
ing the extent of the hazard. The slopes with RHRS 
scores higher than 500 require immediate attention. 
Based on RHRS scores, the slopes along the Leng-
pui-Aizawl highway are highly vulnerable and a con-
tinuous threat to the rockfall. Therefore, these slopes 
required a detailed rockfall assessment. Moreover, 
this highway has witnessed several rockfall events in 
the past few years (Sardana et al. 2020; Verma et al. 
2019; Lallianthanga et  al. 2013). The present work 
aims to develop a set of equations using parametric 
analysis to determine the rockfall output parameters: 
bounce height, velocity, and kinetic energy. The equa-
tions were developed using multivariate linear regres-
sion to guide predicting risk assessment concerning 
the bounce height, velocity, and energy accompany-
ing the falling rock blocks. These equations serve the 
purpose of input parameters required by engineers 
associated with designing suitable mitigative meas-
ures against the adverse effect of rockfall.
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2 � Field Investigations

2.1 � Location

The slopes under investigation are located along the 
Lengpui-Aizawl highway (NH-44A). The field study 
covers a total of 13 rock slopes from Lengpui Airport 
toward Aizawl city. The stretch located between the 
latitudes 23◦

50′ 19.85′′N–23◦

46
′

52.95
′′

N and lon-
gitudes 92◦

37′ 27.01
′′

E–92◦

40
′

35.23
′′

E . The study 
area comes under toposheet no. 83D/15, 84A/10, and 
83H/4 of the Survey of India. The highway is con-
stantly under the threat of rockfall activity at an eleva-
tion ranging from 273 to 413 m. The coordinates and 
elevation of the rock slopes are reported in Table 1.

2.2 � Geology

The geological investigation reveals that the area 
is predominantly overlain by Neogene sedimen-
tary rocks of Tipam and Surma group formation. 
In Mizoram, the sedimentary column is a repetitive 
succession of arenaceous and argillaceous rocks 
comprising sandstone, shale, mudstone, silty-sand-
stone, silty-shale and their mixtures. Surma group 
covers a large portion and is subdivided into Bhu-
ban and Bokabil formations. Bhuban formation is 
further divided into Upper, Middle and Lower Bhu-
ban (Ganju 1975). The entire Aizawl city includes 
top and middle Bhuban dispositions of the Surma 
group of rocks (Kesari 2011). This group of rocks 

Table 1   Details of road cuts along the Lengpui-Aizawl highway

Slopes Latitude- Longitude Elevation (m) Slope 
height 
(m)

Stretch 
length 
(m)

Slope angle (deg) Average 
in-situ UCS 
(MPa)

Lithology

L-1 23
◦

49
′

09
′′

N

92
◦

37
′

32
′′

E

273 30 90 85–90 41 Shale and Sandstone

L-2 23
◦

48
′

35
′′

N

92
◦

37
′

18
′′

E

228 10 15 85–90 35 Shale

L-3 23
◦

48
′

27.23
′′

N

92
◦

39
′

40.01
′′

E

209 12 45 75–80 30.5 Shale

L-4 23
◦

48
′

22.97
′′

N

92
◦

39
′

40.92
′′

E

220 9 30 85–90 34.5 Shale

L-5 23
◦

48
′

1.49
′′

N

92
◦

39
′

53.2
′′

E

264 5 35 80–85 23.5 Sandstone and Shale

L-6 23
◦

47
′

55.03
′′

N

92
◦

39
′

58.04
′′

E

284 11 25 85–90 31 Siltstone with shale

L-7 23
◦

47
′

50.62
′′

N

92
◦

39
′

53.51
′′

E

306 10 9 70–75 30 Siltstone and sandstone

L-8 23
◦

47
′

43.41
′′

N

92
◦

39
′

52.96
′′

E

309 15 40 75–80 38 Siltstone and sandstone

L-9 23
◦

47
′

04.88
′′

N

92
◦

40
′

21.42
′′

E

413 10 35 80–85 32.5 Siltstone and Shale

L-10 23
◦

47
′

02.88
′′

N

92
◦

40
′

24.45
′′

E

430 9 25 85–90 34 Shale and Sandstone

L-11 23
◦

47
′

00.79
′′

N

92
◦

40
′

26.00
′′

E

434 10 30 75–80 33.5 Shale and Sandstone

L-12 23
◦

46
′

57.88
′′

N

92
◦

40
′

28.29
′′

E

423 31 110 85–90 36.5 Shale and Sandstone

L-13 23
◦

46
′

52.95
′′

N

92
◦

40
′

35.23
′′

E

431 15 45 75–80 32.5 Shale and Siltstone
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embraces alternate shale beds, siltstone, sandstone 
and mudstone of diverse thicknesses. Sandstones 
are hard, compact and stable, whereas shale beds 
are brittle compared to sandstone. They include 
bands of micaceous-felspathic and weathered sand-
stone (Lallianthanga et  al. 2013). An arenaceous 
and argillaceous batch of rocks lies in relatively 
upper and lower ground, respectively. Reconnais-
sance traversing from Aizawl to Champhai resulted 
in identifying a Barail batch of rocks in and around 
the Champhai subdivision, Aizawl district, and 
Bhuban in the west. The geological map of the 
study area is shown in Fig. 1.

2.3 � Site Characterization

Extensive site characterization includes estimat-
ing slope height, slope angle, slope geometry, slope 
orientation, joint orientation and discontinuity con-
ditions and the dimension of potential falling rock 
blocks. Figure  2 and 3 shows the field photographs 
of rock slopes along this highway. Figure  4 shows 
the different sizes of rock blocks observed at the site. 
The topographical and lithological details have been 

provided in Table  1. Slope angle, weight of falling 
blocks and slope height are major parameters that 
affect the falling blocks’ path and energy. Therefore, 
the histograms have been plotted, showing the values 
for the three factors mentioned above (Fig.  5). The 
height of the slope varied from 5 to 31 m; therefore, 
the slope height has been divided into three catego-
ries, ≤ 10 m, 11–20 m and > 20 m (Fig. 5a). Similarly, 
the data was divided into three categories, for slope-
angle, ≤ 75°, 75–85° and > 85° (Fig.  5b); and for 
block-weight, ≤ 300  kg, 300–800  kg, and > 800  kg 
(Fig.  5c). An average height and a range of angles 
have been considered for 13 rock slopes for the slope 
height and slope-angle parameter. The block weight 
was estimated to consider approximately 150 fallen 
rock blocks observed during the site investigation.

3 � Laboratory Investigations

The restitution coefficient (CoR) plays a crucial role 
in the rockfall assessment. It is associated with the 
dissipation of energy in the course of the impact. 
The normal restitution coefficient (Rn) has been 

Fig. 1   Geological map of 
Mizoram showing Aizawl 
and Lengpui area (after 
Ram and Venkataraman 
1984)
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determined in the laboratory using a setup (Fig.  6). 
The experimental setup consists of a steel frame with 
a releaser fixed at the top and a base casing to accom-
modate the rock slab. The height of the releaser can 

be varied by adjusting the threaded rod attached to it. 
The supporting frame is mounted with a scale of 1 m 
length graduated in millimetres. The resting slab’s 
angle can be varied by adjusting the pinion attached 

Fig. 2   Field photographs 
showing road cuts (L-1–L-
9) along NH-44A, Aizawl
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to the base frame (Fig.  6). A high-speed camera 
was used for image exposures in excess of 1/1000 
or frame rates of more than 250 frames per second. 
It was used to record fast-moving objects as photo-
graphic images onto a storage medium. After record-
ing, the images stored on the medium can be played 
back in slow-motion.

The rock slab was placed under the sample holder 
and a high-speed camera was fixed parallel to the 
setup. The almost spherically shaped small rock sam-
ple was kept in the holder and released such that it 
experienced a free fall with a drop height of 0.66 m 
and bounced on the approximately rectangular rock 
slab. The test was repeated on the same rock slab with 

Fig. 3   Field photographs showing road cuts (L-10–L-13) along NH-44A, Aizawl
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different small rock pieces. The camera captured the 
motion; later, the recorded video was transferred to 
the computer and analysed by the motion tracking 
software (Tracker software).

The maximum positive value of Vf and maximum 
negative value of Vi has been taken to estimate Rn as 
per Eq. 1.

where Vf and Vi are the velocities of the falling rock 
block, after and before the bounce on the rock slab. 
Ten values have been plotted in Fig.  7 determined 
from the CoR setup, which shows 50% of the values 
come under less than 0.46 CoR, 20% higher than 0.5 
CoR and the remaining values fall between 0.46 and 
0.5.

(1)Rn =

Vf

Vi

4 � Rockfall Modelling

The rockfall modelling has been performed using 
the RocFall software package from Rocscience. The 
analysis in this package is based on either lumped 
mass or rigid body approach. In the lumped mass 
approach, each rock block is considered as a very 
small spherical particle. Therefore, the rock block’s 
mass is considered, and the size or shape is not con-
sidered in the analysis. In contrast, the rigid body 
approach considers the shape and size of the rock 
block depending on its mass. The critical input 
parameters considered in the rockfall modelling are 
slope height, slope angle, rock block weight, source 
of the rockfall (i.e. seeder point), CoR and slope 
roughness. The major output parameters determined 
in the rockfall analysis are its trajectories, bounce 
height, velocity and energy at any point.

Fig. 4   Field photographs showing falling rock blocks along NH-44A, Aizawl
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In this study, rockfall modelling has been per-
formed using lumped mass formulation. The values 
of slope height (10–30  m), slope angle (65–85  deg) 
and the weight of the block (100–1000  kg) have 
been estimated based on extensive field investiga-
tions (Figs. 2, 3, 4). The normal restitution coefficient 
values have been estimated in the laboratory (Fig. 6) 
and the range of slope roughness has been considered 
from the literature (Verma et  al. 2018; RocScience 
2016; Srikanth 2015). Figure 8 shows rockfall model-
ling from the slope height of 10 m with a slope angle 
of 65°.

A total of 243 simulations have been performed 
by varying the three sets of values for these five input 
parameters. Three-level values of the aforesaid five 
parameters were varied, usually referred to as low, 
intermediate and high values, as given in Table 2.

5 � Parametric Analysis

A parametric analysis has been performed to observe 
the effects of rockfall input parameters on the rock-
fall output parameters. Further, multivariate linear 
regression has been used to develop the generalised 

Fig. 5   Histogram plots showing the frequency of a slope height, b slope angle and c weight of the falling rock blocks
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equations to predict the rockfall outcome. One of the 
five input parameters was varied while keeping the 
other four constant to observe its influence on the out-
put parameters. The procedure was repeated for each 

input parameter. A factorial design of experiments 
was used in the parametric study (Sinha 2013; Mont-
gomery et al. 2011). In the factorial experiment with 
k factors (here, k = 5), each factor has three levels of 
value (provided in Table 2), will need 3k number of 
runs (i.e. 35 = 243 ). This is recognized as 3k factorial 
design and read as three-level ‘k’ factor design.

5.1 � Factorial Plots for Bounce Height, Velocity and 
Kinetic

The factorial plots were plotted using the Minitab 
software package to observe the main effects among 
the rockfall input parameters for their different values 
on the rockfall output parameters. Figure 9 shows the 
main effect of slope height, slope angle, block weight, 
CoR and slope roughness on the bounce height, 
velocity and kinetic energy.

The factorial plots reveal that, for bounce height, 
the maximum variation is shown by slope-angle 
(Fig.  9a); therefore, slope-angle will influence the 
bounce height higher than the other four rockfall 
input parameters. Also, no variation was observed 
in block weight; hence, it will not affect the bounce 
height in any manner. The influence of slope rough-
ness will be higher than the slope height and CoR, 
and lower than the slope angle. In the factorial 
velocity plots (Fig.  9b), slope height shows higher 
variation followed by slope angle, while the remain-
ing three parameters were constant. Therefore, slope 
height is the major influencing input for the veloc-
ity of the rockfalls. For the factorial plot of kinetic 
energy (Fig. 9c), the major variation was observed 
by block weight and slope height. The slope angle 
also shows a minor variation. Therefore, these three 
inputs will affect the kinetic energy associated with 
the falling rock blocks.

5.2 � Multivariate Linear Regression for Bounce 
Height, Velocity and Kinetic Energy

Multivariate linear regression analysis is used 
to develop the linear equations that can predict 
the bounce height, velocity and kinetic energy of 

Fig. 6   Experimental setup to determine CoR values in the 
laboratory

Fig. 7   CoR values estimated in the laboratory
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rockfalls. The data used in the regression analysis has 
been generated through the 243 rockfall simulations. 
A linear form of regression was taken for analysis, as 
given in Eq. 2.

where, a1 through a7 are constants. The output param-
eters are Bounce height, Kinetic energy and Velocity. 
The linear regression analysis aims to find out the 

(2)
Output = a1 + a2 ×W + a3 × Hs + a4 × �

+ a5 × CoR + a6 × Rs

respective constants. Minitab software package was 
used to carry out regression analysis.

5.2.1 � Observation of the Results for Bounce Height, 
Velocity and Kinetic Energy

The regression analysis was performed using ‘Analy-
sis of Variance’ (ANOVA) (Table  3). The ‘P-value’ 
in the last column of the ANOVA section of Tables 3, 
4, 5 indicated the significance of the model. It rep-
resents the goodness of fit; the lower the value, the 
better the fit. The P-value must be lesser than 0.05 for 
the model to fit into the data. For all three outputs, 
bounce height, velocity and kinetic energy, its value 
is 0.00 (i.e. less than 0.05); therefore, the model is a 
good fit.  

Similarly, for the coefficients section in Tables 3, 
4, 5, P-value represents the significance of the varia-
ble coefficients. In case if P-value is higher than 0.05, 
it indicates that the coefficient estimate is not consist-
ent as it would have too much variation or dispersion. 
The individual coefficients column gives the respec-
tive constants of the regression equation. Here, in 
bounce height, the ‘P-value’ of all the parameters is 

Fig. 8   Rockfall modelling 
showing the slope geom-
etry, slope material, seeder 
point and trajectories of the 
falling rock blocks

Table 2   Parameters with three levels of value (low, intermedi-
ate, and high) used in rockfall modelling and parametric study

S. No Parameters Lower value Inter-
mediate 
value

Higher value

1 Block weight 
(kg)

100 500 1000

2 Slope height 
(m)

10 20 30

3 Slope angle 
(deg)

65 75 85

4 CoR 0.43 0.48 0.53
5 Slope rough-

ness
0 2 5
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Fig. 9   Main effects plot for a bounce height, b velocity, and c kinetic energy associated with the falling rock blocks
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0.000, except the ‘block weight’. Therefore, the model 
is a good fit for the data, whereas the block weight 
parameter has wide variations and is not a good fit 
for the data. R-sq = 74.31% value indicates that one 
can predict bounce height’s value with 74.31% con-
fidence. The value of R-sq (adj) = 74.79% suggests 
that this model can be used to explain 74.79% of the 
present data. In the velocity, the ‘P-value’ for slope 
height and slope angle was less than 0.05, indicating 
the model is a good fit for the data. However, for the 
remaining three parameters, their values are higher 
than 0.05 (i.e.1.000, 0.980, and 0.992), indicating 
that these variables’ coefficient estimates are less reli-
able than slope height and slope angle. In the kinetic 
energy, block weight, slope height and slope angle 

have P-values of 0.000 or 0.001, indicating that the 
model is a good fit. However, for the remaining two 
input parameters, its value was 0.992 and 1.000 (i.e. 
higher than 0.05). Hence, the coefficients for these 
two variables can be considered less reliable.

Figure  10 shows the residual plots of the regres-
sion analysis for rockfall output parameters. The two 
major plots are the normal probability plot and histo-
gram plot. The purpose of a normal probability plot is 
to identify outliers of the data, whereas a histogram 
plot represents the distribution of the data. The out-
liers of data and distribution of the data for bounce 
height, velocity and kinetic energy have been shown 
in Fig. 10a–c respectively.

Table 3   Result of regression analysis for bounce height versus parameters

SS Sum of Squares; MS Mean Squared Errors; VIF Variance Inflation Factor; SE Standard Error; DF Degree of Freedom

Coefficients

Term Coef SE Coef T-value P-value VIF

Constant − 17.87 1.18 − 15.16 0.000
Block weight 0.00000 0.000210 0.00 1.000 1.00
Slope height 0.11056 0.00946 11.69 0.000 1.00
Slope angle 0.18304 0.00946 19.36 0.000 1.00
CoR 7.76 1.89 4.10 0.000 1.00
Slope roughness 0.5243 0.0376 13.95 0.000 1.00

Model summary

S R-sq % R-sq (adj) % R-sq (pred) %

1.20360 75.31 74.79 73.95

Analysis of variance

Source DF Adj SS Adj MS F-value P-value

Regression 5 1047.17 209.433 144.57 0.000
Block weight 1 0.00 0.000 0.00 1.000
Slope height 1 198.00 198.005 136.68 0.000
Slope angle 1 542.74 542.741 374.65 0.000
CoR 1 24.38 24.383 16.83 0.000
Slope roughness 1 282.33 282.036 194.69 0.000
Error 237 343.33 1.449
Total 242 1390.50
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5.2.2 � Regression Equations

According to the regression analysis results in 
Tables 3 through 5, the coefficients of equations are 
substituted in Eq. 2 to derive the equations of bounce 
height, velocity and kinetic energy, respectively, for 
the rockfalls. These equations are given below (Eqs. 3 
through 5).

(3)Bounce height = −17.87 + 0.11 × H + 0.18 × � + 7.76 × CoR + 0.52 × Rs

(

R2
= 75.31

)

(4)
Velocity = 3.15 + 0.49 × H + 0.07 × �

(

R2
= 99.17

)

(5)Kinetic energy = −147.4 + 0.17 ×W + 4.65 × H + 0.73 × �
(

R2
= 88.53

)

5.3 � Statistical Validation of the Regression Equations

The validation has been performed by plotting the pre-
dicted values estimated from the developed equations 
versus values of output variables i.e. bounce height, 
velocity and kinetic energy observed through rockfall 
simulations and measuring its correlation. Plots of the 
correlation of the predicted versus observed values are 

given in Fig. 11a through 11c for bounce height, veloc-
ity and energy, respectively. The correlation coefficient 
(

R2
)

 of 0.78, 0.98 and 0.92 for bounce height, velocity, 

and energy have been observed, respectively, indicat-
ing the confidence level with which these equations can 

Table 4   Result of regression analysis for velocity versus parameters

SS Sum of Squares; MS Mean Squared Errors; VIF Variance Inflation Factor; SE Standard Error; DF Degree of Freedom

Coefficients

Term Coef SE coef T-value P-value VIF

Constant 3.152 0.363 8.67 0.000
Block weight 0.00000 0.000065 0.00 1.000 1.00
Slope height 0.48517 0.00292 166.36 0.000 1.00
Slope angle 0.07078 0.00292 24.27 0.000 1.00
CoR − 0.015 0.583 − 0.03 0.980 1.00
Slope roughness − 0.0001 0.0116 − 0.01 0.992 1.00

Model summary

S R-sq % R-sq (adj) % R-sq (pred) %

0.371183 99.17 99.15 99.13

Analysis of variance

Source DF Adj SS Adj MS F-value P-value

Regression 5 3894.42 778.88 5653.24 0.000
Block weight 1 0.00 0.00 0.00 1.000
Slope height 1 3813.26 3813.26 27,677.16 0.000
Slope angle 1 81.15 81.15 589.02 0.000
CoR 1 0.00 0.00 0.00 0.980
Slope roughness 1 0.00 0.00 0.00 0.992
Error 237 32.65 0.14
Total 242 3927.07



5520	 Geotech Geol Eng (2022) 40:5507–5525

1 3
Vol:. (1234567890)

predict the output parameters for rockfall at specified 
locations.

6 � Design Sample of Rockfall Barrier and Other 
Mitigative Measures

Vogel et  al. (2009) explained selecting appropriate 
protective measures based on falling rock blocks’ 
energy. The commonly used protective measures 
worldwide are benched slopes, ditches, rockfall bar-
riers, gabion walls, nets, rock sheds, earth dams and 
reinforced dams (Fig. 12).

A rockfall barrier is one of the suitable preventive 
measures for rockfall hazards. The crucial proper-
ties to design a rockfall barrier are capacity (energy), 
height, inclination and location. The barrier’s design 

can be achieved by equations proposed by (Peila and 
Ronco 2009).

According to the energy design equation, the 
energy absorbed by the barrier must be greater than 
the energy computed by the simulation program 
(Eq. 6).

where EETA is the energy of barrier certified by Euro-
pean Technical Approval (ETA), Ed is design energy 
for a barrier that can be computed through simula-
tion, hd is the design height of the barrier, hb95 is 95 
percentile of the height of the trajectories of falling 

(6)Ed −
EETA

𝛾E
< 0

(7)hd >
(

hb95 × 𝛾Tr × 𝛾Dp + fb
)

Table 5   Result of regression analysis for kinetic energy versus parameters

SS Sum of Squares; MS Mean Squared Errors; VIF Variance Inflation Factor; SE Standard Error; DF Degree of Freedom

Coefficients

Term Coef SE Coef T-value P-value VIF

Constant − 147.4 26.5 − 5.55 0.000
Block weight 0.17292 0.00472 36.62 0.000 1.00
Slope height 4.649 0.213 21.83 0.000 1.00
Slope angle 0.728 0.213 3.42 0.001 1.00
CoR − 0.5 42.6 − 0.01 0.992 1.00
Slope roughness − 0.000 0.846 − 0.00 1.000 1.00

Model summary

S R-sq % R-sq (adj) % R-sq (pred) %

27.1012 88.53 88.29 87.84

Analysis of variance

Source DF Adj SS Adj MS F-value P-value

Regression 5 1,343,583 268,717 356.86 0.000
Block weight 1 984,919 9,849,191 1340.98 0.000
Slope height 1 350,070 350,070 476.62 0.000
Slope angle 1 8594 8594 11.70 0.001
CoR 1 0 0 0.00 0.992
Slope roughness 1 0 0 0.00 1.000
Error 237 174,071 734
Total 242 1,517,654
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rock blocks over the slope (i.e. bounce height), fb is 
half of the average size of the falling rock block, �E , 
�Tr and �Dp are the safety factors concerning energy 
computation, trajectory computation and slope dis-
cretization quality, respectively.

The rockfall assessment conducted by Verma et al. 
(2018), using Rocfall software package, reveals that 
kinetic energy was estimated to be 58.2  kJ. Subse-
quently, using Eq.  6, the minimum barrier capacity 
was 75.7 kJ. Similarly, the bounce height was 1.4 m 
and using Eq.  7. The minimum barrier height was 

Fig. 10   Residual plot of 
the regression analysis for 
a bounce height, b velocity 
c kinetic energy associated 
with the falling rock blocks
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2.1 m. Therefore, a rockfall barrier of a minimum of 
2.5 m in height and 100 kJ capacity was proposed to 
arrest all the falling blocks (Fig.  13a). Considering 
the same inputs parameters, the bounce height and 
kinetic energy calculated through Eqs. 3 and 5 were 
1.5 m and 50.5 kJ, respectively. Further, using Eqs. 6 
and 7, the minimum barrier height and capacity were 
2.2 m and 65.6 kJ, respectively (Fig.  13b). The cal-
culated values show a 5–13% variation between the 
present study and Verma et al. (2018). However, the 
overall proposed height and barrier capacity remain 
the same, i.e. 100 kJ of barrier capacity with a barrier 
height of 2.5 m.

The magnitude of energy and the bounce height 
can be estimated through Eqs.  3 and 5 instead of 
computing through the rockfall simulation package. 
Similarly, for selecting other energy-based protection 
structures suggested by Vogel et al. 2009, the energy 
magnitude can be estimated using Eq. 5.

7 � Conclusion

The present study includes (i) the determination of 
input parameters through an extensive field inves-
tigation of 13 rock slopes carried out at the Leng-
pui-Aizawl highway, (ii) the testing carried out in 
the laboratory on collected rock samples from the 
site and (iii) a total of 243 simulations of rock-
fall by varying three level of values of five input 
parameters. 

•	 The parametric analysis helps to identify the 
influence of each input parameter on the out-
come of the rockfall. The results reveal that the 
slope-angle, slope-height and block-weight are 
three parameters that affect the bounce height, 

Fig. 10   (continued)
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velocity and kinetic energy, respectively, com-
pared to the rest of the input parameters.

•	 A set of generalised equations was developed 
and further validated using multivariate linear 
regression analysis to predict the bounce height, 
velocity, and kinetic energy associated with the 
rockfall activity.

•	 The assessment of rockfall using software pack-
ages is costly and time-consuming. Similar 
results (variation approximately up to 13%) were 
observed through the developed equations com-
pared to the outcome of rockfall modelling. Fur-
ther, these generalised equations will assist the 
field engineers in selecting and designing a suit-
able mitigative measure against rockfall.

•	 The study is limited to the rock slopes of NH-
44A. The work can be further expanded by 
including more case studies from other parts of 
the country.

Fig. 11   Correlation of a bounce height b velocity c kinetic energy associated with the falling rock blocks

Fig. 12   Selection of various protection structures based on 
their energy absorbing capacity (after Vogel et al. 2009)
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