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Abstract. The determination of rockfall impact force is cru-
cial in designing protection measures. In the present study,
laboratory tests are carried out by testing the weight and
shape of the falling rock fragments, drop height, incident an-
gle, platform on the slideway, and cushion layer on the pro-
tection measures to investigate their influences on the impact
force. The test results indicate that the impact force is posi-
tively exponential to the weight of rockfall and the instanta-
neous impact velocity of the rockfall approaching the protec-
tion measures. The impact velocity is found to be dominated
not only by the drop height but also by the shape of rockfall
and the length of the platform on the slideway. A great drop
height and/or a short platform produces a fast impact veloc-
ity. Spherical rockfalls experience a greater impact velocity
than cubes and elongated cuboids. A layer of cushion on the
protection measures may reduce the impact force to a greater
extent. The reduction effects are dominated by the cushion
material and the thickness of the cushion layer. The thicker
the cushion layer, the greater the reduction effect and the less
the impact force. The stiffer the buffer material, the lower the
buffering effect and the greater the impact force. The present
study indicates that the current standard in China for design-
ing protection measures may overestimate the impact force
by not taking into consideration the rockfall shape, platform,
and cushion layer.

1 Introduction

The protection measures for rockfalls are mostly designed
to avoid direct exposure of the protected buildings or struc-
tures to falling rock fragments. Protective flexible wire net
and embankment are typical in such design (Giani et al.,
2004; Labiouse, 1996; Peila et al., 1998). There is normally a
strong collision behaviour when the rockfall impacts the pro-
tection measures. The maximum impact force (Fy,) is, there-
fore, crucial during designing the protection measures. In the
literature, the Fy, has been found to be affected by factors,
such as platform on the slope, physical and mechanical prop-
erties of falling materials, and incident angle when collision
happens (Jean and Pascal, 2005; Azzoni et al., 1995; Tet-
suya, 2004; Peila et al., 2007). Jean and Pascal (2005) car-
ried out experiments and indicated that the drop height is the
most important factor influencing the Fy,. Plassiard (2009)
found that the Fy, has positive correlation with the impact
velocity. Stoffel and Perret (2006) carried out field trails and
found that the Fy, increases with the drop height. Glover et
al. (2014) indicated that the rock shape is a key component
and should be included in rockfall modelling. With numerical
simulation, Vilajosana et al. (2008) indicated that the signals
of impact force vary with density of buffer material, incident
angle, weight of rockfalls, and drop height. Kishi et al. (2002)
indicated that a cushion layer of sandy soil on the protec-
tion measures reduces the impact force to a great extent and
the thicker the cushion layer, the greater the buffering ef-
fect. The same conclusion was also made by Kawahara and
Muro (2006) and Abdul and Norimitsu (2010). Kishi (1999)
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Figure 1. The rockfall devices: (a) slideway without platform and
(b) slideway with a platform.

indicated that stiffness of the cushion layer influences the
buffering effect as a cushion layer of high density absorbed
less energy than that of low density, introducing higher im-
pact forces. Schellenberg and Volkwein (2007) carried out
rockfall tests on six reinforced concrete slabs with a cush-
ion layer and analyzed the dynamic impact processes in the
structure. Pichler et al. (2005, 2006) used cone-shaped ob-
jects to simulate rockfall and indicated that the free-fall pen-
etration depth in the cushion made of gravel, the impact du-
ration, and the impact force all were functions of the falling
height. The Japan Road Association (2000) indicated that the
weight of rockfalls and the drop height were the most impor-
tant parameters in empirical formula of rockfall impact force.

The present study carries out laboratory tests by using the
weight and shape of rockfalls, drop height, incident angle,
cushion on the protected measures, and platform on the slide-
way as factors. The aim is to investigate and depict their in-
fluences on impact force of rockfalls.
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Figure 2. The protection device: (a) an overview and (b) configura-
tion of force transducer.

2 Test program
2.1 Test set-up

The test system developed in this study consists of three
parts: rockfall device, protection device, and measuring unit.
As shown in Fig. 1a, the rockfall device takes a bracket struc-
ture to withstand the slideway, which is a smooth steel U-
shaped channel 7 m long and 30 cm wide inside. Both ends of
the slideway are placed on scaffolding brackets. An alterna-
tive device (Fig. 1b) is composed of an upper slideway, lower
slideway, and a platform in-between. The length of the plat-
form is adjustable. During tests the inner sides of the slide-
way and the platform were fully lubricated with a mineral oil
to minimize the friction.

The protection device, being about 1.4m high, consists
of a baffle plate, a bottom plate, and four lifting outriggers
(Fig. 2a). The baffle plate is made of steel and is 1.2 m long,
0.8m wide, and 15 mm thick. The bottom plate is a 1.3m
long, 0.9 m wide, and 10 mm thick steel plate. The inclining
angle of the baffle plate can be adjusted by lifting/lowering
the outriggers to mold different incident angles. The mea-
suring device includes four force transducers seated on the
bottom plate and passing through the holes in corners of the
baffle (Fig. 2a and b). During the test, the falling fragments
were directed by the slideway to impact one of the transduc-
ers. As the tips of the force transducers were clear of the
baffle by 5 mm (Fig. 2b), the transducer could grasp the full
impact force without participation by the baffle. The impact
forces collected by the transducer were then transmitted and
stored in a data log system. In the cases where buffering ef-
fects of cushion layer were considered, the cushion materials
were evenly placed on the baffle plate at a certain thickness.
The test set-up simulated the impaction of rockfall on a pro-
tection measure, as shown in Fig. 3.
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Table 1. Physical and mechanical parameters of the cushion materials.

887

Cushion material ~ Water content (%) Density (gcm™3)  Elastic modulus (MPa)  Poisson’s ratio
Gravel - 212 50 0.17
Sand 7.8 1.56 13 0.25
Clay 21.7 1.27 5 0.36

Cushion layer

Protection measure

, Rockfall

Incident angle, a

Figure 3. Schematic diagram of rockfall impacts.

2.2 Test scheme

Three types (sphere, cube, and rectangular cuboid in shape)
of samples were adopted in the experiments (Fig. 4). Each
type of samples had three specimens with the weight of 4, 5,
and 6 kg.

Points A, B, and C marked on the slideway were the
starting points to slide (Fig. 1), representing different drop
heights, i.e. 4.0, 3.5, and 3.0 m respectively. The impact in-
cident angles were set to be 30, 60, and 90°. The buffer plat-
form on the slideway was adjusted to be 30, 60, and 90cm
long. The cushion materials on the baffle plate were gravel,
sand, or clay. The physical and mechanical parameters of
cushion materials are listed in Table 1.

In total, 109 tests were conducted for encompassing the
possible permutation and combination of factors listed in Ta-
ble 2. A test with the identifier of S-6-4-90 denotes a spheri-
cal sample with the weight of 6 kg falling from 4 m and im-
pacting the baffle plate at an incident angle of 90°. Similarly,
a test with the identifier of C-5-3-90-2S-30 represents a cubic
sample with the weight of 5 kg falling from 3m, travelling a
platform of 90 cm long, and impacting a sand buffer layer of
2cm thick at an incident angle of 30°. A speedometer was
employed in tests to capture the instantaneous velocity of
rockfall immediately approaching the baffle. It was mounted
on the lower end of the slideway. Real-time measurements
of the rockfall velocity can be stored in a flash memory card
and displayed on a LED screen of the data log system.

3 Results
In the experiment, each test was repeated three times and

therefore had three test results. The standard deviation of the
three results ranges from 0.86 to 2.43, which is less than 5%
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Sphere
Size (mm)
Weight (kg) Sphere Cube Elongated cuboid
(Radius) (Length)  (Length X Number X Height)
6 56.7 91.5 47.6x6x130.4
5 534 86.1 44.3%x6x125.4
4 49.6 79.9 40.4x6x120.3

Figure 4. Shapes and sizes of the falling specimens.

Table 2. Test conditions.

Factor Values
Rockfall shape Sphere  Cube  Elongated
cuboid

Weight (kg) 6 5 4
Drop height (m) 4.0 35 3.0
Incident angle (°) 90 60 30

. 2cm thick
Buffer materials 40m thick Gravel  Sand Clay
Platform length (cm) 90 60 30

of the average. This indicates a good repeatability of the tests.
The average value of the three results for each test was then
taken for the following discussion.

3.1 Drop height and incident angle

The maximum impact force (47.7 kN) occurred in the case
where a 6kg weight spherical sample falling from 4.0m
height impacts the baffle plate at the incident angle () of 90°
(sample no. S-6-4-90). Generally speaking, the impact force
increases with incident angle regardless of sample shape (sh),
weight (w), and drop height (%; Fig. 5). The average impact
force at incident angle of 90° is about 15 % higher than that
at 60°, which in turn is about 14 % higher than that at 30°.
However, the impact force increases with drop height regard-
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Figure 5. Measured impact force vs. incident angle for samples of different weights: sample weight = (a) 6 kg, (b) 5kg, and (c) 4 kg.
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Figure 6. Impact force vs. drop height for samples of different shapes: (a) spherical, (b) cubic, and (c) cylindrical.
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Figure 7. Impact force vs. drop height for samples with different weights: sample weight = (a) 6 kg, (b) 5kg, and (c) 4 kg.

less of other factors. On average, the impact force of rockfall
from 4 m height is about 11 % greater than that from 3.5m
height, which in turn is about 12 % greater than that from
3.0 m height. The observation here is in good agreement with
what was concluded by Pichler et al. (2005) and Tetsuya et
al. (2004).

3.2 Sample weight and shape

As shown in Fig. 6, the impact force increases with sample
weight. The average impact force for 6 kg weight samples is
about 10 % greater than that for 5 kg weight samples, which
in turn is about 16 % greater than that for samples of 4 kg
weight. However, sample shape is found to impose strong
effects on the measured impact forces. The spherical block
had a higher rotation rate in its motion and less energy dis-
sipated during its impact (Labiouse and Heidenreich, 2009).
As shown in Fig. 7, spherical samples generate greater im-
pact forces than cubes and elongated cuboids.

Nat. Hazards Earth Syst. Sci., 15, 885-893, 2015

3.3 Cushion layer

The embankment is often used as a protective measure
against rockfalls, and it is commonly composed of a core
wall and cushion layer made of buffer material. In this study,
gravel, sand, and clay are chosen as cushion materials and
were evenly placed on the baffle with a thickness (¢) of 2 or
4 cm. Spherical samples with a weight of 6 kg are used as the
rockfall. Previous work (Schellenberg and Volkwein, 2008)
has shown that the reaction forces could be reduced substan-
tially with a cushion system. As shown in Fig. 8, such a thin
cushion layer shows a significant effect in reducing impact
forces. In general, clay cushion layers exhibit the strongest
reduction effect among these three, while the effect by gravel
cushion layer is the minimum, as the measured impact force
reduced by a clay cushion layer is about half of that by a
gravel cushion layer. However, the thickness of the cushion
layer influences the extent of impact force reduction. The
measured impact force after reduction by a 4 cm thick cush-
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Figure 9. Influence of platform length on the impact force by different shapes of rockfalls: (a) 6 kg, (b) 5kg, and (c) 4 kg.

ion layer is about half of that after reduction by a 2 cm thick
cushion layer.

In the case of right collision (¢ = 90°), the impact force of
sample S-6-4-2C-90 (a spherical 6 kg weight sample falling
from 4.0 m height onto the 2 cm thick clay cushion layer at an
incident angle of 90°) was 2.9 kN, which is only about 11 %
of that from direct impact (sample S-6-4-90, without cushion
layer). The impact force is reduced down to 1.6 kN by a 4 cm
thick clay cushion layer (sample S-6-4-4C-90). A 2 cm thick
gravel cushion layer reduces the impact force from 38 down
to 5 kN, making an reduction of about 86 %. In addition, the
incident angle is found to influence the reduction of impact
force by cushion layer. At an incident angle of 30°, the im-
pact force of sample S-6-4-2C-30 is 1.4 kN, which is about
half of sample S-6-4-2C-90 at the incident angle of 90°.

3.4 Buffer platform

For simulating the reduction effects by a platform on natural
slope, a set of tests were conducted with platform lengths of

www.nat-hazards-earth-syst-sci.net/15/885/2015/

30, 60, and 90cm (see Fig. 1b for test set-up). Samples of
different shapes and weights fell from a certain drop height
h of 4.0 m. The incident angle was set to be 90°.

As shown in Fig. 9, a platform of 30cm long may re-
duce the impact force by about 10 %. The 60 and 90 cm plat-
forms can even reduce the impact force by 18 and 30 % re-
spectively. The longer the platform, the less the impact force
measured. Another observation is that the reduction effect of
platform is more obvious for rockfalls of cube and elongated
cuboid than cubic ones, as the gradient of the trend line for
cubic samples is the least in Fig. 9.

3.5 Summary on the test results

Based on the test results, several findings can be drawn:
(1) the incident angle and drop height positively affect the
impact force; (2) spherical rockfalls introduce higher impact
force than cubes and elongated cuboids; (3) the impact force
increases with weight of rockfall; (4) the cushion layer made
of gravel, sand, or clay may significantly reduce the impact

Nat. Hazards Earth Syst. Sci., 15, 885-893, 2015
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force, and the thicker the cushion layer, the greater the extent
of reduction; and (5) a flat platform on the slideway can lead
to a reduction of impact force, and the longer the platform,
the more the impact force is reduced.

4 Discussion
4.1 Impact velocity of rockfall

According to the theorem of momentum, the rockfall impact
force can come out from the following equation (Johnson,
1985; Han et al., 2004):

F =mv/At, (1)

where m is the mass of rockfall (kg), v is the instanta-
neous velocity of rockfall immediately approaching the baf-
fle (ms™1), F is the impact force (N), and At is the time du-
ration of the impact process (s). As the time duration (Ar) is
instant and Ar are nearly consistent for all tests, Eq. (1) indi-
cates positive correlation between weight and instantaneous
velocity of rockfall and the impact force. This is consistent
with the observation in Fig. 6, where the measured impact
force increases with weight of rockfall.

The instantaneous velocity (v) of rockfall immediately
approaching the baffle plate was measured by means of a
speedometer for all tests. As shown in Fig. 10, the mea-
sured impact velocity (v) increases with drop height (k) for
a certain shape of rockfalls. The average impact velocity of
6 kg spherical samples falling from 4 m height is about 1.3
times as much as that from 3.0m height. In addition, the
impact velocity (v) is found to be influenced by the shape
of rockfalls. The impact velocity of 6 kg spherical rockfalls
falling form 4.0 m height was 6.36 ms—1, while that of cubes
and elongated cuboids from the same height was 3.71 and
3.48ms~1 respectively. According to the regression of test
results (Fig. 10), relationships between impact velocity (v)
and drop height (k) are obtained as follows for different
shapes of rockfall:

v=2.186 h®"8(R = 0.92),
v=0.958 RtBL(R=093), (2
v =0.636 h1184(R = 0.96).

sphere:

cube:

elongated cuboid:
The above equations indicate a positive exponential cor-

relation between drop height and impact velocity of rock-

falls, which is consistent with the theoretical formula deriv-
ing falling velocity (v,) of a object from a certain height (4):

Vo = +/2gh = 4.43 h%%, (3)

where g is the gravity acceleration.

Figure 11 shows the normalized velocity (1), which is de-
fined here as the ratio of impact velocity (v) by Eq. (2) to
falling velocity (vo) by Eq. (3). It is found that with increase
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in drop height, the impact velocity (v) is approaching the the-
oretical falling velocity (v,), regardless of the shape of rock-
falls. However, at small drop heights, there are big differ-
ences between them. In addition, a spherical rockfall exhibits
the highest normalized velocity, indicating its approximation
of the theoretical values especially at a big drop height. In
the cases of cubes and elongated cuboids, the low values of
A indicate the influences of shape of rockfall on the impact
velocity. Among the considered three types, the elongated
cuboid contributes the most to reduction of impact velocity.
Nonetheless, the instantaneous impact velocity is signif-
icantly reduced by a buffer platform on the slideway. The
impact velocity of 6 kg spherical rockfalls falling form 4.0 m
height was 5.19, 4.68, and 4.11 ms~—* when the buffer plat-
form is 30, 60, and 90cm long respectively. It is seen in
Fig. 12 that the longer the buffer platform, the lower the im-
pact velocity. This is in good agreements with previous re-
searches. Huang et al. (2010) and Okura et al. (2000), for in-
stance, carried out field trials of rockfall travelling through a
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Figure 13. Change of rockfall velocity along a slideway with a plat-
form (length of the vector indicates the absolute velocity values).

slideway with platform of different lengths and indicated that
the platform length reduces the impact force of rockfalls.

Figure 13 demonstrates the change process of rockfall ve-
locity during the falling process. At point O (the start point),
the velocity (v) is equal to 0. It gets greater when the rock-
fall runs towards point A due to the gravity. At point A, the
component in vertical direction (v, ) becomes 0 due to the up-
ward counterforce by the platform, leaving the component in
the horizontal direction (v, ) alone. v, may get smaller due
to energy dissipation by friction along the platform. After
point B, v, starts increasing from 0 due to the gravity accel-
eration, leading to increase in v and v,. The process above
indicates that the platform works as a barrier to eliminate the
vertical component v, of the rockfall velocity v and dissipate
the kinetic energy of rockfall by friction, which leads to an
overall reduction of rockfall velocity.

Regression analysis taking the measured impact velocity
(v) and weight of rockfall (w) as independent variables and
the measured impact force as dependent gives the following
nonlinear relationship (Eq. 4):

F =11.20%%160502(p — 0.87). (4)

The above exponential equation indicates that the impact
force is positive to weight and impact velocity of rockfall.
Thus, the impact velocity is dependent not only upon the
drop height but also upon the shape of rockfall and the plat-
form length. However, in the present engineering practice,
both rockfall shape and the platform are not taken into ac-
count during designing of protection measures; instead an

www.nat-hazards-earth-syst-sci.net/15/885/2015/

equivalent spherical object is normally used. This is thought
to overestimate the impact force.

4.2 Cushion layer

According to the law of energy conservation, the kinetic en-
ergy (E) of the rockfall, which is equal to 1/2mv?, is trans-
ferred into the strain energy (U) of the buffer layer during
the impacting process. The strain energy can be calculated
according to the following theoretical formula:

fzyz///uo(g,-j)dv, (5)

where ug(s;;) is the density of strain energy i.e. the strain
energy per unit volume.
According to the Green formula,

OU0(e;)
il =0jj, (6)

Bsij
by integral there are

&

/(S)duo = /O'ideij =ug (&ij) — uo(0), (7
0

0

where ug(e;;) and uo(0) is the strain energy density after and
before the deformation respectively. Taking u(0) as 0,

&

uo(&ij) =/Uijd8ij. (8)

0

Considering & as the average stress of cushion material
during deformation by impaction of rockfall, Eq. (8) can be
simplified and reformed as

EZ

i ) (9)

1_
U= -0&€ =
073

where ¢ and E are the strain and elastic modulus of cushion
material respectively.

Nat. Hazards Earth Syst. Sci., 15, 885-893, 2015
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The total strain energy (Eq. 5) of the cushion layer there-
fore can be expressed as Eq. (10):

32

U=h-S - —, 10
°E (10)
where £ is the thickness of the cushion layer and S is the
rockfall-cushion layer contact area.
Combining Egs. (5) and (10) gives

= 2
— /2EU= 2EE= Emv . (11)
hS hS hS

According to Eq. (11), for a certain impaction a thick cush-
ion layer made of material with low elastic modulus would
introduce a relatively low stress in the cushion layer. The
above derivation explains the greater buffering effect by a
layer of clay than that by gravel and explains the contribu-
tion of cushion layer thickness (Fig. 8). However, the contact
area changes with the shape of rockfall. A spherical rockfall
minimizes the contact area, which maximizes the stress and
therefore the measured impact force.

5 Conclusions

According to the foregoing discussion, main conclusions can
be drawn as follows.

The impact force is positively exponential to the weight
of rockfall and instantaneous impact velocity of the rockfall
approaching the protective measures. The impact velocity is
in turn dominated not only by the drop height but also by the
shape of rockfall as well as platform on the slideway. A plat-
form reduces the impact velocity by eliminating the vertical
component of falling velocity and minimizing the horizon-
tal component. A spherical rockfall may introduce an impact
velocity close to that from theoretical calculation.

A layer of cushion material on the protection measures
may reduce the impact force to a greater extent. The reduc-
tion effects are dominated by the cushion material and the
thickness of the cushion layer. The thicker the cushion layer,
the greater the reduction effect and therefore the less the im-
pact force. The stiffer the cushion material, the less the re-
duction effect and the greater the impact force.

The determination of impact force is crucial in designing
protection measures for rockfalls. The present study depicts
the influences of drop height and weight of rockfall, platform
on the slideway, and buffer layer on the protection measures,
which indicate that the impact force may be misestimated
by taking no consideration for rockfall shape, platform, and
buffer layer. Due to the limitation of the experiments, the
bouncing and rolling behaviour of rockfalls was not consid-
ered in this study. Further investigation is desired to verify
and improve the relationships derived from this study in or-
der to cover a broader natural situation.
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