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Abstract A series of the experiments was conducted to under-
stand the effect of weight, size, shape, stiffness, material of colli-
sion object, and type of movement of collision object on
mobilization characteristics of impact force. Results from the
element rockfall test, rockfall test using slope model, are intro-
duced in the paper. The relationships between the maximum
amplitude of the impact force and the momentum were highly
scattered depending on the shape, stiffness, constituent material,
and type of the movement of the collision object. On the other
hand, the results obtained from the tests indicated that the rela-
tionships between force product and momentum of the impact
load can be expressed by single linear equation with high coeffi-
cient of determination although the test conditions were largely
different. The knowledge obtained from the reduced scale tests,
which are element rockfall test and rockfall test using slope model,
extended to the prototype scale by referring to the results of the
dynamic centrifuge model test and pendulum test conducted by
authors and others. By reflecting these knowledges, a concept of
the energy-based design approach, which makes it possible to
rationalize the design of the protection wall for rockfall and sliding
soil mass, is also proposed.

Keywords Rockfall - Energy-based design approach - Impact
force - Protection wall

Introduction

Background

Recently, the slope failure and rockfall cause the loss of safety,
loss of human life, and eventual damage of infrastructure be-
cause of heavy rainfall and large earthquake in Japan
(Nakamura et al. 2014; Nakajima et al. 2019; Nishimura et al.
2020). It is very difficult, however, to conduct a precise risk
evaluation or a retrofitting work with detailed ground survey
for all slope close to the infrastructure and houses. Thus, a
construction of protection wall is a solution to protect the
infrastructures and human life (Volkwein et al. 2011).

These protection walls are required to have sufficient internal
and external stability even though there is a lack of enough
knowledge on mobilization characteristics of impact load due to
collision of rockfall or sliding soil mass induced by slope failure.
The material, shape, weight, size and stiffness of the collision
object, type of movement of collision object, and stiffness of the
protection wall would affect the mobilization characteristics of
impact force. The comprehensive knowledge on the effect of
change of these affecting factors on the mobilization characteris-
tics of impact force has not been obtained yet as reviewed in the
next section.
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Previous study

To rationalize the design procedure of the protection wall, it is necessary
to understand the mobilization characteristics of the impact force which
is affected by many factors as mentioned above. Many experimental and
analytical studies have been carried out in order to investigate the above
phenomenon. Reduced scale model tests are conducted to obtain basic
knowledge on the impact force due to the collision of rockfall, sliding
soil mass induced by slope failure and debris flow (e.g., Nakatsutsumi
and Tani 1982; Nakano and Ukon 1986; Labiouse and Heidenreich 2009;
Buzzi et al. 2012; Glover 2015). Full-scale tests and back analysis of the
actual event are also carried out to enhance knowledge obtained from
reduced scale model tests. There are several works that aim to develop a
procedure to evaluate the maximum impact force based on the full-scale
test and centrifuge model test on rockfall phenomena (Chikatamarla
et al. 2004; Perret et al. 2004; Francesco et al. 2005; Peila et al. 2007; Wang
and Cavers 2008; Yu and Zhao 2018; Yu et al. 2019). Lambert and Kister
(2018) proposed an empirical criterion for evaluating the capacity of
existing rockfall protection embankment based on a literature survey of
real-scale impact experiments. The proposed criterion relates deforma-
tion of embankment to the maximum kinetic energy.

The author’s research work also reached to the evaluation of
the impact force. Using an artificial large-scale slope, The
authors conducted a series of model tests to investigate flow
behavior and to evaluate the impact force due to soil flow and
rockfall(Abe and Nakamura 2017; Nakamura et al. 2018). The
results indicated that the empirical equation based on fluid me-
chanics underestimated the impact force in cases where it was
applied to evaluate the impact force due to the flow of solid
geomaterial and rockfall.

As reviewed above, there are many studies conducting experi-
ments, analyses on rockfall phenomena, and debris flow although
there are no experimental studies that aim to clarify the effect of
collision material and types of movement on the mobilization
characteristics of impact force. Moreover, there is no experimental
study evaluating impact force due to the collision of sliding soil
mass caused by earthquake-induced slope failure to the structure
in prototype scale.

Study objectives and outline of paper

Based on the background and considering the knowledge obtained
by the previous study, series of the experiment that are named as
element rockfall test and rockfall test using slope model are con-
ducted to investigate the effect of the shape, material, stiffness, size
of the collision object, and stiffness of the facing of the protection
wall on the impact force. The objective and outline of the study is
schematically illustrated in Fig. 1. This study aims to understand
the effect of various factors on mobilization characteristics of
impact force by conducting element rockfall test. In the “Element
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Proposal of rational design approach of protection wall.

Fig. 1 Outline of study

rockfall test” section, the effect of the characteristics of collision
object (weight, size, shape, stiffness, and material) and stiffness of
the protection wall on the impact load are investigated through the
simplest movement condition (i.e., vertical free fall). In the “Rock-
fall test using slope model” section, the shape of collision object
and type of moving during the falling of the collision material on
mobilization characteristics of impact force is investigated based
on the results of rock fall test using slope model, in which moving
type of collision object consists of several types, although only
vertical free fall is the case in element rock fall test discussed in the
“Element rock fall test” section. In the “Discussion” section, the
knowledge on the impact load obtained from element rock fall test
and rock fall test using slope model is summarized. The relevant
studies in the prototype scale which are pendulum test simulating
rockfall phenomena and dynamic centrifuge model test on the
impact of sliding soil mass caused by slope failure are also
discussed to extend knowledge obtained from reduced scale tests
discussed in the “Element rock fall test” and “Rockfall test using
slope model” sections. Applying the knowledge obtained from the
study, a rational design methodology of protection wall based on
energy approach is proposed.
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Element rock fall test

Outline of test

The authors conducted a series of element rockfall tests to
investigate the effect of (1) shape and size (diameters of 0.2 m
and 0.4 m) of dropping object, (2) deformation and strength
characteristics of dropping object, and (3) stiffness of structure
subjected to impact load. In the element rockfall test, models of
rock and soil mass is dropped onto the reaction unit, which are
supported by five H-shaped steel piles with length of 5 m con-
taining three-component load cell. The outline of the test is
schematically illustrated in Fig. 2. Test conditions are summa-
rized in Tables 1, 2, 3, and 4. The width, length, and height of
reaction unit are 1.4, 2.6, and 1.2 m, respectively. The impact
load perpendicular to the collision as well as the vertical direc-
tion are also measured with small interference of 1.92% and
small eccentric error of 1.0% in dynamic condition by using
the three-component load cell. Additionally, a plate made of
concrete or wood is used as the facing material of the load cell
to investigate the effect of facing stiffness of the protection wall
on the impact force.

Reaction unit /
v /

/

Fig. 2 Elemental free fall test
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Table 1 Summary of test condition and result on deformable soil (named as soil test series)

Test number Facing condition Weight (kN) Height (m) Impact force (kN) Fdt (kNs)

Soil(1) 177 Wood 1.57 1.00 88 0.88 442 0.71
Soil(1) 178 Wood 1.57 0.99 83 0.87 4.40 0.70
Soil(1) 179 Wood 1.57 3.00 154 1.47 7.68 1.23
Soil(1) 180 Wood 1.57 3.00 147 1.50 7.67 1.23
Soil(1) 181 Wood 1.57 4.00 108 1.65 8.86 1.42
Soil(1) 182 Wood 1.57 4.02 180 1.70 8.88 1.42
Soil(1) 183 Wood 1.57 4.02 163 1.67 8.88 1.42
Soil(2) 160 Wood 0.39 1.01 30 0.22 445 0.18
Soil(2) 161 Wood 0.39 3.01 113 0.36 7.69 0.31
Soil(2) 162 Wood 0.39 3.00 113 0.36 7.67 0.31
Soil(2) 163 Wood 0.39 5.01 179 0.45 9.91 0.40
Soil(2) 165 Wood 0.39 5.01 121 0.46 9.91 0.40
Soil(2) 166 Wood 0.78 0.99 52 0.43 441 0.35
Soil(2) 167 Wood 0.78 3.00 129 0.71 7.67 0.61
Soil(2) 168 Wood 0.78 2.99 210 0.72 7.66 0.61
Soil(2) 169 Wood 0.78 2.98 150 0.72 7.65 0.61
Sail(2) 170 Wood 0.78 5.01 167 0.91 9.91 0.79
Soil(2) 171 Wood 0.78 4.99 221 0.91 9.89 0.79
Soil(2) 172 Wood 1.18 0.99 119 0.69 441 0.53
Soil(2) 173 Wood 1.18 3.00 89 1.09 7.66 0.92
Soil(2) 174 Wood 1.18 3.01 127 1.10 7.68 0.92
Soil(2) 175 Wood 1.18 4.99 275 1.39 9.89 1.19
Soil(2) 176 Wood 1.18 5.00 387 1.39 9.90 1.19
Soil(3) 158 Wood 0.98 3.04 69 0.77 7.72 0.77
Soil(3) 159 Wood 0.98 3.03 85 0.85 7.71 0.77
Soil(1) 136 Concrete 1.57 0.99 48 0.82 441 0.71
Soil(1) 137 Concrete 1.57 0.98 40 0.80 438 0.70
Soil(1) 138 Concrete 1.57 3.00 168 1.43 7.67 1.23
Sail(1) 139 Concrete 1.57 2.99 130 1.40 7.66 1.23
Soil(1) 141 Concrete 1.57 4.00 117 1.67 8.86 1.42
Soil(1) 142 Concrete 1.57 3.99 152 1.69 8.85 1.42
Soil(2) 126 Concrete 0.39 0.98 51 0.21 438 0.18
Soil(2) 127 Concrete 0.39 2.98 168 0.32 7.65 0.31
Soil(2) 128 Concrete 0.39 2.99 110 0.36 7.65 0.31
Soil(2) 130 Concrete 0.39 5.00 110 0.46 7.65 0.31
Sail(2) 131 Concrete 0.39 4.98 79 0.45 9.88 0.40
Soil(2) 143 Concrete 0.78 1.00 56 0.44 443 0.35
Soil(2) 144 Concrete 0.78 3.00 100 0.74 7.67 0.61
Soil(2) 145 Concrete 0.78 3.01 159 0.75 7.68 0.61
Soil(2) 146 Concrete 0.78 5.01 118 0.94 9.92 0.79
Soil(2) 147 Concrete 0.78 5.00 235 0.93 9.91 0.79
Soil(2) 118 Concrete 1.18 1.01 151 0.69 445 0.53
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Test number Facing condition Weight (kN) Height (m) Impact force (kN) Fdt (kNs)

Soil(2) 120 Concrete 1.18 2.99 198 1.14 7.66 0.92
Soil(2) 125 Concrete 1.18 2.98 164 1.15 7.64 0.92
Soil(2) 123 Concrete 1.18 5.01 230 1.41 9.92 1.19
Soil(2) 124 Concrete 1.18 4.99 278 1.41 9.89 1.19
Soil(3) 114 Concrete 0.98 3.01 74 0.88 7.69 0.77
Soil(3) 135 Concrete 0.98 2.98 76 1.46 7.64 0.76

In the rockfall test, as shown in Figs. 3 and 4, three types of
materials are used as the dropping objects that are (1) natural
rocks obtained from a construction site, (2) models of rock with
different shapes, and (3) deformable soil which can be regarded as
the sliding soil.

Natural rock and models of rock with different shapes are
shown in Fig. 3. Two types of rock models whose shape are
spherical and block are constructed with mortar mixing fiber
synthetics. The block shape model is constructed to coincide with
the typical shape of natural rock by making the formwork of the

selected natural rock. Deformable soil is also used as the dropping
object in this study to investigate the effect of deformation and
strength characteristics of dropping object on trends of impact
load mobilization. Three different methodologies are adopted to
drop the deformable soil as schematically illustrated in Fig. 4.

Test result and discussion

Typical time histories of the impact force obtained during the
collision of spherical rock model with a length of 20 cm to the
concrete and wooden facing are shown in Fig. 5. The maximum

Table 2 Summary of test conditions and results on rock model of sphere shape (named as SP test series)

Test number Facing condition Weigh (kN) Height (m) Impact force(kN) Fdt (kNs)

SP 24 Wood 0.09 0.99 44 0.06 44 0.04
SP 23 Wood 0.09 2.00 23 0.03 6.27 0.06
SP 22 Wood 0.09 2.99 97 0.11 7.66 0.07
SP 31 Wood 0.09 3.04 112 0.12 7.72 0.07
SP 21 Wood 0.09 4.01 109 0.12 8.87 0.08
SP 184 Wood 0.09 5.01 157 0.14 9.91 0.09
SP 29 Wood 0.70 0.48 127 0.31 3.07 0.22
SP 38 Wood 0.70 0.52 113 0.31 3.19 0.23
SP 28 Wood 0.70 0.99 490 0.53 441 0.32
SP 39 Wood 0.70 1.01 215 0.45 4.44 0.32
SP 27 Wood 0.70 2.01 587 0.70 6.28 0.45
SP 25 Wood 0.70 3.01 494 0.79 7.68 0.55
SP 30 Wood 0.70 3.00 1020 0.93 7.67 0.55
SP 32 Wood 0.70 2.99 602 0.81 7.66 0.55
SP 91 Concrete 0.70 0.49 417 0.38 3.10 0.22
SP 92 Concrete 0.70 0.49 417 0.38 3.10 0.22
SP 93 Concrete 0.70 1.01 535 0.48 4.46 0.32
SP 108 Concrete 0.09 1.00 109 0.08 4.43 0.04
SP 94 Concrete 0.70 2.00 758 0.62 6.26 0.45
SP 110 Concrete 0.09 2.00 148 0.11 6.26 0.06
SP 95 Concrete 0.70 2.50 871 0.67 7.00 0.50
SP 111 Concrete 0.09 3.00 198 0.13 71.67 0.07
SP 112 Concrete 0.09 4.01 275 0.14 8.87 0.08
SP 113 Concrete 0.09 5.01 249 0.15 9.91 0.09
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Table 3 Summary of test condition and result on rock model of block shape (named as BL test series)

Test number Facing condition Weight (kN) Height (m) Impact force (kN) Fdt (kNs) V (m/s) mV (kNs)
BL 41 Wood 0.08 1.00 41 0.05 443 0.04
BL 45 Wood 0.08 1.00 32 0.05 443 0.04
BL 49 Wood 0.08 1.00 36 0.05 4.44 0.04
BL 33 Wood 0.08 3.00 68 0.09 7.67 0.06
BL 42 Wood 0.08 3.03 70 0.09 7.71 0.06
BL 46 Wood 0.08 3.00 89 0.10 7.67 0.06
BL 50 Wood 0.08 3.02 62 0.08 7.69 0.06
BL 43 Wood 0.08 4.00 74 0.10 8.86 0.07
BL 47 Wood 0.08 4.02 80 0.10 8.88 0.07
BL 51 Wood 0.08 3.99 68 0.10 8.85 0.07
BL 53 Wood 0.08 3.99 61 0.09 8.84 0.07
BL 55 Wood 0.08 3.98 80 0.10 8.84 0.07
BL 57 Wood 0.08 4.00 90 0.10 8.85 0.07
BL 59 Wood 0.08 3.99 71 0.09 8.85 0.07
BL 44 Wood 0.08 5.00 92 0.12 9.90 0.08
BL 48 Wood 0.08 5.01 97 0.12 9.92 0.08
BL 52 Wood 0.08 4.99 120 0.13 9.89 0.08
BL 54 Wood 0.08 5.00 88 0.11 9.90 0.08
BL 56 Wood 0.08 5.00 74 0.10 9.90 0.08
BL 58 Wood 0.08 5.00 101 0.12 9.90 0.08
BL 60 Wood 0.08 5.00 120 0.12 9.90 0.08
BL 104 Wood 0.31 1.00 71 0.16 4.44 0.14
BL 110 Wood 0.31 0.99 65 0.18 4.40 0.14
BL 114 Wood 0.31 1.00 81 0.19 4.44 0.14
BL 34 Wood 0.31 2.99 165 0.32 7.66 0.25
BL 106 Wood 0.31 2.99 165 0.28 7.66 0.25
BL 111 Wood 0.31 3.00 188 0.32 7.66 0.25
BL 115 Wood 0.31 3.00 188 0.23 7.68 0.25
BL 108 Wood 0.31 4.01 157 0.24 8.87 0.28
BL 112 Wood 0.31 4.02 208 0.25 8.87 0.28
BL 118 Wood 0.31 4.00 176 0.31 8.86 0.28
BL 122 Wood 0.31 3.97 190 0.27 8.83 0.28
BL 124 Wood 0.31 4.00 178 0.24 8.85 0.28
BL 126 Wood 0.31 3.98 173 0.25 8.84 0.28
BL 128 Wood 0.31 3.97 182 0.29 8.83 0.32
BL 109 Wood 0.31 4.99 231 0.25 9.89 0.32
BL 113 Wood 0.31 4.98 269 0.38 9.89 0.32
BL 121 Wood 0.31 4.96 242 0.31 9.87 0.32
BL 123 Wood 0.31 4.97 308 0.40 9.88 0.32
BL 125 Wood 0.31 4.96 273 0.33 9.87 0.32
BL 127 Wood 0.31 498 247 0.34 9.88 0.32
BL 130 Wood 0.31 4.96 273 0.34 9.86 0.32
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Test number Facing condition Weight (kN) Height (m) Impact force (kN) Fdt (kNs)

BL 29 Concrete 0.08 1.00 73 0.06 4.44 0.04
BL 96 Concrete 0.08 0.99 70 0.06 440 0.04
BL 30 Concrete 0.08 0.98 76 0.06 439 0.04
BL 31 Concrete 0.08 0.99 98 0.07 4.40 0.04
BL 32 Concrete 0.08 0.98 79 0.06 438 0.04
BL 33 Concrete 0.08 0.99 74 0.06 441 0.04
BL 36 Concrete 0.08 0.99 72 0.06 440 0.04
BL 37 Concrete 0.08 1.00 104 0.06 442 0.04
BL 38 Concrete 0.08 0.98 52 0.07 439 0.04
BL 39 Concrete 0.08 0.99 70 0.06 440 0.04
BL 40 Concrete 0.08 0.99 106 0.07 441 0.04
BL 41 Concrete 0.08 1.00 68 0.06 442 0.04
BL 34 Concrete 0.08 1.00 63 0.06 442 0.04
BL 35 Concrete 0.08 1.00 62 0.06 444 0.04
BL 42 Concrete 0.08 3.00 131 0.23 7.67 0.06
BL 43 Concrete 0.08 3.01 107 0.10 7.68 0.06
BL 97 Concrete 0.08 2.99 156 0.1 7.66 0.06
BL 44 Concrete 0.08 4.00 128 0.09 8.86 0.07
BL 98 Concrete 0.08 3.99 154 0.08 8.84 0.07
BL 99 Concrete 0.08 5.01 108 0.12 9.91 0.08
BL 100 Concrete 0.08 4.99 145 0.12 9.89 0.08
BL 45 Concrete 0.31 1.00 205 0.10 443 0.14
BL 46 Concrete 0.32 1.01 116 0.20 445 0.14
BL 47 Concrete 0.32 1.01 209 0.21 446 0.14
BL 48 Concrete 0.32 3.00 383 0.31 7.68 0.25
BL 49 Concrete 0.32 3.02 145 0.28 7.70 0.25
BL 50 Concrete 0.32 3.02 237 0.27 7.70 0.25
BL 51 Concrete 0.32 4.01 164 0.30 8.87 0.29
BL 52 Concrete 0.32 4.02 223 0.20 8.88 0.29
BL 58 Concrete 0.32 4.00 334 0.30 8.85 0.28
BL 59 Concrete 0.32 4.00 351 0.29 8.86 0.29
BL 60 Concrete 0.32 4.00 133 0.26 8.85 0.29
BL 61 Concrete 0.32 4.01 245 0.23 8.87 0.29
BL 62 Concrete 0.32 3.9 308 0.34 8.85 0.29
BL 55 Concrete 0.32 5.01 165 0.25 9.91 0.32
BL 66 Concrete 0.32 4.99 320 0.34 9.89 0.32
BL 56 Concrete 0.32 5.03 373 0.32 9.93 0.32
BL 57 Concrete 0.32 5.01 252 0.23 9.91 0.32
BL 63 Concrete 0.32 5.00 330 0.29 9.91 0.32
BL 64 Concrete 0.32 4.99 288 0.39 9.89 0.32
BL 67 Concrete 0.32 5.00 229 0.19 9.91 0.32
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Table 4 Summary of test condition and results on Real Rock (named as RR test series)

Test number Facing condition Weight (kN) Height (m) Impact force (kN) Fdt (kNs)

RR 61 Wood 0.12 1.00 43 0.07 442 0.05
RR 65 Wood 0.12 1.00 39 0.07 444 0.05
RR 69 Wood 0.12 1.00 43 0.16 441 0.05
RR 35 Wood 0.12 3.00 112 0.13 7.68 0.09
RR 62 Wood 0.12 3.00 99 0.13 7.66 0.09
RR 66 Wood 0.12 3.00 56 0.09 7.66 0.09
RR 70 Wood 0.12 3.00 53 0.07 7.64 0.09
RR 63 Wood 0.12 4.00 73 0.13 8.83 0.1
RR 67 Wood 0.12 4.00 82 0.14 8.85 0.11
RR 71 Wood 0.12 4.00 72 0.12 8.84 0.1
RR 74 Wood 0.12 4.00 71 0.09 8.86 0.11
RR 76 Wood 0.12 4.00 71 0.12 8.86 0.11
RR 79 Wood 0.12 4.00 63 0.10 8.85 0.1
RR 81 Wood 0.12 4.00 112 0.15 8.86 0.11
RR 64 Wood 0.12 5.00 101 0.15 9.88 0.12
RR 68 Wood 0.12 5.00 101 0.16 9.91 0.12
RR 72 Wood 0.12 5.00 94 0.15 9.88 0.12
RR 75 Wood 0.12 5.00 113 0.14 9.90 0.12
RR 78 Wood 0.12 5.00 92 0.14 9.90 0.12
RR 80 Wood 0.12 5.00 85 0.12 9.92 0.12
RR 82 Wood 0.12 5.00 149 0.18 9.89 0.12
RR 84 Wood 0.12 5.00 103 0.13 9.90 0.12
RR 131 Wood 0.33 1.00 922 0.17 444 0.15
RR 137 Wood 0.33 1.00 63 0.16 442 0.15
RR 142 Wood 0.33 1.00 98 0.17 4.40 0.15
RR 36 Wood 0.33 3.00 246 0.44 7.66 0.26
RR 132 Wood 0.33 3.00 147 0.26 7.66 0.26
RR 138 Wood 0.33 3.00 224 0.29 7.68 0.26
RR 143 Wood 0.33 3.00 208 0.30 7.66 0.26
RR 133 Wood 0.33 4.00 243 0.33 8.86 0.30
RR 139 Wood 0.33 4.00 315 0.36 8.85 0.30
RR 144 Wood 0.33 4.00 173 0.29 8.87 0.30
RR 146 Wood 0.33 4.00 264 0.34 8.86 0.30
RR 149 Wood 0.33 4.00 160 0.24 8.86 0.30
RR 151 Wood 0.33 4.00 229 0.34 8.84 0.30
RR 154 Wood 0.33 4.00 204 0.29 8.86 0.30
RR 136 Wood 0.33 5.00 358 0.39 9.89 0.34
RR 141 Wood 0.33 5.00 252 0.35 9.89 0.34
RR 145 Wood 0.33 5.00 505 0.43 9.90 0.34
RR 147 Wood 0.33 5.00 423 0.42 9.91 0.34
RR 150 Wood 0.33 5.00 344 0.39 9.88 0.34
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Test number Facing condition Weight (kN) Impact force (kN) Fdt (kNs)

RR 153 Wood 0.33 5.00 277 0.36 9.89 0.34
RR 155 Wood 033 5.00 254 0.35 9.89 0.34
RR 9 Concrete 0.12 0.99 145 0.09 4.40 0.05
RR 101 Concrete 0.13 0.99 69 0.06 441 0.06
RR 10 Concrete 0.12 0.98 118 0.08 438 0.05
RR 17 Concrete 0.12 0.99 142 0.06 4.40 0.05
RR 18 Concrete 0.12 1.00 105 0.08 4.42 0.05
RR 19 Concrete 0.12 0.99 94 0.09 4.40 0.05
RR 22 Concrete 0.12 1.00 110 0.08 443 0.05
RR 23 Concrete 0.12 1.00 98 0.03 442 0.05
RR 24 Concrete 0.12 0.98 165 0.10 438 0.05
RR 26 Concrete 0.12 0.99 136 0.09 441 0.05
RR 27 Concrete 0.12 0.98 136 0.09 4.40 0.05
RR 11 Concrete 0.12 0.97 110 0.08 436 0.05
RR 12 Concrete 0.12 0.99 120 0.09 441 0.05
RR 25 Concrete 0.12 1.01 123 0.10 4.44 0.05
RR 14 Concrete 0.12 2.99 200 0.14 7.65 0.09
RR 103 Concrete 0.13 2.99 103 0.08 7.66 0.10
RR 28 Concrete 0.12 3.98 410 0.18 8.84 0.11
RR 104 Concrete 0.13 4.01 120 0.09 8.86 0.11
RR 106 Concrete 0.13 4.99 184 0.13 9.89 0.13
RR 107 Concrete 0.13 4.99 171 0.1 9.90 0.13
RR 70 Concrete 0.33 1.00 155 0.12 443 0.15
RR 68 Concrete 0.33 1.00 149 0.13 4.44 0.15
RR 69 Concrete 0.33 1.01 149 0.13 4.46 0.15
RR 71 Concrete 0.33 3.00 257 0.21 7.67 0.26
RR 72 Concrete 0.33 3.00 246 0.25 7.67 0.26
RR 73 Concrete 0.33 3.01 353 0.27 7.68 0.26
RR 74 Concrete 043 3.98 276 0.33 8.83 0.39
RR 75 Concrete 0.43 4.00 322 0.29 8.86 0.39
RR 77 Concrete 043 3.99 285 0.21 8.84 0.39
RR 78 Concrete 043 4.00 416 0.32 8.85 0.39
RR 80 Concrete 0.27 4.00 441 0.33 8.86 0.24
RR 81 Concrete 0.27 4.00 192 0.19 8.86 0.24
RR 82 Concrete 0.27 3.99 260 0.31 8.84 0.24
RR 83 Concrete 0.27 4.99 341 0.24 9.89 0.27
RR 84 Concrete 0.27 4.98 416 0.32 9.88 0.27
RR 87 Concrete 0.28 5.02 125 0.25 9.92 0.29
RR 88 Concrete 0.28 5.00 255 0.23 9.90 0.29
RR 85 Concrete 0.27 4.97 334 0.27 9.88 0.27
RR 89 Concrete 0.28 4.98 292 0.25 9.89 0.29
RR 90 Concrete 0.28 5.00 215 0.21 9.90 0.29
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Table 5 Summary of test condition of rock fall test using large-scale slope model

Test number Weight (kN) Slope condition Impact force (kN) Fdt (kNs)

L-SP 5 0.09 111.69 0.12 7.36 0.07
L-SP 8 0.09 108.02 0.12 7.77 0.07
L-SP 13 0.09 121.77 0.12 6.70 0.06
L-SP 16 0.09 90.59 0.10 7.50 0.07
L-SP 18 0.09 91.11 0.13 7.44 0.07
L-SP 21 0.09 101.84 0.10 7.66 0.07
L-SP 22 0.09 99.93 0.10 7.56 0.07
L-SP 23 0.09 125.52 0.13 9.40 0.09
L-SP 49 0.09 119.05 0.11 6.32 0.06
L-SP 50 0.09 74.63 0.08 5.12 0.05
L-SP 51 0.09 111.77 0.12 9.08 0.08
L-SP 55 0.09 225.59 0.12 8.21 0.08
L-SP 56 0.09 142.06 0.12 7.65 0.07
L-SP 57 0.09 130.30 0.13 7.72 0.07
L-SP 75 0.09 A 148.31 0.08 4.90 0.05
L-SP 76 0.09 A 135.96 0.11 7.22 0.07
L-SP 77 0.09 A 76.99 0.10 5.30 0.05
L-SP 84 0.09 B 4213 0.05 2.96 0.03
L-SP 92 0.09 A 143.53 0.10 8.45 0.08
L-SP 93 0.09 A 7213 0.07 5.63 0.05
L-SP 94 0.09 A 47.50 0.07 3.1 0.03
L-SP 96 0.09 A 117.43 0.07 3.14 0.03
L-SP 97 0.09 A 101.84 0.12 5.52 0.05
L-SP 99 0.09 C 146.47 0.10 6.89 0.06
L-SP 100 0.09 C 189.86 0.11 6.89 0.06
L-SP 101 0.09 C 105.59 0.10 5.87 0.05
L-SP 102 0.09 C 139.71 0.11 6.57 0.06
L-SP 103 0.09 C 195.89 0.10 6.48 0.06
L-SP 33 0.71 649.72 0.74 6.90 0.50
L-SP 34 0.71 551.56 0.75 6.47 0.47
L-SP 35 0.71 1416.36 0.85 8.62 0.62
L-SP 36 0.71 412.44 0.59 6.04 0.44
L-SP 63 0.71 323.32 0.52 4.56 0.33
L-SP 64 0.71 363.54 0.51 5.1 0.37
L-SP 65 0.71 590.16 0.69 6.90 0.50
L-SP 98 0.71 A 355.60 0.46 3.56 0.26
L-PL 42 0.11 57.21 0.07 541 0.06
L-PL 43 0.11 27.28 0.02 5.59 0.06
L-PL 46 0.11 37.94 0.06 7.66 0.08
L-PL 47 0.11 = = 7.10 0.08
L-PL 85 0.11 B = = 1.88 0.02
L-PL 107 0.11 C 9.93 0.02 3.58 0.04
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Test number Weight (kN) Slope condition Impact force (kN) Fdt (kNs)

L-PL 38 0.27 = = 4.25 0.12
L-PL 39 0.27 92.36 0.08 5.23 0.14
L-PL 54 0.27 106.91 0.15 7.55 0.21
L-PL 67 0.27 228.54 0.06 7.79 0.21
L-PL 68 0.27 B 91.11 0.05 3.88 0.11
L-PL 86 0.27 C 92.65 0.08 3.22 0.09
L-PL 7 0.11 3539 0.06 5.84 0.06
L-PL 11 0.11 39.71 0.07 5.93 0.06
L-PL 12 0.1 25.15 0.04 498 0.05
L-PL 15 0.11 45.96 0.07 6.55 0.07
L-PL 27 0.11 34.71 0.06 6.06 0.07
L-PL 28 0.11 45.88 0.04 6.09 0.07
L-BL 9 0.08 33.46 0.07 7.32 0.06
L-BL 10 0.08 27.94 0.06 5.15 0.04
L-BL 14 0.08 49.27 0.07 6.92 0.06
L-BL 17 0.08 105.89 0.07 5.16 0.04
L-BL 19 0.08 41.10 0.07 5.10 0.04
L-BL 20 0.08 56.40 0.06 6.20 0.05
L-BL 25 0.08 105.66 0.10 6.87 0.06
L-BL 26 0.08 52.94 0.07 8.03 0.07
L-BL 29 0.08 48.68 0.11 6.13 0.05
L-BL 30 0.08 76.91 0.07 6.40 0.05
L-BL 31 0.08 45.44 0.06 7.33 0.06
L-BL 41 0.08 103.02 0.08 5.41 0.05
L-BL 45 0.08 32.21 0.06 4.09 0.03
L-BL 58 0.08 51.18 0.06 5.20 0.04
L-BL 59 0.08 5331 0.04 3.51 0.03
L-BL 60 0.08 42.87 0.05 5.00 0.04
L-BL 61 0.08 34.04 0.04 4.61 0.04
L-BL 62 0.08 26.03 0.04 3.67 0.03
L-BL 69 0.08 D 42.94 0.05 4.79 0.04
L-BL 71 0.08 A 65.44 0.06 5.87 0.05
L-BL 72 0.08 A 35.37 0.05 7.06 0.06
L-BL 73 0.08 A 36.84 0.04 2.84 0.02
L-BL 79 0.08 B 29.27 0.04 2.68 0.02
L-BL 81 0.08 B 20.44 0.02 4.75 0.04
L-BL 82 0.08 B 36.40 0.06 6.30 0.05
L-BL 83 0.08 B 25.00 0.02 2.29 0.02
L-BL 88 0.08 A 38.82 0.02 3.57 0.03
L-BL 90 0.08 A 17.35 0.02 2.62 0.02
L-BL 91 0.08 A 53.09 0.05 438 0.04
L-BL 95 0.08 A 26.91 0.04 3.39 0.03
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Test number Weight (kN) Slope condition Impact force (kN) Fdt (kNs)

L-BL 104 0.08 C 38.90 0.06 5.52 0.05
L-BL 105 0.08 C 92.94 0.06 4.64 0.04
L-BL 106 0.08 C 15.59 0.04 2.57 0.02
L-BL 37 0.31 113.39 0.18 5.96 0.19
L-BL 40 0.31 294.86 0.27 6.31 0.20
L-BL 52 0.31 108.83 0.16 5.05 0.16
L-BL 53 0.31 157.87 0.26 6.01 0.19
L-BL 66 0.31 115.30 0.18 7.29 0.23
L-BL 70 0.31 D 96.84 0.11 4.29 0.14
L-BL 74 0.31 99.63 0.13 3.70 0.12
L-BL 87 0.31 45.74 0.11 5.75 0.18

impact force and duration of the impact load are different depend-
ing on the stiffness of the wall facing although the same rock
model is dropped from the same height.

Relationships between the maximum impact force and momen-
tum obtained from the tests on concrete and wooden facings are
summarized in Figs. 6 and 7. Vertical component is highlighted in
the following discussion, because the object is dropped vertically
from just above the load cell in the series of the test. The value of
momentum is evaluated by multiplying the mass of the dropping
object “m” by the vertical velocity “v” of the dropping object
immediately before the collision. The value of velocity immediate-
ly before the collisions is evaluated by Eq. (1).

y = \/ﬁ (1)

where h (m) is the falling height and g (m/s) is the gravitational
acceleration.

It is confirmed that the calculated velocities by Eq. (1) are
consistent with ones evaluated from an image analysis process

Fig. 3 Natural rock and rock models used in free fall test

by the PTV (particle tracking velocimetry) method. The outline
and recent application of the PTV method adopted in this study
are summarized in the relevant study (Watanabe et al. 2005).
Equations of linear regression of the maximum impact force based
on the least square method are also shown in Figs. 6 and 7. The
equations are largely different from each other depending on the
shapes of the dropping objects as well as the facing conditions of
the load cell. As indicated from the inclinations of the equations,
the values of the maximum impact force exhibited from the colli-
sions of the dropping objects to the concrete facing are larger than
the ones from the collisions to the wooden facing even if the values
of the momentum are equal to each other. This is possibly due to
the effect of the energy absorption at the wooden facing. In the
case of wooden wall facing, larger elastic deformation is expected
as compared with the concrete facing because of lower stiffness. In
addition, small plastic deformation of the wooden facing and its
progress is also observed although it is not observed in the case of
concrete facing. Larger elastic deformation, the occurrence of
plastic deformation and associated energy absorption effect of

j| Target for image analysis
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Soil(1) Large soil bag containing small soil bag

==

Total weight : 1.57kN

Soil(3) Large soil bag containing gravel
M-40

Total weight : 0.98kN

Fig. 4 Test conditions of deformable soil

the wooden facing is thought to be the reason of the observation
that the maximum impact force are smaller in the case of the
wooden facing as compared to the concrete facing.

The value of the maximum impact force exhibited in the tests
on deformable soil is generally smaller than the ones of real rock
and rock models. This tendency can be also understood by con-
sidering that the soil absorbed the energy by its deformation due
to the collisions to the wooden and concrete facing, both of which
have much higher strength and stiffness than the deformable soil.
In the case of the deformable soil, the effect of the facing rigidity
on the relationships between the maximum impact force and
momentum is not significant, which also results from the energy
absorption due to the deformation of the soil. These results indi-
cate that the energy-based approach is essential to discuss the

Soil(2) Small soil bag

\LJ

Total weight : 0.39kN 0.78kN  0.176kN

e

P
£

ek )

Soil(2)

Soil(1)

collision of the rockfall and slope failure-induced sliding soil mass
to the structure.

Based on the discussion above, relationships between the value of
force product and momentum are shown in Fig. 8. The value of force
product is integral of force over time, which can be evaluated as the
sum of F; multiplied by dt, where F; is the impact force at a certain time
and ¢ is the time increment and the values of force product generated
by the first collision are plotted in Fig. 8. The effect of the collisions
affected by many factors (e.g., shapes and material consisting of
dropping objects, and facing rigidity and strength) can be expressed
by single linear equation Fot =118 mV, where Fdt is the force product
calculated as the integral of force over time, m is the mass of collision
object, and Vis the velocity of the collision object immediately before
the impact to the reaction unit. It should be emphasized that the tests

120 r T T : I .
L z:Vertical Sphere (W=0.12kN, H=1.0m )| -
60 H x:Horizontal(EW) Concrete facing B
Z | — y:Longitudial(NS) 1
2 0 VAN S
Y r _
% -60
T 120 : . . : :
é L Maximum Sphere (W=0.12kN, H=1.0m )|
g 60 | impact force Wooden facing .
e L .
0
3 <——— [Duration for com.puting force product] 1
-60 . . . .
0.185 0.190 0.195 0.200 0.205
Time (sec)

Fig. 5 Example of time histories of impact load

| Landslides



1000

F=1209mv (R’=0.77)’ F=862mv (R’=0.77)

Y, F=758mv (R’=0.83)
800 |- . H

— Surface:Wood
Z o Real Rock(RR)
E ©  Block(BL)
8 600 - o/ © © Sphere(SP)
b / A Soil(1)(3)
=) S/ v Soil(2)
E Loof 7 v ;
£ /8 F=238my
g /2
B /8
S 200 8§
v

[ L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Momentum; mV (kN -s)

Fig. 6 Relationships between the maximum impact force and momentum in
surface condition of wood

are conducted under a wide variety of conditions in terms of shape,
size, and material of the collision object and stiffness of reaction unit.
Comparison of Fig. 8 with Figs. 5 and 6 clearly shows that an energy-
based approach is more suitable to discuss the effect of collision of rock
and soil mass. However, the above knowledge is obtained from the
simple free fall experiment, although more complicated behavior com-
posed by sliding, rotation, and reaction at the boundary, as well as free
fall is going to be expected in the actual rockfall and sliding of the soils
mass caused by slope failure. Thus, the result of the rockfall test using
the slope model is discussed in the following chapter.

Rockfall test using slope model

Outline of test

A photo of a slope model with a total length of 10.7 m and a width
of 5 m is shown in Fig. 9. A model slope is constructed using the
precast concrete board with sufficient strength so as not to deform
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Fig. 7 Relationships between maximum impact force and momentum in surface
condition of concrete
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Fig. 8 Relationships between force product and momentum in surface condition
of wood

due to the collisions of the rock model during the test. The slope
model consists of three segments. The bottom segment is flat and
has a length of 7.5 m. The length and inclination of the bottom part
of the slope are 5.7 m and 29 degrees, respectively, and these of the
top part is 5.0 m and 43 degrees. Photo of reaction unit is also
shown in Fig. 9 and three-component load cell that is the same one
used in the element rockfall test is installed in the reaction unit.
The plywood board is pasted on the surface of the load cell to
avoid damages to the load cell due to the collisions of rock model.

Test conditions are summarized in Table 5. In the series of the
tests, spherical, block, and platy shapes of rock models denoted as
SP, BL, and PL respectively. Representative lengths of the dropping
object are 20 and 40 cm as shown in Fig. 10. The rock models are
dropped from the top of the slope model with a height of 1.0 m.
Surface condition of the bottom part of the slope is changed in
some tests so as to make the movement of the rock model more
complicated as shown in Fig. 11, while the surface of the slope is
smooth and flat in most of the tests.

Behaviors of the rock models are captured using a high-
resolution and speed CCD camera with a sampling frequency of
150 Hz. The velocity of the rock model immediately before the
collision to the load cell is evaluated by tracing multiple target
points depicted on the surface of rock models.

Test result and discussion

Typical time histories of impact force due to collision of spherical
rock model with their length of 20 cm and 40 cm are shown in
Fig. 12. The values of the maximum impact force of horizontal
direction (z-direction) increase with the increase of the size of the
rock model, and the values of the maximum impact force of the x-
and y-direction also increase due to the collision of the rock
model. Comparison of the ratio of the maximum impact force in
the x- and y-direction to the one in the z-direction in the element
rock fall test and rockfall test using the slope model is shown in
Fig. 13. It should be emphasized that the measurement of the force
from different direction with very small interference and less effect
of eccentricity using three-component load cell make it possible to
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Fig. 9 Large-scale slope model

conduct this kind of the comparison as described in the outline of
element rockfall test and rock fall test using large-scale slope
model. The weighted average and maximum values of ratio of
the maximum impact force of the x- and y-direction to the hori-
zontal direction (z-direction) in element rockfall test are 0.088 and
0.467, while those in the rock fall test using slope model are 0.313
and o.770. This difference can be understood by considering that
the collision object has the velocity component other than the z-
direction (i.e., x- and y-direction) in the rockfall test using slope
model at impacting the reaction unit because the movement of the
collision object in the test consists of sliding, rotation, reaction,
and their combination as observed in Abe and Nakamura (2017),
Buzzi et al. (2012), and Glover (2015), while the simple free-fall to
the reaction unit is the case for the element rockfall test.

The relationship between the maximum impact force and mo-
mentum for horizontal direction is summarized in Fig. 14, and the
equations of linear regression of the maximum impact force based
on the least square method for each dropping object are also
shown in the figure. The relationship between the maximum
impact force and momentum are affected by the shape of the rock.
The maximum impact force induced by the collision of the block
and platy rock models is smaller than the one induced by sphere

S B

Fig. 10 Shape of rock models

| Landslides

type rock model even if the value of momentum coincides with
each other. In the case of the block and plate type model, the edge
of the cubic and plate type is chipped due to the collision while no
deformation is observed in the case of the spherical model. Energy
absorption due to the deformation of the edge of the rock model
with the shape of the cubic and plate type model is a possible
reason for the above behavior.

The relationship between force product and momentum is
shown in Fig. 15. The unique relationship between force product
and momentum that are expressed as Fit =1.34 mV with R* value
of 0.9154 can be achieved from all test data obtained from the
rockfall test using the slope model although there are limited
extents of scattering as compared with element free fall test that
are shown in Fig. 8. However, it should be noted that the equation
obtained from the rockfall test using slope model corresponds to
the equation of Fét=1.18 mV that is obtained from the element
rockfall test as indicated in Fig. 8.

It is found from the results of the element rockfall test and the
rockfall test using slope model that the maximum amplitude of the
impact force is significantly affected by many factors, which are
shape and size of dropping object, slope condition, rigidity of
dropping object itself and reaction unit, and moving




Sand particles are
pasted on the surface
of concrete platen.

L-shape steel

Fig. 11 Arrangement of slope condition

characteristics of dropping object for instances. On the other hand, be expressed as a simple linear equation regardless of various test
the relationship between force product and momentum is able to  conditions.
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Fig. 12 Typical time histories of impact force due to the collision of rock model of spherical shape
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Fig. 13 Comparison of the ratio of the maximum impact force in the x- and y-direction to the z-direction

Discussion

Relevant study conducted in prototype scale

The knowledge obtained from the tests cannot be extended to the
problem of the collision of the sliding soil mass induced by the
slope failure because the phenomenon close to the rockfall are the
main target of the element rockfall tests and the rockfall tests using
the slope model. Moreover, the amplitude of the impact force is
relatively small as compared to the prototype scale because the
abovementioned tests are conducted in a reduced scale. Therefore,
the results of the test conducted in the prototype scale are inves-
tigated to extend above knowledge to the prototype scale and the
problem of the collision of the sliding soil mass to the structure.
The analyzed one is the dynamic centrifuge model test of the slope
(Nakajima et al. 2019) in which the impact force is due to the
collision of the sliding soil mass to the structure. As for the rock
fall phenomena with the measurement of the impact force in the
prototype scale, a pendulum test (Nishida et al. 2006) is also
investigated. After the introduction of the tests in the prototype
scale, results obtained from the series of the reduced scale test are
compared in this chapter.
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Fig. 14 Relationships between the maximum impact force and momentum
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Dynamic centrifuge model test
Cross-section of the test is shown in Fig. 16. The height of the
slope model is 1000 mm and horizontal shaking is applied
under a centrifugal acceleration of 50 g. Therefore, the stress
state of the model during shaking corresponds to that of a
slope of height 50 m. Table 6 shows the physical and strength
parameters of the soil layers used in the experiments. A seis-
mic load, which consists of 10 cycles of sinusoidal excitation at
the frequency of 1 Hz, is applied by shaking the soil container
horizontally after the centrifugal acceleration of 50 g is applied,
while the maximum acceleration of shaking is gradually in-
creased at the increment of about 100 gal in prototype scale.
The failure processes of the slope model in cases 1 and 2 are
shown in Fig. 17. In case 1, the surface layer and part of the weak
layer showed a sliding failure mode along the failure plane gen-
erated in the weak layer in step 5 whose maximum acceleration is
400 gal. Compared with case 1, the failure processes in case 2
commenced at relatively higher acceleration levels in step 6 (Xpax
of 500 gal) and a portion of the surface layer remained on the
failure plane, although the lower portion of the surface layer
dropped during the failure process in step 7.
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Fig. 15 Relationships between force product and momentum
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Fig. 16 Prototype cross-sections of slope model in centrifuge model test (unit is in m)

Time histories of the impact force, displacement, and velocity
of the sliding soil mass in cases 1 and 2 are summarized in
Figs. 18 and 19. The details of the test are written in Nakajima
et al. (2019). In the later part of this chapter, a relationship
between force product and momentum obtained from the dy-
namic centrifuge model test is compared with the ones obtained
from aforementioned reduced scale model tests.

Casel
t=559.6 s in step

Casel
t=554.0 s in step

DREW mmemezen

Fig. 17 Failure process of the slope model

Pendulum test

In addition to the centrifuge model tests conducted by the
authors, a series of pendulum tests conducted by Nishida
et al. (2006) is also analyzed in the following discussions as a
test result making for the load amplitude obtained by the
author’s work. Nishida et al. measured impact force by hitting
the weight to rockfall protection wall as schematically illustrated

Casel
t=564.6 s in step
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Fig. 18 Time histories of acceleration, relative displacement, and velocity of sliding soil mass and impact force in case 1

in Fig. 20. The protection wall with a height of 2.0 m consists of
geosynthetic-reinforced soil and wall facing. The reinforced soil
wall is constructed by well-compacted onsite sand with
installing the geogrid reinforcement with vertical spacing of
50 cm, which is fixed to the expanded metal facing. A polyester
nonwoven geosynthetics with a thickness of 10 mm is pasted on
the surface of expand metal. The spherical ball with its weight of

9 kN is made by concrete and it collides against the protection
wall with pendulum movement after the weight is released from
the height of 11.1 m in case 1 and 20.0 m in case 2 as schemat-
ically illustrated in Fig. 20. Three components of accelerometers
are installed in the spherical weight and it measured response
acceleration due to the collisions of spherical weight to the
protection wall.
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Fig. 19 Time histories of acceleration, relative displacement, and velocity of sliding
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soil mass and impact force in case 2
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Fig. 20 Outline of pendulum test conducted by Nishida et.al. (2006)

Time histories of impact force, which are evaluated by multi-
plying response acceleration to the weight of the sphere, are shown
in Fig. 21 and the value of impulse can be obtained in the same
manner with the experiments conducted by the authors. The value
of momentum can be also evaluated by multiplying the velocity of
the weight immediately before the collision to the protection wall
to the mass of the spherical weight.

Summary of relationship between force product and momentum
Summary of the relationships between force product and momen-
tum of load of all tests including the pendulum test conducted by
Nishida et al. is summarized in Fig. 22. The relationships between
force product and momentum of load seem to be expressed by the
single linear equation of Fdt=o0.92 mV with high coefficient of
determination with its value of 0.95 even though the plotted data
are obtained from the tests at a wide variety of conditions.
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Fig. 22 Summary of relationships between force product and momentum

For the rational design of protection wall against rockfall or
sliding soil mass caused by slope failure, deformation of the wall
and limited extents of structural damages can be allowed since the
maximum amplitude of the load is expected to be very large but
the duration of the action is limited. Recently, some sophisticated
numerical analyses have made it possible to evaluate a time history
of impact force due to the collision of rockfall and sliding soil mass
(e.g., Nakajima et al. 2019). By reflecting these knowledges, a direct
solution can be possible to evaluate the response of the wall by
inputting calculated time history of the impact load as an action
but it is too consumptive of time and cost. However, it can be
possible to rationalize the design of the protection wall for rockfall
and sliding soil mass by reflecting knowledge obtained from the
presented study.

Outline of energy-based design of protection wall

In the proposed method, a response of the protection wall located
near the toe of the slope can be evaluated by the following steps as
schematically illustrated in Fig. 23.
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Fig. 21 Typical time histories of impact force obtained from Nishida’s study
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Fig. 23 Outline of proposed method for assessing response of protection wall subjected to impact load

In step 1, a target object is identified. Site investigation is going
to find a rock suspected to fall and collide to the protection wall,
and stability analysis identifies the possible sliding soil mass.
Once the target is identified, the mass of the target can be also
evaluated.

In step 2, the value of the velocity at the impact on the
protection wall is evaluated. For simplicity, the simple rotation
of sphere having the same mass with the original target on the
slope is considered in the flow shown in Fig. 23. As observed in
the relevant studies by authors and others (Abe et al. 2017; Buzz
et al. 2012; Glover 2015, and Zhong et al. 2019), the rock showed

| Landslides

multiple forms of movement like sliding, rotating, reaction, and
combination of them. These movements are going to affect the
vector of the collision object immediately before the impact as
well as its amplitude. Therefore, the type of movement of the
collision object affects the action acting on the protection wall.
In the proposed framework, however, the velocity of the target
object is evaluated by assuming the simple rotation of the
sphere on the slope. It should be noted that simple rotation of
sphere will result in the conservative design because the evalu-
ated velocity will be larger than the case that the movement of
the rock and sliding soil mass is precisely simulated.



In Japanese relevant guideline (Japan Road Association 2017)
for example, the velocity of the falling object immediately before
the impact to the structure is evaluated by Eq. (2), which is based
on the free fall assumption.

y= 2g(1—L>H. (2)

tanf

where v is the velocity of the falling object, g is the gravitational
acceleration, y is the equivalent frictional coefficient whose values
are ranging in 0.05 to 0.35 depending on the characteristics of
falling object and slope, H is the height of the location where
falling object exist, and 6 is the angle of the slope.

On the other hand, an analytical approach simulating the
movement of the rock (e.g., Perret et al. 2004; Glover 2015) also
makes it possible to rationalize the design of the protection wall by
giving the reasonable value of velocity.

In step 3, the value of the maximum impact force Fp.x is
evaluated using a theoretical equation. Hertz’s equation (Hertz
1882) is one of the solutions to calculate the maximum impact
force by using Poisson’s ratio and Young’s modulus of the target
object in addition to the mass and velocity evaluated in steps 1 and
2. The value of residual force F,.s should be also evaluated in case
the collision of the sliding soil mass due to the slope failure is
considered. The value of F,s can be evaluated by considering the
volume of deposited soil after the impact. Angle of repose and the
location of the failure plane will give the geometry which is
essential for the evaluation of the value of F,,. Once the geometry
after the impact is determined, the value of F,.s can be evaluated as
the active earth pressure using a theoretical equation like Cou-
lomb’s equation.

In Fig. 23, the design frame work of the rigid protection wall
(e.g., retaining wall consisting of reinforced concrete, Mavrouli
and Corominas 2010) is proposed even though the stiffness of
the protective measure affects the mobilization characteristics of
the impact force as observed in this study. On the other hand, it is
effective to apply the other type of the protective measure with
high energy absorption ability in case the deformation of the
protective measure is accepted (Kwan et al. 2014; Yu et al. 2019).
Application of the energy-based design approach is effective in
considering the different characteristics of the protective measure.

In step 4, the time history due to the collision of the target object to
the protection wall is evaluated. The duration of the impact dt can be
easily evaluated by using the relationships between force product and
momentum obtained in this study as the equations are indicated in
Fig. 23. By reflecting the shape of the time history of the impact
obtained by the study, the simple triangle shape is assumed for the
collision of the rockfall and square shape determined by the combina-
tion of the maximum value F,,,,, and residual value F,, for the collision
of sliding soil mass.

In step 5, the response of the wall is evaluated using the time
history of the impact force due to the collision of the target object
evaluated in step 4. Recently developed procedures to evaluate
seismic-induced residual displacement of the retaining wall (e.g.,
Nakajima et al. 2009; Railway Technical Research Institute 2012)
can be adopted for evaluating the wall response. In the proposed
method, it should be emphasized that the design methodology of the
protection wall is developed by the combination of rational evalua-
tion of the action on energy-based approach and accepting some

extents of displacement or damage of the protection wall considering
the collision of rock to the protection wall as the precondition.
However, there is the case that the rock bounce over the protection
wall, where the impact force is not going to act on the wall but there
is another concern that the structure behind the protection wall is
affected by the bounced rock. Combination of the proposed method
with the reliability analysis evaluating the susceptibility that the
bounced rock affects the structure behind the wall makes it possible
to consider this type of the phenomena.

Applicability of the proposed method is going to be examined by
comparing with the actual behavior and model test in further study.

Conclusions

1 Based on the results from element rockfall test, relationships be-
tween force product and momentum could be expressed by linear
regression equation of 1.18 for concrete facing and 1.15 for wooden
facing with high coefficient of determination value regardless of
shape and size of rock model and facing rigidity of load cell although
the relationships between the maximum impact force and momen-
tum were significantly affected by these factors.

2 In the rockfall test using slope model, impact forces of vertical
and longitudinal component were also recorded as well as
horizontal force component because the movement of the rock
consisted of rotation, sliding, restitution, and horizontal and
vertical displacement although simple free fall movement was
the case in the element rockfall test. The average and maximum
values of ratio of the maximum impact force of the x- and y-
direction to the horizontal direction (z-direction) in element
rockfall test are 0.088 and 0.467, while those in the rock fall test
using slope model are 0.313 and o.770.

3 In the rockfall test using slope model, relationships between force
product and momentum can be expressed by linear regression with
equation of Fit =134 mV whose R* values are 0.9154 although the
relationships between the maximum impact force and momentum
are highly scattered. The obtained equation from the relationships
between the force product and momentum in the rockfall test using
slope model corresponded well with the one obtained from the
element rockfall test although the scale of the model test was highly
different from each other.

4 Results obtained from the elementary rockfall test, rockfall test
using slope model, dynamic centrifuge, and pendulum test
conducted by Nishida et al. are summarized as the relation-
ships between force product and momentum in this study. It
was found from the analysis that all the data could be
expressed by linear regression with R* of 0.95 although there
were limited extents of variations.

5 By reflecting these knowledges, a concept of the energy-based
design approach, which makes it possible to rationalize the
design of the protection wall for rockfall and sliding soil mass,
is also proposed.>
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