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Multiple reports have emphasized the significance of
protecting cladding from windborne debris or falling
cinders during strong winds or volcanic eruptions.
Japan has no available building codes or standards
for protecting the cladding against the windborne de-
bris or falling cinders. In contrast, certain specifi-
cations for cladding performance when impacted by
windborne debris, along with associated testing meth-
ods, are outlined in American, ISO, and JIS stan-
dards. A series of impact tests was conducted on
selected specimens, like cladding used for residential
projects, to evaluate their impact resistance perfor-
mance. This study presents the outcomes of the impact
performance tests, including their destruction modes,
for representative materials of cladding like float glass,
Japanese tiled roof, batten-seam roof, and slate-tiled
roof. The tests were conducted using an air cannon
as the gravel-propulsion device. The impact-resistant
speed corresponding to the mass of gravel was clarified
for the specimens.

Keywords: impact resistance test, cladding, gravel,
windborne debris, falling cinders

1. Introduction

During strong wind disasters, like typhoons or torna-
does, cladding is often torn apart or stripped away, thus
resulting in flying debris of various sizes. Numerous re-
ports attest that such debris collide with other buildings,
setting off a chain reaction of debris production and ag-
gravated damage. Additionally, damages caused by vol-
canic cinders and small gravels carried by the wind over
long distances result in their descent upon buildings, caus-
ing extensive damage to cladding elements like roofing,
walls, and window glass. Particularly, Sakurajima has
recorded 173 cases of gravel-fallings at its base triggered
by Vulcanian eruptions from Mimamidake crater since
1955. These gravel-falls occurred at a location approxi-
mately 20 km away from the crater. The gravel disperses
to distant areas when volcanic plume rises high or strong
winds blow. Among 173 cases, 86 reported damages,
mainly to vehicles, buildings, and aircrafts. Usually, in
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buildings, roofing materials like roof tiles and slates are
most commonly damaged. One case reported damage to
the glass component of a solar water heater [1].

Damage to the cladding permits rain and wind to en-
ter the building. This damages the interior and household
items, and also corrodes the structural parts of the build-
ing like pillars. Furthermore, glass-fitted openings are the
most vulnerable parts against flying debris. When these
openings are shattered, the resultant glass shards pose a
risk to human safety. Additionally, the broken openings
can lead to an increase in indoor pressure, potentially
causing damage to the roofing and other opening parts.
This can result in significant damage to the entire build-
ing. Therefore, safeguarding the cladding from flying de-
bris is important to prevent or minimize damage to the
buildings.

Clarifying impact-resistant performance of cladding is
the base for preventing damages from flying debris. Con-
cerning the assessment of the impact-resistant perfor-
mance of cladding against flying debris, the American So-
ciety of Civil Engineers’ ASCE 7-05 [2] is a recognized
standard that evaluates buildings’ openings for resistance
to flying debris during hurricanes. Testing methods and
standards for assessing cladding performance under im-
pact are specified in American Society for Testing and
Materials’” ASTM E1886-04 [3] and ASTM E1996-04 [4].
Furthermore, evaluation methods of assessing the destruc-
tion performance resulting from impact, as outlined in
ISO 16932 [5], are based on the performance standard
and evaluation methods introduced in the aforementioned
ASTM documents. Accordingly, ISO 16932 and ASTM
documents provide almost identical standards. Also,
Japanese JIS R 3109:2018 [6] uses ISO 16932 as basis
for assessing glass resistance performance under impact
from typhoon-blown flying debris.

This study carried out impact tests with an experiment
device (air cannon) [7] that was developed in accordance
with ISO standard. Among the various objects that get
blown during strong winds, gravel probably damages the
claddings the most. Furthermore, among the various-
sized cinders dispersed during eruptions, gravel flies to
distant locations and damages the cladding. Thus, we
used gravel as experimental missiles.

Glassed windows are the weakest in the vertical part of
cladding to resist damage from flying debris. Thus, we
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Fig. 2. Capsule enclosing missile.

used float glass, used in most windows, as an experimen-
tal specimen. We also used roofing materials widely used
in Japan. The next section describes destruction modes
that were found out from the impact test and discusses
cladding’s destruction performance by impact.

2. Experiment

2.1. Testing Device

Missiles were directed toward cladding specimens dur-
ing the experiment as shown in Fig. 1. The specimens
were positioned on a mounting jig, strategically placed in
front of an injection device. A slingshot was used for a
low-speed injection. For a high-speed injection, missiles
were put in urethane foam capsules and injected by an
air-cannon as shown in Fig. 2. The air-cannon can per-
form impact resistant tests in compliance with ISO stan-
dard. The missiles are expelled from the capsules just
before collisions, ensuring that only the missiles collide
with the specimens. The collision surfaces were recorded
every one-10000th second with a high-speed camera trig-
gered by missile’s pass with photoelectric sensor to study
collision and destruction modes, and the missiles’ impact
speed. See reference [7] for specifications of the testing
device.

2.2. Impact Test

Missiles with various mass and speed were collided
with the specimens. As impact speed increases, the
specimens’ damage modes escalate from ‘“no changes
observed,” through “no cracks but scratches or dents,”
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Fig. 3. Gravels as impact missiles.

to “cracks or holes.” The impact test began at a low-
speed, and the impact speed was gradually increased.
The test was concluded when cracks or openings were
observed. In case of glass and Japanese roof tiles, the
missiles were guided to impact approximately the same
points. For other specimen materials, impacts were tar-
geted at approximately the same points unless changes
were noted. Upon observing the damage, the impact
points were shifted by at least 10 cm away from the pre-
vious location.

2.3. Impact Missiles

Gravel varies in density and solidity. We chose gravel
pieces that could make high impact, thereby causing more
destruction. During volcanic eruptions, pumice and rock
fragment propel in the air. Lava from volcanoes coagu-
lates in the air and becomes pumice. Rocks around vol-
canic craters blow up and break into pieces.

We conducted an initial test using volcanic cinders
from Sakurajima. In this test, pumice, characterized by
its low density and high fragility, was crushed upon im-
pact. Although it has the ability to scratch the specimens,
it failed to cause cracks or holes. Accordingly, andesite
gravel collected from Sakurajima, as depicted in Fig. 3,
was employed as missile in the impact test. The mean
density of the andesite gravel was 3.0, Mohs’s hardness
ranged from 5.5 to 6.5, and the mass was up to about
100 g. According to JIS A 1204:2009 [8], it is catego-
rized as “coarse gravel.”

2.4. Specimens

Float glass was selected as a representative specimen
of cladding due to its anticipated lower impact resistance,
and widespread use in opening parts. For roofing, we
chose Japanese roof tiles, slate tiles, and sheet metal.

2.4.1. Float Glass

Two types of float glass specimens, “small specimens;
5 mm-thick, 30 cm x 30 cm-area” and “large specimens;
5 mm-thick, 90 cm x 110 cm-area” were used for the im-
pact test. Small specimens were mounted on an iron frame
(24.5 cm x 24.5 cm) with rubber on both sides. The frame
was then set in front of the injection device vertically.
A perforated polycarbonate plate was set in front of the
small specimens, as shown in Fig. 4(a). The holes in the
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W Polycarbonate plate
| 2mm-thick witha |
15cm-diameter hole/

.

(b) Large specimen

Fig. 4. Experimental set up for float glass.

Polycarbonate board 2mm
thick 30cm=33cm .
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2cm-wide
| [

Fig. 5. Experimental set up for Japanese roof tile J-type roof
tile (Marusugi disaster resistant roof tile #53 Silver Black),
Base material: Lauan plywood 12 mm-thick Polycarbonate
board 2 mm-thick 30 cm x 33 cm.

plate were aligned with the centers of the specimens, en-
suring that the missiles would strike the central area of
each specimen. The mounting and impact destruction test
of large specimens, as depicted in Fig. 4(b) were carried
out in accordance with ISO 16932.

2.4.2. Japanese Roof Tiles

Four Japanese roof tiles were arranged as they would be
on an actual roof, as shown in Fig. 5. Similar to the float
glass setup, a polycarbonate plate with 13 cm-diameter
hole was placed in front of the roof tiles, allowing the
missiles to target the central area of the upper-right tile.

920

3.5cm square lumber
1.5cm-thick plywood

Fig. 6. Slate Tiles Roofing. Slate tile: Kmew Colonial, Base
material: lauan plywood, 12 mm-thick.

190cm

4cm 120cm

39.5cm

Fig. 7.
0.4 mm-thick sheet metal (Tatehira #333). Base material:
lauan plywood 12 mm-thick.

Sheet Metal Roofing (Batten Seam Roofing).

2.4.3. Slate Tiles

As shown in Fig. 6, slate tiles were installed as they
would be on an actual roof. The area of the slate tiles
was 117 cm x 182 cm. The points of impact were set
approximately at the center of each tile.

2.4.4. Sheet Metal Roofing (Batten Seam Roofing)

As illustrated in Fig. 7, 120 cm x 190 cm sheet metal
(batten seam) roofing was installed to replicate an actual
roof. Missiles were launched to impact somewhere along
the central lines of the sheet, between two battens.

3. Destruction Modes

When missiles made contact with the specimens, no
discernible differences were observed at the point of im-
pact when the missiles had low mass or low impact speed.
However, as impact speed increased, resulting in greater
force of impact, the levels of destruction rose from (1) to
®: () scratches and dents that did not reach the back
side of the specimen, (2) cracks that reached the back side
of the cladding specimen, (3) openings were formed, and
() the missiles penetrated the specimens. In this test, the
speed of (2) at which cracks and openings began to form
in the specimens was defined as “destruction speed,” re-
ferred as V.

3.1. Float Glass

As shown in Fig. 8, breakages with Hertzian cone crack
(cone-shaped damages formed on the other sides of the
impact surfaces) and fractures, which formed radial and
circular cracks, were observed. Cracks originated not
only from the impact points but also from areas located

Journal of Disaster Research Vol.18 No.8, 2023
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Fig. 8. Destruction modes of float glass.
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Fig. 9. The effect of missiles’ mass and impact speed on
destruction modes (float glass, 5 mm-thick).

away from the impact points. When a specimen was sub-
jected to multiple missile impacts, the cracking points oc-
casionally coincided with locations where missiles had
struck previously. In such cases, it is likely that the prior
missile impacts contributed to the development of these
cracks.

Figure 9 shows the effect of gravel’s mass and impact
speed on destruction modes. The impact speed at which a
visible damage occurred decreased as the mass of a mis-
sile increased. As for the damages greater than cracking,
specimens’ sizes did not affect the destruction velocity
with small mass less than 20 g.

However, with an increase in the missile’s mass, a
slightly higher impact speed was required, particularly for
larger specimen areas.

3.2. Japanese Roof Tiles

For Japanese roof tiles, while impact speed was low,
the surface came off or a dent was created (Fig. 10(a)).
As the impact speed increased, the specimens started to
crack. In terms of destruction mode, as shown in Fig. 11,
when missiles with 10 g were collided, specimens did not
crack (even though scratches occurred) up to the speed of
34 m/s. With missiles of greater mass, the speed required
to cause destruction became lower.

3.3. Slate Tiles

For slate tiles, scratches and dents were formed
(Fig. 12(a)) while impact speed was low. When impact
speed increased, cracks started to be formed (Fig. 12(b)).
The destruction speed decreased as missile mass in-
creased (Fig. 13).
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(b) dent, crack

(a) scratch, dent

Fig. 10. Destruction modes of Japanese roof tile.

50
(rzés) A scratch, dent
A ® crack
30 A
S I S
10 2
0 Mass

0 10 20 30 40 50 (g)

Fig. 11. Effect of missiles’ mass and impact speed on de-
struction modes (Japanese roof tile).

(a) scratch, dent

(b) dent, crack

Fig. 12. Destruction modes of slate tile.
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Fig. 13. Effect of missiles’ mass and impact speed on de-
struction modes (slate tile).
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(a) scratch, dent

(b) dent, crack

Fig. 14. Destruction modes of sheet metal roofing.
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Fig. 15. Effect of missiles’ mass and impact speed on de-
struction modes (light sheet metal roofing).

3.4. Sheet Metal Roofing (Batten Seam Roofing)

In case of light sheet metal (batten seam) roofing, as
shown in Fig. 14(a), scratches and dents were formed
while impact speed was low. When impact speed gets
higher, cracks started to be formed (Fig. 14(b)). The
destruction speed decreased as missile mass increased
(Fig. 15).

4. Impact Resistant Performance

When viewing experimental specimens as cladding, the
formation of scratches and dents that do not penetrate
through to the backside of the specimens does not rep-
resent damage to the buildings’ interiors. This study
thus considered and evaluated the minimum impact speed
causing damages that reached the back side of experi-
mental specimens as destruction speed V. The relation-
ship between destruction speed V¢ [m/s] and the mass
of gravel M [g] for each cladding material was found as
shown in Fig. 16. The V—M relationship approximate
curves were calculated, and the relationship is represented
with the following Eq. (1) and Table 1.

Ve=CM*. . . . . . ... ... ... D

5. Summary
We carried out impact performance tests to examine the

impact resistant performance of cladding against wind-
and eruption-borne gravel. Andesite gravel collected from
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50
) exp. eq.(1)
Ve A Glass ——
(small)
® Glass _

(large)
<& Roof tile seee

O Slate tile _—

X Sheet metal ----

0 M
0 20 40 60 80 100 (g)

Fig. 16. Relationship between the mass of gravel M [g] and
destruction speed V. [m/s].

Table 1. Coefficients in Eq. (1).

Specimen C a
Float glass (small) 35 —0.34
Float glass (large) 24 —0.16
Japanese roof tile 140 —0.65

Slate tile 50 —0.15

Sheet metal 60 —0.20

Sakurajima volcano in Japan was injected and collided
with float glass, roof models with Japanese roof tiles, slate
tiles, and light sheet metal roofing. The impact tests were
carried out with various impact speed and mass of the
gravel to clarify damage and destruction modes. Assum-
ing future application to risk-evaluation of damages to the
building interiors, we evaluated “destruction speed,” the
minimum impact speed that causes damages greater than
cracks reaching the back side of cladding. The relation-
ship between the destruction speed and the mass of gravel
for each cladding material was found.
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