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Abstract We evaluated the quantitative effects of artificial
barriers, water-cooling and guiding channels on lava flow
using the lava simulation program LavaSIM. Lava flow is
basically subject to the topography around the path,
effusive rate and viscosity. To prevent damage due to lava
flow, we conducted experiments in controlling the flow
direction, velocity and temperature. The simulation dem-
onstrated that artificial barriers can successfully change the
direction of a lava flow and is more effective when placed
nearly parallel to the flow direction at a point where the
topography is not very steep, while a barrier placed
perpendicular to the flow direction can only stop the flux
temporarily, ultimately allowing the solidified crust to
accumulate and causing the following mass to go over the
barrier. The water-cooling trial was also effective in
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controlling the direction and temperature, although the
amount of water was as much order as 10°> m>. The guiding
channels successfully control the direction and inundated
area but only in local areas.
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Introduction

Flow of lava is one of the significant surficial phenomena
associated with volcanic eruptions, damaging environments
and causing human death and injury. Compared with other
phenomena like pyroclastic falls, it is possible to control
lava flow, since lava is mainly subject to the local
topography. Many attempts have been made to control the
direction and the spread of lava flow using artificial barriers
and channels, explosives, bombs, water cooling, and so on.
The first trial, conducted at Etna, Italy, in 1669, attempted
to change the direction of flow using barriers in order to
protect the town of Catania (Cardaci 2004). Well-planned
projects aiming to stop or control lava flow were carried out
using artificial barriers and channels in 1983, 1991-1993
and 2001. In 1992, a barrier 21 m in height and 234 m in
length with a total volume of soil and rocks of 3.7x10° m?
was established in 10 days (Barberi et al. 1993; Vassale
1994; Barberi and Carapezza 2004). This was effective in
restraining the flow for about 1 month, but the lava ultimately
overflowed. Three additional barriers placed downstream
were 6 to 12 m in height and 90 to 160 m in length.
Explosives were placed to destroy the barrier and were
successful in redirecting the natural flow into the artificial
channels (Barberi et al. 1993; Barberi and Carapezza 2004).
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In Hawaii, during the 1935 and 1942 eruptions, a 275 kg
bomb was used to destroy the roof of a lava tunnel
(Kauahikaua 2004), but these trials were not so effective.
Trials using barriers were also conducted in 1955, 1960,
1977, 1984, and 2002.

Water-cooling is also an effective way to control lava
flow. The most famous and successful water-cooling trial
was conducted during the 1973 eruption of the Eldfell
volcano on Heimaey Island, Vestmannnaeyjar, Iceland
(Siguresirsson 1997). When the lava flow approached the
seashore, the edge of the flow was continuously cooled
by water, producing natural ramparts that changed the
direction of flow. Also, based on their experience of
water jets, the experimenters determined that the effi-
ciency of water cooling is such that each cubic meter of
water cools about 0.7 m® of lava, reducing the lava surface
temperature by 100°C. Water cooling is more effective
when it penetrates to the inner lava through cracks and
joints that form during the initial cooling phase. But water
cooling has a fundamental problem because lava has very
low heat conductivity, so this trial required a huge amount
of water from a source such as a reservoir and/or rivers.

For the assessment of these counteraction attempts,
numerical simulations of lava flow can provide much
useful information. A variety of simulation codes exist,
and they are basically classified into two categories,
probabilistic and deterministic (Costa and Macedonio
2005). The former is useful especially for quick evaluation
of risky areas (e.g., DOWNFLOW by Favalli et al. 2005;
FLOWFRONT by Wadge et al. 1994; SCIARA by Crisci et
al. 2004). For more quantitative evaluation for counterac-
tion projects, the deterministic models are preferable, since
they can simulate physical phenomena including 3D
convection, solidification and so on. In this paper, we
evaluate the quantitative effects of artificial barriers, water
cooling and guiding channels in controlling lava flow,
based on a deterministic numerical simulation.

Lava flow simulation program: LavaSIM

Hidaka et al. (2005) developed a deterministic lava flow
simulation program called LavaSIM that formulates three-
dimensional flow by solving the Navier—Stokes equation,
the energy equation, and the equation of continuity, with a
free-surface evaluation, including boundary transport be-
tween the melt and the crust. The mass conservation is,

Oou Ov

u v ow
Ox Oy

where u, v and w are the velocity in x, y and z directions.
The momentum conservation is,
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where P, u, H, 0, ¢ and K are the pressure, viscosity, sum of
liquid head and ground elevation, ground inclination angle,
the azimuthal direction of maximum ground inclination and
external force, respectively. The energy conservation is
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where /4, A, T and Q are the specific enthalpy, the thermal
conductivity, temperature and heat transfer due to cooling at
the surface and bottom, and between solid and liquid lava,
respectively. This scheme can express not only the
distribution and thickness of the lava flow but also detailed
structures such as the convection inside the flow, and the
melting and re-melting of the crust.

Our approach to solving these equations directly is
somewhat time-consuming compared with schemes focus-
ing on the flow distribution using cellular automata (e.g.,
Crisci et al. 2004) or the steepest path (e.g., Favalli et al.
2005), which are very effective for a quick, rough
evaluation of lava flow damage. However, we have chosen
to emphasize the physical processes of solid—liquid thermal
fluid dynamics. In this paper, we simulate lava-flow control
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using artificial barriers, water-spray cooling and guiding
channels, in which the evaluation of heat transfer between
the lava and other materials (atmosphere, water and
structures) is the key to characterizing the lava-flow patterns.

Case study: 1986 Izu-Oshima eruption lava flow
Observation and simulation

Izu-Oshima is located about 120 km south of Tokyo
(Fig. la). The 1986 eruption originated in the summit
crater, with lava flows LA I-IV and LB I-II, which flowed
inside the summit caldera. The eruption from the C-craters,
located on the northwest flank outside the caldera rim,
began 6 days after the initial stage. Figure b shows the
distribution of the LC-I lava flow (Geographical Survey
Institute 2006). A C-crater row began to open around 1745
local time (LT) on November 21, and the fire fountain
continued for about 3 h. The LC-I lava flow began to run
down the slope from the C6 crater around 1801 LT and
almost came to a stop around 2400 LT. Unfortunately, the
temporal evolution of the flow was not clear because the
activity occurred during the night. However, one report
indicated that the lava reached an altitude of 170 m around
1900 LT (Endo et al. 1988). Lava flow characteristics
depend mainly on the viscosity, temperature, and emission
rate, as well as on the topography of the flow area. Initially,
we formulated the LC-I lava flow with no barriers or water-
cooling in order to determine appropriate values for these
important parameters (Fig. Ic). For the emission rate, we
assumed 44 m’/s, estimated using photogrammetric data
and the duration of eruptions (Nagaoka 1988; Hayakawa
and Shirao 1998; Ishihara et al. 1988). The lava flow stops
when the thickness of the flow becomes less than the
minimum threshold defined by the yield strength. Viscosity
mainly governs lava movement and depends on the
chemical composition and temperature of the molten lava;
LavaSIM can simulate both effects. After trying various
values for the viscosity, we adopted a constant value of
5.0x10° Pa s, with a view to matching the total lengths
of the lava flow from the observation and the simulation.
For example, for 1.0x10* Pa s, the final length of the
simulated lava flow was about 70% of the observed value
(Geographical Survey Institute 2006; Nagaoka 1988). In
this paper, we use a constant effective viscosity, i.e., the
viscosity does not change with the temperature as a
preliminary trial, since the lava flow of LC-I was very fast
and temporal change of viscosity can be approximated by
the averaged value. The cell size was 10 mx 10 mx 1 m, the
extrusion rate at the crater was 44 m?/s (that is, 1.1x10° kg/s
when we assume the density is 2.5x10° kg/m®) until
3,600 s, the lava specific enthalpy was 1.2328x10° J/kg,
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Fig. 1 a Location of Izu-Oshima volcano, Japan. The 1986 Izu-
Oshima eruption is characterized by three major lava flows, LA, LB
and LCIL. b The observed lava flow LC I was emitted from the C6
crater at 1801 local time, Nov. 21. It flowed down the valley and
turned to the south about 1900. The flow almost stopped at 2400, less
than 200 m to a residential area. ¢ The simulated lava flow using
LavaSIM. Overall feature is well reproduced

the extrusion temperature was 1,051.2°C, the atmospheric
temperature was 17°C, and the ground temperature was
27°C. Here the lava specific enthalpy is calculated by its
temperature taking thermal capacity and latent heat into
account (Hidaka et al. 2005). The lava properties and
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Table 1 Parameters for the 1986 Izu-Oshima LC-I lava flow
simulation

Parameters

2.5%10° kg/m®
8.4x107 J/kg K
1.56 W/m K
3.2x10° J/kg
1,000°C (1,273°K)
1,100°C (1,373°K)

Density

Heat capacity
Thermal conductivity
Latent heat of fusion
Solidus temperature
Liquidus temperature
Specific enthalpy of solidus 1.07x10° J/kg

Specific enthalpy of liquidus 1.39x10° J/kg
Solidification fraction of liquidity loss 0.5

Specific enthalpy of liquidity loss 1.23x10° J/kg

Lava emissivity 0.66

Temperature of liquidity loss 1,050°C (1,323 K)
Extrusion rate 1.1x10° kg/s (0-3,600 s)
0 kg/s (>3,600 s)
1.23%10° J/kg

1,051.2°C (1,324.2 K)
5.0x10° Pa's

17°C (290 K)

27°C (300 K)

Lava specific enthalphy
Extrusion temperature
Viscosity

Atmospheric temperature
Ground temperature

physical parameters for the simulation are summarized in
Table 1.

Figure 1c depicts the final thickness of a simulated lava
flow. The overall features of the distribution fit the

Fig. 2 a An example of simu-

lated lava flow using an artificial (a)
barrier. The color shows the
temperature at the surface of the
lava. The size of the barrier is
130 mx20 mx10 m and is able
to change the direction of lava
flow. b An example of simulated
lava flow using a water-cooling
pool. The total amount of the
water is 3.9x10° m*. The solid
boundary lines indicate the in-
undated area of the normal
simulation in Fig. lc

1048°C
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observed inundated area well. The flow runs rapidly down
along the channel for about half an hour, then encounters
flatter areas where the spreading velocity decreases. A thick
part around the head of the flow exists from about 20 min
and becomes significant after an hour, when the flux is
slowing. Finally, the thickest part (exceeding 5 m) appears
at the front of the flow. The simulated flow is faster than the
observed lava flow of LC-I (Fig. 1b) since the simulated
flow reached the point where the actual lava arrived at
around 1900 LT (1 h after the beginning of the eruption) in
about half an hour, even though the final distribution is well
matched. The actual lava flow from the C6 crater also had
more complex relationships with the opening of other
craters and other factors. The small branch in the upper area
is not significant for the actual lava flow because this area
overlaps ejected ash falls, scorias, and new vents. The
details are covered in the Discussion section. As a whole,
this formulation generally reproduced the features of the
LC-I lava flow; we use this result as a reference for the
following simulations.

Artificial barrier effect

Using the numerical simulations we have developed, we
can evaluate the effects of artificial barriers. The objective
of these barriers is to reduce the length and area of
inundation along with the velocity and temperature of the

30 minutes (b)

30 minutes

1050°C 1052°C
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lava. Figure 2a is an example in which a barrier measuring
130 m (length)x20 mx10 m is placed at the point where
the flow turns sharply southward. This barrier is partly
successful in changing the direction straight to the west.
The flow arrives at this barrier after one hour and cannot go
further southward, running instead along the barrier, and
accumulating lava at the boundary. The lava in front of the
barrier is thicker than that for the no-barrier case,
demonstrating that an artificial barrier can reduce the flow
velocity and promote solidification and accumulation of
lava, which then becomes a further obstacle. The final lava
flow pattern is completely different from that with no
barrier, and the total inundated area is about 97% of the no-
barrier case.

Water-cooling effect

The effect of water spray was also quantitatively evaluated.
In LavaSIM, we assume the distribution of water meshes
and calculate heat flux between lava and water (Hidaka et
al. 2005). Figure 2b depicts the temporal evolution of a lava
flow with water cooling by 26 water blocks, each 10 mx
10 mx1.5 m, placed at the same location used for the
barrier in the previous simulation. The total amount of
water was 7.85x10% m®. This estimate is about four times
that by Hidaka (2004), which sprays water at the area where
flow is more stagnating and the water-cooling is more
effective. This is as much as the half of the total volume of
lava flow LC-I, 1.6x10° m’(Nagaoka 1988). In about
30 min, the flow arrives at the water-cooling area, and the
temperature at the front is reduced (Fig. 3). This becomes
very clear after 40 min, when there is a low-temperature
area along the water-cooling barriers. The flow passes by
the water to the south, since this part is lower than the other
part. Along this overflow channel, there is a cooled edge on
both sides, choking the flow. The final distribution of the
lava flow indicates that the direction is not so different from
that of the no-water-cooling case, but the length is
decreased significantly.

Guiding channels effect

The third example is the effect of artificial channels dug to
change the direction of lava flow (Fig. 4). This direction
basically follows the topography of ground; therefore, once
we introduce some guiding channels, the stream will go
down toward them. Here we introduce two examples of
simulations; (a) a perpendicular channel of 30 m width is
set to bend the flow toward south in front of the originally
bending area, and a parallel channel of 20 m width is found
in the northern edge of the original inundated area to go
straight toward the west; (b) a channel is set at the midpoint
of the flow to lead the flow toward another valley nearby.

40 minutes

100 minutes

1048°C 1050°C 1052°C

Fig. 3 Magnified lava flow pattern of the water-cooling simulation.
The color in the lava flow distribution indicates the temperature of
each area. Lava is cooled by the water at the margin of the flow. The
water cooling effect controls the widths of lava flow and its
distribution

The depths of these channels are assumed to be 5 m
beneath their original altitudes. We placed these channels at
relatively flat areas so that the channels may give the best
results. The result of the simulation (a) shows that the
channel successfully bypasses the flow toward the south
and west, even though the final distribution of the lava-
inundated area is not so different from the original (Fig. 1c).
The result of simulation (b) works well to bend the flow
toward the neighboring valley, and some portion of the
emitted lava filled this valley. The final length of the
inundated area is shorter than that of the original.

Discussion

The effects of barriers, water cooling and the guiding
channels on the total area inundated are summarized in
Fig. 5. The simulation of protection barriers indicates that a
barrier is more effective when placed where the topography
is more or less flat and the flow spreads out. In addition,
a barrier almost parallel to the flow, that is, a barrier with a
low angle to the lava flow stream, is more successful than a
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Fig. 4 Simulations using guid- (a)
ing channels to control lava

flow. a Two guiding channels
successfully divide the original
flow into two valleys, and the
final distribution is shorter than
the original. b A guiding chan-
nel is used to bypass the flow
into a neighboring valley to the
south. Finally the branch merges
into the original one

1048°C

perpendicular barrier that we had made for a preliminary
simulation. In Fig. 6, the effect of a barrier is shown as the
distribution of the thickness of inundated lava. A barrier
placed perpendicular to the flow prevents flow at first, but
lava begins to accumulate in front of the barrier. When the
following lava flow is thick enough, the accumulated lava
causes it to pass over the barrier, as well as to both sides.
The final distribution is not so different from the case with
no barriers. The water-cooling simulation indicated about a
10% reduction in the total inundated area. In this case, we
needed as much as 10° m® of water, which is impractical,
especially in an emergency. Water spray is more effective
considering that the lava surface has cracks and the
effective cooling surface is several times larger than that
of our formulation (Neri 1988). When water is poured onto
the lava surface, the water intrudes through the cracks,
further promoting the cooling effect.

The effect of guiding channels is closely related to the
topography and works well for a shortcut or bypass;
however, the flow itself is mainly governed by the
topography as well as the emission rate, so we generally
can control the direction of lava only in local regions. In
some cases, the final distribution of lava may change
downstream.

The misfit of the temporal length evolution between our
simulation and observation occurs because the simulated
flow is much faster than the actual flow, although the final
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Fig. 5 Temporal changes of lava flow inundated area ratio compared
with the normal simulation in Fig. lc. Solid line: normal simulation
(Fig. 1c); dashed line: barrier simulation (Fig. 2a); dotted line: water-
cooling simulations (Fig. 2b). The barriered simulation shows the final
distribution is about 97% of the normal simulation, while the water-
cooling simulation is about 89% of the normal simulation. The
barriered flow shows the inundated area decreases around 2,000 s,
suggesting the lava accumulates at the front area of the barrier, but
then it overcomes and/or goes toward the side of the barrier, and the
final area is not so different. Two guiding channels simulations have
similar effect to the barrier
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407

Fig. 6 Effect of a barrier placed
perpendicular to lava flow.
When lava reaches the barrier, it
accumulates at the front of the
barrier. After a while, some parts
of the flow go over the barrier
while other parts flow around
the barrier. The final distribution
is not so different from the
original distribution shown in
Fig. 1

15 minutes

distribution of lava-inundated areas is almost the same. We
assumed the viscosity of magma to be equal to 5.0% 10° Pa
s based on the final distribution. To reduce the flow
velocity, we would have to choose a higher viscosity, but
this would reduce the final length of the lava flow, causing
additional misfits. Temporal changes in viscosity due to
temperature represent a key aspect of controlling the lava
flow pattern. Viscosity and yield strength of lava increase
associated with crystallization due to cooling and the
degassing (Cashman et al. 1999; Umino et al. 2006; Umino

barrier

30 minutes

2007; Lipman and Banks 1987). LavaSIM can also
formulate this physical model based on Goto’s model
(Goto et al. 1997), although this does not give a
significantly different result. From the viewpoint of lava
flow width, the lava flow is basically controlled by the
topography, but the misfit here suggests the importance of
lateral flow. In LavaSIM, the solidified lava crust moves
only vertically (Hidaka et al. 2005), but in actual lava
flows, the crust also moves horizontally, behaving as a
barrier itself and reducing the effective viscosity. Artificial
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barriers and water cooling will control the flow patterns in
relation to these inherent obstacles, and the effective
viscosity will be reduced. The next step in our lava-flow
simulation is to include these effects in order to generate
more realistic estimates for lava-control trials.

Conclusions

We evaluated the effects of barriers and water-cooling in
controlling lava flow, applying them to lava flow LC-I,
observed during the 1986 Izu-Oshima eruption. Our
conclusions are as follows. (1) A barrier is effective in
changing the path of the lava flow, especially when it is
placed parallel to the flow in a flat area. (2) A barrier
perpendicular to the flow initially stops the flow, but lava is
accumulated in front of the wall, eventually allowing
successive lava to overtop the barrier and bypass it. (3)
Water-cooling is effective in diverting and controlling a
lava flow, but requires a large volume (10 m?). (4) Water-
cooling enhances the solidification of the edge of the flow,
choking the flow and reducing the final inundated area. (5)
Guiding channels are effective to bypass the stream to
protect local regions, taking the original topography into
account.
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