

















material falling and leaving overhanging slabs, such as occurred on 9 May, and this crea‘es an
area of decreased stability that will eventually fail again.

Deposits in the valley bottom also indicate that rock falls and other landslides are common at
and downstream from Sacred Falls and that these processes have been active for a long time.
Most of the trail up the canyon to Sacred Falls was built on rock-fall and other landslide deposits.
These deposits form steep wedges that join the near-vertical canyon walls to the stream channel
in the floor of the valley. The deposits consist of soil and rock fragments that range in size from
pebbles to large boulders. Many of the large boulders deposited by previous rock falls lie on the
ground surface in the midst of a forest of mature trees, which indicates that rock falls have been
occurring in this valley for some time.

Reconnaissance of Maakua Gulch

Maakua Gulch has walls that appear steeper and higher than those of Kaluanui Gulch. We
saw several landslide scars on the canyon walls, but there appeared to be significantly less scars
than in Kaluanui Gulch. The vegetation on the walls of Maakua Gulch appeared to be thicker
and more well-developed than in Kaluanui Canyon. Several parts of the gulch do have arees that
have been subject to recent landslides, but other reaches appear to have been more stat'e for
some time.

Assessment of Landslide Hazards in Kaluanui and Maakua Gulches

Both Kaluanui and Maakua Gulches are areas of very high hazard from rock falls. The
canyon walls are hundreds of feet high and are extremely steep (70°-90°), and the valley bcttoms
are only 50-100 feet wide. The slope material is volcanic rock that weathers deeply and is
fractured, which makes it very susceptible to failure. Rock falls can occur either as a result of
being triggered by conditions such as intense or prolonged rainfall or earthquake shaking, or in
long-term conditions of gradual degradation of slope strength. The narrowness of the valley
floors tightly constrains the area of potential impacts and thus increases the likelihood of the rock
falls causing damage in the valleys.

Mitigation of Rock-Fall Hazards

Rock-fall hazards can be mitigated in three broad categories: prevention, retention, and set
back. Prevention involves selective removal of potential landslide material (scaling) or
physically strengthening the slope by using rock bolts, screening, retaining structures, or
grouting (cement). This does not appear to be a viable option in this case because of aesthetic
concerns (marring the canyon walls) and the practicality of actually getting the necessary
equipment to the unstable slopes. Retention involves building retaining structures at the bases of
slopes to catch material that falls. Such structures in this case would have to be very strong to
catch rocks falling at high speeds from near-vertical, very high slopes. Again, aesthetics and the
narrowness of the valley seem to rule out this option: there is simply not enough space at the



base of the slopes to build such structures. Set-back involves limiting access to areas near the
bases of slopes that are within range of falling and bouncing rocks. This clearly is not possible
because the narrowness of the valleys is such that anywhere on the valley floor is within range of
falling rocks from either valley wall.

Because none of the possible mitigation measures appears viable, the situation becomes
relatively straightforward: the only way to totally eliminate the possibility of additional
landslide-related deaths or injuries is to close public access to the canyons. Ifaccess is allowed,
then there is a continuing probability (not yet quantified) of eventual injuries or fatalities. The
fact that very few fatalities have occurred over the past few decades suggests tha* this
probability, on a per-visit basis, is low, but it is, nonetheless, significant.

Proposed Methods of Detailed Rock-Fall Hazard Assessment

The Sacred Falls rock fall has raised concern about the safety of hiking trails in state parks or
other state-managed lands on Oahu. Consequently we were asked to suggest methods of rock-
fall hazard assessment for these areas. Field conditions in the steep canyons of Oahu severely
limit application of field-based methods, such as the one developed by Harp and Noble (1993),
which involves measuring the characteristics of fractures in rock outcrops. Outcrops in Fawaii
are commonly steep and inaccessible to a geologist working on the ground, and mary are
covered by vegetation. Consequently we propose a method that relies mainly on aericl and
photographic studies of the areas. This approach is similar to the rock-fall hazard asses ment
conducted in Yosemite National Park following a fatal rock fall there (Wieczorek and c*hers,
1992, 1998).

A three-phase study could identify hazardous areas along each trail and rank the relative
hazards: Phase 1, reconnaissance using aerial photographs; Phase 2, field checking using
helicopter- and ground-based observations; and Phase 3, assignment of hazard rankings and
identification of areas where rock-fall abatement is feasible. An optional Phase 4 would use
records or estimates of trail usage and previous incidents to estimate the probability of hikers
being injured or killed by a rock fall or other type of landslide.

Phase 1. Reconnaissance for evidence of active or recent rock fall could be conductec from
a study of aerial photographs. Such a study would require vertical and oblique color photographs
of the trails and surrounding areas. The photographs should have enough overlap to allow
stereoscopic viewing and oblique photographs would be needed for both walls of each canyon.
Vertical photographs would be used mainly for viewing canyon bottoms and as an aid in
transferring data between the oblique photographs and maps. The oblique photographs would
provide a more detailed view of the steep canyon walls than is possible using vertical
photographs alone. Scale of the photographs should be large enough to clearly show rock fall
scars (source areas and paths) as small as 2-3 feet across (scale of about 1:10,000 or greater).
Rock fall areas could be plotted on topographic maps of the area to show their locations relative
to the trails. Such photographs would create a record that could be consulted in the future and
would significantly reduce the amount of helicopter time needed to map rock-fall evidence along
and above the trails. The reconnaissance phase would result in a map showing suspected rock-
fall source areas and recent rock-fall paths or tracks.



Phase 2. Field checking from helicopter flights over the trail areas and ground observations
along the trails would be used to confirm and correct observations made from the aerial
photographs. These observations would be similar—but much more detailed—to those we
performed in connection with the Sacred Falls rock fall. Ground observations would focus on
presence and approximate age of landslide deposits in the valley bottoms and along the trails,
and availability of buffer space from possible rock-fall impact areas. Where visibility allowed,
the valley walls could be checked for presence or absence of rock-fall scars or potential source
areas. Aerial observations would focus on identifying active or recent scars and potential rock-
fall source areas as well as recent rock-fall tracks. These ground and aerial field observations
would be compared directly to the preliminary map of rock-fall areas from Phase 1 and would
result in a revised map of rock-fall source areas and recent scars and tracks. This phase would
also result in qualitative estimates of the frequency or relative ages of rock falls in the area.

Phase 3. Assignment of hazard rankings would be based on factors observed in the pravious
phases. These include relative abundance of rock-fall scars and potential source areas and the
relative age or frequency of rock-fall activity. Hazard increases with opportunity for rock fall to
occur. Thus, abundant fresh and recent rock-fall scars characterize high hazard zones, al'sence
of fresh or recent scars and other potential rock-fall source areas characterize low hazard zones.
Intermediate zones can be defined as needed to subdivide the range of observed rock fall
abundance and frequency between the high and low hazard zones.

Once rock-fall hazard near the trails has been classified, segments of trails near high-hazard
zones can be considered for various types rock-fall mitigation. As discussed above in the section
on mitigation of rock-fall hazards, several methods are available, but only a few may be feasible
along segments of most trails. Selective removal of loose or overhanging rock may be feasible
in a few areas, but in general would be very difficult in steep, high-walled canyons. Where space
allows, trails may be relocated to move them away from high hazard zones. Buffer zones can be
defined by mapping the extent of rock-fall deposits downslope from active rock-fall areas, and
trails may be rerouted beyond the edge of the deposits, provided the new route is acceptable on
other grounds.

Phase 4. Estimates of probability of fatalities or injury could be used to aid in decisions
about closing a trail or keeping it open to hikers. The first step in this phase would be to decide
upon an acceptable level of risk (on a per-visit basis, how many rock-fall related injuries or
deaths is DLNR and the community willing to accept). The next step is to estimate the
likelihood of an injury or fatality based on existing conditions and the historic number of
incidents. For example, to estimate the rate of fatalities due to rock fall at Sacred Falls, divide
the total number of fatalities on record by the total number of visitors since records on such
incidents have been kept (not just since the first rock-fall incident). Per-visit rates of fatalities
and injuries can be compared to other statistics as an aid in determining how risky hiking a given
canyon or trail is compared with other activities. It also provides a means of comparing the
relative risk of different trails.



Summary and Conclusions

The Sacred Falls landslide of 9 May 1999 involved a very small volume (~50 cubic yards) of
weathered rock, soil, and vegetation that plunged nearly 500 feet onto a narrowly cons‘ricted
canyon floor that was crowded with visitors. One lesson to be learned from this event is that
very small landslides can cause catastrophic results if they occur in times and places where many
people are present. The following conclusions can be made in light of our observations and
expertise:

e The Sacred Falls landslide occurred as a result of long-term, gradual degradation of the slope
rather than by being triggered by external factors.

e The ongoing level of landslide hazard does not appear to have been significantly increa~ed by
the Sacred Falls landslide.

e The continuing (long-term) level of landslide hazard in the Kaluanui and Maakua Gulches is
very high because of the steep, high canyon walls; narrow valley floors; and ongoing slope
weathering and rock fall.

e Traditional methods to mitigate rock-fall hazards are not viable in these steep, narrow canyon
environments.

e Detailed assessment of rock-fall hazards is possible using a combination of ground, aerial,
and aerial-photographic investigations.
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