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Abstract: Although the causes of and impacts against forest road failure differ according to the type
of damage that occurs, the statistical understanding of the trends in the type of failure is insufficient.
In this study, we collected data on 526 forest road failures due to heavy rainfall during 2006–2010
in the mountainous regions of Japan and statistically analyzed the characteristics. The forest roads
covered in this study include those used primarily for timber extraction as well as those used for
public purposes. Forest road segments were classified into four categories: streamside, stream
crossings, zero-order basin, and others, and comparisons were made regarding the length of damage,
the relative probability of occurrence, repair costs, and induced rainfall intensity in each category.
Streamside segments accounted for only 15% of the total length of routes analyzed but 42% of all
damaged segments. Furthermore, the relative risk of the streamside segments was about 6.0 times
higher than that of the other categories of segments, indicating that they were the most likely to be
damaged in this analysis. It is clear that the most important issue in the target area is to prevent
damage to streamside segments.

Keywords: forest road failure; streamside; stream crossing; zero-order basin; relative risk

1. Introduction

A properly maintained network of forest roads provides the forest accessibility nec-
essary for the sustainable use of forest resources, including forest maintenance, timber
harvesting, hunting management, and recreational activities [1]. On the other hand, forest
roads gradually lose their functionality due to erosion caused by use and exposure to
rainfall after establishment, and if the degree of erosion becomes severe enough, they are
damaged and become dysfunctional. The forms and factors of erosion and damage vary.
Accumulation of sediment and organic matter in culverts crossing forest roads reduces
the drainage capacity of culverts [2], causing gully of the road surface due to overflow of
stream water [3], culvert failure, and road body failure at stream crossings. Overflow of
road surface runoff water causes road body failure by significantly changing the shape of
the rutted area itself. Sediment accumulation on the road surface due to soil avalanches
from the cut slope or its upper slope makes the road impassable for vehicular traffic.

Soil erosion, in which forest roads are directly or indirectly involved, is an important
source of sediment to streams in forested watersheds, affecting the hydrologic system of the
forested watershed [4]. Sediment inputs to forested stream systems can have adverse effects
on water quality, such as turbidity, increased nutrient concentrations, and reduced water
clarity. Therefore, studies have examined the effects of rainfall, vegetation, and season on
sediment runoff generated by the existing road network [5,6], as well as studies on the
interaction between the road network and the river network [7].

Facilities for proper drainage are of paramount importance in road design [8]. There-
fore, studies have been conducted on the layout and dimensioning of appropriate drainage
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facilities, taking into account the topography and hydrological factors of the hillsides and
the road structure [2,9]. From the viewpoint of minimizing the amount of road surface
erosion, guidelines have been given for appropriate cross-sectional trench spacing accord-
ing to the longitudinal gradient [10]. In recent years, forest road design and maintenance
methods have been proposed that take into account the impact on the forest environment
as well as economic efficiency; Aruga et al. [11] attempted to reduce sediment deposition
to rivers and the total cost of forest road alignment planning; Dodson et al. [12] studied
the environmental impact on rivers, the cost both environmental and economic to the
river, the occurrence of road failures that may lead to both environmental and economic
costs, and the total cost of owning a forest road, they examined a method for scheduling
maintenance and improvement activities on forest road segments to minimize these three
costs. Saito et al. [13] studied an automatic forest road design model that considers shallow
landslides using LiDAR data. Pellegrini and Grigolato [14] examined how the integrated
use of GIS and Analytical Hierarchy Process (AHP) analysis can be used to determine
priorities in road network maintenance work to minimize sediment generation from road
surfaces and maximize the social value of roads.

In Japan, studies have analyzed the risk of forest road failure from the perspective
of topography and forest road structure. Located on the eastern edge of monsoon Asia,
one of the world’s rainiest regions, Japan has an average annual precipitation of 1718 mm,
which is about twice the world average (880 mm) [15]. The rainy season in June and
typhoons in autumn bring torrential rains. Geologically, the terrain is complex and steep
due to its location in an orogenic belt where the Pacific Plate is subducting toward the
continental plate, and there are many mountainous areas with active erosion. Therefore,
the placement of forest roads on unstable slopes may cause slope failure. Kondo and
Kamiya [16] surveyed 100 forest road failures that occurred on three forest road routes
over a 13-year period from 1977 to 1989 and analyzed the characteristics of damage-prone
stream crossings using Quantification II. Surface failures on hillsides occur most frequently
in concave landforms (zero-order basin) where seepage water and weathered sediments
are concentrated and have not yet developed in the primary valley [17]. Yoshimura and
Kanzaki [18] analyzed slope failure factors by analysis of variance using only topographic
factors legible from topographic maps. In the analysis, inclination, cross-section slope,
turning point inclination, and catchment area were used as the factors estimating the risk
of slope failure. They reported that the risk of failure is particularly high on concave
slopes. Yoshimura et al. [19] also examined forest road alignment geometry in slope failure
areas and reported that the risk of failure was significantly higher on inner curves where
water had been concentrated, followed by a higher risk of failure at outer curve inflection
points (the starting and ending points of a curve on a curve located on a ridge). Kondo
and Kamiya [16] and Yoshimura et al. [19] suggest that the topography and structural
configuration of forest road sections have some influence on the risk of forest road failure
in Japan, although they do not consider the layout of drainage facilities. In Japanese forest
road engineering textbooks, the rising water level of the stream parallel to the forest road
has also been cited as a cause of damage on the valley side of forest roads [20].

Forest road failures in Japan are more likely to occur in forest road segments with
topography, such as stream crossings, stream sides, and zero-order basins [16–20]. However,
all of the existing studies in Japan are only the results of a few lines of investigation in
some areas. Thus, for example, Kondo and Kamiya [16] surveyed 100 forest road failures
that occurred on three forest road routes over a 13-year period from 1977 to 1989. They
reported that failures at stream crossings accounted for 72% of the total in the research site
and reported a characteristic form of damage, but it is not known to what extent this trend
applies in Japan. Wemple et al. [21] reported that of 103 sediment transport events that
occurred near forest roads in the western Cascade Range region of Oregon due to heavy
rainfall in February 1996, three-quarters were mass movements, debris flows, cut slope
slides, fill slope slides, and Phillips [22] investigated 116 landslides that occurred during
two heavy rainfall events on the east coast of the North Island and found 17 landslides
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associated with forest roads. Sidle et al. [23] studied mass wasting along a road in Yunnan,
China, to determine the extent to which landslide erosion was caused by cut-and-fill slope
failure or dry ravel. The results show that the landslide erosion was caused by a cut slope,
embankment slope failure, and dry ravel. However, only one or two heavy rainfall events
were reported in each case.

Factors and countermeasures for forest road failure differ depending on the type
of failure that occurs, but the statistical understanding of the type of damage events is
not sufficient because of the limited study area in the existing studies. Since we do not
know the macroscopic occurrence trends of failures, it is also impossible to determine
whether there are sufficient guidelines and research on the important countermeasures
for failures that occur in the target area. In addition to stream crossings, other failure
hazards have been identified in concave terrain, but it is not known to what extent the
susceptibility to failure differs. If there is a difference in the likelihood of failure even in
the same category of damage-prone areas, the weight should be changed when selecting
routes and scheduling maintenance and management. If there is a pattern of failure that
tends to require high repair costs, then the most important issue from the viewpoint of
reducing repair costs is to prevent the occurrence of such a pattern of failure. Since the
sensitivity to rainfall intensity may differ depending on the damage pattern, it is important
to understand the relationship between the failure pattern and rainfall intensity in order
to consider the maintenance of forest roads under climate change. By understanding
the overall trend of forest road failure, more strategic maintenance may be possible. In
Japan, forest road failures occur frequently due to heavy rains caused by typhoons and
rainy season fronts, which predominantly occur from July to October. The total number
of damaged segments of forest roads and the total amount spent on repair in Japan in the
last 3 years has been 8181 (19.3 billion yen) in the 2017 fiscal year, 13,241 (39.8 billion yen)
in the 2018 fiscal year, and 12,448 (34.1 billion yen) in the 2019 fiscal year [24]. However,
the latest Basic Plan for Forestry and Forest Products states that the desired length for
forest roads is 250,000 km, compared to the current 190,000 km [25]. If the frequency of
heavy rainfall and the length of forest roads increase in the future, the number of failures
caused by heavy rainfall and the cost of repair is very likely to increase [26]. In recent years,
there has been a shortage of forest engineers who can formulate repair plans [24]. If the
number of failures is not reduced, it may not be possible to provide the labor required for
failure repair in the future. If the number of failures increases, the time required for failure
recovery may become longer, with forest roads remaining impassable for a longer period
and forestry activities potentially being severely hampered. As the intensity and frequency
of rainfall events increase, it is important to avoid planning routes in unstable terrain and
to take appropriate precautionary measures in hazardous areas on existing routes. This is
particularly important to promote appropriate forest road maintenance in the context of
limited human and economic resources. To achieve this, it is necessary to identify what
types of forest road failure are important to address.

Therefore, in order to provide statistical information on forest road failures, this study
collected data on a large number of forest road failures that occurred in mountainous
areas in Japan and statistically analyzed the characteristics of each topographic type at the
points where failures occurred. Specifically, forest road segments were classified into four
categories: stream crossings, streamside, zero-order basin, and others, and comparisons
were made regarding the length of forest road failure, the relative probability of occurrence,
repair costs, and induced rainfall intensity in each category.

The terms “erosion” and “failure” to forest roads are not strictly defined. In this study,
the difference between the two terms is the degree of erosion, and the term “failure” is
used when a forest road is so eroded that it cannot fulfill its design purpose and becomes
dysfunctional (Figure 1). In this study, ”failure” includes shallow landslides, slope failures,
road surface erosion, and road body failure.
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and the road body was eroded by stream water, making it inaccessible to vehicles. 
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other hand, in Japan, for the purpose of applying for government subsidies, the location 
and details of repair work are recorded in an administrative document (“Forest Road Fa-
cility Failure Assessment Document”). The failure is subject to certain conditions, such as 
there being a repair cost of more than 400,000 yen/point (As of 2006–2010, USD 2942 as of 
7 March 2023) and the failure being caused by a rainfall event with 24 h of rainfall of 80 
mm or more. The data in this document include the date of occurrence of the failure and 
its triggers, the distance from the start of the forest road to the damaged place, the repair 
cost, and the length of the segment of the road where the repair was required (Table 1). 

Table 1. Items listed in the Forest Road Facility Failure Assessment Document and examples of how 
to complete the document. 

Item Example of Description 
Identification number of the failures No.1 
Causes of failure Typhoon No. 4 on 14–15 July 2007 
Maximum hourly rainfall 11.0 mm 
Maximum 24 h rainfall 112.5 mm 
Failure extension 32 m 

Repair cost 13,369,000 yen (USD 98,328 as of 7 March 
2023) 

Distance from beginning point 4500 m 

However, since this document was created for administrative purposes only, it was 
supposed to be discarded after a five-year retention period and has not been used for 
research on forest road failures. In this study, we were able to obtain the “Forest Road 
Facility Failure Assessment Document” prepared in Nagano Prefecture between 2006 and 
2010. Based on this document, an inventory of forest road failures was compiled. Among 
the forest road failures in the document, 10 failures caused by factors other than heavy 
rainfall (snowmelt) were excluded from the data. The forest roads covered in this study 

Figure 1. Image of forest road failure. A culvert at a stream crossing was destroyed by heavy rain,
and the road body was eroded by stream water, making it inaccessible to vehicles.

2. Materials and Methods
2.1. Dataset

The difficulty in collecting forest road failure data over a wide area is that the larger
the field survey area, the more labor is required. Therefore, it was difficult to obtain a forest
road failure data set with a sample size sufficient for statistical analysis. On the other hand,
in Japan, for the purpose of applying for government subsidies, the location and details
of repair work are recorded in an administrative document (“Forest Road Facility Failure
Assessment Document”). The failure is subject to certain conditions, such as there being
a repair cost of more than 400,000 yen/point (As of 2006–2010, USD 2942 as of 7 March
2023) and the failure being caused by a rainfall event with 24 h of rainfall of 80 mm or more.
The data in this document include the date of occurrence of the failure and its triggers, the
distance from the start of the forest road to the damaged place, the repair cost, and the
length of the segment of the road where the repair was required (Table 1).

Table 1. Items listed in the Forest Road Facility Failure Assessment Document and examples of how
to complete the document.

Item Example of Description

Identification number of the failures No.1

Causes of failure Typhoon No. 4 on 14–15 July 2007

Maximum hourly rainfall 11.0 mm

Maximum 24 h rainfall 112.5 mm

Failure extension 32 m

Repair cost 13,369,000 yen (USD 98,328 as of 7 March 2023)

Distance from beginning point 4500 m

However, since this document was created for administrative purposes only, it was
supposed to be discarded after a five-year retention period and has not been used for
research on forest road failures. In this study, we were able to obtain the “Forest Road
Facility Failure Assessment Document” prepared in Nagano Prefecture between 2006 and
2010. Based on this document, an inventory of forest road failures was compiled. Among
the forest road failures in the document, 10 failures caused by factors other than heavy
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rainfall (snowmelt) were excluded from the data. The forest roads covered in this study
include those used primarily for timber extraction as well as those used for public purposes.

Nagano Prefecture is in the central region of Japan’s Honshu Island and has mountain-
ous characteristics, with forests covering 78% of its total area (approximately 1.06 million
ha) [27] (Figure 2). In the Nagano Prefecture, 1962, forest roads totaling approximately
4904 km in length have been established as of the 2019 fiscal year, and the average forest
road density is 7.1 m/ha [27]. Forest road counting is based on road identification codes. At
least 207 roads, comprising approximately 10.7% of all roads, have experienced failures due
to rainfall events during 2006–2010 (Figure 3a). The total number of damaged forest roads
due to rainfall events during 2006–2010 was 701. Of these, 526 were identified as failure
locations according to the forest road vector data (Figure 3b). The analysis in this study
covers the 526 failures that occurred along these 207 routes. The median and mean number
of the damaged locations (locations/line) for each forest road were 1 and 3, respectively. In
79% of the lines, the number of damaged points per line was less than 3 (Figure 4).
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Figure 2. Map showing the research site. White lines indicate all forest roads in the Nagano Prefecture.
In the figure on the right, no public roads other than forest roads are shown, so the forest roads are
shown as if they exist independently. The forest road vector data shown in the figure was created by
Nagano Prefecture.

2.2. Classification of Forest Road Segments

The Forest Road Facility Failure Assessment Document obtained for this study does
not record the type of failure. In other words, it is not possible to determine whether
the failure is the road surface, cut slope, fill, or road body. However, since the location
data of the failures are recorded, the topographical features of failures can be clarified by
analysis. Since it is possible to infer to some extent the causes of road failure from the
topographical features of the failures, we decided to classify failures from the viewpoint of
topographical features.
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Figure 3. Number of forest road routes and failures analyzed. (a) Two hundred-seven routes where
the failure occurred were included in the analysis. (b) Failures for which location information on
both the failure and the forest road route has been developed are included in the analysis.
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To accurately assess the risk of failure, it is desirable to consider the presence or
absence of structures, such as drainage facilities, as well as their types and functional
status. However, in order to conduct an analysis that takes structures into account, it is
necessary to record the presence and absence of structures, their types, and their functional
status prior to the occurrence of a failure. In this study, due to the availability of data, it
is not possible to obtain information on structures prior to the occurrence of the failure
since the study deals with forest road failure that occurred from 2006 to 2010. Therefore,
the structural information was not considered in the analysis of the failure in this study.
Even if the above structural information could be obtained and failure classification was
performed considering both structures and topography, it is expected that the results would
be complicated because a single failure belongs to multiple categories. Since the purpose of
this study is to statistically understand the morphological characteristics of the elucidated
failure events rather than to strictly describe the risk of forest road failure, we believe that
a concise approach to classifying failure based on topographical factors alone is effective.
Even without considering structural information, the identification of topographic features
that are prone to forest road failure can, paradoxically, identify the characteristics of areas
where structures are not functioning properly.

Referring to previous studies [16–20], forest road segments were classified into three
categories, namely streamsides, including stream crossings (Figure 5), around concave
landforms such as zero-order basins (Figure 6), and “others” that do not fall into either of
these categories. A category for the slope was also considered. However, steep slopes were
not included in the categories because they are a more universal landform type and could
be mixed with other landform types, complicating categorization. Lithology and geology
were not included for the same reason. In Japan, the Geospatial Information Authority of
Japan provides spatial information on landslide landforms, geology, and faults. However,
not all landslide landforms and faults have been databased, and it is possible that some
small-scale landslides, especially in short sections of forest roads, have not been extracted,
so they were not used in the evaluation categories. However, since a high-resolution DEM
was used in this study, it is likely that the characteristics of erosional landforms, such as
fault zones and landslide landforms, were also taken into account as erosion heights, which
will be discussed later.
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Figure 6. Image of a forest road segment that falls into the zero-order basin category. Note: The
points in the figure represent the center coordinates of the segment.

First, each forest road was equally divided into 5 m intervals. The division process is
performed by creating a new apex every 5 m from the beginning point of the forest road.
The apex of the division’ refers to each vertex created by this process. In this study, the
apex of the division represented the center of the forest road segment. The presence or
absence of forest road segment failure was determined based on the positional relationship
between the forest road segment feature and the failure feature. First, line features (vertex
interval: 5 m) were created from The Forest Road Facility Failure Assessment Document
to indicate the forest road segments where forest road failure occurred. Next, a nearest
neighbor search was conducted from each vertex of the failure line feature to the forest
road segment center point set. The forest road segment that corresponded to the nearest
neighbor was defined as the damaged segment.

Next, the forest road segments were classified into three categories using a Digital
Elevation Model (DEM). The DEM used was a 1 m resolution DEM created from an
aerial laser survey conducted by Nagano Prefecture in 2013, which was resampled to a
5 m resolution.

2.2.1. Streamside

The raster data representing the water system lines were converted into vector data,
which were equally divided into 5 m intervals, as was the case with forest roads. The
nearest waterline vertex was searched from each forest road vertex, and its distance was
obtained. The forest road vertices within 15 m of the waterline were defined as forest road
segments along the stream. In this study, stream features were created from a DEM with
a 5-m cell size. Therefore, we used 15 m, the distance of 3 cells in the DEM, as a guide to
represent the adjacent range of the stream.

2.2.2. Stream Crossing

Stream line features and forest road line features were determined to intersect, and
forest road segments that intersected were defined as stream crossings.
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2.2.3. Zero-Order Basin

As a method for estimating zero-order basins, Shirasawa et al. [28] developed and
validated a method using three landform quantities; erosion height, uneroded height,
and erosion rate were considered to represent the degree of erosion. The erosion height
is calculated as the difference between the summit level map and the base level map,
which contains the highest and lowest elevation points in an area [29]. The amount of
topography represented by the erosion height depends on the sampling grid size of the
DEM. Kühni and Pfiffner [29] analyzed the morphology of valleys incised by major rivers
in the Swiss Alps by using a 10 km square smoothing filter. In this study, erosion heights
were determined using a smoothing filter of 30 m square to evaluate erosion due to surface
failure, following the method of Shirasawa et al. [28]. Shirasawa et al. [28] determined the
threshold of erosion heights representing zero-order basins by examining erosion heights
on shallow landslides. The erosion height was used to simplify the method of estimating
the zero-order basins. Some studies have used curvature to assess the risk of surface failure,
but the assessment model uses multiple factors other than curvature [30]. Since it has been
suggested that the erosion height calculated from the tangent peak surface and the tangent
valley surface could be used to estimate the zero-order basin with a single indicator, we
used the erosion height instead of the curvature in this study.

However, in this study, it was not possible to collect a sufficient sample of damaged
slope areas. Therefore, cells with erosion heights of 2.5 m or more were treated as zero-order
basins with reference to the relative risk values. The erosion height tends to be high around
the waterline, and the area around the waterline is also defined as a concave landform
according to the defining parameters used in this study. In this study, we wanted to make a
clear distinction between streamside and zero-order basins in terms of topographic scale.
Therefore, we masked the erosion heights of cells located 15 m around the waterline to
avoid confusion between the two landforms. Zero-order basins defined in this study
represent unchanneled landforms with a catchment area of 1 ha or less. Even under these
conditions, forest road segments located along a stream with a zero-order basin on the
backslope fall into both the along-stream and around-concave landform categories.

At each forest road apex, a concave cell was examined for the presence of a concave
cell at 20 m in the transverse direction. The 20 m cell was examined to avoid evaluating
the forest road slope as a concave cell. The vertices where concave cells were present were
defined as the forest road segment around the concave cell. Although a simplified method
was used in this study, there is room for further study of the evaluation method for the area
zero-order basin.

2.3. Extension, Relative Risk, Repair Cost, and Rainfall at Failure by Terrain Type

First, by totaling the extensions of forest road segments by topographic type, we
obtained the percentage of topographic types on an extension basis. The percentage of
the landforms that were damaged was also calculated by adding up the extensions of
the damaged segments by landform type. By comparing these data, the characteristics of
failure in each landform type were examined in terms of the extension of failure.

Next, we calculated the relative risk of each landform type with respect to the other
categories in order to examine the extent to which the susceptibility to failure differs by
landform type. For example, the relative risk of the streamside category is calculated
as the ratio of the probability of failure in the streamside category to the probability of
failure in the other categories. Since the relative risk of each landform category represents
the likelihood of failure relative to the other categories, it is also possible to compare
the likelihood of failure among landforms. In order to clarify the relationship between
topographic form categories and failure rates, a test of independence was conducted using
the χ-square distribution. The null hypothesis of the χ-squared test is that the two variables,
i.e., a given landform category and loss rate, are independent. If the null hypothesis is
rejected, it suggests that there is some relationship between the two variables, i.e., the
category may have an effect on the susceptibility to damage. Finally, we examined whether
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the cost of repair and rainfall at the time of failure differed by terrain type. While repair
costs and rainfall were recorded on a per-loss basis from the Forest Road Facility Failure
Assessment Document, the topographic configuration differed on a per forest road segment
basis. Therefore, depending on the length of the failure, a single failure may consist of
segments of multiple terrain categories. In this case, the category with the highest number
of segments was treated as the topographic category of the failure in question. The Kruskal–
Wallis test was performed to determine whether the samples were drawn from the same
population (or different populations with the same distribution) by comparing the median
repair cost and rainfall at the time of failure for each topographic category group. If the
null hypothesis is rejected, it suggests that not all samples may have been obtained from
the same continuously distributed population. In this case, a further multiple comparison
test is performed to determine whether there is a significant difference between any of
the groups.

The rainfall at the time of failure recorded in the Forest Road Facility Failure As-
sessment Document was obtained from the nearest meteorological station (Automated
Meteorological Data Acquisition System). These meteorological stations are located at
intervals of about 17 km, and 45 of them are located in Nagano Prefecture (Figure 7) [31].
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3. Results
3.1. Percentage of Forest Roads Damaged by Segment Categories

Figure 8 shows the percentage of all forest road segments and damaged forest road
segments by terrain type category.
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The bar graph in the upper row of Figure 8 shows the percentage of forest road
segment categories calculated for the 207 routes; 15% was streamside, 26% zero-order basin,
3% in both categories (“mixed”), 4% was stream crossing, and 53% was of other types.

The bar graph in the lower row of Figure 8 shows the percentage of forest road segment
categories calculated for the failure segments; 42% was streamside, 18% zero-order basin,
8% in both categories, 7% was stream crossing, and 25% was of other types. By extension,
75% of the forest road failures that occurred in the target area occurred along streams or
stream crossing or zero-order basins, indicating that forest road failures along streams are
most common.

3.2. Relative Risk of Forest Road Segment Categories

The number of damaged and undamaged segments was recorded for each forest road
segment category, and the relative risk to forest road segments in the “other” category was
calculated (Figure 9). The χ2 test results showed that the ratio of the number of damaged
to undamaged forest road segments in the “other” category was significantly higher than
that in the “other” category for all categories. The relative risk for forest road segments in
the “other” category was higher along streams and zero-order basins, in that order. The
streamside was about 6.0 times more likely to be damaged, stream crossings were about
4.6 times more likely to be damaged, and zero-order basins were about 1.9 times more
likely to be damaged than the other categories.

3.3. Failure Characteristics by Forest Road Segment Category
3.3.1. Failure Repair Costs

Figure 10 shows the distribution of repair costs for the 287 damaged areas where repair
costs were available (USD 1 = JPY 135.96 as of 7 March 2023). Only a small percentage of
the failures were applicable to stream crossings (failures in which stream crossing segments
were in the majority), so they were excluded from the analysis. The median and mean repair
cost for all the damaged sites was approximately 2.33 million yen and 2.94 million yen,
respectively (USD 16,946 and 21,584, respectively, as of 7 March 2023). The Kruskal–Wallis
test was conducted for the three forest road segment categories, and the null hypothesis
that all samples were derived from the same distribution with a 5% risk rate was not
rejected. It is considered necessary to consider factors other than topographic morphology
in analyzing the causes of damage that lead to high repair costs.
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3.3.2. Amount of Rainfall

The distribution of the maximum 1 h rainfall and maximum 24 h rainfall for the
rainfall events that triggered the forest road failures are shown in Figures 11 and 12,
respectively. The maximum and minimum values for 1 h potential rainfall [32] and 24 h
potential rainfall [33] at the target sites are plotted in the figures as reference values. The
median maximum 1 h rainfall for all the damaged locations was 15.5 mm/h. The Kruskal–
Wallis test was performed for the three forest road segment categories. However, the null
hypothesis that all samples were derived from the same distribution with a 5% risk rate
was not rejected. The quartile range of maximum 1 h rainfall at the damaged sites being
located between the maximum and minimum values of 1-year potential rainfall suggests
that forest road failures can occur even when the intensity of the maximum 1 h rainfall
is not extreme. The median maximum 24 h rainfall intensity for all damaged sites was
175 mm/24 h. The Kruskal–Wallis test was conducted for the three forest road segment
categories. The null hypothesis that all samples were derived from the same distribution
with a 5% risk rate was rejected. Multiple comparisons showed that the mean maximum
24-h rainfall at the time of damage for the streamside category was significantly higher
than the mean for the other categories at a 5% risk rate. The first quartile of the streamside
category was higher than the other categories and exceeded the 30-year potential rainfall in
some areas.
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Figure 12. Distribution of maximum 24 h rainfall in the damaged area. The line in each box represents
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4. Discussion

Streamside forest road segments accounted for only 15% of the total length of forest
roads analyzed, but 42% of the road segments that were damaged. Furthermore, the relative
risk of the streamside forest road segment was about 6.0 times higher than that of the other
categories of forest road segments, indicating that it was the most likely terrain type to be
damaged in this analysis. From the perspectives of both the length of failure and the relative
risk, it is clear that the most important issue in the target area is the prevention of failure
on the streamside forest road segments. The Forestry Agency supports the planning and
improvement of trunk forest roads important for failure prevention and conducts projects
to promote the strengthening of forest roads [34]. Countermeasures along stream segments
will be particularly important for the resilience of Japan’s forest roads against failures.

In previous studies evaluating the environmental impact of forest roads, distance to
streams [35,36] and avoidance of stream crossings [37] have been used as one evaluation
index. This study found that proximity to a stream is also an important evaluation indi-
cator for forest road maintenance in terms of the susceptibility of forest roads to damage.
Jing et al. [38] studied the spatial relationship between road and river networks in central
China and noted that road and river networks were closely related spatially, with the
density of high-standard roads increasing the closer they were to rivers. In Japan, there is
a history of forest roads being located along streams because of the preference for timber
haul-out routes using progressive gradients before the 1960s, when the driving perfor-
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mance of timber transport vehicles was low [39]. Especially when forest roads located along
streams play a key role in the road network, they need to be subject to maintenance and
improvement because of the significant disruption that would result from their destruction.
The mean maximum 24-h rainfall at the time of the failure of a forest road segment along a
stream was significantly higher than the mean for other geomorphic categories at a 5% risk
rate. The frequency of extreme precipitation events per degree of warming also increased,
and these trends were reported to be greater in Europe and Japan than in the United States
and Australia [40]. Future changes in rainfall patterns may further increase the risk of
damage, especially along streamside forest roads, and the relationship between failure and
rainfall should continue to be investigated.

Even in terrain forms that were considered to be at high risk of failure in previous
studies, the ease of failure in terms of relative risk differed by several fold. In studies of
forest road evaluation based on multi-criteria evaluation, the AHP method has been used to
determine the importance of different criteria [12,35–37]. Through interviews with experts
and others, evaluations have been made, for example, that Criterion A is twice as important
as Criterion B. However, these evaluations are based on the subjective opinions of experts.
With regard to the weight of the criteria for failure, a more objective evaluation may be
possible by accumulating statistical knowledge.

The topographic morphology of the forest road segments analyzed in this study could
not explain the difference in failure repair costs. According to Watanabe et al. [41], who
studied the past repair costs of 1504 forest roads in Nagano Prefecture, Japan, the standard
deviation of the repair cost of one forest road failure amounts to about 26.2 million yen.
Therefore, it is considered necessary to first investigate the characteristics of the failure in
detail, especially for the failure with high repair costs.

In this study, we were able to obtain five years of inventory data on forest road failure
by the prefectural government, which allowed us to statistically analyze the characteris-
tics of forest road failure. In Japan, such inventory data are temporarily maintained by
administrative departments but are discarded after a certain period of time because of a
lack of familiarity with how to utilize them. As revealed in this study, some knowledge
can be obtained only by collecting data on forest road failure on a scale of several hundred
routes. Therefore, it is important to establish a system to compile a database of forest
road failure inventories in the future. In this study, we focused on forest road failure that
occurred more than 10 years ago, so we were unable to consider the presence, location, and
condition of structures (drainage facilities, retaining walls, road surface pavement) that
existed before the damage occurred. In Japan, it is rare to record information on such forest
road structures in normal times because the value of their use is not well known. Since
these structures are essential for a more accurate assessment of the risk of forest road failure,
it is desirable to investigate their location and other information prior to the occurrence of
a failure. Recently, studies have evaluated the degree of damage to failure-risk forest road
surfaces by remote sensing [42–44]. Although it is labor-intensive to survey all forest roads
immediately, it is also important to combine techniques to determine the functional status
of forest road structures in a labor-saving manner, focusing on forest roads composed of
segments at high risk of failure, as identified in this study and to build an inventory data of
the structures.

There are various types of failure to forest roads, and it is necessary to construct an
evaluation model of failure risk and prioritize countermeasures according to the cause
and risk of failure. For example, in a forest road segment that runs alongside a stream,
the nourishing force of the stream is considered to be the dominant failure factor, and
reinforcement of the fill slope may be a more important failure risk reduction method than
the placement of cross-drainage ditches. In this study, forest road segments were classified
in terms of topography, and comparisons were made regarding the length of forest road
failure, the relative probability of occurrence, repair cost, and induced rainfall intensity
in each category. The results showed the importance of responding to forest road failures
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along streams, which was revealed by the analysis based on a large number of data for a
wide area of the prefecture.

5. Conclusions

In this study, we statistically analyzed the characteristics of each topographic type
at the points where failures occurred. Specifically, forest road segments were classified
into four categories: stream crossings, streamside, zero-order basin, and others, and com-
parisons were made regarding the length of forest road failure, the relative probability
of occurrence, repair costs, and induced rainfall intensity in each category. We were able
to obtain the “Forest Road Facility Failure Assessment Document” prepared in Nagano
Prefecture between 2006 and 2010. Based on this document, an inventory of forest road
failures was compiled. The analysis in this study covers the 526 failures that occurred along
these 207 routes. There are various types of failure to forest roads, and it is necessary to
construct an evaluation model of failure risk and prioritize countermeasures according to
the cause and risk of failure. Streamside forest road segments accounted for only 15% of
the total length of forest roads analyzed, but 42% of the road segments that were damaged.
Furthermore, the relative risk of the streamside forest road segment was about 6.0 times
higher than that of the other categories of forest road segments, indicating that it was the
most likely terrain type to be damaged in this analysis. From the perspectives of both the
length of failure and the relative risk, it is clear that the most important issue in the target
area is the prevention of failure on the streamside forest road segments. The results showed
the importance of responding to forest road failures along streams, which was revealed by
the analysis based on a large amount of data for a wide area of the prefecture.
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