












































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4. Woodchunker.

National Forest in Wisconsin by the North
Central Experiment Station, the
Chequamegon National Forest and MTDC
(Arola et al. 1988). Approximately 2.5
miles (4 km) of test sections were
constructed of different combinations of
chunkwood, sand, gravel, and geotextile
on a variety of subgrade materials (Figure
2). Roads were constructed on silt with a
very high water content (Schulze 1993,
1994), on a muskeg swamp (Schulze 1993,
1994), and on fine-grained sand
("sugarsand") with a very high water
table. One typical test section is shown in
Figure 5 (Arola 1993, 1994). The chunk-
wood roads were subjected to loading by
tandem axle dump trucks with a gross
vehicle weight of 50,000 1b (220 kN) and
Evaluation criteria comprised observations
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of rutting, lateral displacement, and
settlement.

Demonstration projects were later
coordinated by the San Dimas Technology
and Development Center (San Dimas,
California) in the Bienville National Forest
(Mississippi), the Kisatchie National
Forest (Louisiana), and the Winema
National Forest (Oregon). Chunkwood
roads have since been constructed in
Northern Minnesota, Alaska,

Pennsylvania, and at several sites in
Canada (Karsky 1991).

In general, chunkwood roads performed
satisfactorily; however, the Forest Service
concluded that the optimum design
depends on the specific ground conditions,



Figure 5. Typical cross section of
chunkwood road.

subgrade strength, design life, and traffic
load and volume. Chunkwood roads
constructed on silt or muskeg, with no
aggregate surfacing, usually exhibited
severe rutting, but could be reshaped by
blading/ grading. A few inches of
aggregate surfacing atop the woodchunks
improved performance considerably.
Lateral movement was insignificant, and
roads on muskeg showed no signs of
bearing capacity failure. Placed above the
chunkwood, a 4-0z./yd* (135 g/m?)
nonwoven geotextile served primarily as a
separator preventing loss of aggregate into
the wood voids. An 8-oz./yd* (270 g/m?)
nonwoven geotextile was placed beneath
the chunkwood to both prevent loss of
wood chunks into the underlying swamp
mat and provide support.

The major objectives in using chunkwood
are to minimize the water accumulation on
the trafficked surface and to elevate the
roadway to maximize subbase drainage.
While this could be done with borrow
material, chunkwood provides a viable
alternative. Since chunkwood is
compressible, additional thickness should
be used compared to aggregate.
Laboratory tests yielded coefficients of
permeability ranging from 20 to 115 ft/min
(10 to 60 cm/s)-substantially greater than
that of gravel-so drainage problems are
reduced.

An evaluation of several chunkwood roads

Figure 6. Terra mat.

utilizing scrap truck tires, 2) minimizing 7
years after construction was conducted for
this paper. The rating system used is
discussed in Eaton (1987, revised 1988).
Distress evaluation criteria included 1)
Improper cross section, 2) inadequate
roadside drainage, 3) corrugations, 4)
dust, 5) potholes, 6) ruts, and 7) loose
aggregate. All aggregate-surfaced sections
on both silt and muskeg/swamp were
visually similar and generally rated fair.

Tire mats--Terra Mat, a commercial
product specifically designed to assist
logging trucks across wetland areas,
consists of sections of tire sidewalls lashed
together to form portable road mats
(Figure 6). The product is presently used
with much success by the logging,
construction, oil, gas, and pipeline
industries (Boise Cascade 1991, Cotton
1990). No specialized equipment is
required for placement; the mats can be
moved with standard logging equipment or
even dragged with a pickup truck. Stand-
ard mats weigh 1,100 1b (5 kN) per 5 ft 3
in. x 10 ft 6 in. (1.6 x 3.2 m) section
(Terra Mat 1990). When used for timber
access roads across wet and thawing soils,
the mats provide added benefits of 1)



compaction of the forest floor, and 3)
reducing mud tracked onto paved roads.

Furthermore, the manufacturer is
interested in optimizing the present design
by maximizing the load carrying capacity
to weight ratio, improving anchoring
methods for adverse grades and horizontal
curves, and assessing mat-soil interaction
with several types of geotextiles (Goldberg
1993, 1994). Mason (1990) recommends
placing Terra Mats atop slash or
chunkwood to facilitate mat portability.
Geotextiles have also been used to enable
easy removal for repeated use.

The University of Kentucky is currently
planning a demonstration project funded by
the Environmental Protection Agency
(EPA) (Stringer 1994). Terra Mat will be
used to stabilize a stream crossing for
wheeled vehicles, small dozers, and
skidders (while skidding timber). Their
primary objective, however, is to evaluate
soil loss from the stream bank. The
demonstration is scheduled to take place in
the university’s experimental forest in the
summer 1994. :

Logging trucks encounter no difficulties
driving directly on the mats. Terra Mat
produces a special mat that enables tracked
vehicles to drive directly on the mat
without lifting it with their cleats.
Horizontal curves and adverse grades may
present problems, so military test sections
or demonstration roads should include
Terra Mat with and without cover ‘on both
adverse slopes and horizontal curves to
determine necessary cover.

Other mechanical methods-In 1991 and
1992 the San Dimas Technology and
Development Center conducted tests using
expanded metal grating and bridge deck
span safety grating, both in combination

with a woven geotextile, as a wetland
crossing (Mason 1992). Grating was
selected for testing because it was
portable, inéxpensive, and readily
available. The tests showed the grate- .
geotextile combination performed quite
satisfactorily; however, we do not believe
the system is sufficiently rugged for
certain military applications.

Considerable testing of military aircraft
landing mats for expedient airfield
construction has been conducted by WES
and CRREL (Burns 1979, Crory 1991).
Conceivably, landing mats could be used
for road construction on thawing soils.
Such tests conducted by San Dimas
showed that the mats generally performed
very well on flat terrain and on slopes up
to approximately 25% (Mason 1990).

Geosynthetics--A variety. of geosynthetics
have been used advantageously in the -
design and construction of low-volume,
unsurfaced roads on weak, saturated soils
(similar to thawing frost-susceptible soils).
They are good candidates for use in rapid
stabilization of thawing soils for off-road
mobility. , :

Geosynthetic is defined as any planar
product manufactured from polymeric
material used with geotechnical
engineering related material as an integral
part of a structure or system (ASTM
1991). Two geosynthetics of particular .
interest for the rapid stabilization of

- thawing soils are geotextiles and geogrids.
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Geotextiles are permeable textiles, woven
or otherwise matted together. Geogrids are
plastics formed into an open grid with
large apertures (Koerner 1990).

Geotextiles serve a broader range of
functions than do geogrids, which are
specialized for use to reinforce soils.
Another product used for reinforcement is



a sand confinement grid, or geocells. A
geocell is a three-dimensional structure
filled with soil, which forms a mattress for
increased bearing capacity and
maneuverability on loose or compressible
soils (Webster 1992).

Geotextiles are commonly used in the
construction of roads, where they usually
serve in some combination of separation,
filtration, and reinforcement functions.
Separation refers to the use of geotextile to
prevent the mixing of dissimilar materials
so the functioning of the materials remains
intact or improves (Koerner 1990).
Filtration occurs when there is movement
of liquid through the geotextile, but soil is
retained (i.e., it filters the water and
piping is prevented). When a geosynthetic
material reinforces soil, it is actually
carrying part of the load applied to the
soil. Geosynthetic reinforcement is a form
of "floating" either vehicles or the
travelway to redistribute load. Geotextiles
" can be used to function in all three ways,
but geogrids and geocells can be counted
on only to reinforce weak soils.

Reinforcement in roadways with
geotextiles or geogrids occurs'in one of
four ways (Christopher and Holtz 1985):

1. Base and subgrade restraint occurs
when the geosynthetic at the bottom of
the base course restrains aggregate
movement. The bottom of a base
course layer and the top of a weak
subgrade layer tend to move apart
under tensile loading due to
compression of the surface. This
condition leads to the intrusion of soft
subgrade material.

2. Lateral restraint reinforcement refers
to the placement of a geosynthetic so
that it interferes with the normal
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bearing failure surface. This forces
failure to occur along another
(stronger) surface, which increases the
ultimate bearing capacity. The elastic
modulus of the base course is also
increased, which reduces the
magnitude of stresses transmitted to
the subgrade (Figure 7a).

3. Membrane-type support of wheel loads
is provided by a geosynthetic when the
wheel load stresses are sufficient to
cause rutting. The geotextile, being on
the subgrade surface also deforms, and
can provide tensile resistance if it has
a high enough modulus. Note that
rutting is required to mobilize this
kind of support (Figure 7b).

4. Membrane-type support of the
roadway system occurs when the
roadway system itself (e.g., an
embankment) cannot be supported on
the subgrade soil. The geotextile acts
in a similar manner to that described
in 3 above (Figure 7c).

Geocells reinforce soils in a different way

than geotextiles or geogrids. Figure 8
shows how a geocell would improve the
bearing capacity of a shallow foundation
(Koerner 1990). A geocell mattress also
interferes with the normal bearing failure
surface, forcing it to be longer and
therefore stronger.

Geotextiles will most likely function in all
three ways-separation, filtration, and
reinforcement-for the rapid stabilization of
thawing soils. In most roadway
applications, separation is the only
function of the geotextile usually needed.
Due to the high water contents and
correspondingly low soil strengths of
thawing soils, however, filtration and
reinforcement will be important.
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Figure 7. Geosynthetics (after Christopher and Holtz 1985), (a) lateral restraint of base
material caused by geotextile, (b) partial wheel load support developed by membrane action
of the geosynthetic after being stretched by rutting, and (c) use of geosynthetic for membrane
support of roadway system.
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Figure 8. Bearing capacity failures of soil (a) with and (b) without geocell confinement

(after Koerner 1990).

Table 1. Geotextile property requirements
when used in a separation function (Task
Force No. 25 1989).

Grab Puncture Tear
Strength Strength Strength

Survivability (N) (N) (N)
Medium - 800/510 310/180 310/180
High 1200/800 4451335 445/335

Membrane reinforcement of wheel loads
will probably occur due to soil
deformability when soils are saturated.
Because some geotextiles transmit water in
the plane of the material, they might also
accelerate pore water dissipation in soil
loaded by traffic, leading to more rapid
consolidation of the thawing material.

Any time that reinforcement is thought to
be critical in thawing soils, geogrids
should be considered for use since
reinforcement is their primary function,
and they are usually easier to handle than
geotextiles during installation (i.e., they
are more workable). The tensile strength
of geogrids is usually intermediate between
standard and high-strength geotextiles, but
the modulus of geogrids is generally
comparable to high-strength geotextiles.
They have been noted to reinforce granular
materials better than geotextiles when
placed within an aggregate layer-due to
good interlocking between the geogrid and
granular material (Chan et al., 1989,

Webster 1992). Indeed, there is probably a
relationship between the grain shapes and
sizes and the aperture sizes of the geogrid
for maximizing its reinforcement potential.

When geotextiles and geogrids are used in
the construction of roadways they should
be covered with a soil material before
heavy construction equipment is driven on
them. Thus, we expect that they will be
most effective when used in a similar way
for the rapid stabilization of thawing soils.
Since in some cases rapid deployment is
essential, it is desirable to use products
that vehicles can drive on with no cover.
Giroud and Noiray (1981) mention that the
use of a geotextile with a high modulus
makes it possible to build an access road
designed for a small number of passages
with no aggregate at all. Kenter et al.
(1986) discuss an instant road made of
geotextile reinforced with 0.5-in.
(16-mm)-diameter steel rods placed
lengthwise and across the geotextile that
can support a 22,000-1b (100-kN) axle-load
truck. In this case, the rods provide
reinforcement due to beam action (i.e.,
bending reinforcement related to stiffness
of the steel rods) as well as membrane
action (related to tensile strength).
McGown et al. (1990) also note the
benefits of bending reinforcement by
adding (bamboo) rods on top of geotextile
layers. Thus, it appears likely that a
geosynthetic material can be found, or
further developed, so it can be driven on
directly without cover material.
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Table 2. Evaluation matrix.

Conventional Debris
“built-up®  mar®/.  Wooden Chunk- Terra Geo- Geo-  Geo-
road slash mat Logs wood Mar grid  textile  cell
Life expectancy P T T T ToP ToP TorP TorP P
P=Permanent; T =Temporary
Material availability 1-5 2-5 2-4 1-5 1-5 1-3 1-3 1-3 1-3
5=Readily available; 1=To be imported
Equipment required 5 4 4 4 ic 4 4-5 4-5 4-5
5=Sud equipm_entb; 1=Specialized Skidder
Level of training for 4 s 5 5 2 4 3-4 3-4 1-3
operating equipment
5=No/minimal training; 1=Specialized training
Ease of construction 3 4 4 4 3 4 2-3 2-3 1-3
S=Minimal labor; 1=Labor-intensive
Entire road or Either Either  localized localized Either localized Either Either Either
localized sections sections  sections sections »
Cost:
Material 5 s 3 5 5 3 1-4 1=4 1-3
(assuming availability)

Equipment 3 4 4 3 1 4 3-5  3-5 3
Labor 2 4 5 3 2 4 2-4 2-4 2-3
Overall 3 4 4 4 3 4 - 2-4 2-4 2-3

S=Inexpensive; 1=Expensive

a If no trees, old corn husks, etc.

b Standard equipment: dozer, loader, and dump truck.
¢ USDA Forest Service has 2 prototypes.

For a geosynthetic to perform any

function, it must survive the process of

being installed. Christopher and Holtz

(1985) classify the degree of geotextile

survivability required (i.e., medium, high)
for various types of subgrade preparation,

lift thicknesses, types of cover material,
and ground pressure equipment.

Survivability ratings from Christopher and

Holtz (1985) can be used to help select

geotexiles suitable for the rapid

stabilization of thawing soils with cover

material. With a few important exceptions
(e.g., 4-wheel drive vehicles), most
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off-road vehicles exert pressures in a
ground pressure range such that there are a
variety of geotextiles expected to survive
placement of the fabric and cover material
then trafficking (Slaughter et al. 1990).
For the use of cover material other than
borrow, such as chunkwood, existing
survivability criteria should be tested.

Table 1 lists the minimum properties
required for geotextile separators to
survive installation under Medium and
High survivability ratings. There are no
widely accepted minimum geogrid or



geocell property requirements for
survivability in reinforcement applications.
Several design procedures are available for
the selection of geotextiles for separation,
filtration, and reinforcement. Christopher
and Holtz (1985) provide an excellent
review of the design methods available for
geotextiles to serve these functions in
unsurfaced roads. There are also design
procedures for the use of geogrids to

reinforce soils (e.g., Koerner 1990). Many .

manufacturers of geotextiles and geogrids
also provide design guidance for various
applications of their products. Such design
guidance can be used or adapted for use
for rapid stabilization of thawing soils.
Although there is a design method for
using geocells to reinforce a statically
loaded shallow foundation, their use under
dynamic loading is difficult to analyze
(Koerner 1990). Thus, even though this
method of reinforcement is of interest,
there is insufficient design guidance for
geocell use under thawing soil conditions.

In summary, the benefits of geotextile use
include separation, filtration, and
reinforcement on thawing soils. Design
guidance exists for these function of
geotextiles with granular cover material.
Geogrids can be used to reinforce thawing
soils, and design guidance exists for their
use with cover material. If reinforcement
is the only function that a product needs to
serve, geogrids offer ease of workability
and they may be advantageous when using
relatively large-diameter aggregate or
cover material due to its ability to
interlock with some materials. Geocells
may reinforce as well, but they need to be
tested and design criteria developed.
Finally, there is a good possibility for the
development and/or use of high modulus
or geotextiles reinforced with rods that can
supply both bending and membrane
reinforcement for rapid deployment of a
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trafficable surface without cover material.

RECOMMENDATIONS AND FUTURE
TESTING

The primary design components for
successful stabilization of thawing soils
are: 1) adequate drainage and/or flotation;
2) bearing strength to support vehicle
passage; and 3) shear resistance of.
horizontal curves. Additional design
features relate to the time frame of the use
of the stabilized sections, such as rapid
deployment for temporary roads and a
suitable "wear" surface for long-term use.
All of the techniques previously discussed
meet at least some of these criteria.

Table 2 is a matrix developed from the
literature review for this paper for the
most preferred stabilization techniques.
The information in this table is preliminary
and should be verified by testing. In
addition, the cost-effectiveness of any
selected technique will be a function of
many variables, including long-term plans
(temporary or permanent road) and the
availability of stabilization materials at
specific sites. Each of the techniques
serves some portion of the design function,
and combinations of the methods may be
more effective than any individual method.
Using these ratings and the site-specific
design criteria, appropriate stabilization
techniques can be chosen.

Testing should be performed on Terra
Mat, wooden mats, and prototype
geotextiles for use with no cover. These
products will probably be adequate for
straight segments with minimal slope. Due
to the manner in which a tracked vehicle
turns, testing is recommended on
horizontal curves to determine the
minimum cover thickness required to
prevent structural damage to the



underlying supporting structure. Additional
material may also be necessary on adverse
grades where slipping can occur. -

Testing should also be performed on slash,
chunkwood, and borrow material with and
without geotextiles or geogrid. Slash is
perhaps the simplest and most cost-
effective method of stabilization, and
therefore should be a priority for testing.
Slash should be tried in combination with
borrow or chunkwood. Geocells should -
also be tested for use when sandy material
is available for filling the cells.

CONCLUSIONS

Stabilization can be accomplished by
chemical -or mechanical techniques or a
combination of the two. Due to the
complexity of selecting a chemical
admixture that is compatible with the soil
as well as the restrictive temperature
requirements and significant curing times
needed, chemical stabilizers are not
recommended for "rapid” stabilization of
thawing soils. :

Several simple techniques such as debris
mats/ slash, logs, and wooden mats-are
commonly and quite successfully used by
the logging, oil, and gas industries. These
methods would probably perform well in a
military setting, but they have not been
tested with tracked vehicles.

Geotextiles are frequently a critical com-
ponent of stabilizing systems, providing
separation, filtration, and reinforcement.
Geogrids and geocells also have proven
reinforcement capabilities under conditions
similar to those of thawing soils. Potential
problem areas, such as tracked vehicles
causing structural damage to the geocells,
geotextiles, or Terra Mat on horizontal
curves, must be studied.

Finally, each of the methods has been
evaluated in light of criteria such as
material availability, ease of construction,
equipment required, and cost of material
and labor. Selection of the best stabilizing
method is site- and function-dependent;
there is no generic solution to problems
associated with thawing soils.
Combinations of these methods will
usually be more effective than any
individual method.
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ABSTRACT: The paper deals with the
generally beneficial forest functions and
their influence on the performing of the
timber production function of the forest.
The influence of the generally beneficial
functions is presented by means of the
limitations classified in five types, each of
them again in five marking classes. An
analysis of the marking of the limitations
of basic inventory units defined in the
inventory in 1990 has been made
separately for state and private forests.
The generally beneficial forest functions
and limitations are also presented by maps.

KEYWORDS--multiple use, forest
functions, forest operations

INTRODUCTION

The managing of Slovene forests is based
on co-natural approach, a sustainability
and a multiple forest use. Thereby, the
timber production function is only one out
of many, the forest should permanently
perform within the time and space,
keeping the balance with other forest’s
uses. It is, however, a well known fact
that the exploitation of the forest often
disagrees with the abilities of the forest to
cope with all the consequences of the
man’s actions, satisfying his needs.

The study, which is being presented
(Kosir, KRC, 1993), tries to give some
answers to the following questions:

® what is the relationship between the
timber production function and the
generally beneficial forest functions
(social and environmental functuions)
like from the aspect of forest
operations;



® which forest functions do represent
limitations from the point of view of
forest operations and which are these
limitations;

® what is the extent of an individual
generally beneficial function.

It is first of all the case of the emphasized
generally beneficial forest functions
because each forest performs several
functions at the same time, which has to
be taken into consideration in forest
managing. A generally beneficial forest
function is emphasized when it is
reflected in the forest managing itself and
in the performing of measures. The
limitations in the exercising of the timber
production forest function are going to be
studied only there where this function
exists, i.e. in timber production forests.

FOREST FUNCTION TYPES

The new Forestry Act (1993) states the.
following function types:

® ecologic functions (the protection of -
forest sites and stands, hydrologic,
biotope, climatic function);

® social functions (protective - the
protection of objects, recreation;
touristic, educational, research,
hygienic-medical function, the
protection of natural and cultural
heritage as well as other environmental
- values, defensive, aesthetic function;

® production functions (timber
production, non-wood production,
hunting function).

Similarly yet not completely identically, -
the functions are stated in the cipher list of
the forest inventory (1990), which includes

the data for 86,246 forest stands in
Slovenia. Subsequently, the forest
functions from this data base will be
analysed and thus the classification of
forest functions as defined in the forest
inventory will be maintained. Their
explanation, however, is going to be taken
from other sources (ANKO 1982,1989).

DATA PROCESSING METHOD ON
THE FOREST FUNCTIONS OF
GENERAL INTEREST

The first information was obtained by
means of the analysis of socio-economic
forest category groups, which are the
following in Slovene forests:

timber production forests,

forests with special purpose,
agricultural land intended for forests,
permanent protection forests and the
forests with a limited timber
production purpose.

There is a separate classification of the
generally beneficial forest functions which
the forest has besides its prevalent
function. In the data base the following
forest functions are determinated: no
function defined, permanent protection,
temporary protection, hydrologic,
climatic, hygienic-medical, |
touristic-recreational, educational,
research, national-defensive, aesthetic,
protection of natural and cultural heritage,
protection of the wild, providing of food
for the wild, the Triglav National Park.

Only three emphasized generally beneficial
functions can be defined for each inventory
unit at the most. They are equivalent,
irrespectively of their order of precedence
in classification. Besides the 14 stated
functions, it is also possible that no
emphasized generally beneficial function



 Table 1. A survey of the areas and shares of the forests with emphasized generally
beneficial functions.

Secio-economic category | Unit Forests with an | Forests without an Total ha Share %
emphasized emphasized
gencrally generally
beneficial beneficial function
function
Timber ha 171,845.05 776,388.4 948,233.45 88.1
production forest % 18 82 100
Forests with a special ha 5,650.56 536.41 6,186.97 0.6
purpose % 13 87 100
Agricultural land ha 3.37 42.23 45.60 0.0
intended for forest % 7 93 100
Permanent protection ha 54,151.95 5,887.34 60,039.29 5.6
forcsts % 90 10 100
Forests with a limited ha 14,750.31 46,140.75 6,0891.06 5.7
timber production % 24 76 100
function
Total ha 246,401.24 828,995.13 1,075,396.37 100.0
% 23 77 100

is defined in an inventory unit.. This
means that only the timber production
function has been defined in such a forest.

Preliminary research and studies of forest
inventory data have shown that there are
many combinations between individual
generally beneficial functions, for which
there is no simple explanation as to their
meaning. There from difficulties arise in
the defining of the forest managing policy.

Forest functions have also been presented
in the form of maps with a raster of
48,143 points where each point represents
an area of 25 ha of forest.

THE RESULTS OF THE SURVEY OF
THE GENERALLY BENEFICIAL
FOREST FUNCTIONS

The area of forests comprised by the
analysis amounts to 1,075,396.40 ha and
practically represents all the forests in
Slovenia. Based on the results of the

inventory, it could be claimed that in 77%
of all Slovene forests the generally
beneficial function (Table 1) has not been
specially defined, which, however, does
not mean that the managing there would
be performed irrespectively of the general
interest. The majority of timber
production forests, which occupy 88% of
the forest area, perform at least the
protection function as well yet there are no
limitations in forest operations in these
forests or they are an integral part of
forest managing principles in Slovenia.
There are 18% of timber production
forests where one or more of the
generally beneficial functions have been
defined as emphasized. It can be
expected that these are such forests where
the limitations in forest operations should
be more explicit and ranked as to the
demands of the additionally emphasized
function.

As from the aspect of the state, there are
even more forests with emphasized
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Figure 1. Shares of emphasized generally beneficial functions in timber-production forests.

Table 2. Forests without emphasized generally beneficial functions by socio-economic

categories of forests.

Secio-cconomic category

Annual cutin

Arca ha Annual cutin

e coniers m3 decidious m3
Timber production forests 776.388.40 1,527,137 1,207,008

Forests a special purpose 536.41 690 567
Agricultural land intended for forests 4223 =~ 0 0
Permanent protection forests 5,887.34 752 1 - 1,260
Forests with a limited timher production 46,140.75 7,127 20,790 .
" function - ‘ ' '
Total . - - 828,995.13 - 1,535,706 1,229,624

generally beneficial functions yet this share
also includes those socio-economic forest
categories which define emphasized
non-timber functions of these forests
already by themselves, various
environmental ones being the most
frequent. = Most of the forests with
emphasized generally beneficial functions
belong to the category of permanent
protection forests and to the forests with a
limited timber production function.

Among the forests in which one of the
emphasized generally beneficial function
has been stated prevail those with the
emphasized permanent protection or
temporary protection function. In the
forests with a defined permanent .
protection generally beneficial function
the forests with permanent protection
function prevail, i.e. the forests which
have been ranked into this category also
formally. In the analyses carried out later
on such cases were not included.
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Table 3. The areas and shares of emphasized generally beneficial functions in

timber-production forests.
Generally bencficial Arca of the Share of the area Share of the
function function where Generally total area
defined in beneficial functions
inventory are defined

ha % %

No function defincd 776,388.4 e 68.8

Hyvdrologic 75.946.26 21.2 6.7

Touristic-recreational 63.797.97 17.8 5.6

Climatic 56,234.70 15.7 5.0

Acsthetic 32.221.72 8.9 2.8

Temporary protection 30.317.53 8.4 2.5

Hygicnic-medical 25,354.67 7.1 2.2

Permanent protcection 25,300.31 7.1 2.2

The Triglav National Park 21,689.85 6.1 1.9

Protection of the wild 6.660.88 1.9 0.6

Protection of natural and 6,378.30 1.8 0.5

cultural heritage
National-defensive 4,609.32 1.3 0.4
Providing of food for the 3,967.22 1.1 0.3
wild

Research 3,267.09 0.9 0.3

Educational 2.663.76 0.7 0.2

Total 100.0 31.2

In the combinations of the generally
beneficial functions, the hydrologic
function (Table 3) occurred most
frequently in timber production forests - in
as many as 75,946 ha or 21% of
combination areas. The touristic-recreation
function in the combinations with other
functions does not lag behind a lot - it has
been defined in as much as 18% of the
areas in which generally beneficial forest
functions-have been defined. They are
followed by the climatic function, having a
similar share, and then by the aesthetic
and temporary protection function,
represented by a share smaller by the half.
The permanent protection function in
timber production forests has been defined
in over 25,000 ha or 2.2% of all timber
production forest areas. Here it is
obviously the case of the forests with a
strongly emphasized protection function
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or even a desire these forests be
proclaimed permanent protection forests.

The Triglav National Park occurs as a
generally beneficial forest function in over
20,000ha of forests, which represent
almost 2% of all timber-productioni forests.
It can be expected that in the future the
forest area, which in occupied by the
national park, will be altered and the
functions of forests and the limitations in
the managing thereof analysed in detail.

Other functions have been defined in a
smaller scope, which is, by the latest
forest inventory, about 2% of the areas of
all timber production forests. It does not
mean that these functions are less
important. They are, however, more
specific and therefore must be taken into -
consideration even more carefully.



THE LIMITATIONS IN THE
CARRYING OUT OF THE TIMBER
PRODUCTION FUNCTION DUE TO
. EMPHASIZED GENERALLY
BENEFICIAL FOREST FUNCTIONS

To manage different forest functions
means to plan, to carry out certain forest
operations and monitor the effects of the
measures taken in the forest. The most
important relationship which exists
between individual forest functions is that
between the timber production function
and other functions. A supposition has
been set that the limitations can refer to:

® measure types,

® the intensity of the applying of
measures, '

® economic expectation,

o the frequency of the measures taken,

® the influence of working conditions on
the carrying out of the production.

A scale has been elaborated for the stated
measures and the limitations in individual
generally beneficial functions have been
estimated for each measure separately.
Finally, the points thus acquired have been
added up (Tables 4 and 5).

For timber production forests, a table of
areas has been worked out, separately for
private and state forests, in respect of
assessments based on the marking as to the
limitation type. There have been 2,662.75
ha of state forests found where no
measures should be taken and 3,754.36 ha
of private forests, which is surprisingly
high.

The distribution of functions as to the
number of points. in a table has been
anticipated yet it does not say anything
about the point values in the combinations
of individual functions. If we wish to get

an applicable assessment of a combination,
the condition, which arises from a
preliminary dealing of functions and the
relations between them, i.e. that the total
assessment equals the lowest partial
assessment of an emphasized generally
beneficial function in a combination, must
be taken into consideration. For each test
unit the point values were determined
according to individual criteria and then
added up.

It is evident that there are 82% of all
timber production forests without
limitations, 35% of which are state and
65% private forests (Table 7, Figure 2).
37.7% of the forests with limitations due
to emphasized generally beneficial
functions are state forests and 62.3% are
private ones. In timber production forests
there are 19.3% of state forests with

- special limitations and 17.5% of private
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forests. It seems that in private forests
there are less limitations in managing due
to emphasized non-timber functions then
there are in state forests, in spite of the
fact that the differences are small. It is -
hard to believe that the reason for that is
the difference in natural conditions. It
is more likely it lies in more emphasized
functions, which can more easily be
performed in state forests than ina
property structure of small forest plots.

The share of forests with severe -
limitations, where a special regime should
be introduced (less than 40 points)
amounts to 11.1% in state forests and
9.1% in private forests of all timber
production forests. In state forests there
are 2,663 ha and in private forests 3,754
ha of such forests where due to various
reasons timber mass should not be
exploited.

The data in Table 7 could have another



Table 4. The estimation criteria for the ranking of limitations in the managing of the
generally beneficial forest functions.

Score 1. Measure Type

No measures.

wnie

The carrying out of a measure is possible due to increased costs and it is technologically scarcely possible if it is
the case of transport. The application of non-standard procedures. No new forest and skidding roads

10 | Work methods and organization forms are selected on environmental criteria. Limited exploitation of the
environment - soil. Forest roads and skidding trails_are rare.

15 | Low forest and skidding road density. Transport forms are standard yet adapted to the demands of a function.

20 | No limitations. The selection of technologies and communication density are only influenced by the costs aspect
and peneral views as to forest managing.

2. The intensity of measures

0 No measures

§ | There s hardly any exploitation of the forest. Only salvage cuttings are important. The production period is very
long and it is not even an cconomic notion. The only goal is the stability of a natural site. When necessary, tree
surgery is applied.

10 | The managing goal is forcst stability irrespectively of the yield by quantity or quality. Production period is
considerably longer. Thinnings occur rarely. The restoring of the previous condition of the soil and trees.

15 | The intensity of measures is directed towards the exploitation of the stand productivity of a natural site.
Production periods are longer due to thinnings. -

20 | The intensity of exploitation has been adapted to the best use of site production potential for the timber production
forest function. The aim is the quality and quantity of the timber produced.

3. Economic expectations

0 There is no income and there are no expenses.

5 Costs are higher than the income due to the respecting of special measures, adapted to a function.

10 The income and expenses are almost balanced with indirect benefit.

15 Costs are lower than the income is, yct the profit is reduced due to less economic operation methods or special
additional jobs.

20 The profit from the selling of products is a primary motif. Production is optimized in respect of the highest
economic effect, but respecting the general limitations of the forest management.

4. The frequency of measures

0 No measures.

5 Forest protection is the primary concemn. Depending on situation, the exploitation is intensive or it is seldom
performed. In protection regions measures are carried out exeptionally.

10 Forest protection is the primary concem, timber utilization is not very important. Therefore, the increasing of

stability is more important than increased stand productivitv is.

15 | Forest protection as well as timber yield are that matter. Stand productivity increase is important.

20 Frequency is optimal regarding the costs and the expected increase in stand productivity and tree quality.

5. The influence of working conditions

No measures. |

wm|o

Operations can be performed only exceptionally when possible due to working conditions. Once favourable
working conditions have been attained, the operations have to be carried out quickly.

10 Conditions in which severe ground damages (low ground bearing capacity) and trees damages (skidding not pesformed during
vegetation period) might occur have to be avoided. The work is carried out seasonally or periodically.

15 The conditions when the ecosystem is more vulnerable are avoided. The work is occasionally interrupted when
working conditions become worse.

20 Work can be performed in all working conditions if this is permitted by technologies and work economy.
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Table 5. The marking of limitations in timber production function as regards -additional
generally beneficial functions (no limitations = 100 points).

Additional function Measure | The Economic The The Total
type intensity of | expectations | frequency influence of
measures of measures | working
. conditions
None - 20 20 20 20 20 100
Providing of food for the 15 10 20 20 .20 85
wild .
National-defensive 15 15 10 - 10 20 80
Aesthetic 10 15 10 10 15 - 60
Hydrologic - 10 15 - 15 15 5 60
Touristic-recreational 10 10 15 10 10 SS -
Protection of the wild 15 10 10 10 10 . 5§
Climatic 10 10 10 . 10 10 50
The Triglav National 5 10 5 10 15 45
Park
Educational 5 5 5 5 15 35
Research 5 ) 5 ) 15 - 38
Hygicnic-medical 5 5 10 5 10 "~ 35
Temporary protection 5 10 5 - 10 -5 35
Permancat protection 5 5 5 5 5 25
Protection of natural 0 - 0 0 0 0 0
and cultural heritage ' '

Table 6. The distribution of areas (ha) of timber productlon forests as regards limitation

degrees.
Property | Limitations § Mecasure type | The intensity Economic The frequency | The influence
(scores) | of measures - cxpcctations‘ of measures of working -

conditions

State slbns LR LB e R R R B R B T

15 4. 07l 87 3. 767 66 8. 079 10 2 450 61 6 072 88

10 18.818.53 ‘ 39,993.93 21.069.22 39 022.91 16,186.36

5 39.242.83 18,369.64 30,694.84 18,369.64 | 37,210.35

0 2.662.65 2.662.65 2.662.65 - 2,662.65 2,662.65

‘ Total - 336,149.75 | 336,149, 75 336,149.75 336,149.75 336,149 75

Private [ e SUSUSHRGT HA0N Y ot GRsE RS
' 15 2.386.26 . 8 627 0l -17,791.95 5 702. 67 2,742, 34
10 47,940.02 61,277.64 47,527.81 63,523.08 21,274.93

5 52,968.53 33,390.16 37.296.15 33,390.16 78,298.17

|1 0 3.754.36 3,754.36 3,754.36 3,754.36 - 3,754.36

Total 612,083.73 612,083.73 612,083.73 612,083.73 612,083.73
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Table 7. Forest areas (ha) as regards the point values of total limitations in the exercising of
the timber production forest function.

Class State forests % Private % Total % Limitation
forests degree |

100 271.353.87 |- 350::] 50503456 [|65.0.] 776,388.43 |.:100.0 None
80-99 2.,290.07 3.5 678.90 0.6 2.968.97 1.7 Very low
60-79 373.57 0.6 300.47 0.3 674.04 0.4 Low
40-59. 24.852.46 38.4 50.232.96 46.9 75.085.42 43.7 Medium
20-39 34,617.13 53.4 52.082.48 48.7 86,699.61 50.5 High
0-19 2,662.65 4.1 3,754.36 3.5 6.417.01 3.7 Very high
Total 64,795.88 100.0 107,049.17 | 100.0 | 171,845.05 100.0 E :

explanation. A limitation in the performing
of one type of work is a limitation only
then if it is observed, otherwise it may
become the core of antagonism, a
collision point of two tendencies. Once
being acquainted with the area in which
special rules have to be observed, one
also knows in which area severe
controversies between the performing of
the timber production function and the
emphasized generally beneficial forest
functions can be expected.

A spatial survey of limitations (Figure 2)
shows that the latter are asymmetrically
dispersed throughout the country, with
some characteristic concentrations. The
most evident concentration is located in the
north, in the region of the Alps with the
Triglav national park, and in steep areas
which demand different working methods.

It is characteristic of Slovenia to have a
high share (two thirds) of private forests
with a property structure of small forest
plots (Figure 3). The consequence of the
establishing of generally beneficial forest.
functions in private forests is limitations,
which, however, have to be understood as
rules which have to be observed by forest
owners if the forest is to permanently
perform its functions for the society and
forest owners.
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The discussion about the limitations and
the rules is also an important economic
question because it is the duty of the state
to reimburse some of the income from the
forest to a forest owner if it introduces a
special regime in forest management
because of the protection of public
interest, expressed in the generally
beneficial forest functions. Economic
expectation is as a matter of fact already
the consequence of the limitations, which
have been elsewhere described and arise
from the demands of an individual
function. In case there is no income or
there are no costs, this means that, in
respect of the timber production function
of such forest, it is the case of an extreme
natural site within the scope of the site of
higher quality or perhaps of the forest
which is the object of protection due to its
special role as a biotope or as an
educational, recreation or similar object.

In the forests, where costs are higher than
the income is due to the considering of
special measures which are adapted to the
function, the deciding on their future can
be similar. In these cases there might also
be the problem of forest owners who are
not prepared or capable of the carrying out
of demanding measures because only a
small part of forest owners have been
qualified for the performing of various
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Figure 2. Spatial distribution of total limitations in the exercising of the timber production
forest function.
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Table 8. The shares of forest areas expressed as a percentage as to the property type and the
limitation in the performing of the timber production function of the forest.

Property | Limitations | Mecasure The intensity
(scorcs) type of measures

Economic The The
expectations frequency of | influence of
measures working

conditions

Pl

Private
7.8 10.0 7.8 16.4 3:5
8.7 5.5 5.1 5.5 12.8
0.6 0.6 0.6 0.6 0.6

forest operations. In these cases the state
should gradually become the owner of the
forests, their area amounting to 37,296.15
ha or 6.1% of the areas of such categories
according to the forest inventory.

Timber production forests in which the
income and costs are approximately
balanced with indirect benefits demand the
highest degree of demanding professional
work. Here it should be the task of the
state to provide for the reimbursement in
the cases when forest managing due to
increased costs does not even yield a
minimum income. These areas amount to
47,527.81 ha or 7.8% of the forests of
these categories.

Additional operations, which are not a
constituent part of the usual production
procedures and are well grounded, have

to be financed by the state. The forests, in
which the profit counts yet it is limited due
to special measures and limitations (15
points) occupy 17,791.95 ha or 2.9% of
timber production forest areas in private
property.

In the forests, in which no emphasized
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generally beneficial function has been
stated besides the timber production
function, the profit from the selling of .
products represents the primary motif yet
not at the expense of other forest functions
even if they are not emphasized and the
production can be optimized in view of
the highest economic effect (Kosir, 1992).
Managing limitations for forest owners
exist in all cases simply because the forest
owner cannot be at the same time also the
owner of non-economic functions. These
forests are prevalent - 505,713.46 ha or"
82.6%.

The area shares expressed as a percentage
and arranged according to the type of
property and limitations in the performing
of the timber production function show
that there are more private than state
forests where there have been no special
limitations set or the latter are minor (15
and 20 points). Consequently, a conclusion
can be made that in state forests there are
more forests with emphasized generally
beneficial functions or these functions

set more limitations. The greatest
difference in the marking is in the
economic expectation, which refers to
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Figure 4. Spatial distribution of limitations due to economic expectations in the exercising of

the timber production forest function.

5.5% of private forests, if the most
limitating categories are added up, and as
much as 9.9% of the areas of the timber
production forests in state forests.

The map (Figure 4) presents the
limitations in the carrying out of the
timber production function in private
forests from the aspect of the economic
expectation. The most severe limitations
have been arranged by means of points or
in small areas, measuring some 10
hectares. A class, which is represented by
a mark of 5 points is the most frequent in
the alpine region and in smaller islands in
the northern and central Slovenia. Smaller
and moderate limitations (10 and 15 =
points) are more frequent in the vicinity of

populated places because of the prevailing
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aesthetic, touristical-recreational and other
functions equally important as to the
limitation of the timber production
function. The forests without any
limitations arising from the generally
beneficial forest functions are the most
frequent ones. The greatest forest plots of
such forests are situated in the north of
Slovenia, where large forest estates
prevail.

DISCUSSION

Together with the rights forest owners
have, the Forestry Act lays down the
responsibility in management, first of all
in the field of forest protection and the
limitations arising from noneconomic
(ecologic and social) forest functions. As



to the needs of strategic deciding on the
state level, it is important to think over -
whether conflicts in the performing of
economic - especially timber production -
forest functions are probable. These
conflicts have their roots either in the
belief of a forest owner that he might do
in his forest whatever he wants to or in the
inappropriate carrying out of the
production. The latter can be intentional or
is the consequence of ignorance. The
difficulties in the studying of forest ,
functions are hidden in the character of the
topic dealt with, which has not been made
sufficiently objective; it lacks definition
and therefore allows several different
explanations. The theory on forest
functions in Slovenia, which is of high
quality, has many specificities and can
therefore be hardly compared with foreign
approaches.

A special problem is represented by the
significance of limitations for forest
owners. The presentations have shown
that the emphasized generally beneficial
functions in the private forests of Slovenia
have been less frequently defined than in
state forests. Consequently, the limitations
arising therefrom are a bit smaller.
However, this holds good as a general
statement and not of absolute numbers
where the situation is vice versa. There are
more areas with limitations in private

forests than in state ones. If the state has

a desire to exercise the limitations together
with the efforts of forest owners and forest
operation enterprises, it will have to
reimburse the loss in income or to
purchase the forests where the limitations
due to emphasized generally beneficial
functions are extremely great or substitute
them for other forest areas.

With the increased knowledge as to the
functions and significance of the forest, the
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responsibility of forestry experts who
manage forests as . well as forestry
workers who have the strongest influence
in the performing of human ideas in the
forest, has increased as well. A bridge
between the planned and the performed is
represented by a thorough preparation of
work and reliable organisation of
operations.
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ASSESSING THE STRUCTURAL
INTEGRITY OF CONIFER TREES
UNDER WIND LOADS: A
PRELIMINARY- STUDY

by
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ABSTRACT: Future prescriptions for
opening forest stands or for selective
cutting with an ecosystem management
perspective may be guided by a need to
assess the potential of particular trees to
remain standing throughout their normal
life by withstanding expected natural
forces such as wind and soil moisture. A
finite element model of a sample tree was
generated for predicting stresses and
deflections of the tree subjected to wind
load forces. The model indicated that,
for a wind speed of 60 mph, a 30 in. dbh,
150 ft. Douglas-fir tree would deflect
about 11 ft. at the tip and experience a
maximum internal stress at a height of 15
ft. of 1,820 psi, which is less than the
presumed tensile strength of the wood.
Therefore, the sample tree can be expected
to withstand breakage by the sample wind
force. The initial model can be used for
parametric studies of tree crown and bole
geometry, wood properties, and wind
forces, but it does not yet consider
soil-root interactions on blow-down
propensity nor the affect of neighboring
trees on the wind profile.

KEYWORDS--Wind-throw, blow-down,
tree strength, wind load, finite element
analysis, forest structure, cutting patterns,
tree selection.

INTRODUCTION

When a tree falls in the forest and no one
is nearby to hear it hit the ground, the
forest is never-the-less changed. After the
fall, there is a new void in the canopy
layer and there is suddenly an additional
mass of organic material on the ground.
This constitutes radical alterations to
certain parts of the forest ecosystem,
bringing life or death to many creatures



and organisms. Some would say that
natural processes cause trees to fall and
therefore it is of no consequence to
humans, unless they are standing in the
wrong place. Others say that all forest
trees should remain standing indefinitely.
As engineers involved with forest science,
we are concerned with how human
intervention affects the expected vertical
life span of trees and how planners might
predict whether certain trees are at
increased risk of falling or breaking. This
research is directed toward the eventual
understanding of how physical
characteristics of forest trees, including
wood strength, tree geometry and spatial
distribution, affect the long term structural
strength of a forest subject to variations in
wind and soil moisture. S

Trees have structural properties that enable
them to grow, compete, and survive.
These properties contribute greatly to the
physical and biological aspects of the
forests in which they grow. Some of these
properties have become commercially
useful outside the forest, and extraction of
trees for business uses coupled with road
building for recreation and protection
access have changed the natural character
of many forests. The manner of opening
and managing forests is currently subject
to major changes as controversy over
preservation and use leads policy makers
and practitioners to focus on managing
with an ecosystem perspective. Results of
this research may be important in -
designing future tree selection and cutting
criteria to improve the long term structural
strength of forest stands and reduce
wind-throw.

The structural integrity of trees is directly
affected by at least two natural forces that
can be dramatically altered by human
action: wind and soil moisture. - Strong
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winds sometimes break trees or tip them
over, depending on tree and soil strength.
Resistance to wind forces can be related to
tree geometry, wood strength, root
structure, and soil properties. Human
intervention in forests typically changes
the exposure of trees to both wind and soil
moisture.. Moisture greatly affects the
ability of soils to support tree roots. Tree
growth can be affected by management
actions. Taller trees with wider crowns
and shallower roots that are exposed to
heavier wind loads, because neighboring
trees have been removed, may be more at
risk of falling or breaking before their
normal maturity. Soils that become less
moist because of exposure to the sun or
the pumping action of trees have increased
strength for supporting root structures.

The location of trees with respect to each
other and the topography may change the
direction and magnitude of wind forces
acting on other trees. If these factors can
be quantified, better decisions can be made
with regard to protecting remaining trees
for their expected life spans, as other trees
are removed for management purposes.

This paper presents the results of a
preliminary study to model the effect of
wind forces on a sample tree. A method
has been developed using Finite Elements
Analysis (FEA) for predicting whether the
internal stresses in a conifer tree will
approach the breaking strength of the tree
when the tree is subjected to wind loads of
known magnitude. From the results of
static linear analysis, the maximum stress
and its location are determined as well as
the deflection profile of the tree. With the
FEA model, parametric studies are
possible for various tree geometries and
wind profiles. The initial model,
presented in this paper, considers only an
isolated tree growing in very firm soils.
Additional modeling efforts are needed to



fully consider the effects of soil-root
interactions and also the.-effects of wind
forces subject to neighboring trees and
terrain features.

BACKGROUND

Research on the wind-throw of trees has
been intermittent within forest science.
There are numerous articles discussing
wind damage, but most are based on
observations after catastrophic events.

Few attempts have been made to analyze
the behavior of trees under wind forces.
On the other hand, theoretical studies and
field observations on wind damage indicate
that its occurrence is dependent upon the
balance between the magnitude of the wind
force on the tree and the tree’s physical
resistance against the wind (Fritschen and
Gao 1992).

Trees, unpreventably broken or blown
down by wind, represent ponderous
changes to forest structure and great losses
to commercial timber resources.
Wind-throw can also be a serious safety
hazard. As an extreme example, one
report (Dawson 1992) indicates that, in the
gale on the night of 15-16 October 1987 in
the UK, an estimated 15 million trees were
uprooted or extensively damaged. Many
trees crashed onto electricity lines, roads,
railways and buildings, causing major
disruption.

While occasional wind forces may be
beyond the resistance capabilities of any
tree, it may still be feasible and desirable
to intelligently identify which trees have
greater wind resistance due to their
geometry or location, in places where it is
essential to keep trees standing for a long
time through normal wind and moisture
exposures.

There are many factors that affect the
balance between wind loading and a tree’s
resistance, including:

(1)  The geometric shape (size) and the
material properties f the tree:
Mayhead’s wind tunnel studies
indicate that the drag coefficient

has a large variation between
different kinds of trees. Even
within a species, the coefficient will
also change due to the different
geometry of the specimen
(Mayhead 1973). Young’s
Modulus of Elasticity (directional) -
and Poisson’s ratio for heartwood
and sapwood in standing trees are
also important.

(2)  The topographical features of the
terrain: Wind damage s often
heavy on certain surfaces such as
ridge tops. A ridge which
protrudes upward into the wind
stream forms an obstruction, and
wind moves at a greater speed
when it passes over such an
obstruction (French 1951).

The soil conditions and root
interactions: Gratkowski reported
that shallow soil, in which root
development was restricted by rock
or an impermeable layer less that
18 inches below the surface, was
an important factor in wind-throw
of Douglas-fir on localized areas
(Gratkowski 1956).

(&)

(4) Planting and cutting techniques:
Forest borders and cutting edges
can deflect wind as much as 90
degrees, causing increased
velocities where the deflected
currents join others. Clear cutting,

known as the staggered-setting

322



system, has the major disadvantage
of wind-throwing additional trees
along the margins of the clear-cut
units (Gratkowski 1956).

OBJECTIVE

This paper presents the results of an initial
step in an overall attempt to develop a
comprehensive model of a selectively
harvested forest that can predict resistance
to wind damage. First, a core model of a
single. conifer tree was developed. This
model was then used to study the stress
and deflection of a sample tree subject to
wind loads.

TREE MODEL DEVELOPMENT

The assumptions employed in the analysis
were related to geometric definition of the
tree, approximation of the boundary
condition (i.e., soil-root interactions),
material properties of the tree, and
definition of the wind load. Also, to
simplify the model and reduce the
computational time, some idealizations of
the geometric shape of the sample tree
were made.

Some of the assumptions employed in the
study are as follows:

(1)  The generic conifer tree stands
individually without neighbors.

(2) The tree is considered to be a
cantilever beam, fixed to the
ground, with the root and soil
conditions not effecting the nature
-of cantilever.

(3) The bending of the tree follows the
classic Euler (small deflection) -
static analysis, and linear deflection
and properties are considered.

Table 1. Geometric dimensions of the
sample tree.

Total Height ' 150 &
DBH 30 in
Diameter of bole = f; (height) . 5

at ground base ' 39 in

. attip ' 0 in
Thickness of sapwood = £,(height) ' h

at ground base 2 in

Cattip - 10 in

(4)  The wind is horizontal and steady.

(5)  The force on the branches (crown)
of the tree will be totally
transferred to the bole.

(6)  The heartwood and sapwood of the
tree are assumed to be
homogeneous, with elastic
properties.

(7)  The heartwood, sapwood, and bark
are treated as solid, shell, and
non-contributing elements to the
stiffness of the tree, respectively.

Description of the Generic Conifer Tree

In this paper, the term "bole" refers to the
stem from the ground to the tip of the tree,
while the term "trunk" means the segment
of the bole from ground to the base of the
crown. The total height of the sample tree
is 150 ft., with a DBH (diameter at breast
beight) of 30 in.. The heartwood has a
variable cross-section from the root to the
tip, while the thickness of the sapwood
also varies with the height of the bole
(USDA 1992). The basic geometric
dimensions of the sample tree are shown in
Table 1.
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Figure 1. Schematic diagram of the idealized sample tree.

Geometric Model of the Tree

To simplify the model, the generic conifer
tree in the analysis is idealized as follows:

The tree is considered to be a
symmetric structure, resulting in
fewer elements and less
computational time.

6y

The diameter of the heartwood
varies as a piece-wise linear
function of the beight.

@

(3) A piecewise constant thickness of
sap wood is employed for different

bole segments, with 2 in. at the

ground base and 0.5 in. at 145.8 ft.

(1750 in.) height. Above 145.8 ft.
high, the thickness .of the
heartwood becomes almost
negligible, thus the model in this
segment consists solely of the
sapwood.
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@) The geometric shape of the conifer
tree’s crown is simplified. In this
analysis, the projected area of the
crown is only used for calculation
of the drag force. The schematic
diagram of the idealized sample
tree is shown in Figure 1.

Material Properties of the Sample Tree

Material properties utilized in the FE
analysis are Young’s modulus and -
Poisson’s ratio. In the analysis of the
sample tree, the properties of heartwood
and sapwood are assumed to be the same.
At a density of 28 1b/ft3, typical
Douglas-fir lumber has a Young’s modulus
of 1.8 x 106 psi (Boresi and Schmidt
1993). Poisson’s ratio of 0.3 was used in
the analysis. This value is typical for most
engineering materials. The material
properties of the sample tree used in the
FE analysis are listed in Table 2.



Table 2. Material properties of the sample tree.

Young's Modulus, E (psi)

Poisson's ratio, \)T,

heartwood 1.8 x 10° 03 |
sapwood 1.8 x 10° 03
WIND MODEL DEVELOPMENT - where, D is total drag force (Ib)

Wind Profile Approximation

Wind profile is a major factor in the
studies of tree breakage and blow-down.
To date, several wind profile models. have
been developed to predict the wind
velocity as a function of the height over
the ground (Fritschen and Gao 1992). Also
some field experimental tests have been
performed to measure the wind profile
within or above vegetation and forest
canopies (Landsberg 1971, Reifsnyder
1955, Meroney 1968, Oliver 1971).
Although these works are important and
helpful to our further investigations, they
are limited to certain forest stands or
concentrated to the terrain features of
mountainous areas (Grace 1977, Araki
1983).

As a starting point in the FE analysis, a
uniform wind velocity distribution was
used, which is a wind profile often found
on isolated objects. The assumption here is
that barring any external perturbations due
to existing structures, the wind profile
striking an isolated tree would remain
uniform. The wind velocity profile is
shown in Figure 2.

Wind Load Computation

Drag force - The drag force acting ona
tree from a wind of given velocity could
be calculated as follows (Mayhead 1973,
Araki 1983): . .

1
D=5 dpAV2

V is the wind velocity (ft/sec)

A is the projected area of crown in
still air ( ft®)

r is the density of air (slugs/ft®), and

C, is the drag coefficient
(dimensionless)

Once the C, is evaluated, the drag force is
readily calculated from this equation. It
should be mentioned that the above
equation does not take into account the
effect of the trunk; therefore, the area A is

. the crown area only. Although the drag

. force acting on the trunk is much smaller
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than that acting on the crown (the
projected area of the trunk is much
smaller than that of the crown), for more
accuracy, in the FE model the drag force
is also applied to the ttunk. C, values for
the crown and the trunk are determined
separately.

The drag coefficient of Douglas-fir crown
for the current FE analysis comes from the
results of Mayhead’s wind tunnel studies
(Mayhead 1973). The C, for Douglas-fir
versus the wind speed is shown in

Figure 3.

Figure 3 shows that specimen with the
same crown areas have almost identical C,
values, while the C, will increase with the
projected crown area. Considering that
the sample tree used in our study has a



Isolated object

Real Wind Profile Uniform Approximation

e

Figure 2. Uniform wind profile
approximation.

relatively large crown (with respect to the
total height), higher C, value (for 150 ft*
crown specimen) will be used in the
analysis. Strictly speaking, only when
some sets of similarities are approximated
with sufficient accuracy, will the data
yielded from small-scale wind tunnel test
be in good agreement with corresponding
full-scale phenomena (ASHRAE 1983).
But as a first step of investigation, the C,
picked from wind tunnel tests could be
used as a good estimation to determine the
drag force on the sample tree .

Drag coefficient for the trunk - The trunk
is considered as a 2D cylinder, which is a
"standard body." Its C, value is the
function of the Reynolds number and was
determined to be about 0.3.

Projected area - Both the total projected
areas of the crown and the trunk are
divided into ten segments as shown in
Figures 4 and 5. In the calculation of the
trunk’s projected area, an average diameter
is used.

Drag Coefficient
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20

Figure 3. Drag coefficient for Douglas-
fir. Reproduced from Mayhead’s result.

Distribution of the Loads

As far as the FEA code is concerned, the
loads were input in terms of the applied
force. Therefore, the physical effect of the
wind velocity and the projected area are
transformed into a distributed load on the
cross section of the tree. This load is later
transformed into the point loads applied on
the individual nodes of the model.

The total drag force acting on the tree
could be considered as the summation of
the distributed loads, which act on the
center of each individual crown and trunk
segment. In other words, the total drag
force equals the sum of the area-weighted
distributed loads.

Drotal=(2%p-ca‘4iv2)a-own +(2%,0 CdAaw)mmk

With this convention, distributed loads for
the crown and the trunk are calculated and
shown in Table 3 and Figure 6.
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Figure 4. Schematic representation of the .

projected area of the crown.
RESULTS

Results of the analysis are presented in
terms of the stress distribution and
deflected shape of the sample tree (versus
the height of the tree) under a sustained

~ wind velocity of 60 mph. Material
properties employed in this study were the
published data for isotropic lumber.
Ideally, anisotropic material properties
should have been used for a more realistic
representation of directional properties
associated with the wood fibers, but such
data were unavailable. However, a
primary advantage of the Finte Element
Analysis is that the current model can be
readily modified for anisotropic materials
and other "parametric” studies such as

various wind speeds, soil-root interactions,
and tree geometry.

In this report, only the maximum
combined (Von Mises) stress distribution
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Figure 5. Schematic representation of the
projected area of the trunk.

of the tree along the height of the trunk is
being reported. The FE analysis results
show that stresses are symmetrically
distributed about the neutral axis of the
bending as expected. Figure 7 shows the
variation of maximum Von Mises stress
with the height of the tree. The maximum
stress values are extracted along the length
of the outer fibers of the bole.: From
Figure 7, we observe that the peak stress
occurs at the height of about 200 inches.
The computed peak stress value is about
1,820 psi.

Figure 8 shows the deflection of the tree in
the wind direction. This sort of deflection
is typical for the bending of a cantilever
beam. The maximum value occurs at the
tip of the tree as expected. With the
maximum deflection value less than
one-tenth of the total height of the tree, the
small deflection assumption-associated with
the Euler’s Beam theory utilized in this
study is reasonably valid.
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Figure 6. Wind loads distribution on the
sample tree.

The overall results agree with the
expectations about the nature of
deformation of the tree and point to a
probable location of failure origination at
the maximum stress location.

CONCLUSIONS AND
RECOMMENDATIONS

This research represents an initial attempt
in applying Finite Element Modeling
techniques to the study of wind-throw
effects. In modeling the single tree, all
wind forces acting on the branches are
assumed to be transferred to the bole. The
projected crown and trunk areas in still air
are calculated to determine the drag force
from a uniform wind profile. A single
wind velocity is used to calculate the Von
Mises stress and deflection variations
along the height of the bole.

Results show that the maximum stress
occurs at the lower potion of the tree,

The Height of the Tree (inches)
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Figure 7. Stress distribution as a function
of tree height for wind speed of 60 mph.

about one-ninth of the total height. This is
plausible for the cantilever model subject
to the distributed or point loads with
variable cross section geometry. In-
addition, it suggests that if failure of the
bole above ground should occur, it would
be initiated in the vicinity of the
aforementioned height. It should be
emphasized that the above conclusions are
based on the single sample tree with
soil-root interactions not considered. The
maximum deflection in the wind direction
occurs at the tip of the tree, with a
maximum value indicating that the small
deflection assumptions are valid.

To develop a more comprehensive model
of the wind-throw effect, the authors
recommend extending the study to include
the following:

1) Perform a parametric study to
determine the effect of tree
geometry and wind characteristics.

0
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Table 3. Distributed loads at ¢

enter of crown and trunk segments at wind speed of 85.4

ft/sec.
Segment Proj. area, 4, (f2) Loads, D,(lb)
No. Crown Bole Crown Bole
1 17.2 9 412 23
2 51.7 9 124.1 23
3 874 9 209.7 23
4 100 9 240 23
5 100 9 240 23 I
6 100 9 240 23
7 100 9 240 23
8 100 9 240 23 '
9 69.8 9 167.5 23
10 59.4 9 1426 23 "
Feet
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Figure 8. Displacement plot of the tree model subject to wind speed of 60 mph.
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2) Model tree uprooting (soil-root
interactions) due to wind loading
and identify critical variables that
affect susceptibility to blow-down.

3) Expand the single tree model to
account for the effects of
neighboring trees and topography
on wind magnitude and direction.

THE FUTURE

Forest management is becoming
increasingly complex. In addition to the
physical and biological forces of nature,
human intervention is affecting the future
conditions of the world’s forests.
Furthermore, changes are evolving in the
basic philosophy of forest management and
the resulting human forest disturbance
actions. In the future, trees will be saved
or cut based on the forests’ ecological
needs, coupled with social and economic
interests. This is a distinct departure from
purely economic-driven management
strategies. Technology for accessing and
altering forests is changing to meet the
new requirements of managing ecosystems.
This may present capabilities to achieve
new cutting patterns with stringent controls
on tree spacing, soil disturbance, crown
damage, road building, etc. Thus,
knowledge of how human intervention may
affect the structural integrity of the
managed forest will be important in
prescribing optimum physical
characteristics to improve the probability
that leave trees will remain standing
throughout their normal life.
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ABSTRACT: Economic problems and soil
disturbance of row thinning operations by
a mobile mini-yarder in small-scale
forestry are discussed in comparison with
select thinning operations.

KEYWORDS--Labor productivity, cost,
level of soil disturbance, rate of disturbed

area, shape of thinning site.

INTRODUCTION

In Japan, the extent of man-made forests
has reached 10 million ha, 40% of the
total forest area. These forests were
mainly established after World War II and
are now at thinning age. Thinning small
planted conifers on steep, difficult sites in’
small-scale forestry is a problem of
natiopal concern.

Our project team developed a mobile mini-
yarder to solve some of the harvesting
problems. Generally, row thinning
operations by a mobile mini-yarder is
identified as an effective method
considering economic and soil disturbance
problems.

In this paper, economic problems (labor
productivity and cost) and soil disturbance
of row thinning operations by a mobile
mini-yarder are discussed in comparison
with select thinning operations.

ECONOMIC CONSIDERATIONS
Outline of investigations and results

Investigations of row and select thinning
operations were conducted in a 35-year-old
Japanese cedar stand located in the
northeast of Japan. The 0.54 ha stand had
an average DBH of 25 cm and was located



on an average slope of 16 degrees. Row
thinning operations consisted of felling by
a chain saw, full-tree yarding by a mobile
mini-yarder and delimbing and bucking at
a roadside by a small processor made in
Sweden. Select thinning operations
consisted of felling-delimbing-bucking by
chain saw and short wood yarding by a
mobile mini-yarder.

The following values were obtained by the
investigations of row and select thinning
operations: productivity of felling and
processing, regression equations of yarding
cycle time on the basis of indicator
variables for yarding distance, lateral
yarding distance and time of rigging up
and down.

Comparison of labor productivity and cost

Labor productivity and cost of row-and
select thinning operations were estimated
by use of a thinning site model as shown
in Figures 1 and 2. The area for the
thinning site model was assumed to be
0.49 ha. This is the average thinning area
of small scale forestry in the northeast of
Japan. It was clear from the model that
row thinning operations used in the
investigations were preferable to select
thinning operations on the basis of labor
productivity, but is not preferable on cost.

CONSIDERATION ON SOIL
- DISTURBANCE

Outline of investigations and results

_Investigations of soil disturbance were
conducted in three Japanese cedar stands
(average slope of 13-34 degrees) after
thinning operations by yarding. Soil
disturbance by yarding operations was
classified into three levels according to
depth of surface soil removal that was
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estimated from organic matter contents in
surface soil. Soil disturbance caused by
row thinning operations was low, but that
by select thinning operations was high,
especially in conditions of steep slope and
difficult configurations.

Comparison of rates of disturbed area

In select thinning yarding operations on
steep slopes a high level of soil
disturbance causing erosion and
degraduation was estimated on about 5%
of the total thinning area.

CONCLUSIONS

Row thinning operations by a mobile mini-
yarder is preferable to select thinning
operations on labor productivity, but it is
not preferable on cost. Intensity of soil
disturbance caused by row thinning
operations was lower than that by select
thinning operations. A further
improvement of processing method should
be considered for reducing total cost of
row thinning operations.
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A THEORETICAL MODEL FOR
ESTIMATING THE ENERGY-STORING
POTENTIAL OF CONIFEROUS
BRANCHES

by
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ABSTRACT: The risk of encountering
breakage losses during manual timber
felling operations could sometimes be
reduced if a falling tree possesses a
considerable number of live branches. If
breakage does not occur, the branches (on
the underside) would absorb part of the
shock resulting from the impact on the
ground. This paper describes a simple
theoretical model (using a static analysis)
for estimating the energy-storing capacity
of live branches of conifers. This will
hopefully lead to the development of a
final model to determine the least number
of branches (shock-absorbing elements)
required to minimize the risk of timber
breakage during the manual felling of
small-sized trees. The model, named
BESM (Branch Energy-Storing Model)
was tested on twelve live branches and no
significant difference was found between
the generated and the experimentally
determined mean energy values. This
"cushioning" effect of live branches will
also be of relevance in the skidding of
whole trees where a knowledge of the least
number of branches needed to ensure less
disturbance of the forest floor is required.

KEYWORDS--Energy-storing potential,
live branches, timber breakage, static
approach.

INTRODUCTION

Manual thinning selective cutting
operations in highly densed stands often
result in the harvested tree lodging in the
crown of surrounding trees. An attempt to
release these "hang ups" may lead to an
overall reduction in operational efficiency
(Gabriel et al. 1974), additional
operational costs and damage to residual
stand. There is a generally held view that



branch removal before felling is likely to
decrease the chances of the occurrence of
tree "hang ups" during manual felling
operations. This will also ensure a higher
efficiency in the subsequent delimbing and
bucking operations as fewer branches
would be left to handle. However,
excessive removal of branches would
rather increase the risk of timber breakage,
especially where the tree falls onto hard or
rough ground. Because of the growing
emphasis on log value recovery, various
improved logging methods and modernized
equipment have been designed purposely.
to minimize breakage losses as much as
possible especially in cases where trees are
to be cut to specified lengths or poles. In
spite of all these efforts, timber breakage
still occurs and has been found to be the
result of several complex variables, some
are controllable and some are beyond the
control of the feller. Highly defective,
heavy or relatively brittle trees generally
tend to suffer more damage than smaller
and sound trees (Conway 1976).

When a falling tree makes an impact on
the ground, the presence of live branches
on the underside help in absorbing part of
the shock which would otherwise be
transmitted to the bulk of the merchantable
stem. This absorbed shock would be
stored as strain energy in the branches if
breakage does not occur. Dead branches
often break upon impact and do not help in
this shock-absorbing or "cushioning”
process. The aim of this paper is to
develop a simple theoretical model (using
a static analysis) to estimate the
energy-storing potential of coniferous live
branches. A static analysis is used here
because the falling of a small-sized
harvested tree in a dense stand is a gradual
process and does not possess inertia high
enough to demand a complex dynamic
analysis. This will further serve as the
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basis for the development of a final model
which would be used to determine the
extent to which branch removal before
felling should be done in order to ensure a
proper balance between (a) avoiding tree
hang-ups and (b) minimizing breakage
losses during manual felling operations in
crowded timber stands.

The Branch Energy-Storing Model
(General description)

A simple theoretical model is constructed
to determine the amount of energy which a
given branch of physical dimensions would
absorb when subjected to a pure bending
stress. The model, named Branch
Energy-Storing Model (BESM) is based on
the assumption that the branch is of a
conical shape of base diameter D and
length H acting as a cantilever beam with
a load F (Fig. 1a). The external work
done by any applied load (F) will be stored
by an elemental branch material of length
dx as strain energy du given by

M
2EI

0

where E is the Elastic Modulus of
Elasticity, M, and I are the bending
moment at a section x and section Modulus
respectively given as

Mx=F(L’ -X) ()]
and
I= nD;(tI:I:x)‘ 3)

It is further assumed that this absorbed
strain energy is independent of the time of
deformation, hence a static approach may
be used to represent the actual situation
where suddenly applied loads are involved.
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Figure 1. Determining the energy-storing potential of a branch (theoretical model).
" Note: (a) General use of a branch considered as a cantilever beam and (b) the actual
-situation where the branch is inclined at an angle « to the stem.
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Figure 2. Experimental set-up for the determination of the energy storing potential of a live
branch.
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Substituting (2) and (3) into (1) and
integrating with a boundary condition of

x = 0 when # = O finally gives the energy
stored in the branch (whenx = L’) as

___ 32F°HL?
3nED*H-L")

@)

Under real situations, a branch is attached
to its stem at an inclination as shown in
Fig. 1b, which is just the result of tilting
Fig. 1a through an angle «. Applying the
same analysis to Fig. 1b finally gives

32F2HI?
3nED*(H-L")cos?a

®

as the energy-storing capacity of a branch
expressed in terms of its physical
characteristics.

Parameters

The parameters used for BESM are the
simple physical characteristics such as
branch base diameter D, branch length H,
and inclination to the stem o«. The -
Modulus of Elasticity E, can be
determined using the non-destructive field
method described by Onwona-Agyeman et
al. (1992). The remaining parameters F
and its distance from the branch base L’
may not be readily measured but can be
determined by an experiment described
below.

Experimental determination of the energy
storing capacity of a branch

A live branch (still attached to the stem) of
known dimensions and with needles
removed was fixed in the position shown
in Figure 2a. The needles were removed
to facilitate the monitoring of the branch
movement on the acryl board, assuming
that needle removal does not affect the

capacity of a branch to store energy. By
allowing the stem-branch system to move
vertically downwards at a constant speed
of 1.97 inches/min (50 mm/min), the force
exerted on the surface of the acryl board
was measured by load cells arranged in a
triangular position. Assuming that the
elastic limit is not exceeded, the strain
energy stored in the branch was simply
estimated as the external work done on it
by the acryl board. The situation may also
be analysed by considering the acryl board
to move upwards at the same constant
speed until it reaches a distance V (Fig.
2b). The external work done (W) was
estimated as the area under the curve
obtained by plotting the total force exerted
on the acryl board F (recorded by the
three load cells) against the respective
stroke z, i.e.

w=[" Faz=U ©)

U is the elastic strain energy stored in the
branch. A plan view of the acryl board
and the determination of the center of
force F and its position (x,y) are shown in
Fig. 3. The force F was determined by
the algebraic sum of the forces F,, Fy and
F recorded by the load cells at positions
A, B and C respectively, i.e.

F=F,+Fp+F, M

Taking moments about the point (0,0), the
position of the center of force (x,y) for
any given position of the acryl board were
determined as

F,m

Y= ®



. h(F.-Fp) ©)
F
In order not to exceed the capacity of the
load cells 6.615 Ibf (3kgf each), the stroke
V was set at 13.78 inches (35 cm) for all
the branches. Twelve branches of
cryptomeria japonica ranging from 4-7
years were tested in all.

NUMERICAL RESULTS AND
DISCUSSION

The physical characteristics of the
branches used in the laboratory
experiments are shown in Table 1. The
age of the branches were determined by
their basal annual rings. The derived
Equation (8) above was used to monitor
the movement of the center of force on the
acryl board. The results of the total forces
exerted by the acryl board on the various
branches and their distances from the base
are shown in Table 2. These values apply
to the situation where the acryl board had
travelled through a vertical distance of
13.78 inches (35 cm). This vertical
distance was arbitrarily chosen just to test
the validity of the BESM.

Comparison between BESM generated and
experimentally determined energy values

Using the physical dimensions and the
results in Table 2 as inputs to the BESM,
the strain energy absorbed by each of the
twelve branches was numerically
computed. The Modulus of Elasticity E
value for all the branches was assumed to
be 1.422 x 10" psi (10000 kgf/cm?)
(Onwona-Agyeman et al. 1992). The
BESM generated results as well as those
obtained by estimating the work done by
the acryl board are shown in Figure 4.
Mean values of all the twelve branches for

340

the model and laboratory experiments were
calculated as 0.845 x 10 Btu (0.091 kgf x
m) and 0.790 x 10 Btu (0.085 kgf x m)
respectively. No significant difference
was found between these two values using
the student’s t-test, (n =12, P = 0.05
level). As expected, the experimentally
determined mean energy value was slightly
lower than the BESM generated mean
value. This could possibly be attributed to
the energy losses due to friction between
the acryl board surface and the branches,
which was not accounted for in the BESM.

Application to whole-tree logging

The practice of whole-tree harvesting of
coniferous stands has raised as many
questions as it has solved. Because of the
additional weight of limbs and

ps, and the nature of branches, about twice
as much power is required to skid whole
trees as compared to tree lengths from the
same tree (Garlicki and Calvert 1969).
There is also the concern that whole-tree
removal may result in the depletion of
nutrients from the site (Napier 1972; Boyle
and Ek 1972; Chatarpaul et al 1984;
Phillips and Van Lear 1984)). In addition
to its numerous advantages, the presence
of live branches during ground-based
skidding of whole-trees play a very
important role of preventing the
merchantable stem from coming into direct
contact with the ground. In this state, the
possibility of excessive scratching of
merchantable stem is reduced while soil
disturbance is also minimized.

There is therefore the need for the
development of a final model which,
depending on the physical characteristics
of a tree and its crown, will determine the
extent to which the number of branches
should be removed to lessen the
occurrence of tree hang-ups, minimize
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Figure 3. A top view of the acryl board showing the positions of the load cells.

Table 1. Physical characteristics of the live branches used in testing the BESM.

Branch No - Base Diameter (inches) Length (inches)  Branch inclination (deg) Age (years)

1 0.45 35.04 58 5
2 0.40 34.65 62 4
3 0.45 39.76 66 6
4 0.59 51.18 70 5
5 0.44 33.46 60 4
6 0.40 35.83 : 75 6
7 0.42 32.68 63 7
8 0.45 4331 73 5
9 0.53 38.58 48 6
10 0.54 4331 55 7
1n 0.46 41.73 64 7
12 0.41 34.65 50 4
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Table 2. Total forces on the branches and their respective distances from the base when
acryl board travels through a vertical distance of 35 cm.

Branch Number Total force, F (1bf) Distance from base,
L’ (inches)
1 1.173 18.15
2 1.208 18.43
3 1.579 18.43
4 2.150 - 21.22
5 1.819 17.17
6 1.136 15.39
7 1.729 16.50
8 1.041 19.20
9 1.956 20.35
10 2.763 17.40
11 0.814 20.94
12 1.332 17.40

The encrgy values generated through BESM

0.2 7 B Work done on branch when the acryl board travels through 13.78" (35 cm)
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Z, ?g
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Figure 4. Comparison between the BESM generated and experimentally determined energy
values.
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breakage losses and suppress the fear
of nutrient depletion from the site.

Further studies

The BESM described in this paper only
assumed a flat and hard contact surface for
the branches and does not take the
condition of the terrain into account. It is
recommended that information on different
terrain conditions that influence timber
breakage be studied and incorporated in
the final model. In the actual situation
where branch-soil contact is important,
frictional forces would be called into play
and must be accounted for in the model.
Higher capacity load cells should be used
in the laboratory experiment to determine
the maximum energy-storing capacity of
branches of various sizes and the results
compared with the BESM generated
values.
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ABSTRACT: Chain flail delimber
/debarkers are being used to improve the
quality of whole-tree chips produced in the
forest. The aggressive nature of the flail
process causes high wear and failure rates
of flail chains. High speed video was used
to analyze the dynamics of the process
relative to specific chain and link design
factors. Several conclusions can be drawn
from this analysis. The four main factors
affecting the action of flail chains (relative
to link design) are the amount of space
within the link, link length, link mass, and
link shape. Flail chain with extra space
inside the link (allowing adjacent links to
move freely) tends to fold up easily with
less bounce and interaction. As the
amount of space available for link
movement decreases, the chain folds up
less and bounces more, causing greater
interaction and wear. As link length
increases, chains bounce off the stem more
readily, causing erratic motion and faster
wear. The same is true as link mass
increases. Round link chain collapses too
easily upon impact, resulting in ineffective
debarking. Studded chain is extremely
aggressive, causing high wear and wood
loss. Twisted link chain has properties
that depend on the direction of twist. In
one direction, this type of chain collapses
easily, resulting in nonaggressive action.
In the other direction, it is very stiff,
causing increased bounce. These
properties give this chain design some
unique debarking possibilities.

KEYWORDS-Delimbing, debarking,
processing, chain flail, forest operations

INTRODUCTION

Chain flail delimber/debarkers are portable
machines (can be moved from site to site



but work in a stationary position) that have

heavy chains mounted on rotating fixtures .

called rotors. These rotors can be
mounted vertical (Manitowoc), horizontal -
(Peterson Pacific, Chiparvestor, Forest
Pro), or at some angle (Treemill). Feed
systems allow trees to be passed between
the rotors where they interact with the
rotating chains. This aggressive action
removes much of the limbs and bark from
the stems. The delimbed/debarked stems
are usually then fed directly into a chipper,
resulting in better quality whole-tree chips.
The limb and bark residue can either be
spread across the site or collected for
various energy or mulch uses.

The aggressive nature of the chain flailing
process puts considerable stress on the flail
chains, causing them to wear and fail
rapidly. This is costly to the contractor
and a wasteful use of chain. Previous
research has identified several factors that
affect the debarking effectiveness and life
of flail chain (Thompson et al. 1992).
These include workpiece variables (tree
species, wood density, tree size, bunch
size, season, etc.), machine variables
(drum design, feed rate, drum rotational
speed, number of chains per drum, etc.),
and chain variables (wire size, link
geometry, metal composition, heat treat
ment, etc.).

The purpose of this research effort is to
gain insight into the dynamic nature of the
flailing process, which should result in
design improvements that maximize
debarking effectiveness with minimum
chain wear and failure. This report
addresses the results of a high speed video
test that focused on chain and link design
factors. This research was cooperatively
funded by the USDA Forest Service, Stone
Container Corp., Bowmer Limes Assoc.,
Canadian Pacific Forest Products,

Columbus McKinnon Ltd., Heavy
Machines Inc., Miljevich Brothers
Logging, Peerless Chain Co., Peterson
Pacific Corp., Rud Chain Co., Treemill
Mfg. Inc., Trygg Chain Co., Turpeinen
Brothers Logging, and Wallingfords Inc.

METHODS

Several flail chains with different link
designs were obtained from cooperating
manufacturers (Table 1 and Figure 1).
These included an extra long link chain, a
long link chain, a mid link chain, a
standard link chain, a short link chain, a
round link chain, a studded chain (standard
link chain with a stud welded on
alternating sides of each of the six interior
links), a twisted link chain with a
90-degree twist in each link, a heavy oval
link chain, and a quick disconnect link.
All chain was made with 5/8" wire except
the oval link chain, which was made with
23/32" wire.

Two chain flail debarkers were obtained
from cooperating logging contractors: a
Peterson Pacific 4800C from Miljevich
Brothers Logging and a Manitowoc Series
II from Turpeinen Brothers Logging.

Each type of chain was mounted separately
on each machine and filmed with high
speed video equipment (a Kodak Ektapro
1000 B&W and a NAC 1000 Color
system) made available by Visual Data
Systems. Natural and artificial lighting
was used with acrylic shields to protect the
lights and camera. The insides of the
debarkers and the test chains were painted
with flat white paint to improve visibility
and contrast in the resulting video images.

- Both debarkers used in this project had

two rotors with six rods each that could



Table 1. Characteristics of chains observed with high speed video.

Chain type Inside pitch
(inches)
Extra long link 4.00
Long link 2.52
Mid link 1.86
Standard link 1.72
Short link 1.56
Round link 1.78
Studded link 1.72
Twisted link 2.50
Oval link 2.58

hold about twelve chains each. The
number of chains mounted during testing
was limited to six lines of about four
chains each to maximize the visibility of
key chains. The workpiece for most of
the video segments was an undebarked,
10" diameter hard maple log. The log was
fed and removed from the debarker by a
separate loader.. The feed rolls were held
open to maximize visibility into the
debarker when securing video.

The optimum camera angle for the
Manitowoc debarker was looking down
into the machine at the right side rotor
from above the infeed. The optimum
camera angle for the Peterson Pacific
Debarker was looking down at the bottom
rotor from the left side of the outfeed.

RESULTS AND CONCLUSIONS

The video segments obtained in these trials
were studied to observe variation in chain
dynamics as a function of chain and link
design factors (Figures 2 and 3). We
found that the main source of chain wear
and failure was the aggressive interaction
between adjacent chains; interaction with
the drum occurs, but appears less
significant. The chain motion most
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Links Chain length Chain weight
(number) (inches) (pounds)
4 16.8 3.79
6 15.5 4.15
8 15.8 4.87
8 15.0 4.60
9 154 4.80
7 15.0 5.01
8 15.0 -5.14
6 15.5 4.52
7 19.0 6.31

responsible for high impact interaction is
the whipping action of the last three links
as the chain attempts to catch up after
rebounding off the workpiece. This results
in a very aggressive snapping action as the
chain comes taut and causes forceful
collisions with adjacent chains. It also
results in much higher tip speeds than
those created by normal drum rotational

speed.

A frame-to-frame analysis of several
rebounding chains was done to estimate
the speed reached by the last three links
after rebounding. From this, we estimate
that tip speed during the whipping action
of the chain is at least twice the normal tip
speed of 85 feet per second (at 545 rpm)
on the Peterson Pacific debarker. Speeds
of this magnitude can create very high
forces on the links when they encounter
objects (such as adjacent chains, the rotor,
rocks, or wood). These forces are the
main causal agent in chain wear and
failure. )

A similar analysis could not be performed
on the Manitowoc debarker due to the
camera angle used. However, normal tip
speed on the Manitowoc is significantly
higher (110 feet per second at 635 rpm).
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Figure 1. Chain designs observed with high speed video.

Although it was difficult to see, whipping
action on the Manitowoc appeared less
aggressive (which may result from the
angular freedom of movement of the chain
at the rotor). It is likely that these factors
combine to produce very similar maximum
tip speeds in both debarkers. This
conclusion is supported by the similar
chain wear rates observed on these
machines in the field.

Third Link Flattening

Flattening of the outer end of the third link
in from the free end is a common form of
chain wear in flail debarkers (Carte et al.
1990, Raymond and Franklin 1990). The
mechanism responsible for this appears to
be the whipping action of the last three
links coupled with the ability of the last
link to rotate freely. When the last link
encounters resistance, this energy is
transferred directly to the outer end of the
third link in. The last link does not
exhibit flattening because the impacts are
occurring at any point along the perimeter
(as it rotates freely on the second link).

Although the third link from the end
sustains the most concentrated wear, the
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chain rarely fails at this link; normal
failure is the loss of either the end link or
the last two links. The mechanism for this
action most likely lies in the whipping
action of the chain and the extreme forces
on the last two links that result from this
motion. Failure most likely occurs near
the end of the link because this is usually
the area of greatest wear (Raymond and
Fraoklin 1990). No links were lost during
the video tests, however, so this theory"
could not be substantiated by observation.

Space Within Link

The action of flail chain varies with the
amount of space inside the link in which
adjacent links can move. Loose link chain
has a lot of space available for links to
move freely. Tight link chain has very
little space available for links to move
relative to one another. These are relative
terms and should not be construed to have
strict physical meanings. Loose link chain
folds easily when it encounters the
workpiece, causing less aggressive
interaction. This action is probably more
effective for debarking, however, because
this type of chain does not bounce heavily
off the workpiece, tending to sweep the



Figure 2. Frame from the high speed video of the Peterson Pacific 4800C.

surface instead. Tight link chain exhibits
more aggressive interaction, but tends to
bounce more, causing less overall contact
with the workpiece. This erratic action
also causes faster chain wear.

Link Length

The action of flail chain also varies with
link length. As link length increases, the
tendency of the links to bounce
aggressively off the workpiece increases.
This aggravated action causes longer link
chain to wear more quickly than shorter
link chain. This effect is moderated by the
fact that longer link chain is also usually
loose link and will tend to fold up
somewhat. However, the force versus
strength relationship favors shorter link
chain in terms of overall wearability.
Therefore, we recommend the shortest link
chain possible while maintaining a
minimum 5/8" wire size.

As a result of these observations, Stone
Container Corp. has adjusted the inside

348

pitch of the chain they are purchasing from
1.78" to 1.65". This has reduced the
overall chain length from 15.38" to
14.92". This seemingly small change in
link length has increased chain life in use
by about 20% with no change in wire size
or composition. This is a dramatic
difference for such a simple design

change.

Link Mass

Link mass is a critical factor in
determining debarking effectiveness and
chain life. Too little mass causes
ineffective debarking and high chain
failure rates, while too much mass causes
excessive wood loss and high chain wear
rates. As link mass increases, the chain
action becomes more erratic due to greater
bounce causing high wear and failure. We
recommend a minimum wire size of 5/8"
and a maximum of about 11/16" for
normal delimbing/debarking. If the
material being processed has a lot of heavy
branches and foliage, this residue will



Figure 3. Frame from high speed video of the Manitowoc Series II.

serve to cushion the chain impacts. In this
situation, better results might be obtained
by using heavier chain (up to 3/4").

Link Shape

Round link chain is, by nature of the link
shape, a very loose link chain. This
causes the chain to fold up easily on itself,
resulting in ineffective debarking. This is
unfortunate because round links should
wear well (wear is spread more evenly
around the link) and be strong (Raymond
and Franklin 1990). The round link chain
we tested was 5/8" gauge, which may be
too small for this link shape. A heavier
gauge round link chain (3/4" or more) may
be more effective for debarking, as well as
being strong and durable.

The studded link chain that we tested was
created by welding studs on alternating
sides of the inner six links of standard
8-link flail chain. This chain design was
extremely aggressive and erratic, causing
high rates of wood loss and chain wear.
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Later testing also showed a high rate of
stud weld failure. This type of chain does
have good potential for removing limbs
and bark from difficult species at difficult
times of year (aspen in winter, for
example). Good results would likely hinge
on better stud fixation and the mixing of
individual studded chains in key locations
along the rotor with standard chain.

The twisted link chain we tested had a
90-degree twist (as opposed to a full 180
degrees or a figure eight). This chain
exhibited directional characteristics along
the axis of the chain. If twisted in one
direction, it would fold up easily. If
twisted in the other direction, it would not
fold at all and consequently would bounce
heavily. The combination of these actions
gives this chain design good potential as a
debarking chain. We recommend
shortening the link length and color coding
chain with right or left hand twist. Chain
could then be appropriately mounted on
the rotor to take advantage of the opposing
twists.



Figure 4. Quick disconnect links observed with high speed video.

Also observed in these trials was a quick
disconnect link shaped like a G (Figure 4).
This link was designed to allow for quick
replacement of chain by eliminating the
need to pull the rods (part of the rotor that
holds the chains). Short chain sections
remain on the rod while quick disconnect
links are used to quickly attach new 5- or
6-link chain sections. Several stop, start,
and debarking sessions were observed with
quick disconnect links in several different
orientations. The quick disconnect links
held securely in all orientations and trials.

Use for Failed Chain

A final observation we made in the high
speed video validates an important use for
failed chain (chain that has lost the last
two links). Prior testing has shown that
failed 6-link chain is no longer effective
for debarking. However, it can play an
important role in extending the life of
regular 8-link chain. The video clearly
showed that 6-link chain had a stabilizing
and shock-absorbing effect when placed
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adjacent to 8-link chain in the larger
pockets (holes in the rotor that provide
access to the rods) of the Peterson Pacific
debarker.

The longer 8-link chain bounced off the
workpiece as usual, but the 6-link chain
did not. The stability of the 6-link chain
served to cushion the motion of the 8-link
chain, holding it against the workpiece
longer. The result was improved
debarking effectiveness and increased
chain life. This effect has been verified in .
field trials. Pieces of 6-link chain should
be mounted on the outer side (side closest
to either end of the rotor) of the 8-link
pieces for maximum advantage. We do
not know whether the same effect would
occur with the Manitowoc debarker due to
its different rotor design.
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