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ABSTRACT

Shovel logging has become apopular logging systemin
thewestern United States dueto itshigh productivity. Its
low ground pressure and single pass, often on a matt of
limbs result in little ground disturbance. Despite thisin-
creasing popularity, there have been few operational stud-
ies of shovel logging. This paper describes the optimal
road spacing problem for shovel logging using a serpen-
tine pattern on gentle terrain. A mathematical model for
shovel logging is presented for two cases (1) to minimize
the sum of shovel yarding costs plus road costs from the
landowner’s point of view and(2) to maximize profitsfrom
the point of view of alogging contractor. For the operat-
ing conditions assumed, the optimal shovel yarding dis-
tanceisfour swingswhen shovel yarding plusroads costs
are minimized and three swings when logging contractor
profit is maximized. For the example data, the model re-
sults demonstrate the flexibility of shovel logging in that
there is little difference between total road construction
plus skidding cost from the optimal number of swingsto
asmany assix swings. Sensitivity analysiswas performed
on road cost and volume per ha and support the stability
of the solution with the minimum logging cost occurring
at four swingswith just asmall differencefor asmany as
six swings over arange of road construction and volume
removals.

Keywords Harvest planning, log transportation, har-

vesting costs.

INTRODUCTION

As the story goes, shovel logging originated on a log
landing in western Washington in the 1970’ swhen aloader
operator on a broken-down logging side decided to take
thetrack-mounted hydraulic excavator loader off theland-
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ing and forward nearby logsto the landing by sequentially
picking logs up with the grappl e-equi pped heelboom, ro-
tating the boom 180 degrees and laying the logs down
again (Figure 1). Althoughinitially dubiousto many, pro-
duction was high, up to fivetruck loads per machine hour
[4]. The method rapidly spread throughout the western
USfrom CdliforniatoAlaskaand later to the US Southeast
and Northeast. The popularity of the method is that one
operator with one piece of equipment can do both the
yarding and loading. Hydraulic loaders used for shovel
logging usually are equipped with longer frames, wider
tracks, higher clearance undercarriages, and heavier track
drives. The wide tracks with low ground pressure and
one pass of the shovel, often walking on debris, limits soil
compaction. Floch (1988) reported that increases of soil
bulk density of lessthan 8 percent inthe shovel trailsina
shovel logging study on the Olympic National Forest in
western Washington (USA). Although shovel loggingis
usually donein clearcutting, it has been used in thinning
and selective harvesting [3] and [4].
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Figurel. A sketch of ashovel logging machine. Shovel
logging machines generally have longer, wider
tracks, higher clearance, and heavier track drives
than on-road log loaders.

Severa production studies have documented shovel
logging including those by [10], [4] and [1]. These studies
described shovel yarding operations and provided pro-
duction data but did not provide decision support models
that could be used to either minimize the sum of road and
logging costs or maximizethe profitsfrom shovel logging
operations. This paper presents an analytical framework
to evaluate the daily production and road spacing for
shovel logging operations.

THE ROAD SPACINGPROBLEM

The efficient combination of roads and landings is a
classic forest engineering problem with a rich history.
Matthews (1942) devel oped road spacing formulasfor both
continuous and discrete landings under the objective of
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minimizing the sum of road costs and skidding costs to
thelandowner. Sessions (1986) examined theramifications
of income tax rules on road spacing issues. Thompson
(1988) considered road spacing from the perspective of a
logging contractor wanting to maximize profits. Sessions
and Yeap (1989) examined s multaneousal ocation of equip-
ment and road spacing from a contractor’s point of view.
Recently, Stewart (2003) revisited theseidess.

Theclassic road spacing problem of Matthews assumes
that themarginal cost of skidding isconstant with respect
to distance and that road spacing is a continuous vari-
able. Starnes (1985) used Matthews' |east cost approach
to estimate the optimal shovel logging road spacing using
data from his production study at Yakutat, Alaska. Al-
though it may be possible to approximate the shovel log-
ging process using these assumptions, we believe more
insight can be developed by a process-based approach
that more closely reflectsthe elements of shovel logging.

SHOVEL LOGGINGPATTERN

Several shovel logging patterns are used, but al more
closely resemble continuous landings as opposed to dis-
crete landings. There are two common shovel logging
patterns. Thefirst isaserpentine pattern (Figure 2) where
the shovel begins at the back of the unit and works its
way forward accumul ating the wood in rows, or racks, and
moving the rows, or racks, forward. Sometimes an initial
passis made along the road to straighten the logs that will
ultimately form the base of the log deck [6]. The serpen-
tine pattern is most commonly used on flat terrain with
long logs. An aternative pattern, more often used in slop-
ing terrain (up to 40% slope) or with full treesisto travel
on trails perpendicular to the road (Figure 3.) This paper
analyzes the long-log, serpentine skidding pattern.

FORMULATION

We assume the objective for the planner isto either (1)
minimizethe sum of road plus shovel logging costsfor the
landowner or (2) maximizethe profit for the shovel logger.
We also assume the roads have not been constructed and
once constructed will be used for this single entry. Addi-
tionally, it is assumed the terrain is gentle with shovel
logging long logs to both sides of the road. From an op-
eration’s viewpoint, the assumptions are: one, that the
shovel must completeitsyarding pattern and return to the
road periodically to load trucks after completing its ser-
pentine pattern and two, it must deliver aminimum amount
of wood to roadside each day. Thiswill allow the shovel
to serve both functions of yarding and loading trucks.
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Figure2. Serpentine shovel logging pattern for swinging
long logs on gentle terrain. The operator often
starts at the lower right straightening up the
rack closest to the road, then proceeds to the
back of the unit, and works toward the front on
the unit in a serpentine pattern.
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Figure3. Vertical patternfor forwarding treelength or full
treesto road side and for operations on steeper
terrain. The shovel arrangestreesor logswhile
preparing atrail perpendicular to thetruck road
and then returns along the trail forwarding the
trees or logs to roadside.



The road spacing will be an integer of the swing dis-
tance of the shovel (Figure 4). Three shovel yarding ac-
tivities are recognized. First, the shovel passes aong the
spur road creating a bed for the future logs by indexing
thelog buttsin thefirst rack. Next, the shovel walkstothe
back-end of the unit to positionitself at thelast rack while
moving any logsin its way to the side. Then, the shovel
begins a serpentine walk back to the road. The problem
assume three walking speeds, v,, when moving aong the
road indexing the butts, v,, while walking to the back of
the unit, and v, while moving along the serpentine pat-
tern. While straightening logs in the first (roadside) rack
we assume a swing time per cycle, t , with each swing
processing volume b,
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Figure4. Forwarding pattern for two way shovel opera-
tion to the truck road. Straight lines indicate
path of shovel and arcs indicated swings by
shovel. Depending on the number of shovel
passes (n, even or odd) and one-way versus
two-way shovel logging to road side, the shovel
may have to backtrack down the road to start
the next harvest unit.

Additionally, the assumption is that the logs in other
racksare also not perfectly aligned so that logsthat origi-
nate in racks, other than the rack closest to the road, re-
quire aswing time per cycle, t,, moving avolumeb,. For
wood that has been moved more than once, the assump-
tionisthat each rehandling requiresaswing time, t,, mov-
ing avolume b,. Each time the logs are handled with the
exception of therack closest to the road they are moved a
distance, z, closer to the road and that each rack contains

the volume from the unit that iszwide.

If nisdefined to be the number of shovel passes paral -
lel to theroad and y is the length along road to be yarded
in one yarding period, then the total shovel time can be
divided into four components: (1) straightening logs in
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theroadsiderack, (2) moving logsfromtheir original rack
to the next rack, (3) forwarding logs that have been han-
dled onceto theroadsiderack, and (4) summing total walk-
ing timefor theloader.

If the volume per unit areais w, the time to move the
logs from rack i to the roadside rack equals moving logs
from the original rack i to the rack (i-1) plus rehandling
logs after they have been initially handled across the re-
maining (i-1) racks.

Summing up the time spent overall, the total shovel
time, shovel yarding cost, shovel yarding production, area
yarded per day, and volume yarded per day can be calcu-
lated asfollows:

Straightening logsin theroadsiderack asaresult of the
felling pattern:

T, =t,(yw2)/ b,

Moving logsfromtheir original rack to the next rack:
T,=nt (yw2/b,

Moving logs that have been handled once to the road-
siderack:
T,=05(n-1) nt, (yw2)/b,

Summing walking timefor the shovel:
T,=yv,+nzv,+n(y+2v,

Thetotal shovel timefor one side of theroad is:
TT=T +T,+ T, +T,

The total shovel cost for one side of theroad is:
C=¢T +cT,+cT,+c,T,

where ¢, is the cost per minute of element T.. The total
volume to be yarded to one side of theroad is:
W=(n+1) zyw

since there is one more rack than shovel pass required.
The production per minuteis:
p=WITT

The production per yarding periodisP =480 p assum-
ing an 8-hr yarding period

If the shovel isto return to theroad at the end of each
yarding period, then the areato be yarded each period is:

A=P/w= (n+l)zy
Therefore, thelength of the shovel logging rack, y = P/

(w(n+1) 2). If theshovel isrequired to produceat least K
tonnes per day, then a feasible solution must result in
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P>K. If the optimal road spacing resultsin P<K then the
distance between roads must be reduced to the point the
P>K.

If the objectiveisto minimizetheroad pluslogging cost
for the landowner, the optimal road spacing is 2(n+1) z
Therefore, the goal isto find the n that minimizesthetotal
cost of roads plus shovel logging each day where the

Total Cost of Roads + Shovel Logging per unit volume =
(Ry+2C)/(2W)

On the other hand if it were desirable to find the road
plus logging cost for a logging contractor being paid m
dollars per unit volume at roadsi de and who can purchase
roads at a cost of R dollars per unit length, the goal isto
find nthat maximizesthedaily profit wherethedaily profit
is

Daily Profit = Daily Revenue—Daily Shovel Cost —Road
Cost = mP-C - Ry/2

Since nisan integer, and the optimal number of shovel
passes is probably less than 10, summing the total costs
or profits starting with n = 1 and increasing n until one
reaches minimum cost or maximum profitisan easy way to
find the road spacing that reaches the appropriate objec-
tive. If the goal wasto have a minimum required produc-
tion rate that constrains us from reaching the cost or profit
goal, then iterations stop at that n.

Example

The example uses a machine with a swing length of
16.15 m on gentleterrain allowing for the serpentine pat-
ternto be used with two-way forwarding to roadside. The
volumeto beremoved is 375 tonnes/ha. Theinputs (Table
1) describethetypical Pacific Northwest, USA conditions.
The assumed objective is to determine the road spacing
for the cases that minimize the cost to the landowner and
maximize profit to the contractor.

Four scenarioswere analyzed in afactorial design; two
include the constraint that the shovel had to return to the
landing once per day. The other scenarios required the
shovel to return the road twice per day to load trucks.
Two scenarios used a travel speed of 0.7 kph and, the
other had a speed of 1.3 kph.

Theminimum cost per tonneand cost per hawerefound
when there were four swings (Figures 5 and 8), but the
maximum returnsto the contractor occurred with 3 swings
(Figures 9). For therange of operating conditionsin this
study the optimal solutionisinsensitiveto thetravel speed
and the required number of timesthe shovel will returnto

thetruck road to load trucks. Additionally, thereislittle
difference in the cost per tonne, and cost per ha for the
longer swings. Although the shovel costs have an initial
high cost for arranging the piles with a linear cost with
respect to yarding distance (Figure 6), the road cost per
tonne decreases nearly at the same rate. The result is that
the total logging cost per tonne remains relatively con-
stant after two or more swings.

Tablel. Inputsfor shovel logging — road spacing model

example.

Item Value
Shovel swing length (meters) 1615
\olume (tonnes per ha) 35
Effective hour (minutes) 0
Seconds per swing- 1% handling 0
Seconds per swing — 2™ handling 0
Tonnes moved per swing — 1% handling 1
Tonnes moved per swing — 2™ handling 2
Shovel cost per hour walking or swinging $125
Seconds per swing except at roadside 0
Seconds per swing at roadside 2
Price per tonnesfor wood delivered roadside  $4.00
Road cost per kilometer $6,211

Sensitivity analysis was performed on road construc-
tion costs and volume per hectare to determine theimpact
of these parameters on the solution. In both cases, the
optimal solution remainsthe samewith regard to the cost
per tonne being minimized at four swings. This demon-
strates the stability of the optimal policy to minimizethe
operating costs at four swings (Figures 10, 11 and 12) for
the range of conditions and assumptions described in
this study.

DISCUSSIONAND CONCLUDINGREMARKS

We have assumed walking time is independent of the
number of shovel passes, n. In reality, the total walking
distancevaries by afactor of y/2 depending if niseven or
odd. Thisis because the loader ends up at different ends
of the strip depending on whether n is even or odd and
has to walk back to begin the next strip.

For our example, thelack of sensitivity to the number of
times that the shovel needs to return to the road in order
to beresponsiveto trucking needs may allow thislogging
system to avoid a dedicated loader at the landing.

In our example, it was assumed the objective of the
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Figure5. Cost per tonne for shovel logging with 1 to 6 swings including truck road costs and shovel logging costs.
Costs do not include felling.
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Figure 6. Yarding cost per tonne for shovel logging with oneto six swings.
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Figure7. Road cost per tonne for shovel logging with road spacing varying from 1 to 6 shovel swings for two-way
shovel logging to the truck road.
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Figure8. Cost per hectare for shovel logging with 1 to 6 swings for shovel logging cost plus truck road construction
cost.
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Figure9. Contractor profits per day for shovel logging with one to six swings after payment for shovel logging and
road costs. Costs do not include felling.
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Figure10. Cost per tonne for shovel logging with one to six swings including truck road costs and shovel logging
costs. Costs do not include felling.
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Figure11. Cost per tonne for shovel logging with oneto six swingsincluding truck road costs and shovel logging costs.
Costs do not include felling.
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Figure 12. Total cost, forwarding cost and roading costs per tonne for shovel logging for the case where thereis 375
tonnes per hectare, travel speed of 1.3 kph and one return trip to the landing per day.




layout was to determine the road spacing and shovel log-
ging pattern that minimized cost to the landowner where
the landowner costs were road construction and shovel
logging cost. Thisroad spacing a so maximized landowner
profitsif the landowner faces afixed price for histimber
and maximizes profit by minimizing cost.

The same model was used to solvefor the road spacing
and shovel logging pattern for a contract logger who is
paid on a $/tonne basis, purchases road construction,
and wants to maximize contractor profits. If thelogger is
paid a fixed-price per tonne that corresponds to the cost
per tonne at the road spacing that minimizes the sum of
road construction and logging cost, thelogger profit maxi-
mizing strategy yields the same road spacing as the cost
minimizing strategy for the landowner and there is zero
“excess profit”. However, if the logger is paid a higher
cost per tonne than the cost per tonne that minimizes the
sum of road pluslogging cost, the logger will try to reduce
the road spacing and pay the additional road cost to get
his profit as quickly as possible before moving on. This
strategy has two important assumptions (1) the logger
has anext job to move to upon immediate completion of
thisjob under similar contract conditions or (2) his costs
significantly decrease between jobs (Sessions and Yeap
1989).

There are till a number of research questions to be
answered with regardsto shovel logging. Several involve
its interaction with felling methods. Under what condi-
tions is log-length shovel logging superior to full-tree
shovel logging? For whole tree yarding, what is the im-
pact of felling and organi zing thetreeswith feller-bunchers
asopposed to motor-manual felling methodswhere stems
are delimbed and topped in the woods? What is the cost
effectiveness of shovel logging as compared to cut-to-
length systems for clearcut harvests? Under what condi-
tions could shovel logging transport shorter logs to for-
warder trails be more effective than a dense system of
forwarder trails?
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