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Abstract:

The objective of this thesis is the formulation of a technique for the determination of the minimum cost
layout of logging work (skid) roads, A study of the factors affecting layout costs showed that the most
important factor in layout is spacing. The spacing factor was also found to be most important in the
layout for landings.

A total cost equation is set up which contains all the factors found to affect cost. The relationships
among these factors are derived to permit their combination. The form of the total cost equation
indicates that, by using the methods of calculus, an optimal spacing can be determined.

The calculus approach to optimization proved a successful technique for determining the optimal
layout and therefore the minimum cost of log removal. The results, however, are dependent on the
accuracy of the input data and the exactness of simplifing assumptions made in the derivations. Any
application of this technique would require knowledge of these factors.

The conclusion is that this technique of determining optimal layout is a feasible approach to the
problem of road and landing spacing. In addition, it is felt that it can be used to give a deeper
understanding of the various factors affecting log removal costs.
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ABSTRACT

The objective of this thesis is the formulation of
a technique for the determination of the minimum cost layout
of logging work (skid) roads. A study of the factors
affecting layout costs showed that the most important factor
in layout is spacing. The gpacing factor was also found
to be most important in the layout for landings.

A total cost equation is set up which contains all
the factors found to affect cost. The relationships among
these factors are derived to permit their combination. The
form of the total cost equation indicates that, by using the
methods of calculus, an optimal spacing can be determined.

The calculus approach to optimization proved a
successful technique for determining the optimal layout
and therefore the minimum cost of log removal. The results,
however, are dependent on the accuracy of the input data
and the exactness of simplifing assumptions made in the
derivations. Any. application of this technique would
require knowledge of these factors.

The conclusion is that this technique of determining
optimal layout is a feasible approach to the problem of
road and landing spacing. In addition, it is felt that it
can be used to give a deeper understanding of the various
factors affecting log removal costs. '




CHAPTER T

INTRODUCTION .

HISTORICAL BACKGROUND OF THE PROBLEM

The forest industry has always been an important segment
of our national economy. A studya/.by the U. 8. Forest
Service shows that'nearly five percent of our national
income 1is obtained from wood rélated iﬁdustriesa The
continuous use of this limited resource regulres that our .
forest resérves be used in a prudent and -economical maﬁner.

The managers of our forests have maintained a high and
steady level of production by using sclentific foiestry
methods. Thils type of management dicﬁ&tes the amount of
ﬁéod which can be removed annually. The 1ogéing 5§erators,
who actually remove the wood, are therefore limited in the
amount they can remove. Their problem is to move this
amount of wood from the forest to the mill at'miﬁimum cost,

i The process -of moving woeod from the forest to the mill
can be brokén down into several steps. The first is the
conversion of standing trees info logs. This basically
invelves falling the tree and cutting it into measured log
lengths.. The second étep is the moving of the logs from the:
fqrest'ﬁo the road ﬁhere they can 5e loaded for movement
to the mill. This step has two major parté; the constructim

of a system of work (skid) roads and landings toreceive the
>
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logs and the actual skidding of the logs to the road system.
The final step in getting the wood to the mill is the loading
of the logs on the truck or other means of transportation and
tﬁen hauling them to the mill where they are wnloaded.

For.most practical purposes, the degree of independence
amoung the above stebs makes it possible to minimize the
total post of Wood removal. by minimizing the cost of each
step. Work has been done on zach of the steps with the hope
of finding the most economicaliway to perform that function.
There has not,.however, been much innovation .in either the
methods or machinery used in performing the steps. Probably
the‘greatest amount of study has been concentrated_on,
skidding logs to the road. This concentration of effort
is due primarily to the fact that skidding . costs vary widely ..
because of variations in terrain and stand characteristics.
The cost of falling depends primarily oh the.hﬁmber of treés,
the cost of loading depends basically on the number of 1ogé,
and the cost of hauling depends mainly on the distances
hauled. Due to.these stable factors, these oosts'ére not as
variable as the cost of skidding?w

Research on skidding costs has been done by different
groups, but this author found that fhe most extensive work

has been .done by the U. S. Forest Service, Intermountain.

Forest and Range Experiment Station at Bozeman, Montana, in
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cooperation with the Industrial and Management Engineering
Department of Montana State University. This work,
consisting of several master's theses and subplementary
research work, has progressed to the stage where D. B.
Brownl/ has developed reliable Techniques for determining
ﬁhe e;feot of terrain and stand variables on the cost of
skidding. At this point in the research there is a need
for a method of determining hew these terrain and stand
variables affect the cost of the road system used in
skidding. With knowledge of hoﬁ skidding costs and road
costs are affected by the tefrain and stand variables, it
will be possible to determine which skidding method and
corresponding road network would provide removal of the logs
at a minimum cost. This componént of cost, for one of the
three steps involved in moving the-wood from where it stands
in the forest to the mill, is the primary concern of this
papér.

The research presented here was undertaken for the
purpose of formulating a model which would relate terrain
and stand variables to the total removal cost. By applying
optimization techniques to this model, the road.layout

required for minimum removal cost could then be found.

STATEMENT OF THE PROBLEM

To achieve the minimum cost of moving logs from -stump




Iy

to road, one must determine fThe best combination of
skidding method and road layout which results in the lowest
cost. The total cost involved can be broken into the cost
of skidding.and the cost of the road system. The cost of
skiddiﬁg can generally be reduced by shortening theAdistanoe
the logs must be moved. This would imply that the roads
should be very close together in order for a minimum cost to
be achieved. The road oost,'howeﬁer,‘increasesiés the
length of road increases. This implies that the roads should
be built farther apart, which would reduce the length
required and therefore the cost. It is easy To see that
these are two opposing costs and cannot therefore be
minimized at the same time.

Sinoe the two costs oppose each other, the nature of
their relationéhip to some common'%ariable muft be found if
‘the - total cost is to be minimized. Once these relationships
are\determined, a mathematicél optimization techniqué can
" possibly be uséd'to find the combination 6f the two costs
- which produces a minimum total cost. The pfoblem is then
to determine the total cost equation as a function of
skidding and road costs and to optimize it with fespect to
the common variable.. This would then allow one to determine

the best combination of skidding method and road layout for -

a glven logging area.




SUMMARY OF PAST WORK

Past research on this subject has been scattered and
mostly unrelated to the actuzl problem éet forth here. A
group of Japanese researchersvin the flelds of logging,
forest engineering, and forest management have,pﬁbliéhed
sevefal studies on forest road systems. A number cf these
studies desoribe work performed by a group headed by Dr.
Seihel Katoz/ s This group was cénoerned With the density
of roads within an entire forest area. The roads they
studled Wefe permanent access or primary roads, which makes
them different from skidding roads, since the lattgr are
built in a logging area for temporary use in the removal of
logs from the forest. In adaition, Kato!'s macro approach
dictated that he consider only oerfain classes of forests
and the general type of equipment best sﬁited for each
class. This approach does not lend itself to the problem of
determining the combination bf skidding method and road
layout thatlyields the minimum cost for a single logging area.

A Canadién'forest management researcher, L. J. Lussier,
has developed several simplied modelsi/ 6/ for dealing with
" the problem of finding the road and landing spacing which
give the minimum log removal costs. His method of

optimization is similar to the method used by the Japanese.

in thelr macro outlook{ As it turns out, the same method is
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used by this author in this work, which could be termed a
micro loék at log removal costs. The biggest drawback with
Lussier's work is that it does not consider enough of the
variables affecting cost. His work is more of a general
example showing hownto mihimize a total cost equation when
one already knows the variables and their relationships.
The work of D. B. Brownl/ was not directly related to
the study of optimal road layout. .It concerned the
determination of the effect of various variables on the cost
of skidding. This, however, has set the stage for the
development of a total cost equation which can be optimized
to obtain the minimum total removal cost and the optimal

road layout.




CHAPTER II

DEVELOPMENT OF A TOTAL COST EQUATION

INTRODUCTION

The development of a total cost equation requires the
identification_of all the costs involved and the variables
that affect these costs. After the various costs and
variables are determined, they must be combined in such a
way that the resulting equation represents the total cost
of the phenomenon under study. Once the equatidn is
established, it can then be optimized with respect to the
variable(s) of interest. In this study the desired result
i1s to obtain the minimum total cost of log removal as a

function of controllable system variables.

IDENTIFICATION OF COSTS AND COST FACTORS

Each of the phases of log removal coﬂsists of several
costs. To build the system of roads and 1andings one must

| 1. Move in construction equipment |

2. Plén and lay out the road and landing system

3. Construect roads |

L, Construct switchbacks

5. - Construct landings. -
Each of these activities incﬁrs a cost, aﬁa while they may-
.not all be required on a particular logging site, in general
all five of these functioné must be accomplished. The costs

of the last. three activities are similar since roads, switch-
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backs, and landings are normally constructed with the same
machinery. But, as will be shown later, it is better to
treat these three cosfs separately, in order to more
accurately describe the system.

For the process of skidding the logs to the road or
landing, the following functions are required:

1. Move in skidding equipment

2, Set up equipment for each section

3, Skid logs,

'The set-up operation is different from the move—in operation,
~in that it may have to bé repeated perilodicailly while
skidding the total area. The set-<up opération is required
for high-lead and jammer skidding, two of the most popular
methods of line skidding.

All costs associated with the various activies in road
building and skiddinglare functions of several variables.
Bach cost and the associated variables are listed below.
Values shown in parenthesés are used th:oughout this paper

to refer to the corresponding costs.

I. Cost to move in construction

equipment (C.) = function of

1
1, distance moved
2. type of equipment moved

3., moving method used.
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II. Cost té plan and = function of ‘
layout roads (CZ) 1. planuing and layout'ﬁethod
2, cost of men and materials
3, productivity of the men
L, length of road required
= function of
a. road spacing
b, total area,
"ITT. Cost. of road = functioﬁ of
~construction (03) 1. cost of equipmenﬁ (owning gnd
operating, including men) .
2, production rate of equipment
= function of
a. slope of sidehill
b. pércent rockfin excavation
3., amount of foad required
= function of
a, road spacing
b. road width
IV, Cost of switchback = function of.
construction (CM) 1. cost of equipment (owning and
operating, including men)
2 préduction rate'of equipment |

= function of
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2., slope of sidehill-

b. percent rock in excavation
swichback size = function of
a., radius of switchback

b, road width

ce. backslope of cut

number of switchbacks

= function of

a, road spacing

b. distance between switchbacks

Cost of landing = function of

construction (C5)

26

1. cost of equipment (owning and

operating, including men)
production rate of equipmeﬂt
= function of

a, sloperof gidehill

b. percent.rock in excavation

3, landing size = function of

a. timber volume / unit area
b..landing spacing '

c. road spacing

b, number of landings

= function of

a. landing size
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b, volume of timber per unit
| area,
VI. Cost to move in skidding
equipment (06) = function of
l. distance moved .
2. type of equipmenﬁ moved
3. moving method used.
VII, Cost to set up skidding
equipment (C7) = function of
l. skidding method
26 set—up‘time
3. number of set-ups
= funection of
a, road spaéing
b éistance:between set-ups.
VIII. Cost. of skidding = functlion of “
(085 - : . 1., cost of skidding equipment
‘ (owning and operating)
2., volume of timber / unit area
3. productivity Qf equipment
= function of
" a, slope of sidehilli
b. number of logs per cycle

c. size of the logs.
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. d. distance hauled to roads
The variables listed above are summarized in Table I on
page .13. This table shows the functional relationship
between each variable and the various costs. It assligns to
each variable a2 symbol which will be used to identify it
throughout the remainder of thig paper. Also, the units uvsed

for each variable are listed,

DEVELOPMENT OF A TOTAL COST EQUATION

The'total cost of moving the logs from the forest to the
road is equal to the summation of the component costs (I to
VIII) listed in the last section. To make the costs
cbmparable and the summation possible, all costs afe
converted.to the commbn units of dollars per cne thousénd
" board feet of wood removed. The symbol, &/MBF, will be used
to denote these units. o -

The -following discussion sets forth the logic used in
setting up-fhe equations for component costs. All equations
are represented by symbols'beginﬁiné with capital 1etfers.
.Other factors ére'represented by lower-case letters and are
defined as they are introduced.

In the developmentlbf the following cost equations,
the measure of timber volume per unit area is given the units

‘of thousand board feet per horizontal acre of land or MBF/

acre where acre is defined to be a measure of horizontal - .
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Table I: Relationship of System Variables to Costs

Symbdl Variable Description Units %}CgCﬁCJCJCéC%CB
A total logging area acres X}X [ X
B backslope of road cut decimal %l | lxix|x
Dc construction method cost |[§/hr i X{x x
Dm ||layout method cost - $/hr Ix |
Ds_|| skidding method cost $/nr B x

,“~E____ptpdugziyitchonsiruotionLQau;yd/hr ? XXX

__Fm ||productivity(layout) ft / hr x|
H1 excavation / landing vd/landirg ! i X
Hr |{excavation / ft of road yd/ft-rd | ix

i Hs excavation / switchback. yd/sw.bk X
Le landing length feet ' X
Lv |{|#logs / volume of timber |logs/MBF | x
Mx || maximum road grade decimal % “_j ix x|
Ne ||move~in cost(construction) |$/move X} |
Ns ||move-in cost (skidding) $/move _ x
Pc ||productivity coef (const) |none X |x|x
Pm || productivity coef (Layout) |none x| _
Ps ||productivity coef (skid) |none x|
Ra ||int switchback radius feet x|
Ro percént rock in excavation decimal % X ixlx
S |l slope of sidehill decimal % xixix X
Sp time / set-up (skidding): hr/Setfgp ,

.V timber volume/ horiz area |MBF/acre xlxlxix|xlxlxix
Ve |{volume/skidding bycle MBF /cycle | x
W road width- :feet  ' XX

- Wi _lllanding width . |feet

. X |road spacing feet xIxlx|x X

Y landing spacing lreet ! X x
Zb_lllevel road / switchback feet ! X.

Zs distance between set-ups lreet %
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area. This method of density measurement is used because in
ﬁraétice the total volume of timber for an area is divided
by the horizontal area covered by the timber. _Horiéontal
area is used because it is éasily obtained from maps. Actuai
area of the rolling térrain would be very difficult To
measure. This density is higher than would be the density
measured with respect to the actural surface area covered by
the treés. |

The timber density over horizontal area is used to
éstablish the unit of §$/MBF for the component costs. The
areas used in the development Qf thegse cogt equations'must
therefore be horizontal. quizontai areas are therefore used -
to dévelop the cost equatidns. .In this paper a2ll measure-
'menﬁs of road spacing and skidding distance are horizontal
distances., | -

The first cost involved is for.the move in of construc- .
tion>equipment. This cost, in. ferms of %/ﬁBF, would be egual
to the total move-in cost divided by the product.of the
fotal logging area in acres and the volume of timber.per
acres. It should be noted that the total move-in cost 1is
independent of &ariables at the logging site and is therefore

a constant. for a glven site. The,expression for cost to more

in constuction equipment is therefore

Cy = Ne/AV  ($/MBF) where
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Nc = total cost to move in comnstruction equipment ($)
A = total area to be logged (horizontal acres)

= volume of timber per horizontal acre (MBF/acre)

The cost to plaw and lay out a road system depends on
the cost and productivity of the method used as well as the
length of road. The length of road réquired to Temove one
MBF is developed as foilows. Given an arem y (ft) by X (ft)
Whereiy is the length of road aiong one side of the area,

as shown in the sketch,

1 fiy Road
1

X (ft)

b
T

|
Ly (ft) i

TTTRTTT

Road

the amount of road per unit area would be

¥ (£t of road) = 1 (ft of road) o
vX (sq ft) X (sq f£t)

Converted to length of road per acre this would be

1 (£t of rosd) _ 43560 (sa £t) _ 43560 (£t of road)-.
X (sq t) X 1. (acre) = X " (acre)

Now the volume of timber removed per foot of road is obtaineds -

43560 (£t of rosd) 1 (acre) 43560 (£t of road)

n

X  (acre)  * V (MBF) XV . (MBF)
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The expression for the cost to plan and lay out the roads

would then be

_Dm _ ($/nr) _ 43560 (£t of road) _ 43560Dm (§) _
C2 = PuFm (Tt/hr) * "XV (WBF) = PmFmvx (MBF) (2)

where Dm = cost per hour of layout method ($/ hr)

Pm

productivity coefficient for layout (no units)

Fm

productivity of layout method (ft/hr).

The cost of building the road, like laying it out,
depends- on the cost and productivity of the method‘used and

the amount of road required. The value, 43560 (ft of road),
VX (MBF)

ﬁas obtained earlier for the latter. The cost and
productivity of a particular construction method presént
somewhat of a problem, since the productivity of road
building equipment dépehds on a number of factors. The most
important factors are the slope of the sidehill, the percent-
" age of roek in the exca&ation; andAthe Widfh of the road.
These are the factoré that have been found by a past studyz/
to cause significant variation in the productivity of road

. building equipment. However, no one has developed relation-
éhiﬁs among these factors. Appendix I_presents the
development of a relatibnship among the above factors,

This de&elopmeﬁt uses graphical methods. Other methods,

such as regression analysis, could be used in developing
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these relationships, but sufficient data for this approach
was not available to the author. and its collection was not
a part of the plan for this work. |

At this point we denote equipment productivity by the
symbol, F, with wnits of (cu yd/hr) where F is a function of.
the slope and percent rock. Also, the variable, Hr (cu yd/
ft of road), is introduced and will be a function of the
road width and slopec The resulting expression for road

cost is then

_ De (%) Hr (cu yd) 43560 (ft of road)

?3 = PeF (cu yA)¥ 1 (Ft ofrd) ¥ "X V (MBF) - =
. De Hr 43560  ($)- - (3)
“PcFXV (MBF)

hburly'cost of construction method in dollars

where Dc

Pc = productivity coefficient of construction
equipment in dimensionless units
F = produétivity of -.construction equipment in

cu yd per hr .

The cost of constructing switchbacks is found in much
the same manner as for roads.. The productivity of the
construction equipment will again be denoted by F. Hs (cu

' yd / switchback), which denotes the excavation required for

each.switchbéckfﬁ will be written as a function of the
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sidehill slope, the road width, the backslope of the road,
and the radius of curvature of the switchback. In rcad
construction we developed an expression for the feet of
road required per MBF of timber; similarly, in switchback
construction we want an expression for the number of switch-
baoks.required per MBF. Such an expression is now developed

in terms of the system variables listed in Table I.

Let: h the difference in elevation between road levels

in feet

d = horizontal distance in feet separating switchback
and level section of road

g = horizontal distance in feet as shown on the sketch

slope of hillside in decimal %

(0))]
Il

Zb = length of level road in feet as shown on the

accompanying diagrams

Top View Views of a
Switchback Area
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\\\\\\\\ Front View Side View -

Road 7 : 7

|
2

) h

h -

|

A

Assuming the road climbs from one level to the other at a

constant rate, Mx, then

h=2Mxd (ft) and h =X 8 (ft)

therefore 28Meid = X S
g .= X 845 2 M
7
TR &2 = a2 - (302 = (x°s?/mx?) - (x5 /) =
= (X°/1) (8% /Mx?)-1)
g %
or g = (X/2)((8 /Mx~)=1)".

The area per switchback, assuming a constant value for Zb,
is as shown by the dashed lines in the followlng diagram and

may be expressed as

X(Zb+2g) = X(Zb+2((X/2) ((s%/Mx2)-1)7)) =

Area (horizontal)

X(Zb+X((82/Mx2)-1)%) (sq ft)
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\\\\\\\\>Horizontal Projection of Switchback Area

P

The number of switchbacks required per MBF is obtained as
follows

T (switchback) « 23560 (éq £6) o1 (acre)

X(Zb+X((82/Mx2)-1)%) (sq ft) 1 (acre) V (MBF)

_ 43560 b

: (switchbacks)
VX(Zb+X ( (8% /Mx2)-1) %) (MBF )

Now the cost equation for switchback construction can be

set up as

Cu - 43560 : (switchbacks) < Hs (vd)
VX(Zb+X( (S2/Mx2)-1)%) (MBF) 1 (switchback)

g De (8) , 1 (ur) _ 43560 Hs Do
Po (hr) F (yd) PcFVX(Zb+X((S5%/Mx2)-1)

- AR
2) (MBF)

The last cost component for construction of the road

network is the cost to build landings. The rate of




21
production of the construction equipment will once again be
represented by F. H1l (cu yd / landing) will be used to
represent the excavation required per landing as a function
of slope, road width, and landing size. The number of land-

ings per MBF 1is obtained as shown below.

Road

b A
Horizontal Projection ? l
k Y >

of Area per Landing ' ' i
| |

k ILanding ol Landing
k . 4 >

where Y = level distance in feet between landings.,

The area (a,b,c,d) is served by one landing if we assume that
skidding will be downhill to the nearest landing. The size
of this area is XY (sq ft). Therefore the landings per MBF

are

1_ (landing) . 43560 (sq ft) _ 1 (acre) _ 43560 (landings)
Xr ‘ilsg ££) . TL 2 (acre) = V (MBF) XYv (MBF)

and the cost of landings 1is

¢ - 43560 (landines) _ Do ($) _ HL (yd) . 1 (hx)
L (MBF) Pc (hr) 1 (landing) F (yd)
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_ 43560 Dc H1 (%)
PeFVXY (UBF)

(5)

The cost to move in the skidding equipment is found in
the same manner as the move~in cost for construction
equipment was found. Letting Ns () represent the total

cost to move in the equipment, we have

Nsg (8) . 1 (macre) . Ns  (§) . (6)
A (sore  V (MBF) AV  (MBF)

The cost per MBF to set up the skidding equipment is

found in the following manner.

S Zs 3
o o~
: Set-up f T Set-up
Horizontal Projection of | Location ; Location
i X
Area per Set-up | |
< Zs N
| . Road

Assuming that the logs are skidded to the nearest set-up
area, the area covered by one set-up is equal to X Zs (saqft).

The set-ups per MBF would be
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3. (set-up) 43560 (sq f%)

XZs (sq ft)_ * (acre)

acre) _ 43560 (set-ups)
MBF ) ZsXV  (MBF) -

1 (
x g (

and the cost of set-ups is

¢ = 43560 (set-ups) < Ds ($) « 8o _(hz)

7 gsxv (MBF) 1 (hr) 1 (seb-up)
_ 43360 Ds Sp°. (%) : ' )
Zs X V (MBF) - \

where Ds = hourly cost of skidding equipment in dollars

Sp time in hours to set up the skidding equlpment

Zs

distance in feet between set~up locations,

The final cost component~is.the one for skidding the
logs té the road or landing. The regression equation
developed by D. B. B?owp;/ is used to relate the productivity
of the skidding equipment to the system variables. This

equation is of the form

time per cycle in hr = él + az(slope in decimal %) + 33(1ogs

per cycle) + ah(one~way skidding distance in ft)(8) .

n

» and a, are regression coefficlents.

Wﬁerg al, az,_aB
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Using the symbols in Table I, it is

Vch+a4(d ) (9)

. 5 1 s = a.,+a
time per cycle in hour 1 3 average

2871-?,

where Ve = volume in MBF per skidding cycle
Lv = number of logs per MEF of timber
= average skidding distance in feet, sece

average
Appendix IITI for the development -of

expressions for this value..
The skidding cost equation is

, é ‘
¢ = Ds (%) x (al+a28+a

))} . (br) _ 1 (ycle)
8 F—

average

— 3 _
Ps (hr) 1 . (cycle) Vc,(MBEy

Vch+a4(d

$)

Ps Ve (MBF)

_ Ds(a1+a28+a3VoLv+a4(dave¥age)) (

(10)

where Ps = productivity coefficient for the skidding

‘equipment in unitless dimensions.

SUMMARY -
Expressions for thé eight component costs have now been

developed, as well as expressions for the average skidding
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diStanee in Appendix IITI and expressions for construction
costs in Appendix I. The expressions for component costs,
as developed throughout this chapter, are listed for easy
reference. All costs are in terms of &/MBF,

Move-in, construction: = Nc/AV

Q
o
|

Road planning & layout: C, 43560 Dm / PcFmXV

Road construction: 03 43560 DcHr / PcFVX

L3560 Dec Hs
PcFVX(Zb+X((SZ/MX2)~l)%)

Switchback construction: 04

Landing constructioﬁ: C5 = 43560 DcH1 / PcvXY
Move-in, skidding: Cg = Ns / AV

Set-up, skidding:. - Cn = 43560 DsSp / ZSVX
Skidding: ca = (Do/Pch)(ai+azs+a3vOLv+a4(daverage))

From Appendix I are obtained the following expressions;

They were developed from data found in a past studyz/ R
The cost per linear foot of road eonsﬁruction is

DeHr - (0.079+0.617Ro) (1~Ro/3)Po ($) . (11).
F (14/W) - 0.17 S8 . (£t of road)
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and W = road width in feet
Po = excavation in cu yd for each foot of road where

the road is 14 ft wide and the excavation has

zero percent rocl.
In terms of the system variables

Po = 7,4 S where 10 £ S = 0,54

or Po =14 + 13.8 (S~0.54) ﬁhere 0.5 < 8 .A

The cost of comnstructing one switchback is

’ ’ 1
Delis . (0.079+0.617Ro) ((Raz _(_SEDE——%Q [lro(1-Bo/3) |+
Fo (2B-23) \(14/&1)—0&?5‘)]

) _
+ %(?a—(éaz-(sw 2 *\[[ 2Po(1=Ro/3) R o
- - 2B-25)% (TE/W) ~0.178 +((7/l(3;§n123§1)/ gio 178\))‘

W [Po(1-Ro/3) . ' () _
' Switonbac (12)
3(;7/(W2+2RaW)%-o,1753) (switchback) o

where B = backslope of the cut in decimal %
Ra = interior radius of the curve in feet

and Po is ds defined above.

The cost of excavation per 1énding is
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DeH1 - Le(o.o79+o,617Bo)’éo(1~Ro/3§ -
F . (1L/(W+11))=0,178

w.. Po(1-Ro/3) & 13)
(iq/w)30,17%) TIéE%ZHgT (13

where Le = length of landing in feet
‘Wl = landings Width in feet

and ~ Po is as previously defined.

From Appendix III the following expressions for the

average skidding distance are obtained.

The average horizontal skidding distance for the case

without landings is

L
2

(re) . (14)

Saverage = ZRGK)+(2X2/3) ((82/10x)~1)
Zb + X((S2/1x2)-1)%

The average horizontal skidding distance for the case with

landings is

L ..
Gpmerage = (/3 £ OF + 1976 (xe) 1)

Combining the eight component costs, one obtains the.

'following total cost equation,
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Ct = Nc¢ + 43560 Dm + 43560 DcHr + 43560 Dec ‘Hs .
AV PnFPmvX PcPFVX PCFVX(Zb+X((SZ/MX2)—l)E)

+ 43560 DcH1 +.+_43560 Ds Sp + Ns

PcFVXY Zs V X AV
+ Ds(a1+a28+a3Vch+a4(daverage)) _1%) ‘ (16)

Ps Ve (MEF)

The appropriate expressions for Po and dyverage must be
placed in this equétion before it can be solved. The
expressions for DcHr/F, DcHs/F; and DcH1/F can also be
substituted into the total_cost equation. However they are
not because in the next chapter equation (16) is simplified
and the above three expressions would Jjust have to be
plabed back into the total cost equation again.

Equation (16) represents the average cost in dollars
to remove one thousand board feet of timﬁef from an area.
This cost reflects the skiading'énd construction methods
used, as well as the terrain and timber stand charactefistic&
The objective of the logger is to pick the cénstruotion
and skidding methods which give fhe'minimum'value'of total
cost, Ct’ for his logging site. As.previously stated, the
miriimum velue of Ct for angiven combinastion of methods

occurs at some unique value of road spacing or some-unique
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combination of wvalues for road and landing spacing. The
first step in finding the opﬁimum combination of méthods is
to find the layout or road spacing which yields the minimum
cost for each of the poséible combinations. When the
optimum spacings have béen determined for each.of these

combinations, the task then is to identify the combination

which gives the minimum.total cost.




CHAPTER IITI

OPTIMIZATION OF TOTAL COST EQUATTION

METHOD

The total cost equation contains many cdntrollable
variables‘but of these only road'and landing spacing appear
in both the numerator and denominator. Any variable with
a positiVe value which does not have this property carnot
cause the function to have a minimum point, except at a
boundafy condition. The above conclusion agrees with the
idea "stated earlier that as the spacing is increased, the
skidding cost increases and the construction cost.decreases.
This imblies that a spacing exists between the boundaries,
- Zero and infinity, where the totai cost is 2 minimum. This
agrees with the way spacing values appéar in the total cost
equation.- |

'The method of calculus as used to find maxinum and
minimum points of a continuous function is.found to be
appropriate for use here. The partial derivatives of the
two cases are therefore taken with réspeot to road spacing,
X, and landing spacing, Y. This allows the calculation of
the X and Y values which give the minimun toﬁal cost for a
given oombination‘of methodé and logging site.

The total cost equation has many values which are fixed
for a given logging .site, 'The& therefore act aé constants in.

the optimization proceés, They are combined into groups and
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set equal to a new variable., This makes the partial
derivatives simpler because they do not contain as mariy~

symbols. The new variables and their equivalents are

K = L3560 Dm / Pm Fn V

K2 = 43560 Dec / Pc F V

K3 = 43560 Ds Sp / Zs V

Ky, = (Ds / Ps Vo)(al +a, 8 + aq Ve Lv)
K5 = Ds g / Ps Ve

K, = ((s2/1x2)-1)%

Substituting these values into the total cost equation, we

have
c, = Ne +‘§E . KHr | K. Hs ‘+—KéHl L Vs K,
AV X X X(Zb+XKg) XY AV X
+ K@ * K5(daverage). °
SbLUTION

The partial'derivatives of the above eqﬁation are taken
for each of the cases, landings and no landings, This is

first done fof the case where:there are no landings or Where'

4= zn(x/2)4K,(252/3)
average _ _ ;
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and KzHl/XY = 0 , because there are no landings,

Therefore
aC, _ _ Ky _ KHr _ KyHs(Zb+2XKg) _ K3
a X 2 x? (ZbX+X2K6)2 x°
o (K0 (202 /2)+(4/3) (x2bKg) +(2/3) (Pxg2)) _
Zb2+(2ZbXK6)+(X2K2)

2 2 2 2
d“Cy _ . K, , 2KpHr | ZKZHS(Zb +3XK62b+3X Kg) .
a x° X’ x> (z1ox+x21<:6)3

2 .
L 2Ky (Zb KéKj/B)(Zb—r}f%) 2 0 |
x? (Zb?+ZZbK6X+I{%X )2 )

Equation 19 indicates the cost is a minimum rather

than_a maximum value. Therefore solving equation 18 for

(18)

(19)

the value of X gives the value of road spacing reQuired to

.obtain a minimum cost for the set of conditions used in this

‘solution of the total cost equationo_'The X value cannot be

solved for directly so iteration is used, This involves

picking a value of)(,soiving the eguation, and then checking

the sign of the answer. This.procédure.is repeated until

the sign of the answer changes., The change of sign means

the desired value of X is between the last two values tried.
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In this manner the interval containing the solution value

is obtained and by the choice of X values is closed down

to any degrée accuracy. The solution value of X is theréfore

said +to be approximated by the mid-point of this interval.
The situvation where landings are used is solved in the

same manner as above, only now there are two variables X

and Y. The equation is

AV X X X(Zb+XKg) XY AV X
2,2\ % :
A+ K ((X/3)+(XTHYT)7/6) . (20)

So the partial derivatives are

d Cp . _ Ky _ KpHr . K Hs(Zb+2XKg) _ K HL _ 52 +
— =5 : 7 2
d X X 'X2 (ZpX+X K6)2 ' XZY X
. iR E |
+ (Kg/3) + KX/6(X™+17)" = 0 - (21)
A0 L LKHL L K 4y (22)
_t ey
ay e B
2 H (z 213 22y
E_EE _ 4 2Kq , 2K Hr | 2K, Hs(Zb +3XKZb+3X Kg) |
4 x° 2 - X (be+x2K6)3
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2 .
v PERHL  2Kg  KYT 2 (23)
Wy % exP?)?
2 2 |
T 20, (24)
av? eI R

Equations 23 and 24 are sufficient conditions for
guaranteeing that the simultaneous solution of equations 21
and 22 for X and Y will yield a minimum cost. Generally
equations 21 and 22 are solved by using one equation tao find
one variable as a function of the other. This relationship
is then-substituted into the other equation which iS'solved
' by iteration as previously outlined; In this situation,?
however, the above procedure does not Work. The reason is
that one of the terms in the final-equation contains the
squafe root of a value which is negative.for certain ranges
of several variables, and. therefore has no meaning.

The two equations, 21 and 22, are solved by iteration as
follows. Set initial values fér X and Y and solve the two
equations. Next change one unknown, X, by a small increment
and recalculate the.equations' Prdceéd in this maﬁner until
the sign of one equation changes. Now increase the other
unknown; Y, by a small increment and set X back td its

initial value. KXeep repeating the above operation until a
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change in X of one increment causes both equations to change
sign. This results in an interval for each unknown which
contains the values required for minimum total oésto Just
as with the case of one unknown, these intervals can be

made as small as desired.

What this method does 1s shown by Figure 1 on page 36,
Setting the initial values of X and Y at Zero, the value of
X is increased by e and the point on the surfaoé‘given by
these values of X and Y is found; Thelslope“of the surface
in both the X and Y direction is checked in this interval:
to see if it changes sign. This is repeated until we'come
to the interval between X and X+e where. the slope of the
funection in the X direction changes sign. However, since
Y does nof change éign, we must increase Y by e and start
the process over with X set equal ‘to its.initial value. As
Figﬁre 1 shéws; when the area, Y to Y+e by X to X+e, 1is
reached the slope changes sign in both directions. .This
change in sign of the slope 1s the same as the change in
sigﬁ of thé partial derivatives in the mathematical
" solution. The minimum value of CtAis contained in tﬁis area,.
so one knows the values of X and Y within + e/2 that are
required for the'minimum cost solution. ‘

The solution of this problem by iteration is much oo

‘1ong to be attempted by hand calculation. One iteration




Surface of Functiony

Figure 1:

36

The minimum value of Ct is contained in the
shaded area on the surface. The values of Xand Y
which yield this minlmum are contained in their

respective intervals, X to X+e and Y to Y+ e.

Diagram of the Iterative Solution
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takes over an hour to complete using a slide rule. Therefore
the problem must be solved by a computer where the entire
solution is a matter of seconds. A computer flow diagram
for the.solution of this problem is given in Appendix II.
SUMMARY

The method used to optimize the total cost equation
has now beén presented. In sumﬁarizing the procedure, we
should recall the major steps. First, the system variables
were determined and combined into a total cost eguation.
Study of this equation indicated fhat the only variables
which are of interest are road and landing spacing.  This
indicated that the equation should be optimized with respect
to thege variables, X and Y. Usling the calculus method of
partial derivatives and iteration to sblve the resulting
partial equationé, it was possiblé“to find the road and
landing spacings which gave_th¢ minimum éotal cost of log
removal., | |

. Throughout this paper the road Spacing is used as a
measure of the horizontal distance between roads.. This
method of measurement is.used because it 1s easiest to
~ handle.».Applicatioﬁ of resulfs will be more realistic if
the spacing distance along the slope is known. The slope
distance is a function of the slope, S, and the horizontal

road spacing, X, and 1s obtained by the following expression,
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Q =X / cos (tan—1 3) (25)

where Q = road spacing in feet along the slope.

It is therefore very easy to convert the optimal road
spacing from the horizontal plane to a surface measurement
if desired.

It should be remembered that the results are based on
certain assumptions which aré used to approximate the
relationships between certain variables. A new solubtion
must beiworked out for each set of variables since a
chénge in any 6ne veriable will yield a different minimum
removal cost. Finally, one should keep in mind that the
solution technique is not practical Withouf the use of an

electronic computer.




CHAPTER IV
RESEARCH RESULTS

INTRODUCTION

The objective of this research was to find a method of
solution to the loggeris problem of determining the best
combination of construction and skidding methods for a
particular logging site. To determine the most economical
combination of methods one must first know the particular
road and landing spacing which give minimum cost for each
possible -combination. The problem therefore iz one of
finding the optimum spacings..

In the preceding chépters relationships among selected
system variables were develqped. _When'used with the
optimization technigque demonstrated in Chapter III, the
relationships ailow the ioggers to determine opﬁimum road
-and landing spacings for each combination of COnstruction.
and skiddiné methods. This can be done for any ldgging éréa,

The model presented in this‘paper, as with any |
mathematical model, gives output only as‘good as the input.
As mentioned earlier, the research presented in this paper
was undertaken to develop a mgthod of solution to fhe problem
of foad and landing layout. The research was not to |
‘détermine the exact values of the system variables or
equation coefficients. _with this in mihd, it'is possible to

proceed with a demqnstration of the type of results obtained
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from this method. This is done with a sample problem where
a value for each variable is randomly picked from its

possible range.

SAVMPLE PROBLEM
The following values are used for the terrain and
stand characteristics of a hypothetical area.. See Table 1T

for additional information on each variable.

Ro = 0.2 = percent rock in excavation in decimal %
S = 0.5 = sidehill slope in decimal %
V = 20 = timber volume density in MBF/acre

Zb = 2000 = level road in ft per switchback
Lv = 10 = size of logs. in logs per MBF
A = 100 = size in acres of total logging site

Ne = 400 cost in $ to move in construction eguipment

]

Ns = 400 = cost in $ to move in skidding equipment

Next it is arbitrarily decided that only a large crawler
tractor or'a mediuvm crawler tractof aré’to be uséd ts skid
the hypothetical areé. A large crawler tractor equipped with
a blade and ripper tooth is to be used.for construction.

The equipﬁent and layout for the area have the following

characteristics,
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Layout
Dm = 10 = cost of two-man crew in $/hr
Pm = 0,75 = coefficient of production of‘layout crew
Fm = 500 = productivity ofylayout crew in ft/hr
W = 14 = road width in ft for case without landings
W = 10 = road width in ft for case with landings
Ra = 30 = interior curve radius in ft
Mx = 0.1 = maximum road grade in decimal %

length of landing in ft

Le = 100

B =1= slope of cut in decimal %

Construction eguipment
Pc = 0.8 = productivity coefficient of equipment
De/F = 0,079 + 0,617 Ro = average cost of excavation

in $/cu yd, from Appendix I

Skidding equipment
Ds = 14 = cost in $/hr to operate medium crawler

Ds = 16 = cost in $/hr’ to operate large crawler

Ps = 0,75 = productivity coefficient for both methods -

Sp=0 time in hr to set up the equipmenﬁ

Zs = 0 = distance in ft between set-ups
Ve = 0.7 = volume in MBF per cycle of the medium crawler

Ve = 1 = volume in MBF per cycle of large crawler
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Regression coefficients for skidding equipment are

Medium crawler &g = 0.10518
2o =-0,00201
8y = O°01257-
‘aq = 0,00027

Large crawler 8y = 0.10736

= 0,001
a, 33
.. = 0,01502
&g .5
aL‘, = Oo OOOLI’B

these values were obtained from the work of D. B. Brown.

The preceding data values are used in a computer
program which was developed to solve the partial dérivative
equations on pages 32, 33, and 34. The progrem uses the
iterative solution technigque described on pages 35 and 36.
A flow diagram of this computer prbgram is‘given in Appeﬁdix
IT. The computer output for this sample éet 6f data 1s
presented in Table IT on the following page and is plotted
in Flgures 2 and 3 dn péges 44 and 45,

The solﬁtibn technique set forth-in this paper 1is
also used to meke a set of graphs. The graphs show how
removal cost and optimal spacing are affected by changes in
certain variables. These graphs enable the logger to-

determine values of spacing that are near the optimel value.

/"
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Table IT: Summary of Optimum Values for Each Combination

No Landings With Landings
Construction|sSkidding|Cost [Horiz rdjCost |Horiz rd|landing
Method Method ||$/MPF |space £t $/UBF |space ftl|space 1t
Craviler Crawler|~%° ' °
. Targe :
51 1 i
| Crewler 13,23 585 12.89 665 675_

The optimum value of spacing is obtained only if the values
of the pafticular logging siteIexaotly.match-those,values
used to obtain the graphs.

On the graphs of Figures 4 t§-8 on pages 46 to 50 are
éhpwn.the results of the sample problem's solution.for
various.oombinations of-sidehilljslope, percent rock in the
excavation, and volume of timber-per acre. These~resulté'
are obtained using the data listed on bages Lo, b1, and 42
and the computer program.reprgsented by the flow diagran iﬁ
Appendix IT.

From the form of the output obtained for. the sample
problem, one can see the possibility of developing handbooks
to help the logger determine optimal spaciné polioy.. This.'
booklet pould contain variousltypes of graphs and tables
that show the. effect of various ’variables on optimum>

spacing. Also, the handbook could contain.graphs that show

how sensitive the removal cost is to the spacing. Therefore
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Cost
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Decimal % of Optimum Horizontal Road Spacing
where. Optimum = 645 (ft) for medium crawler

Optimum = 585 (ft) for large crawler

Figure 2: Removal Cost as a Function of Percent of Optimum

Road Spacing
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Decimal % of Optimum Landing Spacing
Where Optimum = 725 (ft), medium crawler
\\' Optimum = 675 (ft), large crawler
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Removal
Cost
($/MBF)
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0 0.5 1.0 1.5 240

Decimal % of Optimum Horizontal Road Spacing

where Optimum = 735 (ft) for medium crawler

Optimum = 665 (ft) for large crawler

Figure 3: Removal Cost as a Function of the Percents of

Optimunn Road and Landing Spacings
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Construction: large crawler
Skidding: medium crawler
Cage: no landings

201 10 (solid lines)
20 (dashed lines)

Z rock

(shown on lines)
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% Slope

Figure 4: Removal Cost as a Function of Slope, Percent

Rock, and Volume of Timber per Acre
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Figure 5: Optimum Horizontal Road Spacing as a Function of

Slope, Percent Rock, and Timber Volume per Acre
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Construction: large crawler
] Skidding: medium crawler
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Removal Cost as a Function of Slope, Percent

Rock, and Volume of Timber per Acre

























































































































