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OUTLOOK FOR NEW HARVESTING TECHNOLOGY 
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ABSTRACT 

Because of increased emphasis on utilization o f  residues and 
smaller timber, rising energy and labor costs, and more severe 
environmental constraints pertaining to logging and road con- 
struction, the cr i ter ia  for harvesting systems in the future 
will require bo th  technological and institutional innovation. 

This paper analyzes harvesting per se as well as i t s  role in 
the total forest management picture. Models are presented 
for testing the sensitivity of total management cost and the 
harvesting components of cost t o  a1 ternative si  1 vicul tural , 
utilization, and other forest management objectives. These 
models are used to discern opportunities for new harvesting 
technology. 

KEYWORDS: logging systems, timber harvesting, forest manage- 
ment, cost modeling, new technology 

INTRODUCTION 

This paper analyzes some of the major factors that influence logging and total 
on-site forest management costs, and assesses the opportunities for future harvesting 
technologies in light of assumed forest management objectives and constraints. Our 
principal focus wi 11 be on the problems associated with mountainous terrain. 

While there may be alternatives to truck hauling as the final stage in timber 
harvesting, i t  seems unlikely that such alternatives will be used in the next few 
decades--at least  on a widespread basis. Therefore, our analysis assumes a continued 
need for roads and trucks. 



S im i l a r l y ,  wh i le  wood f i b e r  i n  any form may even tua l l y  be usable fo r  whatever 
products soc i e t y  needs, i t  seems l i k e l y  t h a t  l eav i ng  wood i n  i t s  l a r g e s t  na tu ra l  
s ta tes  w i l l  s t i l l  be p re fe rab le  f o r  t he  foreseeable fu tu re .  Therefore, our  ana lys is  
excludes cons iderat ion o f  ch ipp ing a t  the stump o r  s i m i l a r  breakdown o f  t rees  between 
stump and roadside. 

F i na l l y ,  wh i le  we acknowledge the economic advantages o f  ground sk idd ing w i t h  
t ractors--even i n  r e l a t i v e l y  steep t e r r a i n ,  we w i l l  pay l i t t l e  a t t e n t i o n  t o  such 
methods here. Th is  i s  no t  t o  deny the  widespread importance of such methods; ra ther ,  
we assume t h a t  environmental and safety cons iderat ions w i l l  preclude t h e i r  general 
a p p l i c a b i l i t y  i n  much of ou r  mountainous t e r r a i n .  

I n  short ,  we confine our  ana lys is  t o  the  mat te r  o f  stump-to-mi l l  t r anspo r t  and 
handl ing o f  t rees,  logs, and sens ib ly  l a r g e  pieces o r  aggregations of wood i n  moun- 
ta inous t e r r a i n ,  w i t h  f u l l  r ecogn i t i on  of the p o t e n t i a l s  f o r  roadside ch ipp ing of 
c e r t a i n  residues t o  f a c i l i t a t e  disposal  o r  subsequent t r anspo r t  by t rucks.  

ANALYSIS OF CURRENT TECHNOLOGY 

T r a d i t i o n a l l y ,  t imber harves t ing  has been t r ea ted  as a d i s t i n c t  a c t i v i t y ,  sepa- 
r a t e  f rom the  remainder o f  f o r e s t  management a c t i v i t i e s ,  i n  s p i t e  o f  i t s  recognized 
in f luence  on the  remainder o f  management. Wlth minor exceptions, management of v i r g i n  
forests  before e n t r y  f o r  harvest  has t r a d i t i o n a l l y  been l i m i t e d  t o  con t ro l  of f i r e ,  
insects ,  and disease. Then, based l a r g e l y  upon the  c a p a b i l i t i e s  and l i m i t a t i o n s  o f  
harvest ing technology, roads are loca ted  and const ructed t o  the  stands. A f t e r  har-  
ves t ing  i s  completed, s lash disposal ,  p lan t ing ,  and subsequent c u l t u r a l  t reatments are 
undertaken u n t i l  the stand i s  again ready f o r  harvest. The p o i n t  i s  t h a t  u n t i l  stands 
become ready f o r  i n i t i a l  harvest ent ry ,  management i s  l a r g e l y  passive. Moreover, the  
na tu re  of management a f t e r  harvest  i s  l a r g e l y  in f luenced  by the  roads t h a t  are b u i l t  
f o r  harvest ing;  and the l oca t i ons  and types o f  roads are in f luenced  l a r g e l y  by the  
types o f  harvest ing technology used. 

Through a combination o f  economic and p o l i t ? c a l  processes, road dens i t i e s  have 
been decreasing and yard ing  o r  sk idd ing distances have been increasing. Both road and 
harves t ing  costs  have been r i s i n g ,  bu t  the  r i s i n g  p r i ces  o f  wood products have gener- 
a l  l y  pe rmi t ted  a  con t inua t ion  o f  t r a d i  t i o n a l  ways o f  doing business. 

As the harvest ing i ndus t r y  has complied w i t h  pressures t o  increase yard ing  d i s -  
tances and avo id  undesirable environmental impacts, so have the  Forest  Service and 
o the r  f o r e s t  management agencies cont inued t o  push f o r  more r e s t r i c t i o n s  and more 
demanding and c o s t l y  road cons t ruc t ion  and harvest ing requirements. R i g h t l y  o r  
wrongly, i n  recen t  years there has been a s h i f t  toward us ing the harves t ing  process 
t o  accomplish a wider range of f o r e s t  management ob jec t i ves .  

Thus, even though we are concerned here w i t h  harvest ing technology, i t  i s  neces- 
sary t o  consider the t o t a l i t y  o f  f o r e s t  l and  management--with harvest ing as bu t  one 
component of the  t o t a l  management scheme--and t o  examine the e f f ec t s  of new harvest-  
i n g  requirements and technologies on t o t a l  management costs.  To do t h i s ,  we w i l l  
cons t ruc t  a  genera l ized model t o  po r t r ay  t o t a l  management costs  per  acre, i n c l u d i n g  
harvest ing costs.  



General Cost Model 

Consider a t r a c t  of fo res ted  land  t h a t  i s  t o  be roaded, harvested, and placed 
under a c t i v e  management. The p r i n c i p a l  cos t  components inc lude road design, construc- 
t i o n  and maintenance, inven to ry  and planning, harvest lng and subsequent post-harvest 
s lash  disposal, planting, and o ther  c u l t u r a l  treatments. It i s  assumed here t h a t  
costs  o f  su rve i l l ance  and con t ro l  o f  f i r e ,  insects,  and disease are unre la ted t o  the 
cha rac te r i s t i c s  o f  road systems. S imt la r l y ,  our model ignores the costs  incur red  by 
rec rea t i on i s t s ,  grazers, and o ther  f o r e s t  users. 

ROAD COSTS 

Appendix A shows how per acre road costs (RC). are d e r j  ved. I n  general, these 
costs  can be expressed 

where RC i s  i n  d o l l a r s  per acre: C, i s  the cost  fo r  design, cons t ruc t ion  and mainte- 
nance o f  roads expressed i n  d o l l a r s  per  m i le ;  5 i s  t h e  average maximum yard ing d i s -  
tance o r  span expressed i n  feet; and K, i s  a c o e f f i c i e n t  r e f l e c t i n g  the acres served 

by the roads and over which road cost;-are d i s t r i bu ted .  KR i s  expressed i n  u n i t s  o f  
ft. -mi l e  per acre. 

F igure 1 i l l u s t r a t e s  the general form o f  e r%c re  road costs (RC)  as a func t ion  
of average maximum yard ing  distance o r  span (S I . 

RC 
($1 ACRE) 

S 

F i g u r e  I.--General road case (Rc) versus span ( S )  relationship. 



LABOR INTENSIVE COSTS 

Appendix A conta ins a d iscuss ion of the  types of pre- and post-harvest a c t i v i t i e s  
or t reatments t h a t  are considered here in  t o  be l abo r  in tens ive ,  and fo r  which the 
cos ts  are a f f ec ted  by ya rd ing  d is tance o r  road spacing. The cumulat ive per acre costs  
(LIC) f o r  such a c t i v i t i e s  o r  t reatments are der ived i n  appendix A, and are shown t o  be 

where Ci i s  the  d a i l y  cos t  f o r  the  ith system; Pi i s  the basic product io? r a t e  f o r  the  

ith system i n  acres per hour; and T, i s  the ava i l ab l e  number o f  hours i n  the  workday 

f o r  the  ith system, exc lus ive  o f  v e h c l e  t r a v e l  t o  and from the  woods. S i s  as 
defined prev ious ly ,  and Ki i s  a c o e f f i c i e n t  r e f l e c t i n g  walk ing speed between the road- 

s ide  and work s i t e ,  l eng th  o f  workday, and type o f  ya rd ing  system. 

F igure 2 i l l u s t r a t e s  the general form o f  per acre l a b o r  i n t ens i ve  costs (LIC) as 
a f unc t i on  of average maximum yard ing  distance o r  span ( 5 ) .  

Figure 2 .--Generalized relationship between labor intensive 
(LXC) and span (S) . 

LOGGING COSTS 

I t  i s  convenient t o  consider logg ing  as three separate operat ions:  (1) f a l l i n g  
( i n c l u d i n g  in-woods processing) ; (2)  yard ing;  and (3)  haul ing.  Sometimes roadside 
processing, hand1 ing,  and decking o r  load ing  accompany the  yard ing  operat ion,  i n  which 
case the  d e f i n i t i o n  o f  the  ya rd ing  system would be broadened t o  inc lude  a n c i l l a r y  



I labor and machinery. A t  other times, roadside processing, sorting and loading might 
accompany the hauling operation, in which case the definition of the hauling system 
woul d be broadened accordingly. 

Appendix A shows the derivation of expresstons for per acre fall ing costs (FC)  , 
yarding costs (YC) and hauling costs [HC). Respectively, these expressions are 

and 

where Cf and C are the daily costs for the falllng and yarding systems, respectively; - Y 
V and V, are the per acre volumes to be extracted of merchantable timber and residues, 
rerpect?vely; Tf and T are the available hours in the work day for the falling and 

Y 
yarding systems, respectively; Pf 1s the falling system production rate, in units of 
volume per hour; Kf i s  a coefficient reflecting walklng speed between madride and 
work s i te ,  length of workday, and type of yarding system; b i s  the average spacing 
between yarding corridors, in feet;  v i s  the average volume per yarding cycle, ex- 
pressed i n  units compatible with V and V,; Ch i s  the hauling system cost per u n i t  - -  .. 
volume (where volume i s  expressed in units compatible w i t h  and V,; Ro and R1 are 
coefficients reflecting yarding system rigging time; Y o ,  Y, , Y2 and Y3 are coeffi- 
cients reflecting yarding cycle time; n i s  the average-number of pfeces (or piece 
equivalents) per yarding cycle; and S i s  as previously deflned. 

Figure 3 i l lustrates  the general form of FC, YC and HC as well as total logging 
cost ( L C )  versus S, where 

LC = FC + YC s HC. (6) 

Note that there i s  an optimum span a t  which total logging cost i s  minimized, and 
beyond which per acre costs rise approximately a t  the rate a t  which per acre yarding 
costs increase. 



COST 
( $ 1  ACRE 

Figure 3.--General r e l a t i o n s h i p  between logging c o s t s  and span (S), 
where total logging c o s t  (LC) i s  the sum of f a l l i n g  cost (PC), 
yarding cost (YC) and hauling cost (HC) . 

AGGREGATION OF COSTS 

Assuming the period o f  consideration j s  sufficiently short that only one harvest- 
ing entry needs to be considered, and ignoring the time spread of investments during 
this period, then the total investment per acre (C) may be estimated as 



Use o f  equation 7 requ i res  numerous assumptions relative t o  the  stand and t e r r a i n  
condit ions, the harvest ing system t o  be used, and the  nature o f  pre-and post-harvest 
a c t i v i t i e s .  Our purpose here i s  t o  show how such a model can be used and t o  analyze 
the  general e f fects  of se lected changes i n  condi t ions on per  acre management cost.  

F i r s t ,  we assume t h a t  management cons t ra in ts  do n o t  preclude operat ion of the  
yard ing  systems a t  o ther  than optimal c n r r l d o r  spacing. To determine t h i s  optimum, we 
d i f f e r e n t i a t e  equation 7 w i t h  respect t o  b and equate the r e s u l t i n g  expression t o  zero 
t o  f i n d  

when we subs t i t u te  equat ion 8 f o r  b i n  equation 7, we ob ta in  

+ ch (Y' vR)  

Note t h a t  yard ing cost  i s  now 

+ '+ VR ( y o +  Y ~ S  + y3n 
v 



Effects o f  Road Spacing o r  Span 

Based on the  example i n  appendix B y  f i g u r e  4 i l l u s t r a t e s  the  re l a t i onsh ips  of 
road costs,  l a b o r  i n t ens i ve  costs, l ogg ing  costs, and t o t a l  managment costs  versus 
span. 

COST 
IN ACRE' 

Figure 4 .  --General form o f  total management cost (C) v e r s u s  span (S) , 
where total management c o s t  is the sum of road  c o s t  (RC), l a b o r  
i n t e n s i v e  cost (LIC) and l o g g i n g  cost (LC) . 

The major p o i n t  t o  be made here i s  t h a t  the optimum span w i t h  respect  t o  t o t a l  
management costs  i s  s i g n i f i c a n t l y  g rea te r  than the optimum span w i t h  respect  t o  log -  
g ing  costs  alone--near ly th ree- fo ld  i n  t h i s  example, c h i e f l y  because o f  the in f luence 
o f  road costs.  

A second p o i n t  t o  be made from fTgure 4 i s  t ha t ,  f o r  spans g rea te r  than the  
optimum, the  economic pena l t i e s  increase a t  approximately the  same r a t e  as logg ing  
costs;  as p rev ious ly  noted, logg ing  cos t  increases a re  c h i e f l y  due t o  ya rd ing  cos t  
increases. 

The foregoing ignores any cons t ra i n t s  on r igg ing ,  yarding, o r  road cons t ruc t ion  
imposed by t e r r a i n  o r  o the r  factors.  Indeed, as cable ya rd ing  d is tance i s  increased 
i n  mountainous t e r r a i n ,  mu1 t i - span  capabi l  i t y  o f t e n  becomes necessary; and, cor re-  
spondi ngly,  r i g g i n g  cos t  may r i s e  dramat ical  ly.  Obversely, as distances between 
roads increase, road costs  per  m i l e  may decrease i f  road l o ca t i ons  become l ess  c r i t i -  
ca l .  Consequently, we be l ieve  t h a t  equations 7 and 9 above a re  genera l l y  both reason- 
ab le  and use fu l  w i t h  respect t o  a broad range of road spacings, even i n  d i f f i c u l t  
t e r r a i n .  



E f f e c t s  o f  Increas ing Road Costs 

Per acre road costs  increase when per  m i l e  costs  (CR) increase o r  if the  c o e f f i -  

c i e n t  K, increases. F igure 5 i l l u s t r a t e s  the  e f f e c t s  o f  doubled per  m i l e  road costs  
AT 

on bo th  per  acre road costs  and t o t a l  management costs.  The same e f f ec t s  would occur 
i f  per m i l e  road costs  remained unchanged and the acreage a l l o c a t i o n  c o e f f i c i e n t  KA 

were t o  be halved. The i m p l i c a t i o n  o f  f i g u r e  5 i s  t h a t  as i n f l a t i o n  o r  environmental 
cons t ra i n t s  increase road costs, o r  as the  p ropor t ions  of accessed areas no t  managed 
or incapable of management increase, optimum yard ing  spans a1 so increase . Thi s 
imp1 i c a t i o n  alone makes inc reas ing  yard ing d is tance capabi 1 i t i e s  a  des i rab le  goal f o r  
f u t u r e  1  ogging techno1 ogy. 

COST 
($I ACRE 

F i g u r e  5 . - - E f f e c t  of d o u b l e d  road  cost o n  per a c r e  r o a d  cost (RC) and 
total management cost (C) versus span (S) . ( R C ~  and C1 r e p r e s e n t  
the per a c r e  road  and t o t a l  management cost o f  f i g u r e  4 ;  and RC2 
and C2 r e p r e s e n t  the per a c r e  r o a d  and total management cost i f  
per  m i l e  road c o s t s  a r e  doubled.) 

Effects o f  Reduced Cu t t i ng  I n t e n s i t y  

I f  environmental cons iderat ions produce a preference f o r  more se lec t i ve  l ogg ing  
and less c lea rcu t t i ng ,  the e f f e c t  would be t o  reduce the  ex t rac ted  volumes per acre. 
With V,representing the  merchantable volume per acre t o  be removed on f i r s t  e n t r y  
i n t o  a  stand, where 



(and V, as before, i s  the t o t a l  merchantable volume per  acre i n  the  stand), f i g u r e  6 
shows the  ef fect  of se lec t i ve  logg ing  on t o t a l  per  acre management cos t  and on cos t  
per  u n i t  o f  merchantable volume removed versus span, S. (F igure 6 i s  based on calcu- 
l a t i o n s  i n  appendix C, wherein K = 0.5.) 

Figure 6 . - - E f f e c t  o f  par t ia l - cu t t ing  on t o t a l  management c ~ t s  per a c r e  ( C )  
and per u n i t  volume (C/V) versus  span (S) . ( C  and C/v correspond t o  
f i g u r e  4 ;  C and C /V correspond t o  the example of appendix C.) 1 1  

Figure 6 shows t h a t  optimum spans are increased, based on t o t a l  management costs  
incur red  on f i r s t  en t r y  alone, and t h a t  economic pena l t ies  f o r  inc reas ing  spans beyond 
the optimum are reduced i n  comparison w i t h  removal o f  the e n t i r e  merchantable volume, 
V. O f  course, costs per u n i t  volume a l so  a re  increased, as shown i n  the bottom p a r t  
of f i g u r e  6. Therefore, we conclude t h a t  se lec t i ve  logg ing  increases the need fo r  o r  
the  d e s i r a b i l i t y  o f  extended yard ing spans and wider road spacings, a t  l e a s t  on the  
bas is  o f  i n i t i a l  en t r y  cons iderat ions alone. 

I f  the economic planning hor izon extends t o  l a t e r  en t r i es ,  however, then optimum 
spans would n o t  be appreciably d i f f e r e n t  from what they would be i f  a l l  the  merchant- 
ab le  volume were removed on f i r s t  e n t r y  ( f i g .  7 ) .  That i s ,  assuming the costs  
incur red  on second en t r y  are the  same as those incur red  on f i r s t  en t r y  (except f o r  
road costs) ,  the sum o f  f i r s t  and second e n t r y  per acre costs  (C, + C2)  versus span, 

S, w i l l  be o f  about the  same form as the C vs. S r e l a t i o n s h i p  shown i n  f igu re  4, 
al though higher.  Correspondingly, the t o t a l  cos t  per  u n i t  volume w i l l  a l so  be 
higher,  o r  
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Figure  7.--Cumulat ive  f i r s t  and second e n t r y  rnangement cost per  a c r e  
( (C 1 + 9) and per ugi t volume ( (C1 + C ) / V )  versus span ( S )  . 
(C, C/V, C and C /V are from f i g u r e  g; C2 and V2 a r e  the a d d i t i o n a l  
c o s t s  i n c u r r e d  and volumes removed p e r o a c r e ,  r e s p e c t i v e l y ,  d u r i n g  second 
e n t r y . )  

Thus, based on cons ider ing a l l  en t r ies ,  from i n i t i a l  se lec t i ve  removal t o  f i n a l  
harvest cu t t i ng ,  there would appear t o  be no need f o r  inc reas ing  yard ing  span capa- 
b i l  i t i e s ;  ra ther ,  the p r i n c i p a l  ob jec t i ve  f o r  new harvest ing technology would appear 
t o  be a combination o f  lower costs  and lower economic pena l t i es  f o r  yard ing beyond 
optimum spans. 

E f f ec t s  o f  Residues Removal 

One may consider two bas ic  c lasses o f  logg ing  residues: (1  ) those t h a t  a re  sim- 
i l a r  i n  character  t o  the merchantable logs ( i  .e., o f  comparable weight, length,  and 
diameter), and (2)  those t h a t  are small o r  i r r e g u l a r  (e.g., l imbs, tops, broken 
chunks, and small trees). The e f f e c t  on cos t  o f  removing residues of the  f i r s t  type 
i s  n o t  appreciably d i f f e r e n t  from t h a t  o f  increas ing per  acre volumes t o  be removed. 
The upper p a r t  o f  f i gu re  8 i l l u s t r a t e s  t h a t  t o t a l  per  acre management costs  are 
increased, and t h a t  optimum spans are decreased, as per  acre volumes of the f i r s t  
c lass  o f  residues t o  be removed increase. (Figure 8 i s  based on data generated i n  
appendix D, ) 
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Figure 8.--Effect of residue removal on per acre management cost (CT + h) 
and cost per unit of-merchantable volume (5 

+ VR 
/v) versus 

span (S)  . IC and C/V are from figure 4 .) 

The lower part of figure 8 shows the effects of residue removal on cost per unit 
of merchantable volume; as would be expected, costs per unit volume in this  situation 
are higher than for the case where V = 0. 

R 

I f  by removing the larger class of residues there would be no reduction in need 
for slash disposal or other labor intensive work (as was assumed in appendix D), then 
i t  would be of interest to determine what value these residues would need to possess 
I n  order to produce no economic penalty for their  removal. I f  PIR were t o  represent 

. . 

the equivalent net merchantable volume in the  residues, where 0 - < ~5 1 ,  then avoid- 
ing economic penalty would require that 

or that 

where Cv + vR 
i s  the total per acre management cost incurred when both  merchantable 

timber and residues are removed. ( C ,  as before, would represent the total per acre 
management cost incurred when only merchantable timber i s  removed. ) 



Figure 9 (again based on an example outlined in appendix D )  i l lustrates  the rela- 
tionship between Jand S,  and shows that the net merchantable volume (or equivalent 
thereof) must increase a s  yarding d i  stances or road spacings increase, 

Figure 9 .  --Minimum n e t  merchantab i l i t y  of r e s i d u e s  (P) versus  span (S) to 
avoid  economic p e n a l t y  for removal.  (P VR is that funct ion o f  gross r e s i d u e s  
volume, vR, that i s  equ iva len t  i n  value  to  the rnerchantabLe volume V . )  

Obviously, for residues o f  the second class ( i . e , ,  those containing no merchant- 
able volumes), there can be no economic justification f o r  removal except insofar as 
other on-site treatment costs can be reduced. 

INTERIM CONCLUSIONS 

I t  seems clear f rom the foregoing t h a t  i f  road costs continue to increase and 
selective logging i s  prescribed with greater frequency, then road spacings and yarding 
distance capabil i t i e s  will 1 ikewise be required to increase i f  economic penal t i e s  for 



opera t ing  below optimum spans are t o  be avoided. Correspondingly, the out look fo r  
g rea te r  u t i l i z a t i o n  o f  residues would be discouraging unless major reduct ions i n  
ya rd ing  cos t  can be achieved. 

As major goals f o r  f u t u r e  harvest ing technology, we see the  f o l l ow ing :  

( 1 )  Reduce t o t a l  per acre management cos t  by p rov i d i ng  the c a p a b i l i t y  t o  
ya rd  a t  o r  beyond optimum spans. 

( 2 )  Reduce economic pena l t i e s  associated w i t h  ya rd ing  distances o r  road 
spacings g rea te r  than the  optimum. 

We conclude t h a t  improved logg ing  systems would o f f e r  the  g rea tes t  oppo r t un i t i e s  
f o r  meeting these goals. I n  p a r t i c u l a r ,  ya rd ing  o r  stump-to-roadside operat ions 
would r equ i r e  the  most improvement. 

ANALYSIS OF PROSPECTS 

We w i  11 now examine some possi  b i l  i t i e s  f o r  improving the  stump-to-roadside 
t r anspo r t  s i t u a t i o n .  Our ana lys is  assumes t h a t  l i t t l e  can be done t o  a l t e r  o r  reduce 
the  cos t  o f  t imber f a l l i n g  i n  steep t e r r a i n ,  a t  l e a s t  i n  the  near fu tu re ,  and t h a t  
cu r ren t  l abo r  i n t ens i ve  f a l l i n g  methods w i l l  cont inue i n d e f i n i t e l y .  The major oppor- 
t u n i t i e s  f o r  reducing the d i f f i c u l t i e s  and costs  o f  f a l l i n g  appear t o  be i n  reducing 
o r  e l i m i n a t i n g  the need f o r  l imb ing  and bucking i n  the  woods through whole t r e e  
e x t r a c t i o n  and roadside processing, 

We w i l l  consider oppo r t un i t i e s  f o r  technolog ica l  i nnova t ion  i n  three areas: 

( 1 )  Ae r i a l  systems 

( 2 )  Cable ya rd ing  systems 

( 3 )  Combination ya rd ing  and forwarding systems 

Ae r i a l  Systems 

Three classes o f  a e r i a l  systems are analyzed i n  appendix E: (1 )  "small " he l i cop-  
t e r s ,  ( 2 )  " l a rge"  he1 i cop te rs ,  and ( 3 )  " g i an t "  a i r sh i ps .  Based on these anal ses, K f i g u r e  10 shows an apparent p o t e n t i a l  f o r  l a r g e r  capac i t y  he1 i cop te r s  o r  a i r s  i p s  t o  
achieve the  des i red goals o f  lower costs  and reduced economic pena l t i e s  f o r  opera t ing  
beyond optimum road spacings. However, as shown i n  the  bottom p o r t i o n  o f  the f i gu re ,  
t h i s  p o t e n t i a l  can on l y  be r e a l i z e d  when product ion r a tes  are i n  the  order  o f  25 
t o  50 times those o f  "convent ional"  technology. Unless we can so lve the  l o g i s t i c a l  
problems associated w i t h  fa1 1  i n g  and concent ra t ing loads o f  l ogs  o r  stems a t  r a t es  
s u f f i c i e n t  t o  match the  yard ing  product ion capac i t y  o f  l a r g e  a e r i a l  systems, i t  seems 
u n l i k e l y  t h a t  the p o t e n t i a l  cos t  savings shown i n  f i g u r e  10 w i l l  be r ea l i zed .  



F i g u r e  10.--Total p e r  a c r e  management costs (C) and d a i l y  p r o d u c t i o n  r a t e s  (P) 
v e r s u s  s p a n  (S) w i t h  three c l a s s e s  o f  a e r i a l  - s y s t e m s .  (C and P r e p r e s e n t  
s m a l l  h e l i c o p t e r s ,  C2 and P2 r e p r e s e n t  l a r g e  h e l i c o p t e r s ,  C3 and P3 
r e p r e s e n t  g i a n t  airships, and C is from figure 4 . )  

Cab1 e Yarding Systems 

With cable yarding systems, i t  would seem that opportunities for meeting our 
improvement objectives would be as follows: 

(1 ) Increase load capacity 

( 2 )  Increase speed 

(3 )  Reduce system cost 

Increasing load capacity implies increasing either cable tensions or deflections. 
Given the prospects for harvesting smaller timber in the future, the difficulties 
associated with anchoring to resis t  higher cable tensions must be carefully consid- 
ered. Increasing cable defl ections--either through use o f  intermediate supports or by 
extending spans to take advantage of mountainous topography would be more likely to be 
acceptable. 

Increasing the load capacity of yarding systems i s  likely to require some type 
of pre-bunching or load concentration in advance of or i n  conjunction with yarding, 
especially i f  selective logging of smaller timber i s  to be a common practice in the 
future. Simul taneously, pre-bunching should permit a reduction in yarding system 
labor requirements, assuming that pre-bunching i s  done in such fashion as t o  eliminate 
or reduce the need for pre-setting chokers. 

Finally, i t  may be reasonable to assume that carriage speeds could be increased 
without appreciable increases in yarding equipment costs. 



Appendix F conta ins an ana lys is  based on a se t  o f  assumptions regard ing a l l  th ree  
o f  t he  above improvement ob jec t i ves ,  and f i g u r e  11 i l l u s t r a t e s  the  r e s u l t s  of t h i s  
analys is .  As emphasized i n  appendix F, the assumptions used i n  developing f igu re  11 
are exceedingly opt imi  s t i c .  Nevertheless, the re  appear t o  be s i g n i f i c a n t  opportuni  - 
t i e s  f o r  improving both convent ional  cable ya rd ing  systems and the  procedures by which 
they a re  used, t o  reduce both t o t a l  management costs  and economic pena l t i e s  fo r  opera- 
t i o n  beyond optimum spans. 

C 
W ACRE 

Figure 11.--Potential effect of cable systems improvements on total management 
cost (C) versus span (S) . (Curve labeled "present systems" is from figuse 4.) 

Combination Yarding and Forwarding Systems 

From the foregoing analyses, we r e a l i z e  t h a t  when us ing r e l a t i v e l y  h igh road den- 
s i t i e s  ( o r  r e l a t i v e l y  shor t  ya rd ing  d is tances) ,  road costs  have a dominant in f luence  
on t o t a l  management costs  per acre. I n  con t ras t ,  a t  r e l a t i v e l y  low road dens i t i e s  ( o r  
r e l a t i v e l y  l ong  yard ing  distances)., road costs  per acre become r e l a t i v e l y  minor, wh i le  
ya rd ing  product ion costs  e x e r t  the dominating i n f l  uence on t o t a l  management cost .  

Th is  suggests t ha t ,  i f  we could  ( 1 )  prov ide r e l a t i v e l y  inexpensive access f o r  on- 
s i te-work- - inc lud ing t imber  f a l l  i n g  and yard ing  o f  stems and logs,  and ( 2 )  t r anspo r t  
inexpens ive ly  l a rge  loads o f  stems and logs  over r e l a t i v e l y  long  distances, we might 
r e a l  i z e  s i g n i f i c a n t  improvements both economical l y  and environmental 1  y. 

Recently, a t t e n t i o n  has focused on g i an t  a i r s h i p s  t o  f u l f i l l  the l a t t e r  ob jec t i ve ,  
bu t  l i t t l e  a t t e n t i o n  has been given t o  the  former objective.-.Moreover, the  s izes o f  
a i r s h i p s '  being proposed are such t h a t  t h e i r  economic f e a s i b i l i t y  depends on 1 arge 
q u a n t i t i e s  o f  ava i l ab l e  t imber--so 1  arge t h a t  coord ina t ion  among numerous logg ing  



operat ions or between logg ing operat ions and o ther  t r anspo r t a t i on  tasks may be neces- 
sary t o  j u s t i f y  operat ion.  There a re  both i n s t i t u t i o n a l  and na tu ra l  l i m i t s  on the  
sca le  o f  technology, and some proposed a i r s h i p s  may exceed these l i m i t s .  

What, then, might we env is ion  as an a l t e r n a t i v e  t o  a i r s h i p s  t h a t  would f u l f i l l  
our ob jec t i ve  of low cost ,  re1 a t i v e l y  long  distance "roadless" t r anspo r t  w i thou t  
commensurate i n s t i t u t i o n a l  problems and l a rge  energy requirements? 

The s i t u a t i o n  represented i n  f i g u r e  12, where a system of " t r a i l s "  spaced nomi- 
n a l l y  a t  10 percent o f  the  road spacing, presents a p o t e n t i a l  so lu t ion .  Appendix G 
analyzes the p o s s i b i l i t i e s  o f  t h i s  s i t u a t i o n ,  i n  which some y e t  undeveloped yarding, 
forward ing and personnel t r anspo r t  technologies are assumed, F igure 13 i l l u s t r a t e s  
the p o t e n t i a l  e f f ec t s  o f  such technologies on t o t a l  management cos t  i n  camparison w i t h  
present circumstances and w i t h  the  o p t i m i s t i c  cable ya rd ing  p o s s i b i l i t i e s  d i s c u s ~ e d  
prev ious ly .  

FORWARDING 
TRAILS 

F i g u r e  12.--layout of roads ,  f o r w a r d i n g  t r a i l s ,  and y a r d i n g  corridors 
for h y p o t h e t i c a l  new yarding-forwarding systems. 
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Figure  13.--Potential effects of t echno2ogica l  improvements on to ta l  
management cost (CJ versus span (S). (Curves labeled "present 
systemsf' and "improved cable yard ing  systems" are from f i g u r e  11.) 

SUMMARY AND CONCLUSIONS 

As economic and environmental cons t ra i n t s  become more severe, as t imber  s izes 
decl ine,  and as more of t he  t imber  supply i s  der ived from steep, d i f f i c u l t  t e r r a i n ,  
the  prospects grow b leaker  f o r  new harves t ing  technology t h a t  w i l l  s i g n i f i c a n t l y  
reduce the  costs  o f  l ogg ing  and t o t a l  f o r e s t  management. We can env is ion  concepts 
t h a t  would appear t o  reduce the economic pena l t i es  o f  f o r e s t  management in adverse 
circumstances, bu t  i t  i s  u n l i k e l y  t h a t  s i g n i f i c a n t  cos t  reduct ions w i l l  occur i n  t he  
fu tu re .  

Given the  g rea te r  oppo r t un i t i e s  f o r  1 ogging mechanization i n  gen t le  t e r r a i n ,  i t  
i s  v i r t u a l l y  c e r t a i n  t h a t  management of steep t e r r a i n  w i l l  always be economical ly d i s -  
advantageous. Nevertheless, t imber  i n  mountainous t e r r a i n  i s  a resource t h a t  presum- 
ab l y  w i l l  be needed. Therefore, the re  i s  s t rong j u s t i f i c a t i o n  f o r  seeking l e s s  c o s t l y  
a1 t e rna t i ves  f o r  e x t r a c t i n g  and rep lac ing  t h i s  resource. 

Recognizing the  r i s k s ,  obstacles,  and costs  inheren t  i n  the  development of r a d i -  
c a l l y  new technology, i t  seems prudent f i r s t  t o  seek improvements through "smal l "  
changes t n  e x i s t i n g  technology and procedures. Given t he  1 i ke l  i hood of i nc reas ing  



labor, energy, and road construction costs, greater restrictions on road location i n  
d iff icul t  terrain, and the 1 ikel ihood of more intense utilization and more partial or 
selective loggjng, the fol lowing approaches seem to offer moderate changes for cost 
reductions or improved operability: 

(1 ) Extension of cable yarding distance capabi 1 i t ies  

( 2 )  Increasing the transport speeds of cable yarding systems 

( 3 )  Pre-bunching on s i t e  in combination with falling operations 

Of course, increasing the load carrying capabi 1 i t i e s  o f  yarding systems a1 so 
would theoretically lower costs ; b u t  i t  must be recognized t h a t  increasing load capa- 
b i  1 i t i e s  creates greater anchoring problems and/or the need for intermediate sky1 i ne 
supports. Moreover, greater difficulties are encountered in assembling larger loads 
as timber sizes decline. . 

The prospects for aerial yarding systems, such as helicopters and airships, are 
theoretically good, b u t  the difficulties in providing sufficient timber t o  uti l ize 
their  capabilities must be recognized and dealt with. 

The prospects of a radically new, "trai  1 -basedu yarding and forwarding technology 
are appeal ing from bo th  economic and environmental standpoints, and such a technol ogy 
would seem almost as universally applicable as aerial systems. However, a gigantic 
effor t  would be required for development of such technology in a short period of time. 

Although we have n o t  dealt with the issue of in-woods processing, we suspect 
there are numerous opportunities for adoption or development of new handling, sorting, 
processing, and truck loading technologies. Indeed, there may be promi sing a1 terna- 
tives to conventional trucks for transporting wood, products from forest landings t o  
manufacturing f a d  1 i t i es .  

Finally, and perhaps most important, i t  must be recognized that minimizing log- 
ging costs may not--and probably will not--minimize total on-site forest management 
costs. In addition, depending on the transportation and harvesting technol ogies 
appl ied, the economic penal t i e s  for extending yarding distances beyond economic optima 
may be acceptable. Thus, while the economic justifications for modifying or develop- 
i n g  harvesting technologies may be weak, there may be strong environmental and pol i t i -  
cal reasons for doing so. 



APPENDIX A 

General Cost Model Derivations 

ROAD COSTS 

I f  the average distance between roads (road spacing) i s  K2 (where S i s  the average maximum yarding distance or span, i n  feet ,  and KS 

i s  a coe f f i c i en t  re f l ec t i ng  whether the yarding system can yard i n  one or both di rect ions t o  the road system), then the average t o t a l  
acwage accessed by each mi le o f  road w i l l  be 

c 
5280 (KsS) 

43560 = 0.121 (KsS) 

I f  only a f rac t i on  (say, KA) o f  the acwage accessed by the road system w i l l  be harvested o r  otherwise considered appropriate f o r  road 

cost  a l locat ion,  then the average acreage over which costs f o r  each m i l e  o f  road w i l l  be d is t r ibu ted i s  

Therefore, i f  road costs are CR do l la rs  per  mile, road costs per acre served (RC) w i  11 be 
1 

For example, i f  the yarding system can yard both u p h i l l  and downhill over average spans o f  S (feet), then Ks = 2 and average road 

spacing would be KSS = 2S ( fee t )  ; and i f  road costs were t o  be al located over the en t i r e t y  o f  the acreage accessed, then KA = 1. Ac- 
cording1 y, 

and 
C~ RC = 4.125 

m 
Al ternat ively,  f f the yardJng system could yard only i n  an uphl'll d i rec t ion  t o  the road, then KS = 1 ; and, i f  KA = 1, then = 8.25. 

But i f  only h a l f  the t o t a l  acreage accessed by a road system contains resources tha t  would j u s t i f y  the roads, then KA = 0.5; and i f  KS = 1, 
then KR = 16.5 ft-mi/acre. 



LABOR INTENSIVE COSTS 

There are many reconnaissance, inventory, and planning a c t i v i t i e s  tha t  occur before roads are constructed, invo'l ving both aer ia l  and 
on-site methods. These will be ignored i n  t h i s  der ivat ion and considered t o  be a pa r t  o f  general fo res t  management cost, s imi la r  t o  cost 
o f  f i r e  surveillance. However, once roads are i n  place, the costs f o r  on-the-ground cruising, timber marking, boundary surveying, slash 
disposal, p lant ing and other a c t i v i t i e s  before and a f te r  harvesting are af fected by road spacing. We recognize t h a t  the cost per acre for 
some o f  these ac t i v i t i es ,  such as u n i t  boundary surveying and marking o r  f i r e  l i n e  construction, are dependent upon the sizes and shapes o f  
the harvest un i ts .  Nevertheless, we w i l l  ignore re lat ionships between u n i t  perimeters and u n i t  areas i n  t h i s  development. Basical ly, we 
need consider only the production ra te  f o r  on-site a c t i v i t i e s  and the distance from s i t e  t o  road. 

In any workday, the hours spent by a worker i n  walking t o  and from the work s i t e  may be expressed as 

where KsS/2 i s  the average maximum djstance, i n  feet ,  from madside t o  the work s i t e ;  and Y, i s  the average walking speed, i n  fee t  per 

hour. I f  the t o t a l  available time i n  a workday I s  T hours (exc7usive o f  time spent i n  vehicle t rave l  a t  the beginning and end o f  the work- 
day) then the average net time avai lable f o r  work on s i t e  i s  

I f  the hourly production ra te  f o r  the i th labor intensive a c t i v i t y  i s  Pi, i n  acres/haur, then the acres t reated per workday w i l l  
be, on the average, 

and the cost per acre t reated w i l l  be 

where Ci i s  the d a i l y  cost for  'labor, equipment, t rave l ,  and administrat ion corresponding t o  the hourly production ra te  o f  P i ,  and Ti i s  

the avai lable working hours i n  the workday f o r  the ith system. 

Therefore, l e t t i n g  



the t o t a l  o f  a l l  labor Intensive costs w i l l  be 

where m i s  the t o t a l  rider o f  d iscrete pre-and post-harvest labor intensive a c t i v i t i e s  o r  treatments t o  be conducted, and LIC i s  expressed 
i n  do l l a r s  per acre so treated. 

As an exanple, suppose the ith a c t i v i t y  i s  lopping and scat ter ing of slash a f t e r  logging, and the ith system i s  a worker and chainsaw. 

Suppose Ci i s  $100 per day. P1 i s  0.1 acre per hour, and Tt i s  6 hours per wrkday. I f  Ks = 2 and Y,,, = 2500 f t / h r ,  then Ki = 6.67x10'~ft.-' 

and, i f  S = 1000 ft., then K f S  = 0.067. Accordingly, 

Note that Ci/PiTi = $166.67/acw i s  the basic cost f o r  IoppIng and scat ter ing i n  t h i s  example, whew no time i s  used walking f r o m  the 

roadside t o  the work s i t e .  
I 
-I - - 

W 
P 

LOGGING COSTS 

Logging comprises three major elemnts: (1 1 fal l ing,  1 imbing and bucking, (2) yarding or skidding, and (3) loading and hauling. 

I n  most circumstances, the f a l l i n g  system I s  a sawyer and chainsaw and, as such, can be t reated i n  a manner analogous t o  tha t  used f o r  
other labor fntensfve work. That l s ,  the sawyer must spend tlhe walking t o  and f r o m  h i s  work s i t e  each day--just as does a timber c ru iser  
or t ree  planter--and the amount o f  such time depends on the average distance between roads. During the remaining avai lable time, the 
sawyer w i l l  have an hourly production rate, sqy Pf, t ha t  i s  m s t  conveniently expressed i n  volume o r  number o f  stems o r  logs processed per 

hour. The cost f o r  a sawyer, say Cf, can be expressed i n  do l la rs  per day. 

I f  V represents the t o t a l  volume l o r  number o f  stems o r  logs) per acre t o  be processed by the sawyer, then the cost per acre f o r  
fa1 l ing ,  J imbing and bucking (FC] during any pa r t i cu la r  entry can be expressed as 

where Pf and V are expressed i n  c o v a t f b l e  units. Tf i s  the avai lable working hours i n  the workday and S, KS, and Yw are as previously 

defined. Le t t ing  



we can express f a l l i n g ,  l imbing and bucking costs as 

It should be noted that  Pf w i l l  depend on a large number o f  variables, inc luding stand character is t ics,  s i l v i c u l  tura'l prescr ipt ion,  

u t i l i z a t i o n  standards, and terra in.  

Skidding o r  yarding fa1 len timber i s  conducted by systems o f  workers and machines (or animals). Most o f  these systems require some 
time t o  set  up o r  prepare t o  move wood, the amount o f  which depends on the average transport distance (or  length of span, i n  the case of 
cable yarding systems). For example, ground skidding systems (e. g., horses o r  t rac tors )  require skid t r a i I  c lear ing  and landing prepara- 
t ions, and cable yarding systems must be moved f r o m  corr idor t o  corridor. Perhaps only hel icopters can be considered unique i n  t h i s  
respect; whatever t h e i r  necessary preparatory expenditures, they are general ly unrelated t o  the yarding transport distance. 

I f  the time, i n  minutes, spent i n  preparatory o r  r igg ing  a c t i v i t i e s  can be estimated as 

Ro + RIS 

and the area served by a single set  up (i.e. , skid t r a i l  o r  corr idor)  i s  

I 
(where b i s  the average distance between sk id  t r a i l s  o r  corridors, i n  feet), then the set-up o r  r igg ing  time, i n  hours/acre, for  skidding 

A o r  yarding i s  

Now, i f  the average skidding o r  yarding cycle time, 3n minutes, can k expressed as 

(where n i s  the average number of stems or logs extracted p e r  cycle and Yo, Y, , Y2 and Y are time coef f i c ien ts ) ,  then the operating time, 3 
i n  hours per acre, f o r  skidding o r  yarding w i l l  be 

where v i s  the average volume per cycle and VR represents the residues quant i ty  t o  be extracted per acre i n  excess o f  the quant i ty  pro- 

cessed by the sawyers (V), a l l  expressed i n  equivalent uni ts.  Therefow, the to ta l  yarding o r  skidding cost, i n  do l la rs  per acre, w i l l  be 

where C i s  the d a i l y  cost, i n  dol lars, f o r  the yarding o r  skidding system, and T i s  the available on-site hours per workday. Y Y 



. 
Finally, we may assume that loading and haul f ng costs re la te  only to  volume, so the cost per acre for these operations may be ex- 

pressed simply as 

HC = Ch (V + YR)  

where Ch i s  the loading and hauling cost per unl t volume, wi th the u n i t  volume being consistent wi th the un i t s  o f  V and VR. 

Effects o f  Road Spacing or Span 

To examine t h i s  matter, we rake the assumptions l i s t e d  tn table B-I. Note t h a t  KS = 2 (i.e., the yarding system can yard both u p h i l l  
and downhill t o  the road system). 

If S = 1000 feet ,  equation 8 yfe lds 
I 
--1 

d MBF 30 min. m i  n 43560 f t2 /acre  (0.3 =) (rnbbf~; + 0.09 T f ' )  
bopt = (0.0125 m idcyc le  - f t l  (10 MlF/acrel 

l o r  b = 79.2 ft.; 
I opt 

and equation 9 y i e l d s  

50 000 1 C = 4.125 (*) + 210 [dS] + 20 (10) [7T] ( Z  1 43560 (0.0125) (10) (& 0.03) 

0.3 

Table B - I 1  shows the t o t a l  management cost LC) and components thereof, the d a i l y  production ra te  {P), and the optimum spacing between ... 
corr idors versus yarding distance o r  span I S )  under the assumptions i n  table 8-1. Note t h a t  the d a i l y  production ra te  i s  determined from 



- Lf = $20/H bd. ft. 
PfTf 

Table €3-I.--Basic assumptions. 

= $20/M bd. f t .  

Ty = 8 hourslday 

- 
V = 70 M bd. ft./acre 

VR = 0 

V, = 2,500 f t / h r  

n = 3 pieces/cycle 

Ro = 30 min 

v = 0.3 M bd. ft./cycle 



Table B-11.--Costs and production rates vs. span, under the assumptions i n  table B-1. 

bopt RC LIC FC YC HC C P 

( f t )  ( f t )  ($/acre) {$/acre) ($/acre) ($/acre) ($/acre) ($/acre) (M bd. ' f t . /day) 

'Designates minlmum costs. 

1 APPENDIX C 

Effects o f  Reducing Cutt ing In tens i ty  

1 
--I 

W Continued controversy re la t i ve  t o  timber harvesting, and a tendency t o  increase the use o f  select ive o r  p a r t i a l  cut t ing,  tend t o  

9" reduce the volumes per acre. Thus, consider the effect o f  reducing Y from 10 b! bd. ft./acre t o  5 M bd. f t . /acre,  while re ta in ing  a l l  
remaining assumptions i n  table B - I .  The resu l t i ng  costs are shown i n  table C - I ,  and they show tha t  the optimum yarding distances w i th  
respect t o  both yarding cost alone and t o t a l  management cost are increased i n  comparison w i th  table B-11. Moreover, the economic penal t ies 
incurred i n  t o t a l  management cost by extending yarding distances beyond optimum are less severe as volume reroved per acre i s  decreased. 

Table C - I .  --Costs and production rates vs. span f o r  select ive logging example. 
(5, = t o t a l  f i r s t  entry mnagamnt cost)- 

bopt 
RC L I C  FC YC HC C1 P 

(ftl ( f t )  ($/acre) ($/acre) ($/acre] C$/acre) ($/acre) ($/acre] (Mbd.f t . /day 

lDesignates minimum costs. 



O f  course, when costs are expressed i n  terms o f  the merchantable volume removed, they becom higher as volume decreases, as shown i n  
Table C-11. 

Table C-11. --Comparison of costs pe r  u n i t  of-merchantable volume f o r  
complete (C/V) and pa r t i a l  (CT/V1  ) remva l  on f i r s t  entry. 

cA Cl /Vl 

S T = 10 M bd. f t . / acw  = 5 M bd. f t . /acre 
( f t )  ($/M bd. f t . )  V' ($/M bd. ft .) 

250 193.0 305.8 
500 151.7 221.5 

1,000 137.8 186.2 
2,000 145.4 184.0 
3,000 161.4 197.6 
4,000 179.6 215.5 
5,000 199.2 235.7 

l ~ a s e d  on appendix 6. 

If, on second entry, the remaining volume (T2) i s  removed, where 
- 
V2 = V -  TI = 10 - 5 = 5 M bd. ft./acre, 

I 
--I 

U 
rD 

then we may assume no road costs but t ha t  al l  remainfng costs are the same as i n  tab le  C - I .  Table C-I11 shows the t o t a l  of the second entry 
I management costs, C2, as well  as the combined t o t a l  o f  f i r s t  and second ent ry  costs (C1 + C2) and the corresponding combined cost per u n i t  

volume, or 

Table C-111.--Second entry costs and combined f i r s t  
and second ent ry  costs vs. span f o r  
select ive logging example. 

S c1 + c2 (C1 + cp)/T 

( f t )  ($/a,, I ($/acre] ($/n bd. f t . ]  



APPENDIX D 

Effects o f  Residues Removal 

Suppose (1) t ha t  wsjdues w i th  character is t ics s im i l a r  t o  merchantable timber (e.g., standinq o r  down dead t rees) a r e  t o  be re- 
moved, (2) t h a t  t h e i r  volume, V R ,  i s  equivalent t o  2.5 M bd. ft./acre, (3)  t ha t  the sawver's rates must be increased ( t o  compensate for  

f a l l i n g  o r  processing the residues) from $20 per M bd. ft. t o  $25 per M bd. ft., and (41 t ha t  a l l  e lse i n  tab le  B - I  remains unchanged. 
Accordingly, the t o t a l  management cost  per acre, C .  , yR, and the corresponding cost per mrchantable v o l ~  would be as shown i n  
t ab le  0-1. 

Table D-1 .--Total management cost per acre and 
per u n i t  o f  merchantable volume vs. 
span f o r  VR = 2.5 M bd. ft . /acre 

and Cf/PfTf = $25/# bd. ft. 

S c~ * v, 
( f t )  {$/acre) ($/M bd. ft. ) 

I f  removal o f  residues causes no reductfon I n  other s i t e  treatment costs (e.g., slash disposal) then, t o  avoid economic penalty, i t  i s  
necessary t ha t  the residues contain an equivalent net  merchantable volume ofJVR, where 

Table -3-11 shows the minimum values o f p n e e d e d  t o  enable removal of the residues i n  t h i s  example. 



Table 0-11.--Minimum values of p v s .  span f o r  residues removal 
example ( V  = 10 M bd, f t . / a c r e ,  V8 = 2.5 M b d .  f t . / a c r e )  

'From table 0-1. 
From Tab1 e B- I I .  

APPENDIX E 

Analysis o f  Aerial Yarding Systems Prospects 

We may assume t h a t  "r igging time" f o r  a e r i a l  systems i s  neg l ig ib le ,  and t h a t  there  i s  no TateraT yarding component in the  yarding 
cycle .  Accordingly, we may rewrite the expression f o r  t o t a l  per acre management c o s t  as  

Consider f i r s t  a "smatl" hel icopter  system. Assume i t s  cost, C,,, i s  $2,000 per  day; i t s  speed is  such t h a t  Y1 = 0.00025 min/cycle-ft. ;  

i t s  load carrying capabi l i ty  is such t h a t  v = 0.1 M bd. f t . / cyc le  an2 n = 1 piece/cycle;  t h a t  Yo = 2 min/cycle; and t h a t  a l l  e l s e  i s  as  

assumed i n  t a b l e  B-I. Table E-I shows the  r e s u l t i n g  cos t s  based on equation E-1, as well as  the corresponding d a i l y  production r a t e s .  
(Note t h a t  the  production ra tes  i n  t a b l e  €-I are comparable t o  those f o r  t h e  yarding system in t a b l e  6-11 . )  



Table E-I.--Costs and yarding production rates f o r  small hel icopter  system. 

LIC 
($/acre) 

C P 
($/acre 1 (M bd. ft./day) 

Next, consider a r e l a t i v e l y  "1 arge" he1 icopter  system, costing $20,000 per day, and having a load carrying capab i l i t y  equivalent t o  
v = 2 M bd. f t . / cyc le .  As f o r  the small hel icopter, we assume Y, = 0.00025 min/cycle-ft .  and Yo = 2 min/cycle. However, we assume also 

tha t  f a l l i n g  costs are doubled, owing t o  the need t o  gather or bunch stems o r  logs such t h a t  n = 1 "piece"/cycle. (We a r e  assuming here 
the existence o f  some unspecified technology tha t  m u l d  permit a sawyer or team o f  sawyers to  maneuver logs o r  stems over short distances 
on steep slopes such tha t  small p i l es  o r  bunches equivalent t o  the Relf copter's load capab i l i t y  would result.) Table E - I 1  shows the costs 

I and production rates f o r  t h i s  system. 
A 

P 

I 
rU 

I Table E-11. --Costs and yarding production rates f o r  large he1 icopter  system. 

S RC L I C  FC YC HC C P 
(ft) ($/acre) ($/acre) ($/acre) ($/acre1 ($/acre I ($/acre I. (H bd. f t . /day) 

Final ly ,  we assume the poss ib i l i t y  o f  using some new, large capacity a i rsh ip  costing $20,000 per day and having a load capacity o f  
v = 10 H bd. f t . /cycle and a cruis ing speed equivalent t o  Y1 = 0.0005 min./cycle-ft. We w i l l  fu r ther  assume tha t  i t s  acceleration and 

deceleration rates, and i t s  load re t r ieva l  rates, are such tha t  Yo = 4 minlcycle and Y 3  = 1 minlcycle-piece; and again t ha t  n = 1 "piece"/ 

cycle and tha t  f a l l i n g  costs are doubled t o  account f o r  load concentration i n  the woods. Table E-I11 shows the estimated costs and pro- 
duction rates f o r  t h i s  system. 



Table E-111. --Costs and production rates f o r  hypothetical a i rship.  

S RC LIC FC YC HC C P 
( f t l  ($/acre) ($/acre) ($/acre l ($/acre 1 ($/acre) ($/acre) (M bd. ft./day) 

APPENDIX F 

Analysis of Cab1 e Yarding System Prospects 

Consider the opt imis t ic  prospect that ,  by pw-bunching i n  advance o f  yarding, the average load capacity c o d d  be doubled. Consf der 
further t ha t  carriage speed could be doubled and that, because o f  pre-bunching, the system cost could be reduced-by 25 ercent as a w- 

merely double t h e i r  production costs. 
R s u l t  o f  labor savings. F ina l ly ,  assume tha t  pre-bunching could be accomplished by sawyers through some unspeclfled tec nology tha t  would 

I n  accordance w i th  our optimism, l e t  v = 0.6 M bd. ft.)cycle; Y1 = 0.00125 min/cycle-ft; C Y = $750/day; Cf/PfTf = 840/M bd. ft. ; 

n = 2 "pieces"/cycle; and assume that a l l  remaining values are as i n  table B - I .  The resu l ts  are shown i n  table F- I ,  based on equations 
8 and 9 i n  the text .  

Table F-I. --Costs and production rates vs. span f o r  optimf s t i c  im~vovements i n  cable yarding technology. 



APPENDIX G 

Combinatjon Yarding and Forwarding Systems 

Consider the p o s s i b i l i t y  t ha t  t r a i l  -based harvesting technologies could be devised such tha t  yarding systems capable o f  spanning 
7,000 fee t  could be maneuvered on t r a i l s ,  and tha t  forwarding systems could move logs on these t r a i l s  t o  t ruck roads. Obviously, per- 
sonnel could a1 so be read? ly transported on the t r a i  1 s. 

Let  the average distance between t ruck roads be represented by ZS, and assume tha t  the average distance between t r a i l s  would be 
0.2s. I f  CT represented the t o t a l  cost per mi le f o r  t r a i l s ,  and if KA = 1, then the average cost per acre served by the t r a i l s  would be 

Obviously, the cost per acre served by the t ruck roads would s t i T l  be 

C~ RC =.4.125 . 
Now, based on our p r i o r  analysis, the cost per acre f o r  labor intensive work, inc luding f a l l i n g ,  would be mu l t i p l i ed  by a fac tor  o f  

I 
4 P -T&  1 , 
P 
I 

because the walking distance would have been reduced by a fac tor  o f  10. Simi lar ly ,  the model f o r  yarding cost  would be modified; thus, 

Our forwarding system would cost CF do l la rs  per day, and i t s  average t rave l  df stance would be S / 2 .  Accordingly, the hours spent per 
acre f o r  forwarding would be 

where vf i s  the volume carr ied per forwarding cycle; YfO i s  the average f i xed  amount o f  time, i n  minutes, spent i n  each cycle (such as f o r  

maintenance, decking of logs a t  the t ruck roads, etc. ); Yfl i s  the t rave l  time coef f i c ien t  i n  min/cyc'ie-ft. ; Y f g  i s  the minutes per piece 

f o r  loading and unloading the forwarder; and nf i s  the number o f  pieces transported per cycle. 

Accordingly, i f  loading o f  trucks and truck hauling costs remained the same as a t  present, 

o rC, (V+VR)  , 
then our t o t a l  cost per acre would become 



The optimum spacing between yarding corridors would now be 

so tha t  when equation 6-2 i s  substi tuted f o r  b i n  equation G-1, the to ta l  per acre management cost becomes 

Now, because we would be operating from t r a i l s ,  i t  i s  l i k e l y  that  forwarding rates would have t o  be compatible w i t h  yarding rates. 
Accordingly, before proceeding fur ther,  we should examine whether operation i n  t h i s  fashion would be technical ly  feasible. 

Compatibi l i ty o f  Forwarding and Yarding Systems 

Compatibi l i ty o f  the forwarding and yarding systems mans essent ia l l y  t ha t  the time spent per acre by each o f  the systems should be 
approximately equal, or t ha t  

From t h i s  we can obtain 



Because our yarding system i s  l i k e l y  t o  be of 1 ower power and lower load carry ing capab i l i t y  than conventional systems, n and v w i l l  
probably be less, and Yl w i l l  probably be greater than f o r  conventional systems. Nevertheless, t o  be conservative, we w i l l  assume these 

factors t o  be unchanged--that is ,  t ha t  n = 3 pieces/cycle, v = 0.3 M bd. f t . /cycle,  and Y1 = 0.0025 min/cycle-ft .  

We w i l l  assume further t ha t  YfO = Yo = 3 minjcycle, but t ha t  Yf3 = TO Y3 = 

cycle-piece). Retaining Y2 = 0.0125 min/cycle-ft, (V + V E )  = 10 M bd. ft./acre, 

TO pieces/M bd. ft.. we obtain the fol lowfng re lat ionship:  

1 min/piece ( reca l l  from table B - I  that  Y3 = 0.1 min/ 

R,, = 30 min, R1 = 0.03 min/ft ,  and assuming n = n/v = 
f /vf 

Dur worst condi t ion would occur when S i s  large and vf i s  small. Suppose, f o r  example, t ha t  S = 10,000 fee t  and vf = 2v = 0.6 M bd. ft. 

/cycle. Then Yfl would have t o  be less  than o r  equal t o  0.00065 min/cycle-ft ,  which i s  equivalent t o  an average forwarder speed o f  

I 5 0.00065 = 1538 ft/min, o r  about 17 miles per hour. If vf = 4v = 1.2 M bd. f t . /cycle, and S = 10,000 feet, the average forwarder speed 
would only need t o  be about 7 miles per hour. 

I n  short, i t  would appear technical ly  feasib le to  maintain forwarder production equivalent t o  yarder production over r e l a t i v e l y  long 
distances. Of course, the forwarder would probably be under-uti l  'rzed a t  shorter distances, but  f o r  simp1 i c i t y  and conservatism, we w i l l  
a s s m  the forwarding costs would be lumped wi th yarding costs. Accordingly, we m y  rewr i te equation 6-3 as fol lows: 

f r  . - 

-1 

Assuming C, + CF = $1,00O/day, t ha t  CT = 0.1 CR = $5,00O/mi, and that  a l l  other values remain the same as i n  table 0-1, we obtain the 

resu l t s  l i s t e d  i n  table GI. 

Table 6-I.--Costs and productfon rates vs. S f o r  combined yardfng and forwarding system. 

b a d  Yard L 
Spacing bopt RC TC L I C  FC forward HC C P 

( f t )  ( f t )  (ft) ($/acre 1 ($/acre) ($/acre) ($/acre] ($/acre) ($/acre ) ($/acre) (M bd. ft./day) 

2,000 1,000 185.7 206.3 206.3 211.1 201 .O 569.0 200 1,593.7 18 
4,000 2,000 137.2 103.1 103.1 212.1 202.0 502.0 1,322.3 

1,202.1 
20 

8,000 4,000 104.8 51.6 51.6 214.3 204.1 480.5 200 21 
12,000 6,000 91.5 34.4 34.4 21 6.5 206.2 492.1 200 1,183.61 20 
16,000 8,000 84.0 25.8 25.8 21 8.8 208.3 513.9 200 1,192.6 19 
20,000 10,000 79.2 20.6 20.6 221.1 210.5 540.3 200 1,213.1 18 

'Designates optimum. 




