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AN ANALYSIS OF THE SLACKPULLING FORCES
ENCOUNTERED IN MANUAL THINNING CARRIAGES

INTRODUCTION

The popularity of gravity-return skyline logging sys-
tems is now increasing in the Western United States.‘ Sim-
plicity seems to be the basis for.their Success. While tWo.
drum yarders are most commonly used, some systems, such as
the Wyssen, use only a single drum for yarding.

Carriages commonly used witﬁ these systems in partial
cuts often depend on manpower to pull slack. The carriages
eithef clamp to.thenékyline or latch to a stop on the sky-
line. The Koller and Wyssen carriages are examples of the
clamping type, while the Maki and Christy latch to a stop
on the skyline.

‘The feasibility of logging with these systems may de-
pend on whether or not the crew is able to pull line.to the
side to reach the turn of logs. Another consideration for
standing skylines, rigged above the reach of the rigging
crew, is the amount of weight that must be attached to the
hook for it to drop from the carriage.

Arquantification of the force required to pull the
mainline through the carriage may be useful in the design
of carriages that provide some auxilIEary means of pulling

slack.



LITERATURE REVIEW

The specific problem addressed in this paper has appar-
ently not been préviously covered in'the-literature.

Sessions and others (10) treated a closely related prob-
lem ﬁsing a éimulation'model. The simulation gave the
amount of siack generated in the mainline by'a carriage hit-
ting a fixed stop on.a skyline. The additional'slack was a
function of the kinetic energy in the éystem at the time of
impact.

As an outgrowth of the previous paper, Sessions identi-
fied the point where the work done by the mainline dragging
on the ground slows the carriage to a stop (1l). This
point is considered to'be the maximum reach for a gravity
outhaul logging'system.‘ |

The use of catenary equations for the solution of sky-
line logging problems has been covered extensively in-sev-
eral different publications of the Pacific Northwest Forest
and Range Experiment Station (2; 3; 4; 5; 6; 7). Particu-
larly valuable as a reference for this paper was Carsbn's

Analysis of the Single Cable Segment (4).

O'Brien (8) gives a general solution method for sus-
pended cable problems in three dimensions.
Wilson, Dykstra and Sessions (l14) applied a catenary

solution procedure to the problem of calibrating measure-

ments made with a steel tape.
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PROBLEM FORMULATION

Variables (Figure 1)

Acceleration.

Carriage height vertiéally'above the ground.
Horizontal distance from a point directly under the
carriage to the point where the mainline becomés tan-
gent to the ground.

Horizontal distance from the top of the headspar to
the upper point of tangency (X2, Y2).

Magnitude of desired maximum error in a particular
iteration process.

Magnitude of the friétion force at the point of
tangency.

Acceleration of gravity.

Height of the headspar.

Horizontal component of tension in the cable.
Horizontal distance from the top of the headsparg to
the carriage.

Horizontal distance over which ﬁhe cable is lying on
the ground. |

Mass. _
Coefficient of friction for the cable against the

ground.
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Figure 2. Tension at carriage
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versus kinetic) and the dynamic effects of ﬁhe line Sliding
past the equilibrium point (X1, Y1).

For the simple-case treated first in this paper, the
ground slope is assumed to be constant between the headspar
and the carriage. Further, the eable is assumed to hit the
ground at a point directly beneath ﬁhe-top of the headspar
(Figure 4). In terms of the defined variables this means
that T2 = 0, X2 = X3, and D2 = 0.

As a tangential problem, the distance, D2, which mini-
mized the tehsion at the carriage was found. 1In relative
terms, the minimum tension eid not differ significantly
from the simple case. This problem is discussed in Aopen-

dix A.

Solution Procedure

Three methods were developed for determining the re-
lationship between T@ and D1. These three procedures will
be referred to as the "arc sinh" method, the "tension

check" method, and the horizontal distance method.

Arc Sinh Formulation

Given- the catenary in Figure 5, which has the equation

Y = M cosh %, the following can be established:

D1 X1 - Xg

X1 Xg + D1
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The catenary

Figure 5.
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Y = M cosh %',
we differentiate with respect to X to obtain

ay
dXx

. X 1
M (sinh ﬁ) M

. X
sinh i
. dy X -
Since ax = tan 8, at the point of tangency

tan 6 = sinh %%

Taking the hyperbolic arc sine of both sides we obtain

%% = s_:'l.nh—1 (tan 9)
at the point (X1, Y1l).  Therefore %% will be a known con-
stant. Let
X1l _
w=rk 2]

By combining the equations [l1] and [2], we obtain an equa-

tion in two unknowns, D1 and M.

\ D1l 2M ‘
2M sinh M

Also,

AY = {Dl.tan 8) - C (4]

for a ground slope which is uniform. By substitution,



JINPUT C, L, W, P u

GUESS T@

-1, P_
K = sinh (100)

GUESS D1

AY=(D'L+1—06.)-C

T1

‘T@ + WAY

.o T1
M= W cosh K

—<T¢x (D1 tan8 - C) W -
> W(L_- D1)(u - tan®) 1 ¢

Figure 6. Flowchart for arc sinh method
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It follows that

Xg = X1 - D1

=lg

Y4 = M cosh [iS]

If the solution value of D1 was used in the previous pro-

cess, T@ can be calculated from the equation

Td W Yg

W M cosh %% ~ [1e]

The solution procedure entails a search for the value of Dl
which matches the calculated value of T@ with the given

value. This solution method is outlined in Figure 8.

Horizontal Distance. Formulation

A third solution procedure was contributed by Peters
(9). Thié method is somewhat similar to the tension check
method, but is superior in that only one iterative loop is
involved. |

Initially, a value of Dl is guessed and a value of Tl

is obtained via equations [11] and [12].
Tl = W(L - D1)(p - tan 9)

Since, by definition, M is equal to the horizontal tension

component divided by the line weight per unit length,
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_ HL
M=
= Tl cos 6
W

Then, from equation [14]

o
1
=
=
I

M sinh—l(tan 8)

Using the basic catenary equation,

Yl = M cosh %%
It then follows that

Yg = X1 - D1

Y@ = M cosh %%

We now have  everything needed to calculate a check value of

Dl.

(Y1 - Y9) + C

[} —-—
D1 tan ©

When the calculated values of D1 and D1' agree within the
specified tolerance, T@ can be calculated from the re-

lationship
™ =W YZ

This method is outlined in Figure 9.
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Iteration Methods

Becausé of the transcendental nature of the basic
equations, it was necessary to resort to itefative solution
techniqﬁes. Iteration schemes considered were the Newton-
'Raphson;.seéant, and the half-interval or binary search
method. | |

' Pfograms were written using both the arc~-sinh and thé
horizontal distance solution procedures. The discussion
immediately following applies to the arc sinh procedure.

With the Arclsinh algorithm, the éolution was doubly
difficult because it was necessary to iterate for both ten-
sion at the carriage, T¥, and the horizontal distance from
the carriage to the point of tangency, D1, that corresponded
to the chosen value of T@. Unfortunately, an improperly
chosen value of Tg could resﬁlt in total disaster for the
Dl iteration. In particular, values of Td which are too
low result in an equation for which no real roots exist.
This problem is illustrated in Figure 10.

In an attempt to use Newton's method (1:51), equation
[3] was differentiatéd...The derivatiye was very involved.
It appeared that it would take at least as long to evaluate
. the derivative once as to evaluate the original function
twice. For this reason, Newton's method was discarded in

favor of the secant method.
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The secant method (13:178) was adopted for the D1

iteration'loop. The method worked well as long as a feasi-

ble value of T@ was assumed. The secant method was also
tried on the outer 1loop, but the projection of infeasible
T@ values forced abandonment. For reasohs not entirely
clear, two points within the feasible region sometimes pro-
jected a third point that wasn't. This caused the inner
secant loop to overflow, underflow, or continue to iterate
indefinitely.

To alleviate the problems encountered wifh the secant
method in the outer loop, the haif—interval or binary
search method was employed. Given two points on either
side of the solution_value, the binary search method §icks
a third point halfway between the other two, then selects
the interval which contains the solution value and con-
tinues the procedure. This slow-but-sure method produced
favorable results when coupled with a check statement in the
inner loop. The check statement>served to increase the
value of the lower bound for T@ whenever problems were en- -
countered in the inner loop.

For the horizontal distance method, a single loop em-
ploying the secant method was used. As expected, this algo-
rithm proved to be the most efficient of the two. The
actual computation time required on the HP-9830 for a typi-
cal problem was less than half that required for the same

problem using the arc sinh algorithm.
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closest to the carriage, is treated to determine the solu-
tion values of D1 and T¢. This is accomplished by adding a
constant to the friction force equation.

For n slope intervals, the frictional constant force,

F8, is determined as follows:

F8 = J71 LiW(u - tan 8,)

1
where L; = Horizontal length of ith interval
Gi = Slope angle of'ith interval

This summation procedure for determining the friction
force assumes that the additional normal force produced by
a line bending around a convex ground éection is negligible.
This assumption will have the effect of making the estimated
slackpulling force less conservative.

From the basic equilibrium equétion
Tl = F
we now assemble thé expression
TL = (L - D1)(u - tan 8)W + F8

The equation is then balanced, aS'before{ by a trial and
error iteration procedure until the solution value of T¢

is obtained.
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values obtained were .43 for wet ground and .55 for dry
ground. Further details of the measurement are included in
the ‘appendix. Since it seemed more desirable to obtain the
sustained force necessary to pull slack, the coefficient of
kinetic friction was used-in making the graphs. The com-
puter programs contained in the appendix have provisions
for varying the friction coefficient. |

A crude estimate of the force a man is capable of
exerting in tension on a cable was obtained by attaching a
spring scale to.ah immovable object and testing the
strength of several individuals. A somewhat subjective
estimate of a "comfortable maximum” pull for one man is
60 pounds.

Using these crude estimates together with the graphs
generated by-the model, it ié possible to establish bounds
on feasible distances for hand pulling slack as a function

of‘crew size. This has been done in FPigures 12 and 13.

Sensitivity Analysis-

By holding certain variables constant and varying a
given variable, the effect of that variable could be
examined. Using the observed effects, carriage tension

under other conditions could be estimated.
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Friction Coefficient

The effect of changing the friction coefficient is
also linear. The method of adjustment is similar to. the

slope adjustment (see Figure 16).

uD - tan 0
TgD’= TﬂG(uG’— tan 9

)

Desired coefficient of friction

where »uD

g = Given coefficient of friction

Combined Adjustment

Because the carriage tension is proportional to the
difference between the friction coefficient and the tangent
of the slope angle, the two effects can be estimated using

a single equation:

U. = tan 9§

D D
g .= T8 _( — )
D | G uG tan SG

Carriage Height

Carriage height proved to be.the surprise variable.
From Figure 17 we see that with increasing carriage height,
the tension at the carriage decreases. and then increases
again. The functional variation over the range of common-

ly encountered values is so small, however, that the effect

of this variable can probably be assumed constant. When
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DISCUSSION AND SUGGESTIONS FOR FURTHER RESEARCH

The next logical step in the analysis process is the
verification of the model by fieid testing. Although in-
formal checks were made in the field to lessen the probabi-
lity of large error, no extensive examination has been made.
Because of the weight of the hook used on carriages of this
type, a direcﬁ measurement of cable tension islsometimes
difficult to obtain. An.alternative to a direct measure-
ment is the indirect approa;h of-measufing values of Dl.

The weight 6f the hook adds an additional force com-
ponent to the cable tension. The ;esultant of these two
vectors is the force that the rigging crew feels when
pulling slack té the side (Figure 18). 1In Figure 18-aﬁLook
weight of 40 pounds and a line tension of 20 pounds add to
give a resultant force of 54 pounds. The component of this
- force parallel to the ground slope is 46 pounds. In addi-
tion to this force, the person pulling slack will have té
move a component of his body weight parallel to the slope.
Total work done will be equal to the sum of these two com-
ponents times the distance moved along the slope.

| One means of lightening the ldad is to rig the skyline
higher. In this situation (Figure 18-b) the hook weight of
40 pounds and the cable tension of 20 pound; sum to a resul-

tant force of 32 pounds. The component of this force
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parallel to.the ground slope is 28 pounds, which seems con-
siderably better. Again, however, the slack puller must.
-also move his component 'of body weight parallel to the
slo?e. |

-In Figure 18-c, the case is similar to Figure 18-b,
except the pull is now being exerted downhill. Although
the size of the resultant is nearly the same as in Figure
18-b, the component parallel to the slope, though small,
is in the downhill direction. This means that £he choker
setter merely has to.hold the hook away from the grbﬁnd and
gravity does the rest of the work. If the cable tension
were much greater, the component of the resultant parallel
to the slope would be in the ughill.direcfion. If that
were the case,lthe body weight component could be used
effectively to balance the ténsion component.

For standing skylines using this type of system, there
must be enough weight on the hook to pull the line through
the carriage when it is above the ground out of reach. The
amounﬁ of weight required is given by the amount of tension
at the carriage Tg which'is necessary to pull slack.

Another step in the exploration of the lateral yarding
problem is to correlate the required line pull to prbducti-
vity. Using the information obtained, it would then be
possible to idéntify the economic as well as the physical
limits of this type of system. Since the lateral yarding

\
and hooking is characteristically a large part of the tctal

'



47

CONCLUSION

We have found that the tension required to pull slack
can be approximated by thé equation:
TG =T@g - W C

D1%wW
2C

where T¢ =

and Dl is found from the equation

"Dl = C‘Vh? + %? (0 - tan 8) + 2 =~ Cu

Using the model, tension characteristics of a proposed
flyer thinning setting can be evaluated prior to actual
operation. '

It is now apparent that the use of the gravity system
with a mandal slackpuiling carriage may be limitéd on
flatter terrain. For the successful use of these systems,
the logging planner should be aware of the limitation im-
posed by cable friction.

The value of the variable T@ will give the amount of
weight needed on the hook to force it to ‘drop to'the ground.
Further, T@ may be a useful parameter for the design of
_cafriages which provide mechanical means of pulling slack.r

Finally, the model provides a useful guide for the for-

mulation of_production models of flyer thinning systems.
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APPENDIX A: VARIATION IN HEADSPAR TENSION

In the early.stages of problem formulation, the hypo-
thesis was édvanced.that the slackpulling force at the car-
riage could be reduced by increasing the line tensioﬁ at
the headspar enough to raise some of the line off the
ground._ Raising the line would tend to alleviate the fric-
tion force, but would gradually increase the cable tension
at the.upper point of tangerncy.

This problem has been formulated as an optimization.
Referring to Figure‘Al, the problem is to find the value
of D2 which minimizes' the tension at the carriage.

To find the magnitude of the frictional force at any

distance D2, the following equation was used:
F=D2W (pn - tan 68)

This problem can be solved in the same manner as the
problem of -determining the distance D1 given a tension at
the carriage, T@. 1In this case, however, the pertinent
variables are tension at the top of the headspar, T3, and
horizontal distance to the point where the cable meets the
ground, D2. We start with an initially low value of head-
spar tension and increase it gradually until it is no
longer advantageous to do so. In short, we attempt to

maximize the function
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.)?§WDZ) = F(D2) - T2(D2) (A1}

Where T2 is found using an alogrithm similar to the one
discussed previously. The value of D2 which maximizes ([Al]
will tell where the catenary cable force is a minimum rela-
tive to the frictional force. . This geometry will minimize
siackpulling tension at the carriage._.

A program was written tb perform the described algo-
rithm. .Thé program was then run to determine the optimal
value of D2 for various hea§5parg-heights, slopes, and line
weighté. Optimal values of D2 were regressed against tower
height fof a given coefficient of friction and slope. A

linear relationship was obsefved.
D2 = a + b(H)
Dividing by H,

D2

a
H H
Since the intercept value, a, was small in relation to H,
the first term was neglected to obtain

D2

" P

In other words, the optimum value of D2 as a fraction of
spar height is a constant for a given slope. Values of b

were then regfessed against different values of the slope
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- APPENDIX B: TIME FOR HOOK DROP

For standing skyliﬁes rigged high in the air, it would
be interesting to know. how long it takes for the hook to
reach the ground after it is released from the éarriage.

_ Since the hook accelération is proportional to the net

force divided by the mass, it is possib1e to obtéin an ex-
pression for the hook acceleration as a function of the dis-
tance the hook'aé dropped below the carriage. See‘Figure
Bl. |

a Force
. Mass

(Newton's second law)

- Q+ Wx - Ty

a (B1]
Q , Wx
‘ g9 g
where Q = Weight of hook
x = Instantaneous distance of hook below carriage

g = Gravitational constant acceleration

By multiplying both sides of the previous expression by the
velocity, V, and then integrating, we find that the velo-

city as a function of x is given by

Vo= 'VQ g x - Z—%?43 ‘(lh[g + %?] - 1n g) [(B2]
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The time for the hook to drop is then given as

The solution of the above integral is not readily apparent.
Numerical integration téchniques could be readily employed
to approximate values within acceptable limits of acéuracy.
From examination of the basic acceleration equation, we can
see that as the hook weight increases, the hook-acceleration

approaches the gravitational acceleration asymptotically.
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Static Priction

Test A: X = 70.26, s = 16.93, n = 23
slope = 6 percent
Test B: X = 53.46, s> = 21.82, n = 24
slope = 8 percent
, . . 21(.70) + 24(.57) _
Weighted mean = 51 + 24 = .63
Kinetic Friction - _
Test A: X = 40.38, s% = 9.85, n = 16

slope = 6 percent
Test B: X = 38.32, s = 6.56, n = 25
slope = 8 percenth

Both tests produced a mean value of .43

Conclusions

From the tests, we conclude that the coefficient of
friction (kinetic) on dry ground ranges from .55 to .86
but that the average is close to .55. On wet ground, the
coefficient of static friction ranged from .57 to .70 with
a mean value of .63. The coefficient of kinetic friction
was measured consistently to Be .43 on wet ground. The
coefficient of static friction was not measured on dry

ground.
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STEP

INSTRUCTIONS

INPUT

OuUTPUT |

ﬁ
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Key in » it l_:__é L__J

2 | Enter CEJ0]

L Key.in P P. [ ._] [__] .
' Enter P L:.-[...] {;] I
5 | Store and P v e
6 Key in L L (10 )

7 Enter L [___I__] (__J .

8 Compute horizontal distance from carriage [:J 1___; j

to_point of tangency, D} ' [a.] )

9 Key in W ' : \ (N ] .

10 Compute tension at carriagé TP, pause, then l:] ]

compute tension at ground T1 C—ﬂ 3 9, T1
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