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Cable systems are used by the timber industry to transport fresh-cut logs from the

harvest site to a staging area. In areas of rough or sensitive terrain, existing trees are

often used in situ to create a mid-span (intermediate) support for the cable which carries

the logs (the skyline in Figure 2.1). In this scheme, an intermediate-support cable is

placed roughly perpendicular to the skyline in an "M" shape. The two upper points of the

M are attached to the support trees, and the skyline is supported below the center vertex

by a rigid device called a "jack". This intermediate-support structure supports the

skyline, increasing the maximum payload and maintaining the skyline at a higher

elevation above the ground.

At present, no reliable technique is available to assist in the design of these types

of cable logging systems; design is done in a "seat of the pants" fashion, based largely on

the experience of the designer. Because of the large loads carried by these cable systems,

and concerns about the strength of relatively small second growth trees increasingly

encountered in the harvest areas, a technique for predicting cable tensions and the loads

on the support trees is needed. The purpose of the research for this thesis is to develop an

analysis technique for intermediate-support cable logging systems, with the hope that

such a technique can eventually be used to improve the safety, reliability, and efficiency

of cable transport systems.

Cable logging systems differ from other types of tension structures in the use of

long cables which run continuously over pulleys and other devices. This results in

several cable spans being composed of a single cable, as in the intermediate support cable

and the skyline. A standard finite element approach cannot be taken in analyzing

intermediate-support cable logging systems. The requirement that cable be able to travel

freely over the pulleys makes defining a standard finite element connectivity for the cable

system impossible. Instead, a system of non-linear, simultaneous equations which

describe the static equilibrium of inter-cable connection points and overall cable length

compatibility for each cable is created. This system is solved numerically using the



Newton-Raphson root finding scheme. The unknowns of the system are the three-

dimensional locations of the inter-cable connection points and the cable tensions. Given

a reasonable initial guess for the unknowns, the system of equations can usually be solved

for the final cable system configuration and loads.

The cable logging system analysis method presented in Chapter 2 includes many

assumptions which simplify the problem. Two of the simplifying assumptions made in

Chapter 2 are that the cables have no mass and that the cables are not axially extensible.

These assumptions are removed in the enhanced model presented in Chapter 3. These

two features of real cables are the most likely to cause large systematic errors between the

predictions obtained from the Chapter 2 model and a real cable logging system. Chapter

4 summarizes the work presented in Chapters 2 and 3, and offers suggestions for further

development of this analysis approach.
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Chapter 2

CABLE SYSTEMS WITH ELASTIC SUPPORTING ELEMENTS

James W. Charland, Alan G. Hernried, and
Marvin R. Pyles

Previously published in the Journal of Structural Engineering,
American Society of Civil Engineers, New York, New York,

December, 1994. Reprinted by permission of ASCE.



Abstract

A system of cables supported by linear elastic springs and subjected to a

concentrated static load is investigated. A method to determine tensions in individual

cables and the location in space of the system under load is presented. The cables are

assumed to be massless and inextensible. Friction is ignored in the formulation. The

method is based on satisfying compatibility and equilibrium conditions for the cables and

intercable connections, respectively. A system of coupled, nonlinear algebraic equations

is solved numerically using the Newton-Raphson algorithm. A good initial guess for the

unknown quantities, based on the physics of the problem, is provided. The method is

applicable to intermediate support cable logging systems. In these systems, suspended

cables supported by existing trees (intennediate supports) are used to transport freshly cut

logs over sensitive terrain. A model of an example intermediate-support cable logging

system is analyzed by the proposed approach, and the resulting behavior discussed.

Introduction

Cable suspension systems for the transportation of fresh cut logs are commonly

used when logging operations are conducted in rough or sensitive terrain (Fig. 2.1). Such

systems often use existing trees as intermediate-support columns and tree stumps as cable

anchors. The design of such systems is severely restricted by the availability of existing

trees that can be used as intermediate supports or cable anchors. Of particular concern in

the design of these systems is the loading on the trees used as intermediate supports.

Failure of these trees during logging operations presents a major hazard to the loggers, as

well as a significant cost to the operation in down time and re-rigging of the cable

logging system. This is particularly true when logging in second-growth forests, where

the trees are smaller and have lower support capacity than those found in old-growth

forests. An accurate method of analyzing prospective cable logging systems, before they
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are constructed, would significantly reduce the threat of catastrophic failure of the

intermediate-support trees or the anchors. Previously proposed methods for the analysis

and design of cable systems do not satisfy the particular analytical needs of cable logging

systems.

Nishino et al. (1989) presents a method for the design of complex cable networks

for a given geometry of the cable system under load. The given geometry includes cable

anchor locations as well as points where cables intersect. This geometry is fixed

throughout the design process. Only the unstretched lengths and areas of the cables are

variables in the design process. For a determinate cable system, the forces in each cable

are obtained directly from static equilibrium equations. The areas and unstretched

lengths of the individual cables are determined based on considerations of allowable

stresses and elastic stretching. For indeterminate cable systems, an infinite number of

design solutions satisfy the static equilibrium conditions, so equilibrium conditions alone

are not sufficient. The set of all possible design solutions in the indeterminate case is all

feasible designs. A feasible design is one where all cables are in tension. Where more

than one feasible solution exists, optimization criteria may be specified based on

considerations such as strength, weight, and stiffness of the entire cable structure. The

optimum cable system, the design cable areas and unstretched lengths, is determined to

satisfy the equilibrium conditions as well as the additional optimization conditions. The

method of Nishino et al., however, is concerned only with the cables, and does not

incorporate non-cable structures. The behavior of the elastic support trees with the cable

system is an important part of the overall cable logging system's response, and thus must

be included in the analysis and design processes.

Peyrot and Goulois (1978) present a very general method for combining cable

systems with other structural components. Elemental stiffness properties for each cable

are determined by comparing changes in cable forces with small changes in each cable's

geometry. The cable elements are then combined with other structural elements. The



overall structure is solved using an iterative numerical solution technique. At each

iteration, new stiffness properties for the cable elements are found. Such iterative

techniques are necessitated by the substantial changes in cable behavior as the system

geometry undergoes large changes.

The analysis of cable logging systems presents the complication of having a

single cable run continuously over several supporting points, creating several separate

cable spans. Compatibility conditions that apply to multiple cable spans simultaneously

are not included in Peyrot and Goulois' analysis. Also, the effective flexibility of the

intermediate-support trees may be treated in a very simple but accurate manner, obviating

the need for the more general, and complicated, stiffness approaches used by Peyrot and

Goulois.

In the present paper, a simple and straightforward method for the anaiysis of cable

systems with elastic supports is presented. These systems are characterized by non-linear

simultaneous equations composed of force equilibrium and cable length compatibility.

An iterative approach is used to solve these coupled non-linear equations for the forces in

the cables and the elastic supports. The method is implemented for the specific case of an

intermediate-support cable logging system. The approach is completely general,

however, and would apply equally well to other cable systems with elastic support

elements.

Cable Systems

The cable systems treated here are composed of one or more cables and contain

fixed (anchor) points and free (floating) points. The locations of the fixed points are

known. Generally each cable is attached to fixed points at the two ends and a finite

number of free points along the length of cable. The ends of a cable may also be

connected to a fixed and free point, or two free points. Physically free points may consist

of steel pulleys (assumed frictionless) attached by a short cable (strap) to the trees or a



rigid device that supports one cable by another (jack or carriage). These devices are

explained in more detail later. Free points may also be points in space that describe the

deformed locations of the support trees. The cables themselves are assumed to be

massless, unstretchable in the axial direction, and to have no flexural stiffness.

Throughout the analysis, the tension in each cable is considered to be constant along the

cable. Catenary sag is ignored in the formulation. This is made possible by the

assumption that the cables are massless.

The behavior of cable systems considered here is governed by a set of non-linear

simultaneous equations. At each free point, a vector equation describing static

equilibrium can be written. In general, such an equation contains as unknowns the

magnitudes of the forces, the tensions in the cables and straps, as well as their directions.

The direction of action of the forces is a function of the relative positions of the free and

fixed points. Equilibrium equations alone are insufficient to determine the unknown

forces and locations of the free points. These equations are supplemented by

compatibility conditions; that is, a geometric description of the length of each cable

(which is known) in terms of the locations of the fixed and free points.

Fig. 2.2(a) shows a simple cable system consisting of two cables. Cable 1

connects points A, B, and C, and cable 2 connects points B and D. The system has two

free points (B and D), two fixed points (A and C), and one constant loading force, F,

whose direction and magnitude are known. To establish the final configuration of this

system, eight unknown quantities must be determined. The unknowns are: the location of

points B and D in space (6 unknowns) and the tensions of the two cables (2 unknowns).

Eight equations are required to solve for the eight unknowns. These equations express

the static equilibrium of points B and D, and the lengths of cables 1 and 2. The equations

of static equilibrium are

TIuAB + TIuBC + T2uBD =0 (2.1)
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Figure 2.2. Cable Systems: (a) Simple system with point load;
and (b) Simple combined system.



T2UBD +F=O
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(2.2)

where T1 and T2 = tensions in cables 1 and 2, respectively; and u, UBC, and UBD are

unit vectors along AB, BC, and BD, respectively.

Eqs. (2.1) and (2.2) can be written in scalar form, yielding 6 equations, by

equating components in the x, y, and z directions. The compatibility equations are

IrI + IrBCI L1 (2.3)

IrBDI_L2 (2.4)

where, I r I = magnitude of a position vector from A to B, and similarly for IrBcI, and

IrBDI. The known lengths of cables 1 and 2 are L1 and L2, respectively.

In addition to this basic cable arrangement, the stiffness of the intermediate

support trees may be included as a function of the deflection of a point in space relative to

a reference point. The reference point is the location of the connection of the cable

system to the undeformed tree. Cable systems that are combinations of elastic structural

components with cables are termed combined cable systems.

Fig. 2.2(b) shows a combined cable system similar to that shown as Fig. 2.2(a).

This system has two cables and a linear spring. The spring is shown in its deformed

configuration. The spring represents the bending stiffness of a tree. Without loss of

generality, the undeformed length of such a spring is zero. Cable 1 connects points A, B,

and C, and cable 2 connects points B and D, as before. The spring connects points D and

E. The system has two free points (B and D) and three fixed points (A, C, and E). With

the addition of the spring force, there are nine unknown quantities to be found in

determining the final configuration of this system. The unknowns are: the location of
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points B and D in space (6 unknowns) and the tensions of the two cables (2 unknowns),

as well as the force in the spring (1 unknown). Nine equations are required to determine

the nine unknowns. These equations are required to determine the nine unknowns.

These equations express the static equilibrium of points B and D (6 equations), the

lengths of cables 1 and 2 (2 equations), and the constitutive relation between the spring

force and the relative motion of points D and E. The equilibrium equation of point B is

identical to (2.1), and the equilibrium equation of point D is

+ FSUDE =0 (2.5)

where F = force in the spring; and u1 = unit vector along DE. Six scalar equations

result from (2.1) and (2.5). As before, the compatibility equations for the cables remain

unchanged [(2.3) and (2.4)]. The force-deformation relationship for the spring assuming

the spring is in tension yields the final equation

F =k*IrDEI (2.6)

where I FrI = deformation of the spring; F = scalar force in the spring; and k = linear

spnng constant.

Solution Procedure

The simultaneous equations derived from force equilibrium and cable length

compatibility are highly coupled and nonlinear. The nonlinearities result from the

expressions for cable lengths and force components, which involve squares and roots of

the unknown quantities. Because of these nonlinearities, no general closed-form solution

of the equations is possible. A numerical solution is therefore necessary.
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The procedure is based on a variation of Newton's method for finding the roots of

an n-dimensional system of equations. For one equation, f(x) =0, Newton's method may

be stated

=
f(x,)

(2.7)
f(x1)

where x1 = i th estimate for the root; and prime denotes derivation with respect to x.

Here as with the multi-dimensional case, the quality of the initial guess for the root is

critical. A good guess may converge, where a poor one may not. The root is found when

If(xi)I <, where is some arbitrarily small positive number.

For multi-dimensional problems, f(x) = 0, Newton's method is

x11 = x A * B1 (2.8)

where Xj = i th estimate for the root of f, B1 = f(x1); and A = Jacobian of f, that is

=i (2.9)AkI
xI

A variation of this technique of root finding has been implemented in the

International Math and Statistics Library (IMSL) routine NEQNF, which is used here to

solve the coupled, non-linear system of algebraic equations. The program that solves the

combined cable system is extremely computationally efficient, and a solution is generally

found within a few iterations. A method for finding a good initial guess for the variables

is incorporated into the program. The initial guess for the solution is based on selecting

free-point coordinates to satisfy simplified equilibrium conditions and cable length

compatibility constraints. This procedure is discussed in more detail later.
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Model of Intermediate Support Trees

The cable system attaches to the trees high above the ground (Fig. 2.1), loading

the trees axially and laterally. The trees may be modeled as cantilevered beam/columns.

Comparisons on typical trees and loading configurations indicate that the axial

deformations will be orders of magnitude less than the lateral deformations. It is

therefore reasonable to ignore the axial deformations of the tree. This allows the tree to

be modeled as a two-dimensional spring acting in the horizontal plane only and located at

the strap attachment point. The equivalent spring stiffness is computed considering

bending deformations in the horizontal plane. The effects of secondary bending are also

ignored in assessing the stiffness and response of the tree.

The lateral stiffness of the intermediate support trees is estimated using Euler

beam theory. The values of Young's Modulus, moment of inertia, and effective length

must be found. The ASTM handbook value for Young's Modulus for small, clear, green

specimens of coastal Douglas fir, a commonly harvested species, is 10,755 MPa (1560

ksi). Recent studies show that the value of Young's Modulus for wood in full-sized in-

situ trees of this species may be as high as 15,168 MPa (2200 ksi) (Pyles et al. 1988).

The moment of inertia of the support trees is computed assuming a circular cross

section. The radius of the tree is not constant along the length. Therefore, for the

determination of the stiffness of the tree, a moment of inertia 1(x) must be determined as a

function of position along the tree. Pyles et al. (1988) proposed an equation

I(x)=I *fl *x81
5

J_,o (2.10)

where 15 = moment of inertia of the cross-section of the tree five feet from the base, and

the constants B0 and B1 are determined for each individual tree by fitting the equation to

the moments of inertia of the tree computed along its length. Given the level of
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uncertainty in the elastic modulus such precision for the moment of inertia as given by

(2.10) is not required. The tree, therefore, is assumed to have a round cross-section with

a linearly varying radius along the length, that is

r(x) = r0 + (r1 r0)-- (2.11)

where r0 = radius at the base of the tree; and r1 = radius at a distance I above the ground.

The moment of inertia is

1(x) =

The stiffness matrix of a tapered cantilevered beam element of length 1 and linearly

varying radius may be expressed

K=[h1 K121 E 1b d1

[1(2, K22f ab_c2[d e]

where E = Young's Modulus, and a, b, c, d, and e are defined as follows;

4 r dxa=i-------
it 1(x)

b
5

dx
1(x)

4r xc=I
it 1(x)

d =
(1 x)x

it0 1(x)

e =
(1 x)

it0 1(x)

(2.12)

(2.13)

(2.14)
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The expressions for d and e in (2.14) are linear combinations of the expressions a, b, and

c, that is

d=c*1_b
e = 12 * a 2 * * C + b

(2.15)

Evaluating the first three integrals in (2.14) and using the expression for 1(x) given in

(2.12), one obtains

4 1

a = [it 3(r1r0)r r1}

b
4[1 1 1 "i.Q(_1 1 __')j (2.16)

2[ri r0J rrJ 3 ro) r)
4( I

I.

c={I I 1+- 1 r I

it r0 r1 r1 3r0

Eqs. (2.15) and (2.16) are used to find the terms of the elemental stiffness matrix (2.13).

In the following development, it is shown how the individual terms of the stiffness matrix

are used to find an expression for the lateral stiffness of the tree.

Using a standard slope-deflection approach, the moment at the base of the colunm

may be expressed

Mb = (K1, + K12)(..J + .i2(K2, + K22)(..J
K22

(2.17)

where Ku K12, K21, and K22 = the elements of the matrix given in (2.13); A and L =

lateral deflection of the top of the tree and the length of the tree, respectively. The
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moment at the base of the tree may also be found as the product of a load perpendicular to

the tree at the free end (F) and the length of the tree (L), or

Mbe = Fe * L (2.18)

The lateral stiffness of the top of the tree is found by combining (2.17) and (2.19) to yield

K =
(K11 + K12) + :12 (K21 + K22)

(2.19)
L K22 L2

This lateral stiffness is used to model the flexibility of the trees.

The lateral and axial loads at the top of the trees are derived from the tension and

direction of action of the straps. These result directly from the analysis. These forces are

then used to compute maximum stresses at the base of each tree, based on the

assumptions regarding the tre&s geometry. These forces and stresses may be used to

determine if the intermediate support trees have adequate capacity for the given applied

loads.

Demonstration Problem

The methodology for the analysis of intermediate-support cable logging systems

discussed in the preceding sections is demonstrated on a simplified example. This

particular example was chosen to illustrate the methodology and to allow comparison to a

closed form solution. The system is analyzed in three loading configurations. Fig. 2.3

shows the cable logging system in plan, while Fig. 2.4 shows the elevation view. The

setup shown contains all the components of an actual cable logging system.

There are three main cables in this type of logging system. These cables are

denoted 1, 2, and 3 in Figs. 2.3 and 2.4. The continuous cable running from point F to



J

_x ©,
/
/

/
/

,
,H® /

/
(

1 /\ \,i
'"D®,' ®-®

KA ®M
L N

Y

/ i/
F

Figure 2.3 Plan view of demonstration cable logging system.



LK,M
L,N'1

I \¼1)
N

B,D

/
/

z / \ i
4. / \

\ /
\ /

I© \

1,1i A,E

Figure 2.4 Elevation view of demonstration cable logging system.



20

point J, connecting with points G and H, is the skyline (Cable 2). The payload of the

cable logging system is carried by the carriage (Point G), which travels along the skyline.

The continuous cable running between points A, B, C, D, and E is the intermediate

support cable (Cable 1). The intermediate-support cable supports the skyline by means of

the intermediate support trees and a device called the jack. The jack is a rigid device that

connects points C and H (Cable 6). Another long cable connects points G and I (Cable

3). This is the mainline, which pulls the carriage along the skyline. Short cables, called

straps, connect points K and B, and points M and D (Cables 4 and 5). The two

intermediate support trees are modeled as the springs connecting points K and L, and

points M and N.

Points A and E are the left and right anchor points, respectively, of the

intermediate support cable. Points L and N are the undeformed locations of the

connections between the straps and the left and right intermediate support trees,

respectively. Points F and J are the anchor points of the skyline. Point I is the end point

of the mainline. The payload is pulled from this point. The coordinates of these points,

given in Table 2.1, do not change in the three different load cases of the demonstration

problem. The lateral stiffness of the support trees is 125. The unit system for this

demonstration problem has not been specified. Any consistent system of units may be

used in this analysis technique (e.g., if force is expressed in Newtons (N), and distance in

meters (m), then stiffness would have the units N/rn).

Point B is the pulley connecting the intermediate-support cable to the strap that

connects to the left support tree. Point D is the connecting pulley on the right side. Point

C is the connection of the skyline support device, the jack, to the intermediate support

cable. Point G is the location of the carriage, the device that rides along the skyline on

pulleys and carries the payload. The external load on the cable logging system is applied

at point G. Point H is the connection of the jack to the skyline.
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Table 2.1. Configuration 1 fixed point locations and cable lengths.

Point or cable
1

X
2

Y
3

Z
4

Length
5

Point E 2.70 3.00 0.00 -

Point N 0.50 0.40 4.80 -

Point A -2.70 3.00 0.00 -

Point L -0.50 0.40 4.80 -

Point F 0.00 -1.50 3.00
Point J 0.00 4.50 3.00 -

Point I 0.00 4.00 1.00 -

Cable A-B-C-D-E - - 13.23
Cable F-G-H-J - 8.00
CabIeG-I - - - 4.00
Cable K-B - 0.45
Cable M-D - - 0.45
Cable C-H - 0.45

The dimensions of this example are unrealistic. In an actual cable logging system,

the straps and jack are much shorter than the other cables. Such small cables would be

difficult to see on a scale drawing of an actual cable logging system. Similarly, the

angles of the skyline between points F, G, and H and points G, H, and J are larger than

they would be in an actual cable logging system. Another aspect of the proportions that

is unusual is the height of the support trees versus the dimensions of the system in the

direction of the skyline. In an actual cable logging system, the length of the skyline

would be orders of magnitude greater than the height of the intermediate-support trees.

The procedure for solving a cable logging system begins with determining the

locations of the fixed points in the system (A, E, F, I, J, L, and N). The lengths of the

individual cables must also be provided. As discussed in the previous section,

determining the solution involves solving a system of equations for the unknowns. The

unknowns are the locations of points B, C, D, G, H, K, and M; the forces in the six load-

bearing cables, and the forces in the two trees. The solution process must begin with a

reasonable guess for each of these unknowns. The initial guess for the unknowns may be
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calculated automatically by the program, or it may be provided directly by the user. The

algorithm that provides the automatic initial guess has been chosen for its simplicity and

effectiveness. The goal of the algorithm is to satisfy simplified equilibrium conditions in

a general way. This provides initial guesses for the variables that are sufficiently close to

the answer for the iteration algorithm to successfully converge. The algorithm described

here is only one of many that may be used to generate the initial guess.

The automatic initial-guess algorithm determines starting values for the floating

points by satisfying simplified compatibility conditions. Points K and M, the deflected

tree locations, are assumed to be coincident with the undeformed tree points, L and N,

respectively. Points B and D, the intennediate-support cable pulleys, are placed directly

below points K and M, respectively, at a distance equal to the length of the connecting

straps. Point C in the horizontal plane is placed midway between points B and D. The

vertical location of point C is determined such that compatibility of the intermediate

support cable is satisfied. Point H is located directly below point C at a distance equal to

the length of the jack. When the carriage is located between points F and H, the

horizontal location of point G, the carriage, is determined such that it is on a line between

points F and H, and is a distance equal to the length of the mainline away from point I.

The vertical location of point G is determined such that compatibility of the skyline is

satisfied. When point G is between points J and H, the same procedure is used, except

that point G is located on the line between points J and H.

Initial cable tensions are determined using this geometry and simplified

equilibrium conditions. Skyline tension is found by satisfying equilibrium in the z

direction only at point G. The skyline primarily supports the payload in the z direction.

The initial tension in the jack is made equal to the payload in the z direction.

Intermediate-support cable tension is found by satisfying equilibrium in the z direction at

point C. Mainline tension is equal to the vector sum of the magnitudes of the x and y

components of the payload. Initial strap tensions and tree forces are both made equal to
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the intermediate-support cable tension. No equilibrium conditions are satisfied for the

straps or the trees. The forces in the trees and the strap tensions will be of the same order

of magnitude as the intermediate-support cable tension, so that tension is a reasonable

starting point for both values. The values of the automatic initial guess for the

demonstration problem ase shown in Table 2.2. if the automatic guess does not lead to

convergence, the user has to apply further reasoning to make the initial guess more

accurate. A more accurate guess should increase the chance for a successful solution to

the system of equations.

Three configurations of the cable logging system are analyzed. In each case, the

length of the mainline is different, while the lengths of the other cables remain constant.

This progression simulates the movement of a load of logs along the skyline. The

external load on the cable logging system remains constant at 100 in the negative z

direction for all three configurations. The geometry of the first loading configuration

corresponds to that shown in Figs. 2.3 and 2.4. The cable lengths are shown in Table 2.1.

The geometry of Figs. 2.3 and 2.4 was designed to facilitate hand analysis of the system,

specifically the determination of the cable tensions. Referring to Fig. 2.4, cable 6 bisects

the angle GHJ, and the load vector at point G bisects the angle FGH. Cables 2 and 6, and

the force at G are coplanar, as shown in Fig. 2.3. For this geometry, determining the

relative tensions of cables 2 and 6 at point H and, given that the tension in cable 3 is zero,

the relationship between the force and the tension in cable 2 at point 0 is very

straightforward. In Fig. 2.3, cable 6 bisects the angle BCD, and cables 4 and 5 bisect the

angles ABC and CDE, respectively. Cables 1, 4, 5, and 6 are coplanar. The relationship

between these cable tensions is also easily determined. The left and right tree forces are

equal to the horizontal components of the tensions in cables 4 and 5, respectively.

The closed-form solution for the locations of the floating points and cable

tensions is shown in Table 2.3. The computer solutions for the floating point locations



Table 2.2. Computer generated initial guess, configuration 1.

Point or cable
1

X
2

y
3

Z
4

Tension
5

Point M 0.50 0.40 4.80
PointD 0.50 0.40 4.35
Point C 0.00 0.40 3.39
Point K -0.50 0.40 4.80
Point B -0.50 0.40 4.35
PointG 0.00 0.00 1.33 -

Point H 0.00 0.40 2.94
Cable A-B-C-D-E - 56.32
Cable F-G-H-J - 58.35
Cable G-I - 0.00
Cable K-B 56.32
Cable M-D 56.32
Cable C-H 100.00
Tree spring L-K 56.32
Tree spring N-M 56.32

Table 2.3. Hand solution for floating points locations and
cable tensions, configuration 1.

Point or cable
1

X
2

y
3

Z
4

Tension
5

PointM 0.50 0.60 4.80
Point D 0.50 0.80 4.40
Point C 0.00 1.30 3.40
Point K -0.50 0.60 4.80
Point B -0.50 0.80 4.40
Point G 0.00 0.00 1.00
Point H 0.00 1.50 3.00
Cable A-B-C-D-E 30.62
Cable F-G-H-J 62.50
Cable G-I 0.00
Cable K-B 55.91
CableM-D 55.91
Cable C-H 55.91
Tree spring L-K 25.00
Left tree axial force -50.00
Tree spring N-M 25.00
Right tree axial force -50.00
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and cable tensions are shown in Table 2.4. The manual and computer solutions are nearly

identical, verifying the solution algorithm. Note that the configuration shown in Figs. 2.3

and 2.4 is a natural configuration for the cable logging system. The mainline, cable 3, is

used to pull the load along the skyline, cable 2. When the tension in the mainline is zero,

as it is in this configuration, the carriage tends toward one of two positions, depending on

where it is relative to the jack. The carriage remains in this position indefinitely, until it

is pulled by the mainline. When the carriage is to the left of the jack, it tends toward the

configuration shown in Figs. 2.3 and 2.4 if the mainline tension is zero.

Table 2.4. Computer solution for floating point locations and
cable tensions, configuration 1.

Point or cable
1

X Y Z Tension
2 3 4 5

Point M 0.50 0.80 4.80
PointD 0.50 0.80 4.40
Point C 0.00 1.30 3.40 -

Point K -0.50 0.60 4.80 -

Point B -0.50 0.80 4.40
Point G 0.00 0.00 1.00
Point H 0.00 1.50 3.00 -

Cable A-B-C-D-E - - - 30.61
Cable F-G-H-J - - - 62.50
Cable G-I - - 0.00
Cable K-B - - - 55.90
Cable M-D - 55.90
Cable C-H - 55.90
Tree spring L-K - 25.00
Left tree axial force - -50.00
Tree spring N-M - 25.00
Right tree axial force - -50.00

The cable lengths for the second loading configuration are shown in Table 2.5.

The mainline has been shortened from 4 units to 3.3 m. The computer solution for the

floating point locations is shown in Table 2.6. An elevation view of the final geometry is



shown in Fig. 2.5. Loading of the support trees has increased, as have all other cable

tensions (Table 2.6).

Table 2.5. Cable lengths for configurations 2 and 3.

(a) Configuration 2. (b) Configuration 3

Cable identification Length Cable identification Length

Cable A-B-C-D-E 13.23 Cable A-B-C-D-E 13.23
Cable F-G-H-J 8.00 Cable F-G-H-J 8.00
Cable G-I 3.30 Cable G-I 1.82
Cable K-B 0.45 Cable K-B 0.45
Cable M-D 0.45 Cable M-D 0.45
Cable C-H 0.45 Cable C-H 0.45

Table 2.6. Computer solution for floating point locations and
cable tensions, configuration 2.

Point or cable
1

X
2

Y
3

Z
4

Tension

5
Point M 0.50 0.66 4.80 -

Point D 0.50 0.87 4.41 -

Point C 0.00 1.47 3.43 -

Point K -0.50 0.66 4.80 -

Point B -0.50 0.87 4.41 -

Point G 0.00 0.70 1.03 -

Point H 0.00 1.70 3.05
Cable A-B-C-D-E - 37.41
Cable F-G-H-J - - 64.14
Cable G-I - - 19.27
Cable K-B - - 68.30
Cable M-D - 68.30
Cable C-H 68.49
Tree spring L-K 32.60
Left tree axial force - -60.00
Tree spring N-M - 32.60
Right tree axial force - -60.00
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The tension in the mainline represents additional external loading to the system,

essentially in increased payload on point G. This additional load is reflected in the higher

tensions. Loading on the support trees is more eccentric, resulting in a proportionately

larger increase in the lateral load than in the overall tree loading. This causes a larger

relative increase in the maximum stresses in the support trees than in the increase in the

magnitude of the loading on the support trees. Mainline tension increase furthers as the

carriage (Point 0) approaches the jack. Maximum loading occurs just before the carriage

passes over the jack. This solution procedure for a cable logging system cannot

accurately predict loads and geometry when the carriage is close to the jack, so the

specifics of that behavior cannot be investigated. The connections of the jack and the

carriage to the skyline are represented in this formulation as points. In reality, they both

connect to the skyline along finite lengths. Combined with the small actual flexural

stiffness of the cables, as opposed to the perfect flexibility assumed for the cables, this

creates small, relatively rigid regions in the neighborhood of the carriage and the jack.

These rigid regions must exist for the carriage to pass over the jack. The rigid

regions cannot be formed given the assumptions made about the connections between

cables and the cables themselves. When the jack and the carriage are not close together,

the small rigid regions do not affect the large-scale behavior of the cables, so the solution

obtained from this formulation is accurate.

The cable lengths for the third loading configuration are shown in Table 2.5. The

mainline has been shortened again from 3.3 units to 1.82 m. The computer solution for

the floating point locations and cable tensions are shown in Table 2.7. An elevation view

of the geometry is shown in Fig. 2.6. The carriage has passed over the jack and the

mainline tension is again zero. Lateral loading of the support trees has decreased to near

zero. The tensions in the other cables are close to the first configuration values. This is a

natural configuration for the cable logging system, analogous to the configuration in
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Table 2.7. Computer solution for floating point locations and
cable tensions, configuration 3.

Point or cable
1

X
2

Y
3

Z
4

Tension
5

Point M 0.49 0.43 4.80 -

Point D 0.48 0.46 4.35 -

Point C 0.00 0.08 3.43 -

Point K -0.49 0.43 4.80 -

Point B -0.48 0.46 4.35
Point G 0.00 2.21 0.65 -

Point H 0.00 -0.09 3.02 -

Cable A-B-C-D-E - - - 30.68
Cable F-G-H-J - 69.69
Cable G-I - 0.00
Cable K-B - - - 49.91
Cable M-D - 49.91
Cable C-H - 55.22
Tree spring L-K - 3.70
Left tree axial force -49.80
Tree spring N-M - - 3.70
Right tree axial force - - -49.80

Figs. 2.3 and 2.4. When the carriage is slightly to the right of the jack, the system tends

toward the configuration of Fig. 2.6 if it is not pulled by the mainline. Mainline lengths

longer than 1.82 m result in compression in the mainline, which is physically unrealistic.

A further shortening of the mainline would result in tension in the mainline and would

pull the carriage further to the right (Fig. 2.6).

Conclusions and Further Research

An analysis procedure is presented for determining the response of a system of

cables exhibiting complex geometry combined with elastic structures. The system is

described by coupled, non-linear equations of static equilibrium and geometric

compatibility. The method has been implemented in FORTRAN on a digital computer

and illustrated on several example cable systems--specifically the intermediate-support
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cable logging system. The approach is efficient and accurate, thus many alternate

combined cable systems can be readily investigated during the analysis and design

process.
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List of Symbols

A Jacobian matrix of a set of functions f;

B0,B1 Constants determined by curve fit to a tree's moment of inertia;

B1 Values of a set of functions f evaluated at xi;

B Young's modulus;

F An external point load;

Fe Force on the free end of a cantilevered beam and perpendicular to the beam;

F Scalar force in a spring;

f(x) Continuous, differentiable function of x;



f(x) Continuous, differentiable functions of x;

1(x) Moment of inertia of a tree as a function of position along the tree;

15 Moment of inertia of a tree cross-section 5 feet above the base;

K Stiffness matrix for a beam with varying cross-section;

k Linear spring constant;

K1 Element of K from the ith row and jth column;

1 Length of a tree from the base to the strap connection point;

L1 Specified cable length for cable 1;

L2 Specified cable length for cable 2;

Mb Bending moment at the fixed end of a cantilevered beam;

Vector from point A to point B;

rEc Vector from point B to point C;

FBD Vector from point B to point D;

rDE Vector from point D to point E;

r(x) Radius of a tree as a function of the height above ground;

ro Radius of a tree at its base;

ri Radius of a tree at the strap connection point;

T1 Tension in cable 1;

T2 Tension in cable 2;

U&j Unit vector from point A toward point B;

UBC Unit vector from point B toward point C;

UBD Unit vector from point B toward point D;

11DE Unit vector from point D toward point E;

x Position along a tree measured from the base upward;

x1 ith estimate for the root of a function f;

x ith estimate for the roots of a set of functions f; and,

A Lateral deflection of the free end of a cantilevered beam.



33

Chapter 3

ANALYSIS OF CABLE LOGGING SYSTEMS INCLUDING
THE EFFECTS OF ELASTIC STRETCH AND

CABLE SELF-WEIGHT

James W. Charland, Alan G. Hernried, and
Marvin R. Pyles

Department of Civil Engineering,
Oregon State University,

Corvallis, Oregon 97331.
May, 1995.



34

Abstract

The forest products industry uses cable logging systems to transport logs from the harvest

site to a staging area. A method is presented to assist in the analysis and design of these

cable systems. Static equilibrium and cable length compatibility are employed to gener-

ate a system of simultaneous equations. This system of equations is solved using the

Newton-Raphson root finding scheme. The method includes catenary sag and elastic

stretch in the cables. The effects of catenary sag and elastic stretch of the cables are each

demonstrated on a single cable span as well as on a complete cable system. Catenary sag

is found to have a significant effect on the response of the cable logging system. The ef-

fect of elastic stretch in the cables is not found to be significant for the simple demonstra-

tion cable logging system considered.

Introduction

Intermediate support cable logging systems are multispan cable suspension sys-

tems used by the timber industry to transport freshly cut logs from the harvest site to a

nearby staging area (Figure 2.1). The multi-span system illustrated in Figure 2.1 includes

most of the characteristics that make cable logging systems unique cable structures. The

skyline is supported at the intermediate supports by the jack. The skyline runs

continuously through the jack and carriage between the two skyline anchor points. The

carriage supports the payload of the system, and pulled by the mainline it runs freely

along the skyline. The jack is supported by the intermediate support cable, and the inter-

mediate support cable is supported by pulleys that hang from the intermediate support

trees. The intermediate support cable is a continuos cable that is anchored to stumps on

either side of the skyline corridor.

A method that could be used for the analysis and design of these logging systems

has been proposed (Charland, Hernried, and Pyles 1994). The approach relies on static
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equilibrium at the inter-cable connecting points and cable length compatibility to generate

a system of simultaneous equations which are then solved using the Newton-Raphson

root finding scheme. In the development of this approach, cable weight and axial flexi-

bility were ignored. Catenary sag, due to cable weight, and elastic stretch, due to axial

cable flexibility, may, in certain instances, significantly influence the response of a cable

logging system.

Carson (1977) presents a comprehensive summary of the catenary equations and

the various iterative schemes that have been used to solve them. In any case where both

the cable mass per unit length and the horizontal component of the cable tension are not

known, an iterative approach to finding the cable profile is required. A closed form solu-

tion is not possible due to the transcendental nature of the hyperbolic cosine function

which defines the catenary. The selection of an appropriate numerical scheme is based

upon what information is known about the tension and shape of the cable and the geome-

try of the cable's end points.

Peyrot and Goulois (1979) present an excellent method for analyzing general ca-

ble systems. The method is based on discretizing individual cables into small segments.

Equations, similar to those presented in this paper, which describe discrete cable seg-

ments, are solved numerically to determine the geometry, end forces, and tangent stiff-

ness matrix of the individual cable segments. The individual segments are then combined

in a system stiffness matrix. Non-cable elements may also be included in the system

stiffness matrix. This linear system is solved, and the process of determining tangent and

system stiffness matrices is repeated for the new geometry. This entire process is re-

peated until convergence at the equilibrium configuration of the whole system is reached.

Catenary sag and axial stretch are both accounted for in this methodology. However, a

cable running continuously over a pulley, a critical component in many cable logging

systems, cannot be modeled by this approach.
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McDonald and Peyrot (1988) extend Peyrot and Goulois' method to include pul-

leys. A "pulley element" is developed which allows a limited length of cable to pass over

a pulley. This addition could permit the basic Peyrot and Goulois (1979) model to be

used on cable logging systems. We are, however, unaware of any work in this regard.

McDonald and Peyrot (1990) further extend the Peyrot and Goulois (1979) model to in-

clude linear elastic and inelastic, as well as non-linear elastic and inelastic, strain

behavior. Non-linear elastic as well as inelastic material behavior is not of concern when

dealing with the cables of cable logging systems, however.

Mitsugi and Yasaka (1990) present an analysis methodology for cable systems

based on minimizing total strain energy. Like Peyrot and Goulois' (1979) approach, a

cable span is divided up into segments. Simultaneous equations resulting from setting the

first variation of the total potential energy to zero are solved iteratively to find the cable

system's equilibrium condition. This model produces an accurate cable profile. Elastic

stretch is implicitly included by basing the method on total strain energy. However, the

model presented by Mitsugi and Yasaka (1990) does not allow for cables to run continu-

ously over blocks.

The specific problem of the mechanics of a cable logging system has been ad-

dressed using catenary components for some time (Sikes 1969; Suddarth 1969;

Swarthout 1969), but only the skyline, and in some cases the mainline, have been mod-

eled with a catenary formulation. These early models, and subsequent models, addressed

only the mechanics of the skyline running continuously over fixed supports. Our work

has focused on including a flexible intermediate support structure for the specific case of

a multi-span cable logging system.

The previous efforts reviewed herein to create general modeling schemes for ca-

ble structures have focused on situations where the cables hang between two clamped end

points. Loading has been by uniformly distributed loads or fixed point loads. Some par-

ticular aspects of cable logging systems, the pulleys and jack, the frequent movement of
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the carriage along the skyline, and the multiple spans of the continuous intermediate sup-

port and skyline cables, make a more general solution approach desirable. The move-

ment of the continuous cables through the pulleys and jack make building a linear finite

element of this system problematic. Non-linear finite element codes may be capable of

handling this type of cable structure, but those methods are often unstable and difficult to

use. For these reasons, the development of a new approach to analyzing cable logging

systems was deemed appropriate.

In this paper, we extend our earlier model (Charland, Hernried, and Pyles 1994),

developed specifically for multispan cable logging systems, to incorporate the effects of

cable weight and axial flexibility. Cable weight causes the cables to sag in the shape of a

catenary and adds the weight of the cables themselves to the load which must be carried

by the cable system. The cable forces also act at angles in the vertical plane which result

in higher loads on the system's components. This results in larger cable tensions and

system component loads than would be predicted by the earlier model. The amount of

additional load may be significant to the safety and reliability of the cable logging sys-

tems. Elastic stretch in the cables may change the cable geometry in such a way as to

significantly influence the distribution of forces in the cable logging system. The effects

of each of these phenomena are closely examined, both in the context of the fundamental

equations governing the behavior of individual cables and in the response of an actual

cable logging system.

Catenary Behavior

A cable hanging under its own weight will take the shape of a catenary (Figure

3.1). For such a cable, the cable profile is given by

y = mcosh() (3.1)
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The origin of the x-y coordinate system for Equation 3.1 is the zero-slope point, which

may not lie within the physical cable span. The cable parameter, m, is defined as H/p,

where H is the horizontal component of the cable tension, and p is the cable's weight per

unit of length measured along the cable. For a catenary, the horizontal component H of

the cable's tension is constant along the cable, as is the cable parameter m. The vertical

component of the tension, and hence the tension in the cable, varies along the length of

the cable.

The cable's profile may be written directly whenever the cable parameter, m, is

known. For an arbitrary cable profile, m cannot be determined directly since the cable

parameter appears in a transcendental equation (Equation 3.1). Carson (1977) describes

several approaches to obtaining m iteratively. In general, an approach is selected to take

advantage of what is known about the cable, e.g. end point geometry and tension. For

cable spans considered herein, the coordinates of the end points, the cable's tension at one

end, and the weight per unit length of the cable p may always be assumed known. One

approach, an extension of the "rigid link" method (Carson 1977), is suitable when these

parameters are known.

Referring to Figure 3.1, for purposes of illustration consider the cable tension is

known at point B. The rigid link method is based on a balance of moments about the end

point away from the point of known tension (point A), yielding the equation

Hh+ReVd =0 (3.2)

where e is the horizontal distance from point A to the center of mass of the cable, R is the

weight of the cable (i.e. R = p Lc), where Lc is the length of the cable, and h and d are the

vertical and horizontal separations between anchor points, respectively. Note that the

sign of h is positive in this instance. If the tension were known at point B, then h would



be negative. The vertical component V may be replaced by T and H using standardgeo-

metric relations. The horizontal component of tension H may be replaced by mp, yield-

ing a quadratic equation in m. This may be solved using the quadratic formula to obtain

m =

-Ri-Y-)±
d A. d)

r ,- 2 2

R'')(.1 I 1 + ( ][R2() T2
dAd)j Lid,' _________

(h1+1

An iterative solution of Equation 3.3 is needed since R and e are not known a

(3.3)

priori. Initially, R is estimated as the weight of a straight cable between A and B, and e is

estimated as half the horizontal distance from A to B. Using these initial values for R and

e, m is computed. The values for R and e are then refined using the computed m and ex-

pressions for R and e given by Carson (1977) which are functions of cable geometry, h

and d, and m. These new values for R and e are used in Equation 3.3 to compute a

refined value for m, at which point the process is repeated.

Finding the cable parameter m using this iterative scheme is made difficult by the

wide range of values m may take. The value of m varies with the relative slackness of a

cable. For a very taut cable m is large, with typical values of l0 or more. For a slack

cable, m takes values on the order of 10 or less. For a single variable search like that re-

quired here, checking the difference between two successive iterations and comparing to

a given tolerance is a standard approach. This, however, is not entirely reliable in this

case because of the tremendous range of values m may take. A two stage convergence

test has been found to be effective. In the first stage, the normalized difference between

two successive values of m is checked against a tolerance. If this test is met, a second

check is made using the computed value of m. The tension at the support where tension

is known is computed using the following relation given by Carson (1977)
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T1 = * cothl"') + h (34)
2m) )

If the computed and known values of tension are within 1% of each other, the value of m

is accepted. If they are not, the iterations on m are continued with a smaller tolerance

used in the first check. Tension is used as a basis for accepting the value of m because it

is assumed to be a known quantity for the cable span and because it is used in subsequent

computations. This two stage convergence test has been found to produce estimates of m

which are satisfactory.

The cable parameter m and the cable end point locations can be used to determine

other important cable parameters such as cable length and the angles of repose. This in-

formation is then used in the system of simultaneous equations for the entire logging

system.

Cable Systems

Figures 3a and 3b represent similar simple, two cable systems incorporating all

the basic elements of a cable logging system. In both figures, cable 1 is supported by

cable 2 at point A, and gravity acts in the negative z direction. For simplicity, cable 1 is

assumed to lie in the x-z plane, and cable 2 is assumed to be parallel to the z axis. Point

A represents a massless, frictionless pulley through which cable 1 can move freely. The

cables in Figure 3.2a are assumed to have no mass and be axially inextensible, while

those in Figure 3.2b have mass and are axially extensible.

The cable system in Figure 3.2a conforms to the assumptions made in our original

model (Charland, Hernried, and Pyles 1994), i.e. the cables are weightless and inextensi-

ble. In order to establish the final configuration of this system, eight unknown quantities

must be determined. The unknowns are: the location of points A and D in space (6 un-

knowns) and the tensions of the two cables (2 unknowns). Eight equations are required
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Figure 3.2. Simple two cable systems:
(a) with weightless cables; and (b) with cable weight included.



43

to solve for the eight unknowns. These equations express the static equilibrium of points

A and D, and the lengths of cables 1 and 2. The equations of static equilibrium are

T1u + TIuAc T2u =0
T2uAD +F=0 (3.5)

where T1 and T2 are the tensions in cables 1 and 2, respectively; and u, UBC, and UBD

are unit vectors along AB, BC, and BD, respectively. If cable 1 did not lie in the x-z

plane, then its horizontal force would be broken into components in the x and y directions

using standard vector techniques. Equations (3.5) can be written in scalar form, yielding

6 equations, by equating components in the x, y, and z directions.

The compatibility equations are

rI + IrACI = L1

rI = L2
(3.6)

where, Ir I is the magnitude of a position vector from A to B, and similarly for irci,

and IrBDI. The known lengths of cables 1 and 2 are L1 and L2, respectively.

The integration of catenary sag infonnation into the cable system solution

methodology is demonstrated on the two-cable system of Figure 3.2b. The terms alL and

aiR, the angles of repose of cable 1 on the left and right sides of point A, respectively, are

found using simple geometric relations applied to the horizontal and vertical components

of the tension in cable 1. The lengths of the spans of cable 1 between points A and B,

and points A and C, s and SAC, respectively, are found using the following standard

catenary equation (Carson 1977)

5= h2 + [2m * sinh(---.)]2 (3.7)



Cable 2 is assumed to be short enough and under sufficient tension to neglect any cate-

nary effects. Static equilibrium at point A in the x direction is represented as

T1 cos(alR) T1 cos(cxIL) = 0 (3.8)

where T1 is the tension in cable 1. Static equilibrium at point A in the z direction is

T2 T1 sin(aIR) T1 sin(aIL) = 0 (3.9)

where T2 is the tension in cable 2. There are no forces in the y direction. Static equilib-

rium at point D is unchanged from the previous example (Equation 3.5).

Compatibility equations are based on comparing the known length of a cable with

the computed length. For cables 1 and 2 respectively, the compatibility equations are

L'1 SAB SAC = 0

L'2s =0
(3.10)

where L' i and L'2 are the stretched lengths of cables 1 and 2, respectively. Stretched

lengths of the cables are determined using methods described below. Equations 3.8-3.10,

along with an equilibrium equation for point D, are then solved using the Newton-

Raphson approach to find the equilibrium configuration of the cable system.

Elastic Stretch

Cables used in logging systems are composed of wound steel strands which may

be as much as 1.5 in. in diameter. The aggregate modulus of elasticity (E) of these cables

is approximately 17x106 psi (Broderick and Bascom 1980). The stretched length L'c of a
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cable which is assumed to have no mass, with cross-sectional area A, modulus of elastic-

ity E, and under tension T is

L=L
AE

(3.11)

where Lc is the unstretched length of the cable. Note that the tension in the cable (1) is

constant along the cable since the cable is massless.

For a cable with the effects of cable weight included, the calculation of the

stretched length is more complicated. The tension in the cable changes continuously

along the cable as

T(y) = JH2 + (v yp)2 (3.12)

where y is a linear measure along the length of the cable away from the upper end (Figure

3.1). A simple expression for stretched length such as Equation 3.11, which assumes that

tension is constant, cannot be used. Instead, the strain in the cable, which is a function of

tension along the cable, must be integrated along the length of the cable to find the total

stretch in the cable. By combining equations 3.11 and 3.12, the following expression

may be derived for the stretched length Lc' of a cable hanging in the shape of a catenary.

= L
(pLo - V)JT2 2VpL + p2L + VT

2pAE

(.JT2 2VpL +p2L + pL _V](T2 v2)
(3.13)

ln[ TV
2pAE



Single Cable Case Studies

Single Cable Catenary Behavior

A computer program has been written which rapidly determines the profile of a

cable based on the methods described above. Only the end point locations, tension at one

end (T), and cable weight per unit length (p) are assumed to be known. This program is

demonstrated in the following example. A typical cable weight per unit length of 1 lb/ft

is used. The two supports are separated by 70 ft in the horizontal direction, and 35 ft in

the vertical direction (Figure 3.3).

The cable profile is solved for 7 tensions, at support 2, ranging from 75 lbs to

5,000 lbs (Table 3.1). The only parameter varied in this demonstration is the cable ten-

sion at support 2. Cable profile B corresponds to a cable tension of 75 lbs. For this ten-

sion, m is 32.19. The length of the cable span, which is required when satisfying the

compatibility constraints described above, is 91.52 ft. As the cable's tension is increased

for profiles C, D, E, F, G, and H, the value of m increases and the cable length decreases.

For profile H, with a tension of 5000 lbs. the value of m is 4457.08 and the cable length is

78.26 ft. which is within .01 ft of the straight line distance between the supports. Note

that the value of m has increased at half the rate of cable tension. This large variation and

gradient in possible values of m necessitates the complicated, two stage convergence test

described above.

Cable profile A in Table 3.1 has a cable tension of 74 lbs. For the cable in this

example, a tension of 74 lbs results in a cable parameter, m, of less than 10. For cables

with low m values, the cable solution method used in our program encounters numerical

difficulties with the square root in equation 3.3; the argument to the square root function

becomes negative. The presence of the square root is a result of the use of cable tension

as a known cable property, rather than the horizontal and vertical components of tension

found in equation 3.2. This difficulty could be avoided by expressing the simultaneous



Figure 3.3. Catenary profiles for cables of varying tension.



Table 3.1. Cable profile data for eight cable spans.

Cable Tension cable parameter cable length
(lbs) (m=H/p) (ft)

A 74.00 failed failed
B 75.00 32.19 91.52
C 80.00 41.40 86.03
D 100.00 64.80 81.37
E 200.00 159.60 78.77
F 500.00 430.20 78.33
G 1000.00 878.10 78.28
H 5000.00 4456.40 78.26

equilibrium equations of the cable system model in terms of horizontal and vertical com-

ponents of tension instead of tension (see Equations 3.5, 3.8, and 3.9). This would

increase the number and complexity of the equations, but it might result in an increased

stability of the cable solution procedure. Cables with tensions below approximately 500

lbs are not common in operational cable logging systems, however. The cable solution

program used for this model is reliable for the range of cable profiles encountered in

cable logging systems.

Single Cable Elastic Stretch

A comparison between the elastic response of a 600 in. long cable with weight ig-

nored and included is shown in Tables 3.2 through 3.4. Table 3.2 shows the response of a

weightless cable, Table 3.3 shows the response of a small weight cable, and Table 3.4

shows the response of a large weight cable. For this cable, the modulus of elasticity is

17x 106 psi, and the cable's diameter is .75 in (cross-sectional area is .4418 in2). In each

table, three tensions are considered, 5 kips, 10 kips, and 15 kips. Total tension in cases 3

and 4 of each table is 15 kips; the tension may be primarily horizontal, as in case 3, or

primarily vertical, as in case 4.



Table 3.2. Cable stretch with cable weight ignored.

Case H p
(in) (in) (kips) (kips) (kips) (lb/in)

1 600 600.3995 5 3 4 0.00001
2 600 600.7989 10 6 8 0.00001
3 600 601.1984 15 9 12 0.00001
4 600 601J984 15 12 9 0.00001

Table 3.3. Cable stretch with small cable weight.

Case L T V H p

(in) (in) (kips) (kips) (kips) (lb/in)

1 600 600.3995 5 3 4 0.00001
2 600 600.7989 10 6 8 0.00001
3 600 601.1984 15 9 12 0.00001
4 600 601.1984 15 12 9 0.00001

Table 3.4. Cable stretch with large cable weight.

Case L' T V H p

(in) (in) (kips) (Ups) (Ups) (lb/in)

1 600 600.3474 5 3 4 10.00
2 600 600.6948 10 6 8 10.00
3 600 601.0790 15 9 12 10.00
4 600 601.0217 15 12 9 10.00
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Table 3.2 compares the stretched and unstretched lengths for a weightless cable.

For this cable, the stretched length may be found by using equation 3.11. Note that the

tensions and stretched lengths in cases 3 and 4 are identical. The horizontal and vertical

components of tension differ between cases 3 and 4 in Tables 3.2, 3.3, and 3.4. This is

significant for the case of a cable with a large weight per unit length (Table 3.4). Table

3.3 compares the stretched and unstretched lengths for the cable with a weight of i05

lbs/in. Equation 3.13 is used to compute the stretched lengths. The stretched lengths for

this cable in cases 1 through 4 do not differ significantly from those in Table 3.2. The

weight of the cable is small relative to the tension in the cable, and so has a negligible

effect on the elastic response. This proves the validity of Equation 3.13 for small cable

weights.

Table 3.4 shows the cable with a weight of 10 lbs/in, which is large for a cable of

this size and stiffness. A large cable weight is used to better demonstrate the catenary ef-

fects, and to show the large range of applicability of Equation 3.13. The effects of weight

on total cable stretch are clearly shown. The total stretch is less than in the previous two

cases (Tables 3.2 and 3.3). The reduction in total stretch is due to the continual decrease

in cable tension away from the end point where tension is defined (point B in Figure 3.2).

Comparing cases 3 and 4 of Table 3.4, the total stretch is greater in case 3, where more of

the tension is horizontal. The horizontal component of cable tension does not change

along the cable (Equation 3.12), so the cable in case 3 experiences a consistently greater

tension, and hence larger stretch, than does the cable in the fourth case.

Demonstration Cable Logging System

A demonstration cable logging system is shown in plan and elevation views in

Figures 3.4 and 3.5, respectively. The configurations of the cable system differ slightly

between Figures 3.4 and 3.5; cable 3 is shorter in Figure 3.5 than in Figure 3.4. This

demonstration system contains all of the cables, components, and connections of an ac-
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Figure 3.4. Plan view of the demonstration cable logging system.
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Figure 3.5. Reference configuration for the demonstration cable logging system.
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tual cable logging system, but is somewhat smaller than a real system. This demonstra-

tion cable logging system is used to illustrate the cable logging system analysis method-

ology because the individual components and deformed shapes of the system may be

clearly shown. This cable logging system is analyzed with loads which are smaller than

those normally experienced in an operational cable logging system. For a complete dis-

cussion of the components of cable logging systems, including the modeling of the sup-

port trees (represented as springs LM and NK with a stiffness of 125 lbs/ft), refer to

(Charland, Hernried, and Pyles 1994). Catenary sag and elastic stretch are ignored for

cables CH, KB, and MD because of their small size and relatively high stiffness.

Figure 3.5 shows the cable logging system in a configuration where there is sig-

nificant tension in all cables, and cable weight and elastic stretch are ignored. The con-

figuration in Figure 3.5 is the result of the analysis methodology described previously

(Charland, Hernried, and Pyles 1994). Cable tensions for the configuration in Figure 3.5

are given as case 1 of Table 3.5. Figure 3.5 will be used as the reference configuration

for the parameter studies to follow. The effects on the cable logging system of cable

weight without elastic stretch, elastic stretch without cable weight, and both cable weight

and elastic stretch simultaneously will be examined relative to this configuration.

Catenary Sag Only

Referring to Table 3.5, the variation of cable tension with changes in cable weight

is shown in cases 1-6. Case 1 represents a cable system where cable weight is ignored

(Figure 3.5). Cable weight in case 2 is very small, and as expected the cable tensions in

the cable logging system for cases 1 and 2 are nearly identical. Cases 3, 4, 5, and 6 show

a steady rise in cable weight from .5 lb/ft to 5.0 lb/ft. As stated earlier, normal cable

weights are around 1-2.5 lbs/ft. Tensions in each cable, as well as the lateral and horizon-

tal forces on the trees, steadily increase with increasing cable weight. The tension in ca-

ble CH, a useful indicator of total system load because it is the connection between the



Table 3.5. Cable system tensions versus cable stiffness or cable weight.

Case No. Cable elastic Cable weight Cable A-B-C-D-E Cable F-G-H-J Cable G-1 Cables BK* Cable CHt Trees lateral Trees vertical
modulus (lb/ft) Points B & D Point G Point H Point G & DM* force force

(lb/sq. ft.) (Ibs) (Ibs) (lbs) (Ibs) (lbs) (lbs) (lbs) (ibs)

- - 37.24 64.11 64.11 19.07 67.98 68.19 32.50 59.70
2 0.0001 37.13 63.91 63.91 19.03 67.79 68.00 32.40 59.50
3 - 0.50 38.48 63.68 64.68 19.23 70.53 69.57 32.90 62.40
4 1.00 39.87 63.45 65.45 19.53 73.34 71.21 33.40 65.30
5 - 2.50 44.21 62.81 67.77 20.96 82.04 76.41 34.90 74.20
6 5.00 51.78 61.79 71.59 24.55 97.11 85.76 37.50 89.60
7 32,640,000 37.24 64.11 64.11 19.07 67.98 68.19 32.50 59.70
8 100,000 - 37.24 64.11 64.11 19.07 67.98 68.19 32.50 59.70
9 30,000 - 37.01 63.92 63.92 18.78 67.60 67.83 32.30 59.40
10 10,000 - 36.57 63.55 63.55 18.23 66.86 67.15 32.00 58.70
11 5,000 - 35.97 63.05 63.05 17.46 65.84 66.19 31.60 57.70

* Assumed inextensible.

Table 3.6. Tension in cable C-H for cables with both self-weight and elastic stretch.

Cable weight (lb/ft)
0.0001 0.50 1.00 2.50 5.00

Case Tension (Ibs)
1.00 Cable 3.26E+07 68.00 69.57 71.21 76.41 85.78
2.00 Modulus 100000.00 67.92 69.50 71.14 76.34 85.72
3.00 of 30000.00 67.76 69.34 70.97 76.18 85.52
4.00 Elasticity 10000.00 67.15 68.71 70.34 74.46 83.60
5.00 (lb/sq.ft.) 5000.00 66.19 67.09 67.86 71.40 80.43

Note:

All cable areas 1 sq. in.

Cable C-H is assumed to be inextensible.
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two principal load bearing cables, rises 12% from case 1 to case 5. This is a significant

increase in cable load, indicating that cable weight should be included in an analysis of

cable logging systems.

The increase in cable tensions is due to two factors. First, cable weight adds to

the total load which must be carried by the cables. Second, referring to Figure 3.6, the

angle between cable 2 and the horizontal is smaller than the angle between cable 1 and

the horizontal. Thus, to support a given load F, cable 1 will require a smaller tension than

cable 2.

Elastic Stretch Only

Cable tension as a function of cable flexibility is also shown in Table 3.5.

Because cable weight is not considered, elastic stretch is computed using Equation 3.11

instead of Equation 3.13. Case 1 again corresponds to a cable system with elastic stretch

ignored (Figure 3.5). The modulus of elasticity for case 7 was selected such that cable

stiffnesses in the demonstration system would be comparable to those of cables in an op-

erational cable logging system. The cable tensions in the cable logging system for cases

1 and 7 are nearly identical, showing that for a cable logging system, realistic elastic

stretch does not significantly alter the system's response. Cases 8, 9, 10, and 11 show a

substantial decrease in cable modulus of elasticity from 100 kip/ft2 to 5 kiplft2. Tensions

in each cable, as well as the lateral and horizontal forces in the trees, steadily decrease

with decreasing cable stiffness. Tension in Cable CH does not change significantly be-

tween cases 1, 7, and 8. This indicates that for cables with realistic axial stiffnesses, and

even with cables with axial stiffnesses several orders of magnitude below a realistic

value, the effects of axial stretch are not important to the analysis of cable logging sys-

tems. The configuration of the cable logging system for case 11 (Table 3.5) is shown in

Figure 3.7 (solid lines). The dashed lines indicate the configuration of case 1 (Table 3.5).



/1 \'\ ,

/ /1/
/
/ /

\ \
/ /

/ /\\ \ /
/ /

/ /

®.\.\\

/ ,

/ ,.
/ ,
I,

angle
A -I

angle 2 /

-. /

angle3\/O

Figure 3.6. Comparison of cable profiles for three different cable types.



A,t

J

Figure 3.7. Cable logging system geometry with elastic stretch only (deformed configuration).



Note that point G has moved in the -z direction (cable GI is no longer horizontal). Cable

CH has also moved in the -z direction and +y direction.

Referring to Figure 3.6, the decrease in cable tensions is due to an increase in the

angle between cable 3 and the horizontal compared with the angle between cable 1 and

the horizontal. To support a given load F, cable 3 will require a smaller tension than

cable 1.

Combined Catenary Sag and Elastic Stretch

The tension in cable CH is examined under the dual influence of cable weight and

elastic stretch in the system's cables. Cable CR is chosen because it is a critical link be-

tween the two principal load bearing cables in the system. A matrix of computed ten-

sions for cable CH is presented in Table 3.6. The tension for case 1 with cable weight of

1o-4 lb/ft, corresponding to stiff, light weight cables, is very close to the tension for cable

CR in case 1 of Table 3.5, as expected. The remainder of the matrix shows a steady rise

in tension in cable CR, and hence in the entire cable system, for increasing cable weight,

and a steady decrease in tension for decreasing cable stiffness. These trends parallel the

response of the cable system to increasing cable weight and decreasing cable stiffness. In

particular, the tensions in cable CR in Table 3.6 for very light cables and very stiff cables

are nearly identical to the tensions in Table 3.5 with those effects ignored.

Conclusion

An analysis procedure previously presented (Charland, Hernried, and Pyles 1994) for the

analysis of intermediate support cable logging systems is extended to include the effects

of self-weight and elastic stretch in the cables. These effects, both separately and com-

bined, have been illustrated on individual cables, a simple cable span, and an intermediate

support cable logging system. The effects of reasonable cable weights are determined to
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be significant to the response of the simple, demonstration cable logging system. The ef-

fect of elastic stretch for cables with realistic flexibilities is negligible.

References

Broderick and Bascom Rope Company. 1980. "Broderick and Bascom Wire Rope
Handbook." St. Louis, MO.

Carson, Ward W. 1977. "Analysis of the Single Cable Segment." Forest Science
23(2):238-252.

Charland, James W., A.G Hernried, and M.R. Pyles. 1994. "Cable Systems with Elastic
Supporting Elements." Journal of Structural Engineering 120(1 2):3649-3 665.

McDonald, Brian, and Alain Peyrot. 1988. "Analysis of Cables Suspended in Sheaves."
Journal of Structural Engineering. 1 14(3):693-706.

McDonald, Brian, and Alain Peyrot. 1990. "Sag-Tension Calculations Valid for Any
Line Geometry." Journal of Structural Engineering. 1 16(9):2374-2387.

Mitsugi, Jin and Tetsuo Yasaka. 1990. "Nonlinear Static and Dynamic Analysis Method
of Cable Structures." AIAA Journal 29(1):150-152.

Peyrot, A.H. and A.M. Goulois. 1979. "Analysis of Cable Structures." Computers and
Structures Vol. 10. pp. 805-8 13.

Sikes, P.T. 1969. "Analysis of a Deflected Skyline." Proceedings, Skyline Logging
Symposium, School of Forestry, Oregon State University. January 29-3 1, 1969. pp.
25-33.

Suddarth, S.K. 1969. "Analysis of Cable System - The Grapple-Rigged Running
Skyline." Proceedings, Skyline Logging Symposium, School of Forestry, Oregon
State University. January 29-31, 1969. pp. 21-24.

Swarthout, C.D. 1969. "Understanding Skyline Tensions and Deflections."
Proceedings, Skyline Logging Symposium, School of Forestry, Oregon State
University. January 29-3 1, 1969. pp. 16-20.

List of Symbols

A Cable's cross-sectional area;

d Horizontal distance between cable end points;

e Horizontal distance from cable end point to the cable's center of mass in a cate-
nary profile;



E Young's modulus;

F An external point load;

H Horizontal component of cable tension;

h Vertical distance between cable end points;

L Nominal length of a cable under zero tension;

L' Stretched length of a cable hanging in a catenary profile;

Lj Specified cable length for cable i,

m Cable parameter;

R Total weight of a cable in a catenary profile;

r&j Vector from point A to point B;

rc Vector from point A to point C;

Vector from point A to point D;

s Length of a cable span hanging in a catenary between supports A and B;

SAC Length of a cable span hanging in a catenary between supports A and C;

sj Length of a cable span hanging in a catenary between supports A and D;

T1 Tension in cable i;

u Unit vector from point A toward point B;

11Ac Unit vector from point A toward point C;

Uj Unit vector from point A toward point D;

V Vertical component of cable tension;

V Vertical component of cable tension at support C;

y Linear measure of position along a cable, measured from the upper end;

a Angle between a cable's tangent and the horizontal on the left side of a support;

aiR Angle between a cable's tangent and the horizontal on the right side of a support;
and,

p Cable weight per unit length.
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Summary

A technique has been presented for determining the response intermediate-support

cable logging systems. The approach yields the tensions in the cables and the forces and

stresses in the trees used as intermediate supports. The technique is based on solving a

system of coupled, non-linear simultaneous equations. The equations describe static

equilibrium at inter-cable connection points and cable length compatibility. Although the

methodology has been specifically developed and implemented for intermediate-support

cable logging systems, it has broad applicability to other types of cable systems and ten-

sion structures. An important strength of this analytical technique is the ability to easily

handle the case of a continuous cable passing over a pulley or other support. The present

formulation includes elastic support elements, cable self-weight, elastic stretch in the ca-

bles, and external point loads.

Suggestions for Further Research

Several avenues of further development which could significantly improve this

analysis methodology are apparent.

Cable Sub-Systems

The most interesting prospect for further development of this technique lies in the

creation of cable "sub-systems." Small, commonly encountered cable sub-systems like

those shown in Figure 4.1 could be developed as independent systems of equations.

These sub-systems could then be linked together at their nodes allowing a greater range

of cable systems to be conveniently analyzed using this methodology. This linking of

sub-systems would be superficially analogous to the connectivity of finite element mod-

els, but fundamentally different. Cable system geometry is a major restriction on the cur-

rent methodology, since at present any new cable system geometry requires the writing of
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(a

"Node"

"Node" "Node"

(b)

Te Spring

"Node"

Figure 4.1. Examples of typical cable "sub-systems."
(a) Simple two cable system with pulley; and (b) Tree spring with short strap.



a fairly complicated computer subroutine. A major obstacle to be overcome in pursuing

this enhancement is in generalizing an acceptable automated guess algorithm.

Equation Formulation without Cable Tension

As mentioned in Chapter 3, the computer program which solves for the profile of

a cable in a catenary encounters numerical problems with the square-root function in

Equation 3.3. The square root is introduced when the horizontal and vertical components

of tension are removed and replaced by the cable tension itself (see Equation 3.2). It is

possible to formulate equations of static equilibrium using the horizontal and vertical

components of cable tension directly. Doing this would eliminate the problematic square

root function.

Friction Between Jack and Skyline

The skyline cable is supported by the intermediate support cable by means of a

device called a "jack." (see Chapter 2) This is a rigid device which hangs on the

intermediate-support cable and supports the skyline by cradling it in a long channel. The

friction between the channel and the skyline is significant, generally preventing the jack

from resting in the equilibrium position it would attain if there were no friction. This

frictional force could be approximated by a force acting on the jack which is tangential to

the skyline and a function of the tension in the jack. While not completely accurate, this

approach might yield a better approximation of the jack-skyline interaction than the cur-

rent, frictionless assumption.

Simultaneous Equation Solver

The system of simultaneous equations is solved using the International Math and

Statistics Library (IMSL) routine NEQNF. This routine is a "black box" which in general



either finds an acceptable root to the system or does not; when it fails to converge on a

solution, it provides very little information to the user on the cause of the failure. The

Newton-Raphson root finding scheme for solving systems of several equations is not

particularly complicated, and a replacement for NEQNF could be programmed with a

reasonable amount of effort. Doing so might improve the users insights into why a par-

ticular solution attempt has failed, pointing the way to possible improvements in the ini-

tial guess algorithm, in the equations themselves, or in some other aspect of the tech

nique.
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