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Abstract

Skyline tensile forces have been shown to frequently exceed the recommended safety limits
during ordinary cable logging operations. Several models for skyline engineering analyses
have been proposed. Although skyline tensile forces assume a dynamic behaviour, practical
solutions are based on a static approach without consideration of the dynamic nature of the
cable systems.

The aim of this study was to compare field data of skyline tensile forces with the static calcula-
tions derived by dedicated available software such as SkylineXL. To overcome the limitation
of static calculation, this work also aimed to simulate the actual response of the tensile fluc-
tuations measured in the real environment by mean of a finite element model (FEM).

Field observations of skyline tensile forces included 103 work cycles, recorded over four differ-
ent cable lines in standing skyline configuration. Payload estimations, carriages positions, and
time study of the logging operations were also collected in the field. The ground profiles and
the cable line geometries were analysed using digital elevation models. The field data were then
used to simulate the work cycles in SkylineXL. The dynamic response of six fully-suspended
loads in a single-span cable line was also simulated by a dedicated FEM built through ANSYS®.
The observed data and the software calculations were then compared.

SkylineXL resulted particularly reliable in the prediction of the actual tensile forces, with
RMSE ranging between 7.5 and 13.5 KN, linked to an average CV(RMSE) of 7.24%. The
reliability in predicting the peak tensile forces was lower, reporting CV(RMSE) of 10.12%,
but still not likely resulting in a safety or performance problem. If properly set-up and used,
thus, SkylineXL could be considered appropriate for operational and practical purposes. This
work, however, showed that finite element models could be successfully used for detailed
analysis and simulation of the skyline tensile forces, including the dynamic oscillations due
to the motion of the carriage and payload along the cable line. Further developments of this
technique could also lead to the physical simulation and analysis of the log-to-ground interac-
tion and the investigation of the breakout force during lateral skidding.

Keywords: cable yarding, skyline layout, tension, SkylineXL, finite element model

1. Introduction

Cable logging represents one of the most common
harvesting solutions for steep slope forest operations,
especially where steepness, roughness, soil bearing
capacity, site sensitivity or stem size limit alternative
ground-based solutions (Amishev et al. 2009, Koszman
and Evans 2018). Site-specific forestry conditions led
to the technological development of different cable
yarding systems and configurations around the world
(Studier and Binkley 1974, Larson 1978, Liley 1983,

Samset 1985, FITEC 2005, WorkSafe BC 2006, OR-OSHA
2010, Safe Work Australia 2013, Ackerman et al. 2017).
Highlead, live skyline, and running skyline systems
are particularly common in North America, New
Zealand, and Japan (Yoshimura and Noba 2013, Visser
and Harrill 2017). In Central Europe, where forestry
operations are mainly based on partial retention cuts
and thinning operations, standing skyline cable yard-
ers, in single and multi-span configurations, represent
the primary cable logging system (Heinimann et al.
2001).
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The safety risks for the operators represent one of
the main limits of cable yarding operations (Tsioras et
al. 2011, Allman et al. 2018). Excessive skyline tensile
forces, in particular, is a primary safety concern in the
risk assessment, being the main reason for broken sup-
ports, anchor tree and cables (Tsioras et al. 2011). Field
trials have shown frequent exceeding of the recom-
mended safety limits in skyline tensile forces during
ordinary cable logging operations (Hartsough 1993,
Harrill and Visser 2016, Spinelli et al. 2017, Mologni et
al. 2019). In standing skyline configurations, improper
installation of the cable structure or poor operational
practices are the predominant elements in the non-
compliance with the safety regulations, but dynamic
loads can lead to tensile force increase up to critical
values (Spinelli et al. 2017, Mologni et al. 2019).

Several models for skyline engineering analyses
have been proposed. Those models are the results of
improvements and adaptions of pioneering works de-
veloped between the 1960s and 1980s (Zweifel 1960,
Pestal 1961, Carson and Mann 1970, Carson and Mann
1971, Irvine 1981), based on different type and level of
approximation of non-linear catenary equations.
Further studies and the progression of computer
technologies improved the base algorithms and led to
the development of updated procedures and tools for
skyline layout, payload analysis, and tensile force
calculations (Carson 1975, Tobey 1980, Falk 1981,
Bodenhausen 1982, Chung 1987, Twito et al. 1988,
Jarmer and Sessions 1992, Charland et al. 1994, Chung
and Sessions 2003, Bont and Heinimann 2012, Dupire
et al. 2015). Among others, SkylineXL (Rheinberger
2018) is one of the most common software currently
available worldwide for skyline layout calculation.
This software was developed by ajoint effort of Oregon
State University and USDA Forest Service in 2008,
adapting the Windows-based LOGGER PC (Jarmer
and Sessions 1992, Session 2002) to a Microsoft Excel
Visual Basic code to avoid any Windows-compatibility
related issues. SkylineXL allows to analyse the inhaul
tensile forces of live skylines, running skylines, and
standing skylines (single and multi-span configura-
tions), including partial suspension calculations. The
formulations implemented in SkylineXL are based on
the rigid-link algorithms pioneered by Carson and
Mann (1970) and later improved and articulated by
many other different Authors over more than 40 years
(Rheinberger 2019). The detailed formulas driving
SkylineXL calculations, however, are protected and
not freely accessible.

Although skyline tensile forces assume a dynamic
behaviour, most of the methods available for skyline
layout calculations, including SkylineXL, are based on
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a static approach without consideration of the dynam-
ic nature of real cable systems. Inclusion of dynamic
effects in modelling cable structures for forestry ap-
plications is minimal (Carson 1973, Womack 1989,
Womack et al. 1994, Knobloch and Bont 2018) and still
without any effective application. The dynamic re-
sponse of a standing skyline system is quite different
from a simple free vibration of a fully restrained cable
(Pyles et al. 1994), and describing the effects of a mov-
ing mass (namely carriage and payload) much greater
than the mass of the oscillating cable can be a challeng-
ing, complex task.

The aim of this study is to compare field data of
skyline tensile forces, recorded during ordinary stand-
ing skyline cable yarding operations, with the static
calculations derived by a dedicated software such as
SkylineXL. Static calculations can define the general
trend of skyline tensile forces but are not able to cap-
ture their dynamic component. Therefore, this work
also aims to develop a preliminary finite element
model (FEM) to simulate the loaded hauling phase
(hereafter named inhaul) of fully-suspended loads
with non-linear time-history analyses and reproduce
the actual response of the tensile fluctuations mea-
sured in the real environment.

2. Materials and Methods
2.1 Field Data and Cable Systems

The field data collection was carried out during
April 2017 in three different harvesting sites located in
the North-Eastern Italian Alps. Two experienced log-
ging contractors participated in the study with their
own logging crews, using three different mobile tow-
er yarders. The cable yarders were manufactured by
the same company, but they were installed on differ-
ent base vehicles (e.g., trailer, truck, and self-propelled
with track undercarriage). All the machines were com-
parable in terms of power and size and used the same
automatic clamped carriage model. The carriage had
a mass of 650 kg and a rated maximum payload of
40 kN. The three machines were also equipped with
similar 22 mm skylines, 12 mm mainlines and 11 mm
haul-back lines. The cable yarder used on cable line
CLO01 used a swaged skyline cable with a mass of
2.28 kg m™' and a minimum breaking load (MBL) of
448 kN; the two cable yarders used on the other three
cable lines used swaged skyline cables with a mass of
2.32 kg m™ and a MBL of 435 kN.

The field monitoring included a total of 103 work
cycles, over four different cable lines distributed be-
tween the three harvesting sites (Table 1). On the only
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Table 1 Cable line geometries and configuration

O. Mologni et al.

Cable line Site Yarder. 7 Line configuration HL', m VL2, m opan han
vehicle I3 m slp*, % 15, m slp’, %
CLO1 A self-prop.” | multi-span; down 438 120 N 35 97 13
CL02 B truck single span; up 172 39 160 25 - -
CLO3 C truck single span; down 213 56 217 20 - -
CLO4 C trailer single span; down 175 46 178 18 - -
Notes:

"HL — horizontal length, measured from the tower yarder to the tail anchor

2V — vertical length, measured from the tower yarder basement to the tail anchor
*IL - chord length

“slp — chord slope

® self-prop. — self-propelled with track undercarriage

multi-span cable line CL01, observations were col-
lected only for the first span (i.e. between the tower
yarder and the intermediate support). The average
yarding distance was 216 m for the multi-span cable
line CLO1 and averaged between 113 and 137 m for the
other three cable lines. The majority of the cycles in-
cluded yarding of logs longer than 10 m, resulting in
a prevalence of the partially-suspended extraction
method. Cut-to-length logs were limited to less than
8% of the cycles. In addition, almost 78% of the work
cycles included whole trees or semi-processed logs
(i.e., logs with branches), which were processed at the
landing.

2.2 Skyline Tensile Force Monitoring and Field
Data Collection

The skyline tensile forces were recorded at a fre-
quency of 100 Hz through a tensiometer clamped on
the skyline cable in the proximity of the tail anchor of
the four cable lines. Coordinates and geometric data
of the tower yarders, tailspars, intermediate supports
and anchors were noted using a hand-held GNSS de-
vice and a laser rangefinder. An Arduino®-based
GNSS sensor and an action camera, equipped with an
external power source and a large memory card, were
mounted on the carriages to record the carriage move-
ments and the logging operations. Diameters and
lengths of the logs yarded during each work cycle
were measured to get an estimation of the volume.
Also, each log was visually classified in terms of spe-
cies and branches density in order to estimate the
payload. This approximation was included because
of the need to record ordinary cable yarding opera-
tions without interfering with the logging crews. The
total estimated payload yarded for each cycle, includ-

ing the logs and branches weight, ranged between 3
to 35 kN, averaging from 15.5 to 21.5 kN in the four
cable lines.

The video recordings were used to carry out the
time and motion study of the logging operations dur-
ing the skyline tensile force monitoring. The work
cycles were subdivided into different work elements,
following the standard procedures described by
Bjorheden (1991), identifying the productive machine
hours excluding delays longer than 15 minutes
(PMH,;). Inhaul, used for the comparison of field data
with SkylineXL calculations, includes the skyline ten-
sile forces recorded from the moment when the load
was completely pulled up to the carriage at the end of
the lateral skid until the load reached the unloading
position at the landing. Outhaul, used to define the
system damping during the calibration of the FEM,
includes the tensile forces recorded from the moment
when the carriage was ready to move from the landing
out to the choker setter and ended when the carriage
stopped at the hooking area.

The skyline tensile force field data were processed
through R-scripts, analysing both actual values and
peak tensile forces, expressed as the maximum tensile
force recorded per work cycle during inhaul. Also,
cyclic load amplitude (CLA), expression of momen-
tary excursion in the skyline tensile force during in-
haul, and its maximum value (maximum cyclic load
amplification — MCLA), were analysed. The MCLA
represents the highest differences between consecu-
tive pits and peaks and is the result of a combination
of vibrations of the system and changes of the load
applied to the cable structure due to carriage move-
ments and, in case of semi-suspension, log-ground
interaction (Pyles et al. 1994).
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2.3 SkylineXL Elaborations

The skyline tensile forces of each work cycle were
also calculated through SkylineXL 18.0. The use of
SkylineXL requires several input data, including the
ground profile; the technical features of the tower
yarder, carriage and skyline; the height and position
of the tower yarder and supports; as well as the se-
lected cable system configuration. The ground profiles
underlying each cable line were extrapolated from
Lidar-based digital elevation models (1 m grid resolu-
tion) using QGIS software. Considering the limited
availability of 50 points for the profile description in
SkylineXL 18.0, the profiles were initially sampled in
45 equidistant points between the tower yarder and
the tail anchor. Subsequently, further points were
sampled at a 1 m distance from the tower yarder and
in the proximity of the tailspar and intermediate sup-
port positions.

The technical features of the mobile tower yarders
and carriages used in this study were added to the
SkylineXL database. The technical features of the wire
ropes used by those machines, however, cannot be
exactly specified in the software. Only diameter, line
type, and line length can be specified, while the mass
(kg m™) and the designed tensile force (expressed in
kg) are directly applied by the software reflecting the
other features. The skyline mass was considered the
most relevant parameter for the analysis. Thus, diam-
eters and line types were adjusted to generate rope
masses close to the real data. A 22.3 mm skyline diam-
eter and an extra improved plow steel (EIPS) line type
allowed to get a rope mass of 2.11 kg m™', which differ
between 0.17 and 0.21 kg m™ from the real data.

To reproduce field conditions, a proper pretension
value has to be considered in the calculation. Preten-
sion is defined as the skyline tensile force when the
carriage is unloaded and hanging from the skyline
near the tower yarder. SkylineXL does not allow to
define a pretension value; however, it allows to mod-
ify the un-stretched skyline length, which is an indirect
expression of pretension. The un-stretched skyline
length is not measurable in the field with the required
precision. Small variations (<1 m) in the skyline length
of a200 m long cable line can lead to a variation of over
50 kN in the output data of the skyline tensile forces.
In addition, different un-stretched skyline lengths lead
to different line shapes of the skyline tensile force due
to a reduced tensile force increment index (increment
per unit of payload) at shorter skyline length (higher
pretension). Thus, it is not possible to simply correct
the values by the difference between real pretension
and tensile force value calculated close to the cable
yarder. Similarly, any method to calculate skyline
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length could result in a small error in its calculation;
however, this could result in a large error in the tensile
force. For these reasons, similarly to what was men-
tioned by Visser (1998) for LOGGERPC, starting from
the preliminary calculation of SkylineXL, an iterative
procedure based on consecutive approximations was
applied for each cable line in order to identify the un-
stretched skyline length able to provide, at a distance
of 1 m from the tower yarder, an unloaded tensile force
(no-load situation) equal to the pretension measured
in the field. To properly create a no-load situation, the
tag length was reduced to 1 m, the log length to 2 m,
and the minimum log clearance was increased up to
the maximum feasible level. This combination of input
data reduced the minimum allowed payload to a val-
ue close to zero, replicating the field conditions of pre-
tensioning in which the unloaded carriage is located
very close to the tower yarder.

The »Phase 1« of the SkylineXL calculation proce-
dure allows to define the net payload that can be
extracted along the whole cable line (between the
»outer« and »inner« terrain point, as named by the
software) without exceeding the designed tensile force
(as defined by skyline features). This phase requires
the definition of load size, minimum log clearance,
transportation system, and loading and unloading po-
sition. The logs measures were derived from the field
data, assuming the logs as pure cylinders. The tag
length was assumed to be constant at 2 m. The mini-
mum log clearance was set to 0.3 m. The log length and
the video analysis were used to identify the transpor-
tation system (full or partial suspension) of each work
cycle. The GNSS sensor mounted on the carriage was
used to localise the carriage and continuously measure
the relative position from the tower yarder, which al-
lowed to calculate the yarding distance (maximum
relative distance measured per work cycle). The yard-
ing distance was then used to select the »outer distance
terrain point« (i.e., the loading position as defined in
SkylineXL).

Table 2 Un-stretched skyline length related to pretension settings
as detected through iterative procedure in SkylineXL

Cable line | Work cycles,n | Pretension, kN | Skyline length, m
CLO1 36 105 406.0
CLo2 17 100 158.9
CLo2 13 110 158.8
CLO3 9 80 178.4
CL04 16 135 214.6
CLo4 12 120 214.8
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The »Phase 2« of the SkylineXL calculations allows
to modify the payload and the un-stretched skyline
length, and assess the skyline tensile force analysis for
a specific work cycle. The payload was estimated from
the field log measurements and the associated descrip-
tion of species and crown density. The un-stretched
skyline length was derived from the preliminary cal-
culation at each pretension setting (Table 2).

2.4 Comparison between Observed Data and
SkylineXL Calculations

The comparison between the field data of skyline
tensile forces during inhaul and the values calculated
through the use of SkylineXL were carried out using
R-scripts. The field data, measured as time series, were
related to the carriage position recorded through the
GNSS sensor and plotted according to the distance
from the tower yarder. Both the observed field data
and the calculated tensile forces were then sampled at
each consecutive meter, starting from the unloading
point up to the total yarding distance recorded for
each work cycle.

The differences in the skyline tensile forces be-
tween the field observations and the software predic-
tion were analysed at each sampled point for each
work cycle. Those differences were then described for
each cable line through the mean absolute error
(MAE), the root mean square error (RMSE) and its co-
efficient of variation — CV(RMSE) — calculated as
RMSE divided by the mean skyline tensile force re-
corded per cable line. The same kind of analysis was
then carried out for the differences between the ob-
served field data and SkylineXL calculations in terms
of peak tensile force and MCLA during inhaul.

The significance of differences between the field
observations and software calculations was tested
through paired and unpaired t-test, as appropriate,
using the work cycle as the observational unit. In case
of a non-normal distribution of the data, logarithm
and square root transformations were carried out to
normalise the distribution. If the normalisation pro-
cess was not successful, the Wilcoxon signed-rank or
the Kruskal-Wallis non-parametric tests were used
instead of the paired and unpaired t-test, respectively.
The same non-parametric tests were also used if the
Leven's test showed heterogeneity of variance.

The peak tensile forces represent the main critical
aspect in the operational skyline layout. To identify
the explanatory variables of differences between the
observed and predicted peak tensile forces, a linear
mixed-effect regression analysis was used, assuming
the cable lines as a random factor. The significance of
the individual variables was evaluated through the
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Likelihood ratio test, testing the difference in two
nested models using the Chi-square distribution. Sta-
tistical assumptions were tested by analysing the re-
sidual distributions. The goodness-of-fit of the linear
mixed-effect model was tested through the coefficient
of determination (R? ;) suggested by Magee (1990) and
based on the Likelihood ratio joint significance test.
The significance level of the statistical analysis was set
to 0.05.

2.5 Finite Element Model Development

The dynamic behaviour of a standing skyline sys-
tem can be explained as the combination of the free
vibration of a suspended cable with both ends par-
tially/fully restrained — subjected to its own weight
and a defined pretension — and the dynamic effects of
an external mass hung to the cable and moving along
it. According to these assumptions, a bi-dimensional
FEM was developed through ANSYS® software to re-
produce the skyline tensile force fluctuations for the
single-span cable line CLO2. Six fully-suspended work
cycles, with payloads ranging from 6.7 to 25.7 kN,
were simulated.

The cable line CL02 was reproduced in the FEM
according to geometry and configuration reported in
Table 1. The skyline was modelled with 2-node ANSYS”
LINK180 elements, which are capable to simulate the
actual tension-only behaviour of a cable and support
linear stress-strain relationships necessary to include
cable stretch. The line chord was divided into 200
elements of equal length; each node connecting two
subsequent elements represents a potential position of
the carriage along the skyline. Metallic cross-section,
linear mass and material properties matched the
skyline properties. Skyline stretch was included adopt-
ing a linear elastic material constitutive law. Missing
mechanical parameters of the 22 mm skylines were
taken from Feyrer (2015): the metallic cross-section
was set equal to 217 mm?® and the modulus of elasticity
was assumed equal to 100 GPa. As a simplification, the
guyed tailspar and the guyed tower yarder were sub-
stituted by linear elastic springs (ANSYS® COMBIN14
elements) placed at both cable ends, allowing to impose
the measured pretension load and the skyline stretch.
Out-of-plane restraint conditions were applied to let
the cable oscillate in the vertical component of the
in-plane motion only. The calibration of the FEM was
made of two parts:

= definition of the initial pretension and stiffness
to be given at both springs in the absence of
gravity loads, in order to match the actual mea-
sured pretension
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= definition of the system damping by running the
simulation of outhaul and by analysing the ca-
ble response at the conclusion of this element
(when carriage stops at the desired position, and
tensile force fluctuations are progressively
damped).

At the end of the calibration, pretension matched
the measured values and the cable path corresponding
to the beginning of the outhaul phase was defined.
Damping was set equal to 0.5%, which is in line with
the range given by Irvine (1981). Finally, the calibrated
model was used to simulate the working cycles through
time-history analyses (i.e., time-dependent analyses).
This type of analyses requires knowledge about the
evolution of forces (or displacements, accelerations,
etc.) over time. Therefore, the timing of working ele-
ments is an essential additional input with respect to
static or quasi-static models. Both outhaul and inhaul
were simulated, neglecting lateral skidding.

While the skyline mass was evenly distributed, the
estimated total load during inhaul — computed as the
sum of carriage weight and payload — was simulated
by equivalent lumped masses positioned at each node
(i.e., a given position along the cable). The length of the
chokers and log oscillations were not considered in the
model. Each possible position of the mass was linked
to a specific time step of the analysis. ANSYS® birth-
and-death function was then exploited allowing to re-
alistically move the mass over the total yarding distance
by activating and deactivating it at the desired time and
position; this feature avoided any possible duplication
of masses during each time-step of the analysis. The
location of the carriage during outhaul and inhaul, reg-
istered with the GNSS sensor, allowed to compute the
speed of the carriage (i.e., the rate of change of position
of the suspended mass and possible acceleration or de-
celeration within a certain time frame).

The estimated payload was set to each of the six
simulated cycles and the carriage speed was defined
by just adapting the timing of each step in the analysis
according to the values measured in the field. A pre-
liminary parametric analysis was run to verify the suit-
ability of the chosen distance between nodes and to
define the minimum and maximum time substeps that
could be reached in each iteration (ranging between
0.001 up to 0.1 s).

2.6 Comparison between FEM and Observed
Cyclic Loads

The dynamic component of the tensile forces dur-
ing inhaul, as observed in the field, and the values
calculated through the FEM were compared analysing
both the cyclic load amplitude (CLA) and fundamental
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period of vibration (T). It must be emphasised that the
potential offset of the cyclic amplitude between FEM
and field data, generated for example by a not perfect
position acquired by the GNSS system or an accidental
initial acceleration of the carriage, could erroneously
affect the mean error estimation. As a result, the ob-
tained pit and peak points were interpolated with two
envelopes. Consequently, it was possible to resample
CLA over the yarding distance, obtaining a sufficiently
precise estimation of its value within each consecutive
meter.

Comparison between the observed field data and
numerical results of skyline tensile forces derived by
the FEM was then carried out with the same approach
and statistical indicators (RMSE, CV(RMSE), MAE)
used for the SkylineXL outputs. The CV(RMSE) in this
case was calculated both over the mean skyline tensile
force (as done for the SkylineXL output) and over the
mean CLA. Moreover, both CLA and T, were corre-
lated with the total mass excited by the system (car-
riage, payload and skyline mass) and the mean inhaul
speed.

3. Results

3.1 Comparison of Skyline Tensile Forces

Comparison of the actual values of skyline tensile
forces between field observation and SkylineXL calcu-
lations resulted in a total of 13 589 sample points (ev-
ery 1 m of yarding distance per cycle). An example of
inhaul skyline tensile force during a semi-suspended
work cycle is reported in Fig. 1a. As shown in the plot,
the field data highlights the dynamic cyclic behaviour
of the tensile force, described in its maximum magni-
tude by the MCLA. In the whole dataset, this param-
eter recorded values ranging from 7.3 up to 37.7 kN;
however, almost 78% of the work cycles recorded val-
ues lower than 25 kN. SkylineXL does not include dy-
namic loading and the output data of the software
shows a smoothed line, function of the cable line ge-
ometry, un-stretched skyline length, load applied and
log-ground interaction. The normalised differences
between the two tensile force curves, calculated setting
the difference at each sample point as ratio with the
maximum difference recorded per work cycle (Fig.
1b), did not show any significant trend. This showed
the effect of cyclic loads on the differences between the
observed and predicted data, but it also suggested a
general good performance of SkylineXL in the analysis
of the log-ground interaction (i.e., the skyline tensile
forces predicted by SkylineXL follow the trend of the
observed data).
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Fig. 1 a) Skyline tensile force vs. yarding distance during inhaul of a work cycle; b) Evidence of the normalised difference (norm. dif.), defined
as the ratio between local difference and maximum difference recorded in the work cycle, between the observed and predicted values (Cable

line CLO1, pretension 105 kN, estimated payload 20.5 kN)

At the sampled points (at each meter of yarding
distance), the field measures showed inhaul tensile
forces ranging between a minimum of 89 up to 223 kN,
with the highest values normally recorded at the mid-
span. Similarly, the tensile forces calculated through
SkylineXL showed values ranging from 92 up to 194 kN,
with a distribution comparable to the observed field
data (Fig. 2).

The differences between field measurements and
calculated tensile forces were mostly limited to 15 kN

(84% of the sampled points), with almost 37% of the
sampled points showing a difference lower than +5 kN
(Fig. 3). Differences higher than +25 kN were limited
only to 2.3% of the sampled points. In relative terms,
this means primarily differences limited to +10% of the
observed tensile forces. Note that most of the sampled
points (68.5%) showed predicted values lower than
field observations.

Differences in terms of average skyline tensile
forces between the observed data and SkylineXL
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Fig. 2 Skyline tensile force distribution of observed data and SkylineXL predictions; vertical lines show mean tensile forces

predictions were statistically significant (p-value ranged from 7.5 up to 13.5 kN between the four cable
<0.001) but mostly limited to about 10 kN (Table 3). lines. The CV(RMSE) ranged from 6.45 to 8.10% and
The RMSE of the whole dataset was 10.8 kN and averaged to 7.24%. Similarly, the MAE ranged from

Table 3 Comparison between SkylineXL calculations and observed skyline tensile forces at each meter of yarding distance

Cable line | Sample points, n | Observed data, kN | Calculated data, kN p-value RMSE, kN CV(RMSE), % MAE, kN
CLO1 6745 146.9° 143.0° <0.001 95 6.45 75
CLo2 3426 148.6° 144.8° <0.001 11.6 7.81 9.4
CLo3 838 121.5° 122.6° <0.001 79 6.47 59
CLO4 2580 167.0° 157.7° <0.001 13.5 8.10 10.9
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Fig. 3 Comparison between observed skyline tensile force data and predicted data through SkylineXL

5.9 t0 10.9 kN, with an average value of 8.5 kN for the
whole dataset.

To analyse the effect of the dynamic amplification
in the performances of SkylineXL, a mean tensile force
curve of the observed data, based on averaging pits
and peaks values, was also used for the comparison
with the prediction of the software. This curve repre-
sents an approximation of the static skyline tensile
force, as derived by field observations. The results
showed just a brief improvement in the prediction per-
formances of SkylineXL. The RMSE averaged to 10.2
kN, the CV(RMSE) to 6.81%, and the MAE to 8.2 kN.

This analysis aimed to highlight the effect of the dy-
namic components, but it showed that the differences
between the observed and predicted data are mainly
linked to a limited offset between the two curves.

3.2 Skyline Peak Tensile Forces Comparison

Skyline peak tensile forces represent a primary as-
pect in the payload analysis and tensile force calcula-
tions. Field data showed inhaul peaks exceeding the
recommended safe working load (SWL), defined as
one-third of the MBL, in more than 88% of the work
cycles, reaching maximum values higher than 160 kN
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Table 4 Comparison between SkylineXL calculations and observed peak skyline tensile forces

Cable line Work cycles,n | Observed peak, kN | Calculated peak, kN p-value RMSE, kN CV(RMSE), % MAE, kN
CLO1 36 161.2° 151.2° <0.001 135 8.41 10.8
CLo2 30 168.7° 159.4° 0.023 14.3 8.55 12.5
CL03 9 138.4° 131.4° 0.225 11.6 8.44 6.7
CLo4 28 188.1° 164.3" <0.001 25.4 13.60 22.7

Notes: the letters in apices of peak values show the significance of differences between observed and predicted mean tensile forces, tested through unpaired t-test

Table 5 Explanatory variables of differences between observed peak skyline tensile forces and SkylineXL calculation, detected through a
linear mixed-effect model setting the cable lines as random factor

Variable Estimator SE t-value 21 p-value
Estimated payload, kN -0.848 0.139 —6.100 32.319 <0.001
Estimated branches load, kN 2.921 0.963 3.034 9.224 0.002
MCLA, kN 0.723 0.161 4.497 18.359 <0.001

in all of the four cable lines. Only cable line CL03
showed an average peak tensile force lower than the
SWL. In this cable line, however, 22% of the work cycle
still exceeded the SWL. SkylineXL calculations showed
lower average peak tensile forces (Table 4), but 12
work cycles, distributed in cable line CL01, CL02 and
CLO03, showed calculated peak tensile force higher
than field observations. The highest differences be-

160

tween the calculated peaks and field data exceed
25 kN in all the four cable lines, with a maximum of
more than 45 kN recorded in cable line CL04.

SkylineXL, indeed, showed lower performances in
predicting inhaul peak tensile forces (Table 4) com-
pared to actual values of tensile force, with RMSE av-
eraging at 17.0 kN and ranging from 11.6 up to 25.4 kN.
The CV(RMSE) exceeded 8.4% in all the cable lines,

Field observation
FEM prediction
150
£ 140 |
2]
o
S
K}
7 130 i
o
2
£ 120 i
110
100 T T
0 50 100 150 200 250 300

Time, s

Fig. 4 Time-history of observed data of skyline tensile forces for a complete work cycle (including outhaul, hook up, lateral skid, inhaul, and
unload) and related FEM prediction (Cable line CLOZ2, work cycle #1, pretension 100 kN, estimated payload 6.7 kN)
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with a peak of 13.6% in cable line CL04 and a mean
value of 10.12%. The MAE showed values ranging
from 6.6 up to 22.7 kN, with an average of 14.2 kN.

A mixed-effect linear regression analysis of the
absolute difference between the peak tensile forces
observed in the field and the predictions of SkylineXL
showed the total estimated payload, the estimated
branches load (a component of the total estimated
load), and the MCLA as explanatory variables (Table
5). These variables, however, were able to explain
only less than one-third of the data variability
(R?*=0.29). Estimated branches load and MCLA
showed positive estimators, while the estimated pay-
load a negative one.

3.3 Skyline Cyclic Load Comparison

An example of the tensile force behaviour during
a complete fully-suspended work cycle is shown in
Fig. 4. Time-history analyses involved the simulation
of each complete working cycle. However, detailed
investigation of CLA and period of vibration were lim-
ited to inhaul. A total of 357 seconds of time-history
analyses was computed for the simulated inhaul ele-
ments only. Each inhaul element was sampled with an
average of ~8000 substeps. Cable tensile forces plotted
over yarding distance (Fig. 5 and Fig. 6) were defined
up to 10 m from the loading and unloading positions.
Namely, the first 10 m from the cable yarder and the
hooking location were excluded from the statistical
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Fig. 5 Tensile force vs. distance during inhaul for both field observa-
tion and FEM prediction (Cable line CLO2, work cycle #1, pretension
100 kN, estimated payload 6.7 kN)
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Fig. 6 Envelopes of pits and peaks in skyline tensile force for both
field observation and FEM prediction (Cable line CL02, work cycle
#1, pretension 100 kN, estimated payload 6.7 kN)

analysis of tensile force trends. This was done to elim-
inate potential errors in the carriage position due to
the GNSS sensor accuracy.

The prediction of the model in terms of CLA (Table
6) returned a RMSE of 5.7 kN, with values between 3.5
and 6.9 kN. The CV(RMSE),, calculated over the mean
skyline tensile force, was contained under 4.37% in all
six cycles. The CV(RMSE),, calculated over the mean
CLA, ranged between 36.52 and 56.17%. MAE showed
values ranging from 3.2 up to 5.7 kN, averaging at
6.6 kN.

The observed data showed a positive correlation of
the mean CLA (R*=0.94) and MCLA (R*=0.97) to the
total excited mass (i.e., total load inclusive of estimat-
ed payload, carriage weight, and cable weight) of the
system (Fig. 7). Regression on FEM calculations con-
firmed the same trend for both mean CLA (R*=0.92)
and MCLA (R*=0.95). The intercept was not signifi-
cantly different from zero in all cases (p<0.001). MCLA
was positively correlated to the inhaul speed by both
field observations (R*=0.63) and FEM outputs (R*=0.95).
Lower correlation values were obtained with reference
to the mean CLA for field data (R*=0.49) and FEM cal-
culations (R=0.67).

The theoretical fundamental period of the cable-
only configuration (T, ...), calculated according to
Pyles et al. (1994), was equal to 1.48 seconds, while
the FEM showed a T, .., equal to 1.75 seconds. The
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Table 6 Comparison between FEM calculations and observed skyline cyclic load amplitude

1 119 8.7° 10.6° <0.001 5.1 3.87 48.04 4.2

2 101 16.3° 14.0° 0.002 5.1 3.32 36.52 4.1

3 109 "7 8.7° <0.001 35 237 40.81 3.2

4 114 15.2° 15.2° 0.950 6.6 4.18 43.11 5.7

5 17 9.9° 11.5° 0.126 6.4 4.19 56.17 5.1

6 17 17.2° 18.8° 0.011 6.9 4.37 36.96 55
Notes:

CV(RMSE), — CV(RMSE) calculated as RMSE divided by observed mean skyline tensile ft
CV(RMSE), — CV(RMSE) calculated as RMSE divided by observed mean CLA

orce

the letters in apices of mean values show the significance of differences between observed and predicted mean CLA, tested through the Kruskal Wallis non-parametric test

increase of total load due to the carriage (75.6%) pro-
duced an increase in the period of first vibration of
58.8% (T pumau=2-78 seconds). While T, . could not be
verified with field data due to the lack of specific tests
(e.g., swaying tests on the cable-only), T ,,m.a Was
validated by analysing the tensile force fluctuations
derived during outhaul and after the carriage was
stopped at the loading area (Fig. 4). The mean value
obtained from field data was T, oum.a €qual to 2.53
seconds (-9.0%).
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Fig. 7 Mean CLA and MCLA vs. estimated total load (total excited
mass) for both field observation and FEM prediction

Concerning inhaul, an increase of the mean funda-
mental period of oscillation T, ;.. proportional to the
total load was supported by the FEM simulations (Fig.
8). Maximum and minimum values of 3.20 and 3.69
seconds were obtained for a total oscillating mass
equal to 16.84 and 35.81 kN, respectively. The corre-
sponding observed mean T, ..., were equal to 2.88
and 2.93 seconds. The mean relative difference of pe-
riod calculated for the whole sampled points was
equal to 19.91%.
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Fig. 8 Mean and maximum period of oscillation vs. estimated total
load (total excited mass) for both field observation and FEM prediction

238

Croat. j. for. eng. 42(2021)2



Skyline Tensile Forces in Cable Logging: Field Observations vs. Software Calculations (227-243)

4. Discussion

Software for payload analysis and skyline tensile
force calculations is available since the onset of com-
puter technologies. However, comparisons of software
outputs with actual operational field data are extreme-
ly limited. One of the main reasons is probably related
to the limited availability of field operational data due
to the costs and challenging conditions to record sky-
line tensile forces (Dupire et al. 2015, Mologni et al.
2019).

This study analyses the performance of SkylineXL
18.0 in the calculation of inhaul skyline tensile forces
of four cable lines in a standing skyline configuration.
The software predictions were based on real data col-
lected in the field in terms of anchor and support posi-
tions, cable line geometries, log volumes and features,
yarding distances, pretension, and cable systems set-
up. A similar approach was proposed by Spinelli et al.
(2017). In this case, the paper reported the results of
calculations made through SkylineXL 15.0 in compar-
ison with the field data of 83 work cycles in a single
span cable line. The results highlighted low mean pay-
load efficiency (36—44%), defined as the ratio of the
actual payload to the potential payload, associated
with a frequent exceeding of the SWL, suggesting the
need for further detailed studies.

The present work highlights that the field data col-
lection inevitably introduces errors due to the chal-
lenging conditions of monitoring ordinary operations
without interruption of the logging activity. The main
potential errors are probably linked to the pretension
detection and to the payload estimation. Also, the po-
sition of anchors and supports were recorded through
GNSS devices with a potential error of up to 10 m. The
reliability of the data collected in the field, however,
was considered appropriate by the authors of the
study for this kind of analysis.

SkylineXL, based on a static approach and rigid-
link approximations, does not consider the dynamic
nature of the skyline behaviour. Field observations,
recorded at a frequency of 100 Hz, shows MCLA most-
ly up to 25 kN. Thus, differences up to 10-15 kN (half
of the average MCLA recorded per work cycle) between
a static calculation and real data are expected just be-
cause of the effect of the dynamic amplification during
inhaul. This was confirmed by the fact that most of the
sampled points (84%) showed differences between the
observed and predicted values up to 15 kN. However,
the comparison of approximated field static tensile
forces, derived averaging the observed dynamic oscil-
lations with the SkylineXL predictions, showed just a
brief general improvement of the results. This aspect

O. Mologni et al.

suggested that limited errors in the pretension detec-
tion and/or in the payload estimation could be more
relevant than the dynamic components in the differ-
ences between the predicted and observed tensile
forces.

SkylineXL was particularly efficient in the predic-
tion of the actual tensile forces. The analysis of 22 mm
skylines with average tensile forces ranging between
122 to 167 kN showed RMSE between 7.5 and 13.5 KN,
linked to a CV(RMSE) lower than 8.1%. Also, the ab-
sence of any trend in the normalised differences at dif-
ferent yarding distances highlighted the reliability of
the algorithms in the analysis of the log-ground inter-
actions. As a comparison, Dupire et al. (2015), testing
their suggested model in the prediction of 30 static
field measurements of fully-suspended loads in a
single span cable line (16 mm skyline diameter),
showed RMSE ranging from 1.1 to 2.7 kN and a
CV(RMSE) ranging from 1.4 to 3.4% between the dif-
ferent options presented.

While the SkylineXL calculations showed satisfy-
ing results in the analysis of the actual tensile forces,
the performances in the prediction of the peak tensile
forces were lower. The MAE, in this case, reached a
peak of 22.7 kN in cable line CL04, and the CV(RMSE)
was higher than 8.4% in all the cable lines. MCLA was
an explanatory variable of differences between the
peak tensile forces recorded in the field and the
SkylineXL predictions, reporting a positive estimator.
Thus, the dynamic amplification, even if with limited
effect on the performances in predicting the actual val-
ues, has a more significant role in the differences be-
tween the observed and predicted peak tensile forces.
The effect of the dynamic components, however, is still
relatively limited and is not likely to result in a safety
or performance problem. The estimated payload and
branches load (a component of the estimated payload)
were explanatory variables as well, with a positive and
negative estimator, respectively. Again, these two vari-
ables confirmed that error in the payload estimations
was a reason for the differences between the predicted
and observed skyline tensile forces. Low payloads and
logs with relevant branches density were more subject
to estimation errors.

SkylineXL showed satisfying results in predicting
the skyline tensile forces, even when comparing real
data inclusive of the dynamic components and using
pretension settings and estimated payloads subject to
unavoidable errors as input data. The analysis in a
controlled environment with the possibility to care-
fully weight each load could produce even better re-
sults than those obtained in this study. SkylineXL still
has room for improvements in regard to the analysis
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of standing skyline cable yarders, particularly in terms
of modifying the input data. However, if properly
used, it could provide reliable results. In particular,
the analyst using SkylineXL should consider the com-
mon practices in cable yarding in the area of interest.
The base approach of the program is to maximise the
payload of the system by increasing deflection. This
does not correspond for example to the common prac-
tice in Europe, where the practice to set the pretension
to two-thirds of the safe working load regardless of
the deflection that might still be available (Visser 1998)
is still common.

The algorithms included in SkylineXL proved to
correctly evaluate the general trend of skyline tensile
forces but were not able to capture their dynamic com-
ponents. This work also attempted to predict this time-
dependent component by means of FEM. In general,
this technique has the advantage to physically repro-
duce complex mechanical systems without the need
for particular mechanical manipulation (Zienkiewicz
and Taylor 2000) but require higher computational
resources than solving traditional iterative algorithms.
Conversely, the ongoing progress of computer tech-
nology allows to obtain sufficient geometry discretisa-
tion and reliable solutions without the need for exces-
sive computing capability. It took about 600 seconds to
solve the simulation of a complete 300-second long
work cycle (run using a laptop equipped with a2.8 GHz
quad-core CPU, a 16 GB RAM, and a SSD with a se-
quential write speed of 1500 MB/s). Considering in-
haul only, the simulation took about 150 seconds.

With reference to the FEM results, the limited num-
ber of simulated work cycles and the modelling as-
sumptions described in Section 2.5 (e.g., fully-sus-
pended loads) do not allow to provide exhaustive
results and comparisons. Despite that, interesting
outcomes can still be drawn from this initial study.
The lumped mass modelling technique and the birth-
and-death implementation allowed to obtain a realis-
tic behaviour of the skyline tensile force oscillations
observed in the field. Therefore, coupled second-order
oscillations given by the swaying payload (not includ-
ed in the presented model) may not necessarily be
included to obtain close-to-reality results in terms of
force fluctuations. The regressions of mean CLA and
MCLA over total load were forced through the origin
as external tensile force tends to zero when mass is
zeroed. The obtained regression coefficients from FEM
aligned well with the field data. It has also been found
that carriage speed has some inverse correlation with
the MCLA.

This study confirms conclusions drawn by Pyles et
al. (1994), where the skyline fundamental period of vi-

Skyline Tensile Forces in Cable Logging: Field Observations vs. Software Calculations (227-243)

bration (T,) is different from the theory of an oscillating
taut cable. The total load is shown to strongly affect the
fundamental period as confirmed by the fact that
T cante<T 1 outhaa <L Linnaut- 11is reflects a general postula-
tion where T, is directly proportional to the root of the
load. While it was confirmed by the FEM outcomes, it
was not confirmed by the observed values, likely as
consequence of having included a relatively low
number of observed cycles in the analysis. The difference
of mean T, ; ;... could be associated to an oversimplifi-
cation in the definition of the role played by the tailspar
and tower yarder in the whole system. However, the
aim of this work was to develop a relatively simple FEM
able to reproduce, via time-dependent analyses, the
skyline dynamics related to a suspended load moving
along the cable, without excessive computational
resources. Nevertheless, the results suggest that a parallel
study to include the actual stiffness of supports and
anchors (Saravi and Lyons 2004, Marchi et al. 2019)
could enhance the global response of the model and
further improve the calculation of CLA values.

Comparison of the FEM outputs to actual data
showed a strong correlation. This is due to the fact that
the six simulated cycles were actually characterised by
no log-to-ground interaction. Therefore, dynamic am-
plification can be directly related to the actual motion
of the hanging mass. However, no information can yet
be given regarding the case of partial suspension,
where bumpiness of the ground produces sudden ac-
celeration/decelerations to the inhaul that might affect
the dynamic behaviour of the skyline tensile forces.
This fact has been partially confirmed in two of the six
simulated work cycles, where sudden changes of the
carriage speed produced significant CLA alterations.
This outcome suggests another potential use of these
types of models in future analyses.

5. Conclusions

The skyline tensile forces of 103 work cycles, ob-
served on four different standing skyline cable lines,
were compared with the calculations made for the
same cycles through SkylineXL 18.0. The reliability of
the software was particularly satisfying for the analy-
sis of the actual skyline tensile forces. Although the
dynamic loading was a significant aspect of the gen-
eral performance of the software, the study showed
that its limited effect is not likely to result in an unex-
pected safety issue. However, the study also high-
lighted the fact that reliable results in the tensile force
calculations are linked to the proper consideration of
the common practices of the set-up of cable lines (e.g.,
pretensioning procedures).
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While SkylineXL could be considered appropriate
for operational and practical purposes, this work
showed how the evolution of computer technologies
and modelling techniques allow to properly simulate
the skyline tensile forces, including the dynamic oscil-
lations due to the motion of the payload along the
cable line. Further developments of finite element
models should be focused on the integration of the
log-to-ground interaction and on the investigation of
the breakout force during lateral skidding. The use of
finite element models, in particular, might be consid-
ered a valid solution for individuals interested in car-
rying out an in-depth analysis of the dynamic behav-
iour of tensile forces. These include equipment
manufacturers and engineers involved in the design
of standing skyline mobile tower yarders.
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