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Abstract: Ensuring the safety of forestry workers is a key challenge, particularly when working
with partly mechanized harvesting systems. Cable yarding is typically used in steep terrain timber
harvesting. For long-distance extraction, one of the few alternatives is to use sledge yarders, but these
machines may expose workers to high doses of noise. The goal of this study was to model haulers’
exposure to noise in sledge-based cable yarding operations, based on a simulation approach that
considered variable factors such as the yarding distance, lateral yarding distance, and average skyline
height. Taken into consideration were 165 scenarios developed by examining the variation in yarding
distance (500 to 1500 m, with a step of 100 m), lateral yarding distance (10 to 50 m, with a step of
10 m), and average skyline height above the ground (10, 15, and 20 m). The simulations assumed
an 8-h working day with a break of 1 h. The models and statistics published by other studies were
used to calculate the time consumption and number of work cycles completed within a working day.
These data were used to compute the equivalent exposure to noise (LAeq) for each scenario, as well
as for those work elements that were likely to expose the haulers to noise the most. The presented
findings indicated that (i) the exposure to noise was higher than 100 dB(A), irrespective of variation
in the considered factors; (ii) the trend in exposure was characterized by polynomials in relation to
the extraction distance, and the magnitude of exposure was consistently affected by variation in the
considered factors; and (iii) without hearing protection, the empty and loaded turns exposed workers
to noise over the permissible limits. These findings strongly suggest the use of hearing protection
when working in close proximity to sledge-based cable yarding operations. The methods proposed
in this study in the form of simulation may help benchmark other forest operations.

Keywords: health and safety risks; pseudo-population; events; exposure to noise; work cycle;
operational factors; simulation

1. Introduction

The wellbeing of human society largely depends on the provision of products and
services by forests, of which wood accounts for a high share. Concerns about sustainable
wood procurement have shaped views worldwide, including European forest policies, and
scientific discourse has identified several key challenges in ensuring the sustainability of
forest operations [1,2], since they are the main interface to wood procurement. There is
a wide variety of methods and equipment used to harvest wood worldwide [3,4], and
partly mechanized systems still account for an important share. Since most of these systems
involve a certain degree of manual labor, the ergonomic conditions and workers’ exposure
to harmful factors have been among the central concerns in science and practice [5].

Cable yarding is the backbone of steep terrain harvesting and accounts for an impor-
tant share of operations in many parts of the world, including Europe [6–8]. It is mainly
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based on the use of tower yarders, of which processor tower yarders are the most ad-
vanced machines, being designed to extract and process trees into logs at the roadside
landing [9]. Although they are common in steep terrain operations, tower yarders are
typically expensive machines which require close to optimal conditions for economic use.
As such, they are typically used on limited extraction distances, and many models are
reliant on a well-developed forest road network, which should provide feasible inter-road
distances [10].

From a limited set of cable yarding alternatives, one that is capable of working on
long distances is that using sledge yarders. Although they have been replaced in many
European countries by state-of-the-art tower yarders [9], sledge yarders can provide a
feasible, if not the only, solution for steep terrain harvesting in low-access forests. These
are machines powered by an engine mounted on a sledge-like steel frame. Self-traction
capabilities, or other transportation equipment, can be used to transport the sledge to the
rigging location; as the distance on which these cable yarders are used may reach up to
2 km, they may require additional support.

Although state-of-the-art tower yarders have been operational in Romania for more
than 10 years, the use of sledge yarders is still common practice in mountain harvesting
operations, mainly when there is a dominance of low-access forests. The most used
operational configuration is that in which the sledge yarders are rigged for downhill
extraction in a gravity-assisted system, because in this configuration they require fewer
cables to operate (i.e., a skyline and a mainline). However, in such configurations, the
sledge needs to be rigged uphill, somewhere close to the tail tree.

The use of these machines offers several advantages, such as a lower energy use in
operations and lower soil disturbance, a rather low cycle time in some operational contexts,
and acceptable productivity [11]. These features make sledge yarders good candidates
for ensuring the economic and environmental sustainability of forest operations [12,13].
Among their disadvantages is the fact that all the workers undertake their activities out-
doors, commonly in rough terrain, and at the expense of a high physical effort, particularly
when considering cable work [14–16]. Also, for most of the machines in use, operational
coordination is usually ensured by lower-level technologies such as radio communication.

Perhaps the biggest issue in some sledge yarding operations is the hauler’s potential
exposure to noise. The worker should sit near the sledge and operate the machine by lever-
like controls. This is achieved from a distance which places him very close to the engine.
However, the exposure to noise (and vibration) largely comes from the construction of the
machine itself since it may feature a speed-control device of the carriage which is based on
aero-dynamic principles. The noise exposure at approximately 2 m from the machine has
been found to be very high, particularly during the empty and loaded movement of the
carriage on the skyline, accounting for more than 110 dB(A) [17]. This level of exposure
should be of a high concern in terms of the health and safety of the workers. However,
to our knowledge, no dedicated studies have been carried out to measure the level of
noise pressure at worker ear level. In addition, noise exposure is typically based on the
quantification of the exposure time [18–21], which should account for specific operational
tasks, so as to paint an objective picture of the exposure figures that are found by studies.
Unfortunately, a given distribution of tasks during a working day only provides figures
on noise exposure for that kind of task distribution. This is because factors such as the
operational variables (i.e., yarding distance, lateral yarding distance, and payload size) and
lateral yarding methods are highly variable from one stand and felling type to another,
while they may affect the distribution of time required for given tasks, and the distribution
of the share of tasks within the working day; these are typical for those forest operations
that involve transportation processes. In addition, different tools or machine-based tasks
may be characterized by different exposure levels [18,22], which is further complicated
by their degree of utilization. All these lead to difficulties in accurately characterizing the
noise exposure for a given machine type, and most of the studies carried out so far have
considered limited sets of conditions for evaluating noise exposure. In this context, it would



Forests 2024, 15, 360 3 of 16

be of considerable value if a simulation approach could be used to characterize the exposure
to noise, starting with a limited set of data and knowledge about the studied processes.

The goal of this study was to model haulers’ exposure to noise in sledge-based cable
yarding operations, based on a simulation approach that considered variable factors: the
yarding distance, lateral yarding distance, and average skyline height. In particular, the
aim was to (i) source raw event-based data on the exposure to noise and characterize the
distribution of exposure to noise in sledge-based cable yarding operations, (ii) analyze
by simulation the effect on noise exposure of variation in the considered factors, and
(iii) compare the level of noise exposure found by the study against the thresholds set in
various standards implemented across the world.

2. Materials and Methods
2.1. Data Sourcing

The data on actual exposure to noise and time were collected for a sledge-based cable
yarder using the equipment, methods, and protocols described by Cheţa et al. [22]. This
covered close to 7 h of recording taken in a single day, including observations over seven
work cycles. This required the use of a miniaturized noise dosimeter placed on the worker’s
helmet that was able to collect time-labelled data, as well as the use of a video camera that
was placed near the machine to capture the media files needed for the event-based time
characterization. The data were collected in May 2018 for a Wyssen sledge-based cable
yarder which was similar to those described by Borz et al. [23]. Both the observed and
similar sledge yarder models are commonly used in steep-terrain, low-access operations in
Romania and internationally.

The collected media files were used to document the data on the noise exposure which
was sampled at a rate of 1 Hz. The first engine starting event observed in the media files
was used as a synchronization point for the sound pressure level and video data. Based
on the video analysis and a careful check of the logical order of the events, 10 different
events were identified and delimited (Table 1). Although the analysis of the video data
was intensive in terms of time, it provided the means to accurately delimit the events by
considering their real order of occurrence, so as to be able to characterize the work cycles of
the machine as observed in the field. The accuracy of the data synchronization was checked
in terms of the duration of each single event identified in both datasets. The observed
events were conceptually related to the typical functions of the cable yarding systems and
were similar to those described by Heinimann et al. [9]. This was based on the observations
in the video files, particularly on the behavior of the mainline drum and on the way in
which the worker used the controls of the machine.

Table 1. Description of observed events.

Event 1 Abbreviation Description

Engine off EOFF

Length of time the machine engine was found to be switched off as seen in the video files,
with no other sources identified emitting noise. In this event, the only noise recorded was
that of the surrounding environment, and it included the time spent to set up and position

the data collectors.

Engine off, cooling ECOOL
Length of time the machine engine was found to be switched off as seen in the video files,
but with an additional source of noise, in addition to that of the environment, due to the

activation of the engine cooling mechanism.

Engine on, no work EON Length of time the machine engine was found to be switched on as seen in the video files,
but no active operation of the machine was observed in the media files.

Cable work CW Length of time the drum of the mainline was observed to be engaged to support lateral
yarding, with or without the support of the engine.

Lifting the cable LIC Length of time the drum of the mainline was observed to be engaged, so as to lift the cable
when the carriage was at the landing site with the support of the engine.

Lowering the cable LOC Length of time the drum of the mainline was observed to be engaged, so as to lower the
cable when the carriage was at the lateral yarding place, mainly with the engine turned on.
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Table 1. Cont.

Event 1 Abbreviation Description

Lifting the load LIL Length of time the drum of the mainline was observed to be engaged, so as to lift the load
when the carriage was at the lateral yarding site with the support of the engine.

Lowering the load LOL Length of time the drum of the mainline was observed to be engaged, so as to lower the
load when the carriage was at the landing site, mainly with the engine turned on.

Empty turn ET Length of time the drum of the mainline was observed to be engaged, so as to move the
carriage from the landing to the lateral yarding site with the support of the engine.

Loaded turn LT Length of time the drum of the mainline was observed to be engaged, so as to move the
carriage from the lateral yarding site to the landing site, mainly with the engine turned on.

Note: 1 Duration of events was measured in seconds.

Data processing was carried out in Microsoft Excel, into which the files collected by
the noise dosimeter had been imported. The data contained in the files were coded based
on the observations taken from the media files. Data coding was performed manually by
adding a descriptive text for each entry in the dataset. Once the coding was completed, the
data were sorted by considering the attributed codes and new sets were created for each
event found, thereby constituting the main input for the statistical analysis. Figure 1 shows
an example of event distribution in the time domain, as observed in the data, indicating
some event examples, as described in Table 1. Figure 2 provides a view of the machine in
question, along with a basic description of the features relevant for this study.
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Figure 1. Example of event-based distribution in the time domain. Note: continuous blue line stands
for instant readings of the sound pressure level (SPL) measured in dB(A); continuous red line stands
for the occurrence of events described in Table 1: 1—engine off, 2—engine off, cooling, 3—engine on,
no work, 4—cable work, 5—lifting the cable, 6—lowering the cable, 7—lifting the load, 8—lowering
the load, 9—empty turn, 10—loaded turn.

At the time of data collection, no formal procedures for human observation were
required. However, the worker was informed about the purpose of the data collection and
how the results would be used. These issues were also discussed with the management
of the company owning and operating the machine. The worker agreed to participate in
this study and the authors took the necessary precautions to protect both the identity of
the worker and the company, including the location of the operations. In addition, noise
exposure in this kind of operation is related to the way in which the machine is used, since
the worker only controls it from a fixed location. Hence, the outcomes would have been
similar for any worker since the exposure to noise is mainly controlled by the features of
the workstation and of the operational pattern of the machine.
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of noise dosimeter on worker’s helmet.

2.2. Statistical Analysis

Collecting task-based data on the sound pressure level is one of the strategies that
can be used to characterize the workplace in terms of noise exposure. However, this
assumes homogeneous noise exposure groups and repeatability in the collected data,
among other things [20]. The approach used in this study to quantify the noise exposure
for the simulation was that of first trying to extract the average values at an event level, as
described in Table 1. Unfortunately, the use of mean values to infer the characteristics of a
population requires assumptions on the normality of the data [24]. This assumption was
tested at an event level using the Shapiro–Wilk test and led to the conclusion that none of
the variables of noise exposure followed a normal distribution. To achieve reliable estimates,
a parametric bootstrapping procedure was used. Bootstrapping is a numerical method
used to generate confidence intervals based on simulated or resampled data and is helpful
in estimating the sampling distribution of maximum likelihood parameter estimates; it
works by using the most likely parameter estimates to generate a new set of statistical data
that has the same structure in terms of the number and spacing of observations, then fits
the simulated data and extracts the most likely parameter estimate. Finally, it estimates
the confidence intervals of that parameter [25]. The procedure makes no assumptions
about the distribution of the population, while the original sample is treated as a pseudo-
population [26].

The Real Statistics [27] add-in for Microsoft Excel was used in this study to run the
bootstrapping resampling, which is a procedure that uses replacement [26]. The original
data for each event were resampled by using hypothesized parameters as the most likely
figures for the mean values, as initially computed by descriptive statistics; bin ranges were
adjusted to the data range for each event and the bin sizes were adjusted to the precision of
the data as exported from the noise dosimeter (0.1 dB(A), actual readings). For each event,
10,000 iterations were used during the resampling procedure, and histograms showing the
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likelihood of frequency in the data were produced by the same add-in. The procedure itself
assumed a confidence value of α = 0.05.

2.3. Simulation of Noise Exposure

The simulation factors used in this study were those considered to be the most relevant
in controlling noise exposure. The average yarding distance (i.e., the average distance from
the lateral yarding site to the landing, measured in meters), average lateral yarding distance
(i.e., the average distance from the place where the logs were located to the corridor), and
average height of the skyline (i.e., the average height from the ground to the skyline) were
used as the main factors for the simulation. To facilitate the simulation, these variables
were discretized. Yarding distances (hereafter ED) of 500 to 1500 m were considered, with
a step of 100 m, while the lateral yarding distances (hereafter PD) were set to between 10
and 50 m, with a step of 10 m. Skyline heights (hereafter H) considered in the simulation
were 10, 15, and 20 m based on the fact that a variation in H may control variation in the
duration of some of the events occurring at a lower speed which, in turn, may affect the
share of events in an average work cycle, and therefore the level of exposure. Variations
in the considered factors were based on the practice in Romania, but they could very well
reflect the practices used in other regions.

A work cycle (CT, seconds) was defined according to Equation (1), based on the
findings of previous studies and the description of European cable yarding functions [9].
The elemental time consumption data were originally calculated in seconds to fit the
measurement units of the existing statistics and models of time consumption, then the
results were converted into hours.

CTijk = LICtijk + ETtijk + LOCtijk + CPOtijk + CStijk + LPItijk + LILtijk + LTtijk + LOLtijk + LDtijk, (1)

where CT is the work cycle time of cable yarding, LICt—time consumption to lift the
cable at the landing, ETt—time consumption to carry on the empty turn, LOCt—time
consumption to lower the cable at the lateral yarding site, CPOt—time consumption to
pull out the cable from the corridor to the load, CSt—time consumption to set up chokers
on the logs, LPIt—time consumption to pull in the load from the stand to the corridor,
LILt—time consumption to lift the load under the carriage, LTt—time consumption to
carry on the loaded turn, LOLt—time consumption to lower the load at the landing, and
LDt—time consumption to unchoke the load at the landing. Note: i, j, and k stand for the
given conditions of the simulation in terms of yarding distance (i), lateral yarding distance
(j), and skyline height (k).

When computing the duration of the work elements, available data such as descriptive
statistics and time consumption models reported in the scientific literature were used
by considering the same machine. Such data were retrieved from published work by
Munteanu et al. [11] and its validity, particularly that of the time consumption models,
was checked against other published data. Work elements such as lifting the cable at the
landing, lowering the cable at the lateral yarding site, pulling in the load, lifting the load
at the lateral yarding site, and lowering the load at the landing were assumed to run at
an average speed of 1 m per second, which is a reasonable figure and is consistent with
previous reports and practice. To set the chokers on the logs, the average figure of 214 s
was used, assuming loads of 1 to 3 logs (average of approximately 1.5 logs per load), while
to detach the logs at the landing, an average figure of 100 s was used; these figures, as
well as the models of time consumption for the empty turn (Equation (2)), loaded turn
(Equation (3)), and for the cable pull out (Equation (4)), were adapted from [11].

ETti = 0.18 × EDi + 7, (2)

LTti = 0.19 × EDi + 9, (3)
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CPOtj = 2.7 × PSDj + 21, (4)

where ETti, LTti, and CPOtj have similar meanings to those in Equation (1), with the
difference being that they only consider the specific conditions of the yarding (i) and
lateral yarding distance (j), respectively; EDi—average yarding distance for the simulated
condition i, PSDj—average lateral yarding distance for the simulated condition j.

Equation (5) was used to account for the shift time (ST) set at 8 h based on 7 h of
effective work and a 1-h break (B), as is common in Romanian timber harvesting operations
in terms of managing work time. The shift time considered each of the simulated conditions
in terms of yarding distance, lateral yarding distance, and skyline height, and it was used
to calculate the number of work cycles (NCijk) for each condition.

ST = CTijk × NCijk + B, (5)

where ST is the shift time as a fixed time portion of 8 h, CTijk—the average cycle time for a
given condition of the simulation, NCijk—number of work cycles that are fitted in the ST
for condition ijk, and B—1-h break.

Equation (1) was then used in conjunction with the results for the number of work
cycles from Equation (5) to calculate the time measured for each work element in a working
day for a given condition of the simulation, which was complemented by plotting the share
of empty and loaded turns taken together against the extraction distance. This was to see
how these work elements that may expose the hauler to the most noise varied in relation to
the main parameter used in the simulation.

The time results were then used to calculate the equivalent A-weighted sound pressure
level (LAeq) for each condition of the simulation using the specific equation, as referenced
in [18,20,22]. This was achieved by considering all the tasks within a day and their share
based on the mean values extracted from the actual readings by the use of parametric
bootstrapping. For work elements such as the cable pull out time, choker setting, and
unchoking at the landing, as well as for the break time, the value characterizing the engine-
off event was used.

The data generated by the above-described procedures were represented in the form
of bivariate plots that featured labels to distinguish between the scenarios. The main factor
used to develop the plots was the extraction distance. For comparison, the simulated data
computed for 7 h of work by excluding the break were also plotted to provide an overview
of what could happen in this scenario. Finally, the relevant standards and thresholds that
are applied internationally [20,28] were brought together with the simulated data to check
the situation for each scenario, as well as for the empty and loaded turns taken together.
This result was also presented as a bivariate plot.

3. Results
3.1. Statistics for the Source Data and Data Resampling

In total, the sample accounted for 23,574 observations collected at a sampling rate of
1 Hz (Table 2). Excluding those events in which the engine was observed to be off, cable
work accounted for approximately 37%, lifting and lowering the cable for approximately
13%, lifting and lowering the load for approximately 12%, empty turns for approximately
21%, and loaded turns for approximately 18%.

Checking for the normality of the data using the Shapiro–Wilk test showed that none
of the variables could be assumed to come from a normal distribution. However, the main
statistical descriptors of central tendency, such as the mean and median values, were close
in magnitude, as shown in Table 2. The inferred values of the pseudo-population means
were close to those of the samples and the hypothesized means (Table 3). The p-values of
the two-tailed tests were found to lie between 0.149 and 0.9983 (p > 0.05, α = 0.05); therefore,
the null hypotheses were accepted for all the tested mean values, concluding that the
pseudo-population means were not significantly different from the hypothesized values.
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Table 2. Descriptive statistics of data collected on sound pressure level.

Event Abbreviation Number of
Observations

Minimum
Value
dB(A)

Maximum
Value
dB(A)

Median
Value
dB(A)

Mean
Value
dB(A)

Standard
Deviation

dB(A)

Engine off EOFF 15,035 38.8 99.9 47.9 50.5 8.89
Engine off, cooling ECOOL 3288 60.8 83.4 71.3 71.5 1.47
Engine on, no work EON 1488 69.1 98.7 87.0 87.8 3.43

Cable work CW 1392 55.8 110.9 93.9 93.3 6.87
Lifting the cable LIC 314 74.9 97.5 92.0 92.1 2.40

Lowering the cable LOC 157 74.6 98.9 88.5 88.6 5.16
Lifting the load LIL 207 78.9 103.5 99.7 99.1 3.42

Lowering the load LOL 237 66.0 119.2 97.3 96.9 6.20
Empty turn ET 775 81.3 108.3 104.0 102.5 4.25
Loaded turn LT 681 85.8 134.5 111.1 111.3 15.60

Note: none of the variables passed the normality test (Shapiro–Wilk, α = 0.05, p > 0.05); the EOFF sample was too
large to be handled by the normality test.

Table 3. Statistics for the resampling procedure.

Event Abbreviation
Hypothesized

Mean
dB(A)

Sample
Mean
dB(A)

p-Value
Population

Mean
dB(A)

Lower
Confidence

dB(A)

Upper
Confidence

dB(A)

Engine off EOFF 50.5 50.52 0.7436 50.52 50.38 50.67
Engine off, cooling ECOOL 71.5 71.54 0.1492 71.54 71.49 71.59
Engine on, no work EON 87.8 87.85 0.5851 87.85 87.67 88.03

Cable work CW 93.3 93.31 0.9743 93.30 92.94 93.66
Lifting the cable LIC 92.1 92.08 0.9033 92.08 91.81 92.34

Lowering the cable LOC 88.6 88.65 0.9042 88.65 87.82 89.45
Lifting the load LIL 99.1 99.14 0.8825 99.14 98.66 99.58

Lowering the load LOL 96.9 96.94 0.9193 96.94 96.12 97.73
Empty turn ET 102.5 102.50 0.9983 102.50 102.20 102.80
Loaded turn LT 111.3 111.33 0.9598 111.34 110.16 112.52

Given the results presented in Table 3, the mean values estimated at the pseudo-
population level were used for the simulation. Additional data supporting the results from
Table 2 are given in Appendix A, Figure A1, which shows the frequency histograms of the
10 events following the parametric bootstrapping.

3.2. Simulated Noise Exposure

The loaded and empty turns were the events that accounted for the highest measured
sound pressure level (Tables 2 and 3). Their share in an average work cycle largely depended
on the magnitude of the yarding distance (Figure 3). For yarding distances of 500 m, the
share of empty and loaded turns accounted for a minimum and a maximum of 25 and 33%,
which was almost doubled for yarding distances of 1500 m. There was a differentiation
in the share of empty and loaded turns, which largely came from the variation in lateral
yarding distance and skyline height.

For instance, at a yarding distance of 500 m, and for a skyline height of 20 m, the
differences found in the share of empty and loaded turns by decreasing the lateral yarding
distance from 50 to 10 m were 1 to 2% in magnitude. For the same yarding distance, the
magnitude of the difference attributed to the skyline height was 1%, from 20 to 15 and from
15 to 10 m, which was also the case for a yarding distance of 1500 m. Most importantly,
these incremental changes in the yarding distance, lateral skidding distance, and the skyline
height were not linear; rather, they closely followed a polynomial rule.
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Figure 3. Share of empty and loaded turn times in the average work cycle time, depending on yarding
distance (ED), lateral yarding distance (PSD), and skyline height (H). Note: PSD10 to PSD50—lateral
yarding distances of 10 to 50 m, H10 to H20—skyline heights of 10 to 20 m.

Consistent with these rules, the equivalent exposure to noise calculated as the A-
weighted sound pressure level followed a similar trend when considering the simulations
under investigation. The main difference was that the exposure to noise was higher when
the 1-h break was excluded from the simulation (Figure 4b as opposed to Figure 4a). There
was also a differentiation in magnitude, which mostly came from the way in which the
tasks were distributed in terms of the share of the working day.

For the same yarding distance, the highest exposure to noise was likely to occur when
the minimum values were met in terms of lateral yarding distance and skyline height. When
this happened, the share of the empty and loaded turns increased in a work cycle; therefore,
the exposure to noise increased as well, since these work elements were characterized by
the highest sound pressure levels. This can be seen in the shape of the continuous red lines
shown in Figure 4a,b, which are curves with a non-linear increasing trend as a function of
the yarding distance. Both indicate the highest magnitude of the simulated exposure to
noise for the lowest values of lateral yarding distance and skyline height. However, most of
the effects in the magnitude of exposure were brought by the lateral yarding distance, since
distances of 10 m were characterized by the highest magnitudes of exposure, irrespective
of the skyline height (Figure 4a,b). This was mainly due to a lower share of lateral yarding
time at the expense of increasing the time in the empty and loaded turns. By comparing
the data from the two panels in Figure 4, the differences can also be seen as a result of
excluding the 1-h break. Following the simulation, the exact difference between the two
was 0.58 dB(A) LAeq, indicating a rather small difference in magnitude when considering
a 1-h break in the data simulation. In addition, running the simulation for an effective
working day of 8 h would probably increase the level of exposure since more work cycles
would fit in that time frame.
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during the day; (b) simulated exposure to noise based on data calculated for 7 h of work.

How the simulated noise exposure compared to the available standards is shown in
Figure 5. Here, the permissible time spent in work for given noise levels, as referenced
in the work of Helander [28], was plotted using the red curved line. The thresholds set
by the European standards [20] were also considered, although they were not specifically
indicated by lines or curves in the figure since they fall well below the red line.

A comparison of the simulation results with the existing standards and rules concern-
ing exposure to noise depending on the working time (Figure 5) identified two important
aspects. The first one is that without adequate protection, haulers were exposed to intensive
noise, irrespective of the operational scenario in question. The second aspect is that this
exposure largely came from empty and loaded turns, which, for the simulated conditions,
may have taken between approximately 1.7 and 4.0 h per day, while they also generated
the highest levels of noise. For an exposure level of approximately 110 dB(A), the duration
of exposure within a day should not exceed 0.5 h according to the US standards [28], a time
frame that was surpassed by the empty and loaded turns alone. For an exposure level of
100 dB(A), the daily duration should not exceed 2 h, yet the simulations of the considered
scenarios of exposure were well above this time threshold.
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simulated data.

4. Discussion

The goal of this study was to simulate but not provide exact figures on the noise
exposure in sledge-based cable yarding. Therefore, the use of the average values sampled
for the main observed events provided indicative figures to characterize noise exposure
in various work elements. Indeed, those forest operations that required transportation
processes were sensitive to variations in the magnitude of the operational variables, in that
the duration and share of specific work elements in a work cycle generally changed with
the increment or decrement in operational variables. In skidding operations, for instance,
changes in the magnitude of pre-skidding and skidding distances contribute to a change
in the work elements’ share in a work cycle [21], which also applies to cable yarding, as
demonstrated by this study. Accounting for such a variation to characterize noise exposure
is challenging if conventional studies are used, as it would necessitate measurements
carried out to cover all the potential variations in operational factors, in addition to the
type of machine used for extraction [29,30]. For sledge-based cable yarding, this is virtually
impossible since it would involve using many resources in collecting and processing data,
and previous work has shown that it is difficult to develop meaningful models which relate
noise exposure to distance when conducting a study using this approach [21].

Another aspect is the inference of the number of work cycles within a day, as well as
the exact duration of a nominal day. The first largely depends on a variation in operating
conditions, as well as the time assumed for eating and other breaks. Using these would
better reflect noise exposure in operations, although they have not been used consistently
in other studies. On the other hand, it is worth considering that in forestry work, the
typical working day does not last exactly 8 h. Indeed, many examples from practice show
that this amount of time is often exceeded, while at the same time, there is a significant
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amount of time during the year that is not actually used for operations due to machine
breakdowns or adverse weather conditions [31]. These factors would need to be accounted
for in corrections to the simulated figures provided by this study, as well as in the figures
provided by others. Solving this, however, is challenging since the background data needed
to correct the estimates on exposure is lacking in many cases. However, manufacturers
who have oriented their businesses towards building intelligent machines might consider
integrating sensors into their systems for collecting long-term data on noise exposure. This
would be helpful, at least for those machines that are mainly operated from inside a cab.

The potential noise exposure in sledge-based cable yarding increases non-linearly with
the extraction distance, a behavior which could be accounted for in setting the right amount
of work per day. According to the figures provided in this study, the thresholds set by the
existing standards were well exceeded, irrespective of the extraction distance. One may
assume shorter yarding distances, but the results would not change much, as the exposure
level would still account for approximately 100 dB(A) for distances of 100 m (calculations
not shown explicitly herein). On the other hand, a workday typically covers extraction
from different points along the corridor, meaning that the yarding distance characterizing
each work cycle will vary. From this point of view, the results of this study are rather static,
although one could infer the level of exposure by looking at the expected variations in
operational factors specific to a working day.

The typical speed of the carriages during the empty and loaded turns varies widely
depending on local conditions, but it may reach up to 5 m per second [11,32]. This positively
affects the productivity since a load can be extracted much faster. However, increasing
speed comes at the expense of higher levels of exposure to noise, as observed from the
analysis of the media files used in this study. There is also quite a high degree of magnitude
when comparing the efficiency of many work elements that are carried out manually, with
some of those carried out mechanically. For instance, the models reported by Munteanu
et al. [11] and used in this study to estimate the time of the empty and loaded turns have
shown a close order of magnitude of time estimates. The model for pulling out the cable,
on the other hand, had a much bigger slope, which applied to a lateral yarding distance
range of approximately 120 m in the original study. These, as well as the findings of other
studies which involved cable work [33], point out the same idea, namely, that the efficiency
of manual work is lower in transportation processes compared to that of machine work.
When one compares the potential noise exposure, however, the findings are not similar. As
simulated in this study, smaller lateral yarding distances lead to higher noise exposure. This
is because the fast-running work elements, such as the empty and loaded turns, gained a
higher share in the structure of the work cycle when the manual work was limited. This led
to a higher efficiency measured, being the number of work cycles that could be completed
in a day (Figure A2), but also to a higher exposure to noise.

As stated, the goal of this study was not to exactly quantify the exposure to noise,
but to benchmark the potential effects brought about by several important operational
factors in exposure variation. By any means, future studies could look more closely at the
problem and try to collect more detailed data, also including an analysis of noise frequency.
Our experience with the media files indicates that this would need to be addressed in
the future. Based on our findings, it can be stated that, in terms of the considered factors,
noise exposure exceeded the permissible limits set by the existing standards. To what
extent the use of protective equipment can help in mitigating this remains to be seen [34].
Perhaps advancements in protective equipment will provide better helmets that incorporate
efficient communication devices, which then could be used to attenuate exposure. By their
use [28], the noise exposure during the empty and loaded turns, as well as during the day,
might reach acceptable limits. Meanwhile, company managers should take all necessary
precautions to properly equip their workers and to make sure that they are wearing
noise protectors.
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5. Conclusions

The hauler’s level of exposure to noise in sledge-based cable yarding depends on a
variability in operational factors such as the yarding and lateral yarding distances. The
magnitude of exposure depends non-linearly on the yarding distance and is inversely
proportional to the lateral yarding distance. In our assessment, noise exposure during the
working day exceeds the limits set by the existing standards and workers should wear
protective equipment in order to fulfill their daily duties. Future case studies should be
organized to provide more realistic figures and to validate these findings. In addition, time
consumption models should be developed for other operational conditions.
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Figure A1. Frequency histograms of the parametric bootstrapping: (a) Engine off, (b) Engine off,
cooling, (c) Engine on, no work, (d) Cable work, (e) Lifting the cable, (f) Lowering the cable, (g) Lifting
the load, (h) Lowering the load, (i) Empty turn, (j) Loaded turn.
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22. Cheţa, M.; Marcu, M.V.; Borz, S.A. Workload, exposure to noise, and risk of musculoskeletal disorders: A case study of
motor-manual tree felling and processing in poplar clear cuts. Forests 2018, 9, 300. [CrossRef]
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