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on an anchor over all work cycles
H	� Height of the tree or stump
ID	� Damage index, slope of the regression model of 

Ki / Ki,max over n
Ki	 �Rotational stiffness calculated within a work 

cycle
Ki,max	� Maximum value of Ki over all work cycles
M	� Moment applied to the anchor
Mpeak	� Peak moment corresponding to tree overturning
PMH	� Productive time
Rx, Ry	� Root-plate rotations measured on the local axes 

of the inclinometer
R0, R90	� Root-plate rotations parallel and perpendicular to 

the direction of the pulling force
Ri,max	� Maximum value of the root-plate rotation within 

a work cycle
Rmax	� Maximum value of the root-plate rotation mea-

sured on an anchor over all work cycles
RMpeak	� Root-plate rotation corresponding to Mpeak
SR	� Safety factor on rotations, equal to Rmax / 

Abbreviations
DBH	� Diameter at breast height
F	� Tensile force applied to an anchor
Fi,max	� Maximum value of cable tensile force recorded 

within a work cycle
Fmax	� Maximum value of cable tensile force measured 
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Abstract
Swing yarders in running skyline configuration using either grapples or chokers represent the most common configuration 
for cable yarding in coastal British Columbia. In this context, whole-tree logging and short work cycles lead to heavy and 
repeated loads applied to the trees and stumps when used as anchors for the rigging cables. Moreover, increased harvest-
ing of second-growth forest stands leads to the unavailability of large and safe trees, thus introducing new challenges to 
identify suitable anchors and potentially increases safety risks of cable yarding operations.

The present study aimed to collect evidence of the mechanical response provided by anchors for typical cable yarders 
used in second-growth harvesting in coastal British Columbia, and test the suitability of innovative techniques for the 
stability assessment based on the relationship between the anchor root-plate rotations and the related applied tensile forces. 
A conspicuous dataset could be derived from all the surveys, storing anchor rotations from a total of 1522 work cycles 
of which 1224 work cycles included also tensions measurements. The methodological approach was proven effective for 
monitoring different rigging configurations giving proof that repeated loading affects the stability of a tree/stump which 
can rapidly change over few hours of active yarding operations. Acquired data proved also that comparing theoretical 
failure limits with anchor rotations could be a valid approach however a considerable amount of species-specific data 
from tree pulling tests is required.
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RMpeak,th
SM	� Safety factor on moments, equal to Mmax / 

Mpeak,th
ai	� Intercept of Ki
n	� Cycle number
r2

i	 �Coefficient of determination of Ki
ΔR	 �Azimuthal increment to correct Rx and Ry

Introduction

Logging operations in mountainous areas are increasingly 
relying on recently introduced ground-based winch-assist 
technologies because of their potential safety and economic 
benefits (Heinimann 1999; Visser and Stampfer 2015; 
Holzfeind et al. 2020). The employment of ground-based 
machines, however, is limited by accessibility, excessive 
ground slope, ground roughness, and soil conditions (Ami-
shev et al. 2009). For this reason, cable yarding still rep-
resents the preferred harvest system for many steep slope 
logging operations.

Independently on the rigging configuration, stable 
anchors are required to secure and safely operate cable 
yarders. Artificial anchors (e.g., pieces of equipment, dead-
man anchors, etc.) allow a relatively reliable estimation of 
the anchoring capacity (Leshchinsky et al. 2016; Belart 
et al. 2020), but their use is frequently limited to acces-
sible ground and machine availability. For this reason, the 
yarding crews must frequently rely on trees and/or stumps 
(hereafter named natural anchors) to set up cable roads and 
secure their machines.

Failures of natural anchors, together with excessive cable 
tensile forces, are indeed primary safety concerns in all 
cable-supported harvesting systems (Tsioras et al. 2011). 
Various publications have recently focused on assessing 
these safety concerns in cable yarding, both in terms of 
cable tensile forces (Harrill and Visser 2016; Mologni et 
al. 2019, 2021a, b) as well as anchor stability of various 
cable yarding operations (e.g., Mancuso et al. 2018; Marchi 
et al. 2019, 2021). While cable tensile forces can be effec-
tively monitored and eventually controlled, anchor loading 
capacity is still largely overlooked because of the missing 
availability of operational solutions for their actual assess-
ment and monitoring, and still too little is known about the 
behavior of trees and stumps used to anchor cables (Cavalli 
2012; Marchi et al. 2018). In several geographical contexts, 
the challenge of selecting suitable natural anchors and the 
related safety concerns is also increasing. This is particularly 
true in some regions of the Pacific Northwest of the United 
States and Western Canada, where logging operations 
are transitioning to a major component of second-growth 

stands, typically characterized by much smaller tree size 
compared to local old growth stands (Belart et al. 2020).

The empirical rules formulated by Pestal (1961) still 
generally represent the current methods to estimate the load 
capacity of natural anchors. Based on these rules the maxi-
mum load bearing capacity of a natural anchor is set to be 
proportional to the squared diameter at breast height (DBH). 
As it is well recognised by various best-practice guidelines 
and safety regulations, however, even if DBH is a straight-
forward allometric parameter, multiple other variables 
might affect anchor stability, including for example ground 
conditions, soil moisture, tree or stump health, and many 
others (Liley 1983; Samset 1985; Work Safe 2006; OR-
OSHA 2010; Safe Work Australia 2013). Relevant pioneer-
ing studies were conducted in the past to assess the capacity 
of natural anchors in withstanding loads originating from 
cable logging operations, either for standing trees (Pyles 
1987; Pyles et al. 1991) or stumps (Stoupa 1984; Toupin et 
al. 1985; Pyles and Stoupa 1987; Parker 2001). Additional 
works were conducted also to assess a stump loading capac-
ity when used as road fill retainers for temporary forest 
roads (Parker 2001, 2002). A detailed review of those work 
is available in Marchi et al. (2018).

To overcome the shortcomings in effective evaluation 
methods for anchor movements and overall stability, Mar-
chi et al. (2020) recently presented an assessment method 
based on the comparison of the anchor root-plate rotations 
with the applied tensile forces and related moments using 
low-cost inclinometers and accelerometers. The method 
was successfully tested in the assessment of nine skyline 
anchors employed by European-designed tower yarders in 
standing skyline configurations. The current work aimed to 
improve this newly introduced methodological approach 
for the evaluation of the anchor loading capacity with the 
inclusion of a meticulous cyclic response analysis aimed to 
derive possible degradation of the elasticity caused by the 
damages at the root-soil plate (Yang et al. 2020). Improve-
ments included the semi-automatic calculation of the base 
mechanical stiffness, the analysis of its time-dependency 
throughout the regression of average stiffness per work cycle 
over the total number of work cycles, and the identification 
of a related damage index. The study also aimed to extend 
the collection of real evidence of the mechanical response 
of natural anchors stability in cable yarding operations, with 
a focus on swing yarders adopted in Western Canada and 
evaluate their response in comparison with theoretical limits 
known from the literature for the same species growing in 
similar conditions.
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Materials and methods

Study sites

The study focused on ordinary cable yarding operations in 
three different cutblocks located in coastal British Columbia 
(BC), Canada. A preliminary field trial to test equipment and 
data collection protocol limited to the monitoring of anchor 
movements was conducted in late January 2021, near Maple 
Ridge, at the Malcolm Knapp Research Forest, 60 km east 
of Vancouver (hereafter Block 1). Further data, integrated 
with high-frequency cable tensile force monitoring, was 
collected between February and March 2021 in two other 
cut blocks: one in Maple Ridge, in a similar area of Block 
1, and one on Vancouver Island, in the Alberni-Clayoquot 
Regional District, 30 km north of Bamfield (from now on 

Block 2 and Block 3, respectively). The study investigated 
cable yarding operations in second-growth forest stands 
with ages ranging from 68 to 130 years. The stands were 
dominated by Western hemlock (Tsuga heterophylla), rep-
resenting between 46% and 84% of the stand volume, West-
ern red cedar (Thuja plicata), and Douglas-fir (Pseudotsuga 
menziesii) (Table 1). The soils in the study area had a fresh 
soil moisture regime and a medium to rich soil nutrient 
regime.

The cutblocks were hand felled and yarded by swing 
yarders in running skyline configuration. Blocks 1 and 2 
were yarded by a 1980 Washington Logging Equipment 78 
Super SL, re-manufactured in 2020, using both a grapple 
carriage and a carriage with chokers (Fig. 1). This machine 
had a total mass of 44.5 tonnes, an engine power of 230 kW, 
and it was equipped with 19-mm swaged haulback line (sky-
line), 15.9-mm swaged mainline and slackpuller, and three 
22.2-mm guylines. Block 3 was yarded by a 1989 Madill 
122 equipped with a grapple carriage (Fig. 2). This machine 
had a total mass of 53 tonnes and was equipped with a 340-
kW engine, 22.2-mm swaged haulback line (skyline), main-
line, and slackpuller, and two 28.6-mm guylines.

A total of 15 cable roads were observed during the study 
(Fig. 3), all in uphill configuration with except of the two 
cable roads monitored Block 1. The cable roads ranged from 
102 to 181 m in horizontal length and from 23 to 51% in 
slope of the geometric chord (Table 1). In all the three cut 
blocks, the yarder was located in a single central landing 

Table 1  Site and stand data related to the three observed blocks
Site Block 1 Block 2 Block 3
Location Maple 

Ridge, B.C.
Maple 
Ridge, 
B.C.

Alberni-
Clayo-
quot, B.C.

Harvested area (ha) 16.5 1.9 31.1
Harvested volume (m3) 9317 1900 22 392
Stand age (years) 70 130 68
Species composition (%) 461; 362; 

163; 24
631; 302; 
53; 24

841; 22; 
93; 54

Species composition expressed as percentage of stand volume. 1Hw: 
western hemlock; 2Cw: western red cedar; 3Fd: Douglas-fir; 4Others

Fig. 2  Swing yarder Madill 122 
at the landing of Block 3 a and 
grapple carriage used b

 

Fig. 1  WLE 78 Super SL at 
landing of Block 2 a and carriage 
used b
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from 29 to 55  cm. Guyline anchors included two stumps 
with estimated DBH of 81 and 94 cm, respectively, and a 
107-cm DBH tree. Seventeen out of 26 natural anchors were 
Western hemlock, while the others were mostly Western red 
cedar or Douglas fir (Table 2).

Data collection and preliminary data analysis

Cable road layouts and the location of cable yarders, guy-
line anchors, and tailholds were collected using a GNSS 
Garmin GPSMAP® 64sx. Relative distance and azimuth 
measurements from tailholds were used for locating the tie-
backs, when needed. Positioning of the various anchor types 
was also verified by high-resolution Planet satellite images. 
The integration of this spatial information with Lidar-based 
digital elevation models provided length and slope of the 
observed cable roads. Multiple cameras (including in-cab 
cameras) were used to record the cable yarding operations 
and facilitate a time study to detect work cycles and produc-
tive time including delays up to 15 min (PMH15).

Root-plate rotations of the anchor trees/stumps were 
monitored by means of micro-electro-mechanical systems 

position, and the cable roads were progressively moved. 
Pieces of equipment were used for guyline anchors in Block 
1 and, partially, in Block 3. All the other anchors were either 
trees or stumps (i.e., natural anchors) of various tree species.

Direct field monitoring involved a total of 26 natu-
ral anchors (Table  2) including 15 tailholds (here defined 
as the skyline anchor - either a tree or a stump - used to 
secure haulback line blocks); eight tiebacks (here defined 
as trees/stumps used to support tailholds that do not appear 
to be strong enough through the use of twisters or slings), 
and three guyline anchors (here defined as the anchor – by 
regulation a stump, but seldomly a tree - used to secure the 
yarder’s guylines). Tailholds included nine trees with diam-
eter at breast height (DBH) ranging from 38 to 92 cm and 
six freshly-cut stumps with DBH estimated by taper func-
tions (Omule and Kozak 1989) ranging from 55 to 64 cm. 
Ten of these tailholds (all those in Block 1 and 3) were sup-
ported by one or more tiebacks. The root-plate rotations of 
tiebacks supporting seven of these tailholds were also moni-
tored (including the monitoring of two tiebacks supporting 
tailhold TH1.2). These tiebacks included trees with DBH 
ranging from 21 to 63 cm, and stumps with estimated DBH 

Fig. 3  Cable roads and rigging configurations
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the anchor straps/guyline extension on the anchors) and 
the ground was measured to estimate the lever arm of such 
forces and derive the applied moment. While the analysis 
of the moment should refer to the pivotal point of the pro-
duced rotation, the identification of such point is not fea-
sible in operational conditions (large displacement, i.e., near 
to failure conditions are required as reported by Marchi et 
al. 2022), and the hinge is generally assumed at soil level in 
most pulling tests (Peltola et al. 2000).

Data concerning cable tensile forces, time study, machine 
positions, and ground information were initially processed, 
synchronized, and analysed by means of GIS software and 
R-scripts, following established procedures (e.g., Mologni 
et al. 2021a). The following anchor stability analysis was 
conducted in Matlab® environment, extending the method-
ological approach described in Marchi et al. (2021).

(MEMS) inclinometers and accelerometers installed at the 
base of the anchors and aligned with the expected cable pull-
ing forces. The movements of tailholds were recorded using 
a biaxial inclinometer (Beanair GmbH, Berlin, Germany 
model WILOW159-WIFI-HI-INC-30B) set to a recording 
frequency of 50 Hz. The sensor had an accuracy of ± 0.02°, 
temperature compensation, and wi-fi communication. Two 
triaxial accelerometers (Gulf Coast Data Concepts LLC, 
Waveland, MS, USA, model X2-2), with a theoretical accu-
racy of ± 0.0044° and equipped with a built-in datalogger, 
were used to monitor guyline anchors and tiebacks.

In Block 2 and 3, cable tensile forces (expressed in kN) 
applied to guyline anchors and tailholds were monitored 
using purpose-built pre-calibrated load cells. These load 
cells were connected to data loggers (Campbell Scientific, 
Logan, United States, model CR1000x) set to record at a 
frequency of 100 Hz. The load cells were installed between 
anchor straps and haul-back blocks at the tailholds, and 
between guylines and anchor straps (or guyline extension) 
at the guyline anchors (Fig.  4). The distance between the 
point of application of the tensile force (i.e., position of 

Table 2  Characteristics of the cable roads and monitored anchors
Block Cable road ID Horizontal line

(m)
Slope
(%)1

Anchor ID Anchor
type

Tree/
Stump

DBH
(cm)

Height
(m)

Species2

1 C1.1 181 24 TH1.1 Tailhold Stump 55 0.6 Hw
TB1.1.1 Tieback Stump 40 0.5 Hw

C1.2 145 23 TH1.2 Tailhold Stump 58 0.5 Hw
TB1.2.1 Tieback Stump (dead) 55 0.6 Fd
TB1.2.2 Tieback Stump 29 0.4 Hw

2 C2.1 114 25 TH2.1 Tailhold Stump 58 0.6 Cw
C2.2 112 31 TH2.2 Tailhold Tree 78 35.5 Fd
C2.3 110 35 TH2.3 Tailhold Tree 76 34 Fd
C2.4 102 42 TH2.4 Tailhold Stump 60 0.4 Hw
C2.5 108 51 TH2.5 Tailhold Tree 71 38 Hw
C2.1 to C2.53 GA2.3 Guyline anchor Tree 107 31.5 Fd

3 C3.1 158 22 TH3.1 Tailhold Tree 38 30 Hw
C3.2 164 21 TH3.2 Tailhold Stump 64 1 Hw

TB3.2.1 Tieback Tree 27 + 21 30.0 + 30.0 Hw + Hw
C3.3 143 31 TH3.3 Tailhold Tree 48 38 Hw

TB3.3.1 Tieback Tree 54 38 Fd
C3.4 156 28 TH3.4 Tailhold Tree 56 38 Hw

TB3.4.1 Tieback Tree 63 42 Hw
C3.5 143 30 TH3.5 Tailhold Stump 64 1.2 Hw

TB3.5.1 Tieback Tree 33 28 Hw
C3.6 142 31 TH3.6 Tailhold Tree 61 38 Hw
C3.7 141 31 TH3.7 Tailhold Tree 51 33.5 Hw

TB3.7.1 Tieback Tree 42 30.5 Hw
C3.8 143 31 TH3.8 Tailhold Tree 92 36 Ss
C3.1 to C3.52 GA3.1 Guyline anchor Stump 94 1.2 Cw
C3.6 to C3.82 GA3.3 Guyline anchor Stump 81 0.5 Cw

1Slope of the chord line connecting tower yarded to tailhold
2Cw: Western red cedar, Fd: Douglas fir, Hw: Western hemlock, Ss: Sitka spruce (Picea sitchensis)
3Multiple cable roads used the same guyline anchor
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3, where applied forces and moments were available, the 
azimuthal offset (ΔR) necessary to rotate Rx and Ry was cal-
culated with a more complex but robust iterative procedure 
aimed to find the axis orientation which minimized the aver-
age stiffness of the anchor. Stiffness relates root-plate rota-
tions (expressed in degrees, deg or °) to the moment causing 
them (expressed in kNm), where the latter is the product 
between a force (in kN) and its lever arm (in m). Here, the 
lever arm was calculated starting from the orthogonal dis-
tance between the point of application of the forces and the 
ground, corrected by the slope of the cable (see Marchi et 
al. 2022 for details about employed equations and additional 
schematics). The slope of the cable was computed for each 
anchor by the inclination of the theoretical chord derived 
from the relative difference in altitude (derived from the 
digital elevation model) between the selected anchor and 
the cable yarders, accounting for the height of the boom of 
the cable yarders. Finally, the calculation of the azimuthal 
offset (ΔR) was performed via the following steps:

1.	 For each work cycle, calculation of stiffness (Ki, referred 
also as elastic stiffness) as the slope of the linear regres-
sion between applied moment and root-plate rotation 
data and its corresponding coefficients of determination 
(r2

i).
2.	 Evaluation of a mean stiffness K and mean r2 among all 

calculated Ki and r2
i.

3.	 Progressive rotation of the axes with azimuthal incre-
ments ΔR of 10° and, within each iteration, recalcula-
tion of stiffness Ki, per cycle and their mean values.

4.	 Identification of the decisive ΔR from visual analysis of 
local minima in the mean stiffness K and local maxima 
in its related r2 (Fig. 5). This can be translated in the 
angle for which the same amount of force generates the 
maximum rotations (local minima of stiffness) with the 
clearest data output (local maxima of r2).

Computation of cyclic loading effects

The mechanical response of each anchor was first analysed 
by deriving maximum values of root-plate rotations not 
only over the whole monitored time (Rmax), but within each 
work cycle (Ri, max) and performing a regression analysis 
over the number of cycles (i.e., a sort of temporal evolu-
tion of anchor stiffness). A deeper analysis of cyclic loading 
effect was then applied on data from Blocks 2 and 3, given 
the availability of cable tensile force measurements and 
related moments applied to the anchors. This novel protocol 
for cyclic loading effect monitoring can be summarized in 
two additional steps:

Anchor stability analysis

Root-plate rotations and stiffness calculation

Installation inaccuracies and unknown preferential axis root 
growth (Lundstrom et al. 2007; Marchi et al. 2021) may 
provide an offset between the axes of the local coordinate 
system of the biaxial sensor (Rx, Ry) with the axes over 
which the maximum and minimum rotations are expected, 
respectively the axis parallel (R0) and perpendicular (R90) to 
the direction of the pulling force.

In Block 1, the anchor rotation parallel to the pulling 
direction R0 was simply derived from the recorded sen-
sor rotations (Rx, Ry) following the same methodology 
described in Marchi et al. (2021), namely R0 =(Rx

2 +Ry
2)1/2. 

This approach, satisfactory when measuring large rotations 
and directions (e.g., unstable anchors or destructive tests) is 
suitable to overcome the unavailability of cable tensile force 
data. On the opposite, when dealing with very small rota-
tions (e.g., sturdy trees or stumps showing values root-plate 
rotation (R) < 0.5°), limited offsets in the measured axes 
alignment may lead to large errors when comparing those 
values with theoretical rotation limits. Linking rotations 
to forces and moments through the stiffness computation 
becomes a crucial aspect that allows to overcome the ques-
tion whether the observed rotations are actually generated 
by the pulling cable or not. In this context, in Block 2 and 

Fig. 4  Schematic representation of the sensor layout and the main mea-
sured scalar quantities
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Table 3  Tailhold, tieback and guyline anchor main mechanical parameters recorded
Cable road ID Anchor ID Observed time (H) PMH15

(h)
Work cycles
(n.)

Fmax
(kN)

Slope
(deg)

Lever arm (m) Rmax
(deg)

C1.1 TH1.1 6.82 5.80 59 - 5.7 - 10.97
TB1.1.1 6.82 5.80 59 - - - 6.73

C1.2 TH1.2 4.61 3.53 60 - 3.2 - 1.68
TB1.2.1 4.61 3.53 60 - - - 0.22
TB1.2.2 4.61 3.53 60 - - - 0.19

C2.1 TH2.1 2.72 2.55 22 160.5 -13.6 0.29 1.20
GA2.3 3.48 2.70 23 63.6 -24.1 0.27 0.15

C2.2 TH2.2 2.32 2.12 21 150.3 -16.4 0.29 0.29
GA2.3 1.64 1.62 16 104.1 -24.1 0.27 0.15

C2.3 TH2.3 1.43 1.27 16 169.3 -18.8 0.28 0.43
GA2.3 1.57 1.07 8 100.7 -24.1 0.27 0.04

C2.4 TH2.4 4.05 3.64 28 163.7 -22.6 0.46 2.63
GA2.3 7.08 5.51 44 90.8 -24.1 0.27 0.17

C2.5 TH2.5 4.66 3.68 30 209.4 -26.3 0.27 0.37
GA2.3 5.01 3.68 30 105.6 -24.1 0.27 0.11

C3.1 TH3.1 0.06 0.00 0 NA -18.2 0.28 NA
C3.2 TH3.2 1.79 1.34 48 245.0 -17.3 0.29 0.71

TB3.2.1 1.79 1.34 48 - - - 0.04
C3.3 TH3.3 1.64 1.25 54 277.2 -22.3 0.28 1.59

TB3.3.1 1.64 1.25 54 - - - 0.20
C3.4 TH3.4 1.95 1.16 43 273.1 -21.2 0.28 0.39

TB3.4.1 1.95 1.16 43 - - - 0.06
GA3.1 4.07 1.32 49 181.8 -14.1 0.10 0.34

C3.5 TH3.5 2.60 1.99 92 220.1 -22.9 0.28 1.31
TB3.5.1 0.68 0.56 28 - - - 0.26
GA3.1 3.06 1.99 92 172.7 -14.1 0.10 0.37

C3.6 TH3.6 4.02 1.96 60 200 -23.5 0.27 0.46
GA3.3 3.75 2.45 62 148.0 -14.1 0.10 0.34

C3.7 TH3.7 4.50 2.07 73 210.2 -23.5 0.27 1.63
TB3.7.1 3.74 1.45 43 - - - 0.15
GA3.3 4.22 2.08 72 167.6 -14.1 0.10 0.07

C3.8 TH3.8 2.20 1.54 57 201.9 -23.4 0.27 0.19
GA3.3 2.73 1.86 68 238.9 -14.1 0.10 0.12

Fig. 5  Variation of average stiff-
ness and r2 according to increas-
ing ΔR for anchor GA3.1
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Results

A conspicuous dataset could be derived from all the sur-
veys, registering anchor base rotations from a total of 1522 
work cycles of which 1224 work cycles included also ten-
sions measurements. In detail, tailholds were monitored for 
a total of 45.4 h, covering 33.9 PMH15 and 663 work cycles, 
spread over 12 workdays and three case studies (Table 3). 
The majority of the work cycles (427) were recorded during 
grapple yarding operations in Block 3, accounting for a total 
of 11.3 PMH15. Observations in Block 1 and 2 covered a 
similar amount of work cycles (119 and 117 cycles, respec-
tively), but accounted for a different amount of productive 
time (9.3 and 13.3 PMH15, respectively) due to the different 
yarding solutions adopted. In Block 1, where the observa-
tions focused on root-plate rotations only, a grapple carriage 
was used for the first 30 work cycles on cable road C1.1, 
while chokers for the remaining 89 cycles. Operations in 
Block 2 relied exclusively on the use of mechanical car-
riage and chockers, slowing down the operations. While 
the grant average cycle time was 3.07 min/cycle, average 
cycle time per block varied from 1.59 (Block 3) to 6.80 
(Block 2) min/cycle. Tieback, when installed as support of 
tailholds, were monitored partially simultaneously with the 
tailholds. The observations of tiebacks were limited to two 
case studies (being absent in Block 2) and interested a total 
of 21.2 h, 15.1 PMH15 and 335 work cycles. Observations 
on guyline anchors were limited to Block 2 and 3 interested 
a total of 10 workdays, 36.6 h, 24.7 PMH15 and 483 work 
cycles. Again, most of the work cycles (361) were collected 
during grapple yarding operations in Block 3, monitoring 
141 cycles on GA3.1 and 220 cycles on GA3.3, for a total 
of 10.0 PMH15. A single guyline anchor in Block 2 was 
monitored for 14.7 PMH15 but only 122 work cycles, as 
the used of chockers reduced the hourly number of cycles. 
Average cycle time calculated for guyline anchors showed 
slightly different values compared to the tailhold analysis as 
the monitored work cycles were only partially overlapping. 
Overall average cycle duration observed on guyline anchors 
was 2.98 min/cycle, ranging from 1.64 (Block 3) to 7.20 
(Block 2) min/cycle.

Root-plate rotations and cable tensile forces

Direct field measurements of anchor response to applied 
force focus on root-plate rotations and cable tensile forces. 
Peak values of maximum root-plate rotations per cycle (Rmax) 
recorded at the various natural anchors ranged from 0.19° to 
10.97° for tailholds, from 0.05° to 6.73° for tiebacks, and 
from 0.09° to 0.52° for guyline anchors. The highest values 
of Rmax at tailholds and tiebacks were recorded in Block 1, 
on cable road C1.1, and were linked to an anchor system just 

5.	 Transformation of the one-cycle stiffness Ki into non-
dimensional terms, achieved by dividing it by its maxi-
mum value (Ki,max) recorded on the same anchor over 
the whole monitored time (i.e., stiffness ratio). This 
approach also facilitates a more comprehensive under-
standing of overall stability relative to initial conditions 
and enables a more robust comparison of cyclic loading 
effects across different anchors.

6.	 Regression of the ratio Ki/Ki,max over number of cycles, 
and derivation of the slope coefficient. This coefficient, 
expressed as a percentage, was designated as the dam-
age index (ID). The damage index quantifies the accu-
mulated “damage” within each cycle, indicating the 
progression of stiffness degradation over time.

Comparison with theoretical rotation limits

Best-practice guidelines and general predictive models of 
tree stability recommend a direct comparison of equivalent 
moment values between destructive pulling tests and anchor 
stability surveys. To accomplish this, the linear regression 
models of the applied moment at failure (Mpeak) over stem 
volume predictors, such as DBH2xH and DBH3, published 
by Byrne and Mitchell (2007) could be used at first. How-
ever, the approach proposed by Marchi et al. (2019) uses 
regression models of rotation at failure (RMpeak) over the 
same predictors and could provide better results, especially 
noting that tiebacks modify the actual force excepted on the 
tree leading to unprecise quantification of the real forces 
and moments applied to the tree. Therefore, values of RMpeak 
(i.e., failure conditions) measured from the tilt sensors set at 
the base (height from soil of about 30 cm) were extrapolated 
from the original moment vs. rotation curves available from 
Byrne and Mitchell (2007) and smoothed according to the 
approach reported in Lundström et al. (2007) i.e., using a 
locally weighted, quadratic, polynomial smooth algorithm 
with a fixed window span equal to 10% of the data points. 
Then, linear models of RMpeak and Mpeak were used to com-
pute the theoretical failure values of rotation RMpeak,th and 
moment Mpeak,th for selected tailholds (i.e., limited to the 
case of standing trees with the same tree species of the pull-
ing tests). Comparisons between observed values and the 
theoretical limits were finally performed and expressed as 
the two safety factors: SR= Rmax/ RMpeak,th and SM= Mmax/ 
Mpeak,th.
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values of maximum tensile forces recorded per cycle (Fmax) 
limited to 150–169 kN.

Cable tensile forces measured at guyline anchors were 
generally more limited than those recorded at the tailholds, 
as the payload was partially spread over two or three dif-
ferent guylines. Absolute maximum Fmax at guyline anchor 
was 239 kN recorded on GA3.3. Fmax on the other guyline 
anchor monitored in the same block (GA3.1) reached a 
maximum of 182 kN, and in Block 2, Fmax reached a maxi-
mum of 106 kN. However, the progressive changes in the 
cable geometry layout led to a progressive variation in 
Fmax values over consecutive roads (Fig. 7). While at guy-
line anchor GA3.1, progressive cable road change led to 
increasing angles between skyline and monitored guyline 
and reduction in recorded Fmax, the opposite was true for 
guyline anchor GA3.3. The progressive reduction of the 
skyline-guyline angle increased Fi,max recorded at the guy-
line anchor, to the point that in cable road C3.8 it reached 
similar or higher values than those recorded at the tailhold.

A particular event of note was recorded during the moni-
toring of cable road C3.1. This cable road does not account 
for any work cycle and related Ri,max or Fi,max because its 
tailhold failed during the initial set up, before any actual 
yarding operation (Fig.  8). Tailhold TH3.1 was a 38-cm 
DBH western hemlock, secured with a tieback to a large 
old-growth stump with a synthetic sling. During the first 
loading, the tree showed a linear elastic response up to a 
pulling force of 100 kN. However, at about 115 kN, the tree 
started to rotate progressively, up to a critical rotation of 
7.1°. Tensile force in the skyline was immediately released 
bringing the force down to 20 kN, registering a residual 
rotation of 2.6°. The tieback strap at the tailhold was then 
shifted upward to 1 m from the ground to increase the lever-
age effect of the stabilizing force. However, at the beginning 
of the second pull the tree leaned forward critically upon 
reaching just 40 kN of force, showing a compromised sta-
bility and was therefore substituted with a different anchor 
(TH3.2).

next to failure. Excluding those anchors, peak Rmax values 
would have been 2.63° for tailholds and 0.26° for tiebacks. 
Overall, tailholds were the anchor type typically showing 
the highest rotation, while tiebacks and guyline anchors 
reported much more limited values.

Rmax exceeded 0.5° in 11 anchors, nine of them were 
tailholds, while one was the tieback in cable road C1.1 and 
one the guyline anchor GA3.1. Ri,max exceeding 0.5° was 
recorded in 94 work cycles for tailholds, distributed in all 
three case studies, but 59 of which were linked to the obser-
vations on cable road C1.1. Only 26 work cycles reported 
Ri,max exceeding 0.5° for tiebacks, all of them in cable road 
C1.1.

The range of maximum root-plate rotations recorded per 
cycle (Ri,max) was comparable between stump and anchor 
trees, even if the maximum absolute values were recorded 
on stumps. Similarly, no significant effect on range and 
maximum values was observed in rotations only by the 
anchor size or the fact that the anchor was support or not 
by tiebacks.

Measurement of applied forces and related moments and 
stiffness were limited to Block 2 and 3. Maximum tensile 
forces recorded per cycle (Fi,max) at tailholds ranged between 
34 and 277 kN. The highest tensile forces were normally 
recorded in Block 3, were pulling forces generated by the 
Madill 122 reached or exceeded 200 kN in all cable roads 
and 34 work cycles. These forces were frequently higher 
for cable road C3.2, C3.3, and C3.4 because their yarding 
direction was not perpendicular to the ground slope (Fig. 3) 
and the skyline deflection was limited as much as possible 
to permit upward lift on the logs, leading to increased tensile 
forces for similar payload and conditions. The Washington 
78SL used in Block 2 generated forces at the tailholds that 
exceeded 200 kN only in two work cycles of cable road 
C2.5 due to the need of reducing skyline deflection because 
of need of negotiating obstacles along the ground profile 
(Fig.  6), while the other four cable roads reported peak 

Fig. 6  Maximum cable tensile 
force (Fmax) and root-plate rota-
tion (Rmax) per work cycle at 
tailholds of Block 2 and Block 3
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them (20%), including TH1.1, TH3.2, TH3.3, and TH3.6, 
showed a positive correlation (r2 > 0.5). The remaining 
anchors returned poorer, null, or insignificant correlation 
between Ri,max and n.

A good example of the different response in peak rota-
tion’s magnitude over the number of load cycles was 
recorded in the preliminary observations carried out in 
Block 1. In cable road C1.2, tailhold and tiebacks showed 
an almost null slope of the linear regression (Fig. 9a). The 
opposite was recorded for cable road C1.1, where both the 
tailhold and the related tieback employed showed a pro-
gressive deterioration of the anchor stability, suggesting a 
relevant impact of cyclic loading (Fig.  9b). In such case, 
Ri,max at the tailhold started at about 1.5-3° and increased 
up to 7.5° approaching the end of the first workday (cycle 
#39), further increasing up to almost 11° during the second 
day. Similarly, Ri,max of the related tieback (TB1.1.1) started 
at about 0.3° and exceeded 1.5° by the end of the first day, 
reaching a peak of 6.7° on the last day of observations. It 
is important to note that a heavy load yarded during cycle 
#34 created a peak on the rotation and a sudden irreversible 
damage to tieback TB1.1.1 (Fig. 10), which led to increased 
Ri,max at both tailhold and tieback and strongly reduced the 
overall stability of the anchoring system. Because of the 
compromised stability of the tailhold and tieback, the pay-
load of the last few work cycles was reduced, and consecu-
tively Ri,max was reduced.

Stiffness vs. load cycles

The safe and reliable behaviour of an anchor over repeated 
loading must also ensure that the initial relationship between 
applied moment and root plate rotation is maintained. If the 
opposite is the case, the anchor is experiencing cyclic load-
ing drawbacks. Continuous evaluation of stiffness is a valu-
able approach to confirm that reported increases in rotations 
are not a consequence of an increase in applied moments but 
are the result of an impairment of the tree / stump anchoring 

Response due to cyclic loads

Rotations vs. number of work cycles

The effects of repeated cyclic loading may be observed as 
an increasing trend in the magnitude of the peak rotation 
over the number of work cycles n. Therefore, a simple lin-
ear regression of the maximum root plate rotation per cycle 
(Ri,max) over the number of cycles was performed on all the 
25 monitored anchors presenting data (Table 4). However, 
failure of normality and homoscedasticity assumptions in 
the residuals for some anchors led to the logarithmic trans-
formation of the dependent variable Rmax before reapply-
ing the linear regression. This choice is supported by the 
non-linear response observed in the rotation range of these 
anchors, particularly in some tailholds. This transformation 
resulted in a better stabilisation of the variance of the residu-
als. Log-transformation required filtering sporadic negative 
values of Ri,max which occurred in 36 cycles from the total 
of 1522 that were removed only from guylines GA2.3 and 
GA3.3. The analysis showed that 14 (56%) anchors showed 
a direct relationship between Ri,max and n, but only five of 

Fig. 8  Root plate rotation (R) vs. applied cable tensile force (F) at tail-
hold TH3.1

 

Fig. 7  Maximum cable tensile 
force (Fmax) and root-plate rota-
tion (Rmax) per work cycle at 
guyline anchors of Block 2 and 
Block 3
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freshly-cut stumps and seven trees, distributed between 
Block 2 and Block 3.

Half of the selected anchors (five trees and one stump) 
showed some evidence of cyclic loading effects with a nega-
tive value of ID (Table 5) but only tree tailholds proved to 
be statistically significant (p-value < 0.05). Tailhold TH3.2 
provides a clear example of a decreasing stiffness per cycle 
Ki (Fig. 11a), where rotation associated with similar peak 
tensile forces increased from about 0.1° during the initial 

capacity. In (Marchi et al. 2021) data from at least 4 h of 
PMH15, resulting in at least 27 work cycles, was used as a 
threshold to look for evidence of cyclic effects. In order to 
be consistent with this previous work while investigating 
a yarding system with a higher productivity, the following 
analysis was performed on anchors for which direct mea-
surements of cable tensions and root plate rotations were 
available for at least 25 work cycles. This included 12 
anchors, nine tailholds and three guyline anchors, or five 

Table 4  Ri,max vs. number of cycles: regression slope coefficients and goodness of fit output
Cable road ID Anchor ID Observations r2 Slope Estimate Std. Error p-value F-value
C1.1 TH1.1 59 0.601 0.084 0.0091 < 0.001* 5.438

TB1.1.1 59 0.699 0.072 0.0062 < 0.001* -3.284
C1.2 TH1.2 60 0.025 0.003 0.0022 0.223 5.072

TB1.2.1 60 0.004 0.001 0.0003 0.616 4.795
TB1.2.2 60 0.391 0.000 0.0022 < 0.001* 8.141

C2.1 TH2.1 22 0.082 -0.010 0.0077 0.195 4.870
C2.2 TH2.2 21 0.052 0.002 0.0017 0.319 4.455
C2.3 TH2.3 16 0.111 -0.009 0.0067 0.207 4.914
C2.4 TH2.4 28 0.113 0.021 0.0117 0.080 1.077
C2.5 TH2.5 30 0.267 0.005 0.0015 0.004* 1.760
C2.1 to C2.5 GA2.3 122 0.066 0.000 0.0003 0.004* 4.860
C3.1 TH3.1 - - - - - -
C3.2 TH3.2 48 0.716 0.010 0.0009 < 0.001* 1.557

TB3.2.1 48 0.001 < 0.001 0.0001 0.876 11.928
C3.3 TH3.3 54 0.521 0.019 0.0026 < 0.001* 1.716

TB3.3.1 54 0.017 < 0.001 0.0003 0.338 5.298
C3.4 TH3.4 43 0.001 < 0.001 0.0009 0.873 8.594

TB3.4.1 43 0.194 < 0.001 0.0002 0.003* 1.908
C3.5 TH3.5 92 0.124 0.003 0.0009 < 0.001* 7.615

TB3.5.1 28 0.231 0.004 0.0013 0.010* 2.439
C3.6 TH3.6 60 0.665 0.004 0.0004 < 0.001* 7.806
C3.7 TH3.7 73 0.108 -0.004 0.0015 0.005* 8.513

TB3.7.1 43 0.407 < 0.001 0.0002 < 0.001* 13.624
C3.8 TH3.8 57 0.244 < 0.001 0.0002 < 0.001* 4.430
C3.1 to C3.5 GA3.1 245 0.124 < 0.001 0.0002 < 0.001* 9.310
C3.6 to C3.8 GA3.3 261 0.004 < 0.001 0.0001 0.299 9.366
*Significant at p = 0.05

Fig. 9  Maximum root-plate rota-
tion (Rmax) per cycle of tailhold 
and tiebacks of cable road C1.2 a 
and C1.1 b
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TH3.3, TH3.7 and GA2.3 returned a limited dependency of 
the stiffness over number of cycles. In this case, analysis 
of the residuals did not show any issues for TH3.2, TH3.6 
and TH3.7 provided that a some outliers were removed and 
could be recognized as work cycles with a particularly low 
force magnitude.

The six remaining anchors (four stumps and two trees) 
did not show negative cyclic loading effects. Three stumps 
(TH2.4, GA3.1, GA3.3) and one tree (TH2.5) showed an 
almost constant response over time, with ID < ± 0.1%. Two 
tailholds, one tree (TH3.4) and one stump (TH3.5), reported 
limited but positive values of ID (> 0.1%), suggesting an 
apparent progressive increment of stiffness over cyclic load-
ing. Figure 11b shows an example of that for tailhold TH3.5, 
where no sign of the variation of the calculated indexes were 
detected, and were an increased scattering of the later cycles 
produced a small but positive increase of Ki (Fig. 12b). In 
this regard, it must be considered that tailhold TH3.5 was 
monitored in two workdays, separated by four days because 
of the heavy snowfall and a weekend in between. Stational 
conditions (e.g., soil conditions) might have been slightly 
different for the two observed days and might have had an 
impact on the limited differences in the recorded stiffness.

cycles, up to 0.5° after about 50 work cycles. From the cross 
comparison between the variation of Ki/Ki,max and the cor-
responding r2

i values over the number of cycles (Fig. 12a) 
emerges the progressive reduction of Ki and the parallel 
increasing r2

i, with the first parameter reducing to about a 
third of the initial values, and the latter shifting from ~ 0.2 
up to ~ 0.8. A similar response (negative ID and increas-
ing r2

i trend) was recorded for tailhold TH3.6. Analysis on 

Fig. 12  Non-dimensional stiffness 
Ki / Ki,max and corresponding r2 
plotted over work cycle # at tail-
hold TH3.2 a and TH3.5 b. Slope 
of the dashed lines represent the 
damage index (blue) and determi-
nation index (red)

 

Fig. 11  Root plate rotation and 
moment at tailhold TH3.2 a and 
TH3.5 b. Colored lines show the 
one-cycle stiffness, from the first 
(blue) to the last cycle (red)

 

Fig. 10  Evidence of irreversible damage occurred to tieback TB1.1.1 
at load cycle #34
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the evaluation of safety factor was therefore based on com-
parison between Rmax and theoretical failure values derived 
from reference pulling tests performed in the proximity of 
Block 1 and Block 3, on soils having comparable character-
istics and for the same tree species, namely Western hem-
lock and Western red cedar.

RMpeak was positively related to the allometric stem vol-
ume predictor DBH2xH for both Western hemlock and West-
ern red cedar with r2 equal to 0.503 and 0.615, respectively 
(Fig. 13). Aggregating the two datasets, under the hypoth-
esis that the two species provide a similar architecture of the 
root system and a consequent similar response, would result 
in a r2 = 0.560. This outcome, allowed to predict a reason-
able value of RMpeak,th and consequent safety factor relative 
to the rotations SR. For consistency, results had to limited to 
the case of tailholds represented by Western hemlock stand-
ing trees and therefore could be performed for six tailholds 
(Table 6).

Tailhold TH3.1, TH 3.3 and TH3.7, as they showed 
sizes (DBH2xH) in the range of the pulling test data (0.42–
8.98 m³, corresponding to -0.87 to 2.19 after the logarithmic 
transformation), returned the lowest values: the model cor-
rectly captured the evidenced failure of tailhold TH3.1 (SR < 
1); tailholds TH3.3 and TH3.7 with SR equal to 2.2 showed 
that the presence of tiebacks provided a good restraint and 
secured them a sufficient reserve of rotation capacity. The 
remaining three tailholds, TH2.5, TH3.4 and TH3.6, fall out 

Response against theoretical failure limits

Safety factors are normally used to limit the allowable stress 
applied to certain elements (e.g., wire ropes in cable yard-
ing) to guarantee a sufficient threshold to the working load 
with respect to their failure limits. Safety factors depend on 
several variables as likelihood of damages to people and 
machines, level of precision of the manufacturing process, 
level of maintenance etc. Up to now, no specific guidelines 
explicit in detail safety factors to the field of tree stability, 
and even more to the case of cable logging. In this work, 

Table 5  Ki / Ki, max vs. number of cycles: regression slope coefficients (ID) and goodness of fit output of the estimate
Anchor ID Observations Average

Ki

Average r2
i DoF ID (%) r2 p-value F-value

TH2.4 28 1447 0.07 25 -0.41 0.03 0.407 0.710
TH2.5 30 1435 0.15 28 0.09 0.00 0.855 0.034
TH3.2 48 294 0.56 44 -1.29 0.69 < 0.001* 97.899
TH3.3 54 216 0.26 52 -0.26 0.14 0.005* 8.727
TH3.4 43 1297 0.08 41 -0.12 0.01 0.591 0.293
TH3.5 92 1930 0.01 87 0.05 0.01 0.441 0.599
TH3.6 60 195 0.59 58 -0.39 0.37 < 0.001* 33.412
TH3.7 73 413 0.25 69 -0.41 0.18 < 0.001* 15.492
TH3.8 57 1987 0.09 53 -0.20 0.02 0.285 1.165
GA2.3 121 2132 0.09 119 -0.04 0.02 0.128 2.355
GA3.1 141 1661 0.03 134 0.07 0.03 0.034* 4.594
GA3.3 202 1077 0.27 200 0.12 0.23 < 0.001* 59.158
* Significant at p = 0.05

Table 6  Theoretical values at failure and related safety factors
Anchor ID DBH2xH

(m3)
Rmax
(°)

RMpeak, th
(°)

SR Mmax
(kNm)

Mpeak, th
(kNm)

SM

TH2.5 19.16 0.37 2.43 6.6 62.8 374.5 5.9
TH3.1 4.33 7.10 4.96 0.7 40.5 84.7 2.1
TH3.3 8.76 1.59 3.54 2.2 138.6 171.2 1.2
TH3.4 11.92 0.53 3.05 5.8 81.9 233.0 2.8
TH3.6 14.14 0.46 2.81 6.1 60.0 276.4 4.6
TH3.7 8.71 1.63 3.55 2.2 63.1 170.4 2.7

Fig. 13  Log-linear regression obtained from pulling test data with 
(Byrne and Mitchell 2007)
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beyond the recommended threshold of 0.25–0.50°, and the 
presence of the tiebacks proved to be strictly necessary to 
keep them working elastically and prevent their failure due 
to uprooting. The failure of the smallest tree observed dur-
ing the trials, tailhold TH3.1, provided evidence that even 
the use of a tiebacks may not be sufficient to stabilize a tree 
with a relatively small DBH. In this regard, it is also notice-
able that the presence of tiebacks on small size tailhold trees 
(e.g., TH3.3, TH3.6 and TH3.7) has never been sufficient to 
increase the overall stiffness up to the levels demonstrated 
by the larger trees, at least in the observed case of synthetic 
slings without twisting.

Observations linked to stumps, particularly for tailholds 
TH2.1 and TH2.4, showed elastic responses with peak root 
plate rotations up to 1.3°. This suggests that safety limit 
of 0.25–0.50° assumed for trees may be too conservative 
for stumps, and a higher limit may be accepted, as found 
in Marchi et al. (2022). This is a direct consequence of the 
absence of the compression given by the tree self-weight 
which reduces the overall exhibited stiffness of the root 
system. Tieback TB1.1.1, although demonstrating a sig-
nificantly impaired stability, has been successfully used at 
peak rotations up to 4°, even if this is absolutely not recom-
mended considering the hazard that an imminent uprooting 
may represent.

Overall, guyline anchors were the most stable anchors 
observed in the study. Guyline anchors are the most impor-
tant anchors in a cable yarding operation because they 
directly support the yarder stability. The contractors care-
fully selected suitable trees/stumps to be used for these 
anchors, shifting toward the use of equipment in case of 
limited tree/stump sizes. On the other hand, tailholds were 
selected mostly based on their location to locate the cable 
system on proper location, with more tolerance on limited 
tree size, if needed.

Numeric evidence in the study confirmed that the stabil-
ity of an anchor can change significantly over time and the 
effects of subsequent load cycles may affect its response 
as they produce increases of peak base rotations (see also 
O’Sullivan and Ritchie 1993). Cyclic loading analysis is 
particularly relevant because, while the lack of stability of 
an anchor may be clearly identified at the first pulls (e.g., 
tailhold TH3.1), field evidence suggested that initially stable 
conditions may change rapidly due to its repeated and con-
tinued use, with rotations increasing proportionally with the 
number of applied cyclic loading (e.g., TH1.1 and TB1.1.1 
or TH3.2 and TH3.6). The lack of long-term or cyclic load-
ing data and consolidated methods of analysis, forced the 
development of the novel and robust approach based on a 
linearization analysis of applied moment and rotations. The 
proposed method should be preferred from an engineering 
point of view as it ensures calculations are always performed 

of the range of validity of the model, whilst simply extend-
ing the linearity of the model would show very conservative 
results with SR value up to 6.6. Only for demonstration pur-
poses, Table 6 includes the theoretical safety factor based 
on moment values SM. Results shows not conservative (i.e., 
reduced or absent safety limits) values for all cases, failing 
in predicting the safety of tailhold TH3.1 whereas suggest-
ing close to failure conditions for tailhold TH3.3.

Discussions

This study presents unique evidence of stability assessment 
of trees and stumps used as natural anchors across coastal 
British Columbia in ordinary cable yarding operations 
employing running skyline configurations. The research 
focused on observing root-plated rotations of selected 
anchors, examined the effect of cable tensile forces and 
related moments on such rotations, and proposes a new 
method for quantifying the temporal evolution of their 
impact on the anchor responses. To do so, a total aggregated 
monitoring of 103 h of root-plate rotations and 80 h of cable 
tensile forces were monitored over 12 workdays and three 
case studies.

Anchor stability assessment rely on the analysis of pro-
pensity of failure due to uprooting (i.e., overturning failure) 
because the rigging cables were set at ground level and 
failure to stem breakage can be disregarded. The observed 
data was investigated according to several methodologies: 
(i) comparison of absolute values of rotations with known 
elastic limits of trees; (ii) correlation between the maximum 
rotation per load cycle vs. number of load cycles; (iii) cor-
relation between the stiffness per load cycle vs. number of 
load cycles; (iv) comparison of rotation values with respect 
to predictive linear models based on tree pulling tests data.

At the operational level, the literature shows that root 
plate rotations lower than 0.25° ensure a total elastic 
response of the tree root system i.e., irreversible damages 
to the root system are precluded (Wessolly and Erb 1998). 
These limits appear to be extended up to 0.5° for shallowly 
rooted trees (Lundström et al. 2007; Sagi et al. 2019) and 
even more for stumps (Marchi et al. 2022).

Observations of standing trees monitored in this study 
showed that large-size trees (DBH larger than 70 cm), with 
or without tiebacks, have limited root plate rotations, with 
Rmax limited to 0.45° (e.g., TH2.2, TH2.3, TH2.5, TH3.8, 
GA2.3), and therefore could have been considered stable 
and safe according to this approach. Trees with DBH rang-
ing from 55 to 70 cm (e.g., TH3.4, TH3.6, TH3.10) showed 
Rmax within the threshold of 0.50°, but with a higher contri-
bution to the stability given by the tiebacks. Smaller sized 
trees, e.g., tailholds TH3.3 and TH3.7, showed Rmax well 
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requirement about the simultaneous measurement of tensile 
forces and rotations reduced, in this study, the sample num-
ber of anchors to 12 (including the requisite of at least 25 
consecutive work cycles) with respect to the 25 (analysed 
with the rotation only approach), (Table 4 vs. Table 5).

Root plate rotation values at failure of shallowly rooted 
conifers have been collected through dedicated tree pull-
ing tests in coastal British Columbia (Byrne 2005). These 
limit values are estimated to be between 3° and 15° and are 
inversely proportional to the tree size. With the application 
of the approach described in Marchi et al. (2019) and using 
preliminary analysis from the pulling test data available by 
Byrne and Mitchell (2007), the observed root plate rotations 
could be compared with the expected values of rotation at 
failure. The consistency of the comparison is further sup-
ported by two additional facts: (i) the dataset is limited to 
western hemlock (n = 20) and western red-cedar (n = 21), 
namely the same tree species observed in this study; (ii) 
partial overlapping between the DBH2xH parameter derived 
for the investigated trees (0.42–8.98 m³) and the one of the 
datasets (4.33–19.16 m³). From the evaluation of the safety 
factor, TH3.1 operated over its critical range (and indeed 
it failed). TH3.3 and TH3.7 were employed with a safety 
factor of 2.2, while TH2.5 and TH3.6 operated with a safety 
factor higher than six against overturning. It was also dem-
onstrated how comparing equivalent moment would have 
shown different and not conservative (in terms of safety) 
results. It is worth noting, that this procedure shows how 
the integration of results from dedicated pulling tests can be 
used for defining best practices and safety limits to be used 
in operational conditions. On the opposite, this methodol-
ogy requires that a great variety of tree species, soil condi-
tions, type of anchor (full tree or stump) is investigated by 
means of specific tree pulling tests to be applicable at a large 
scale.

Conclusions

Stability assessment protocol of trees and stumps used as 
anchors in cable yarding operations, initially developed 
for standing skyline systems, was tested with swing yard-
ers in running skyline configuration. The current work gave 
numeric evidence of three tailholds being almost pulled 
from the ground during yarding operations (one at the first 
pull during the cable road set up and two after about 40 work 
cycles) confirming that high magnitudes of the forces gener-
ated by cable yarders and the lack of large diameter trees 
and stumps may lead to a potentially high risk of anchor 
failure.

Evolution of the maximum base rotation calculated 
within each work cycle provide a preliminary outcome of 

within the maximum force range, is independent from reso-
nance/vibration phenomena affecting rotation readings, and 
automatically detects irreversible rotations.

Degradation of the anchoring capacity was analyzed via 
the evaluation of a damage index ID, in line with consoli-
dated approaches applied in structural engineering to detect 
damages to structures caused by failure of materials and 
already applied to model the response of the root system 
of trees (Yang et al. 2014, 2020). According to this method, 
half of the selected anchors provided signs of cyclic load-
ing effects, while an almost null response was recorded for 
the remaining ones. Although absolute values of stiffness 
might be partially impacted by variations in the estimates 
of the lever arms, relative stiffness observations within indi-
vidual anchors provides solid evidence for cyclic loading 
effect analysis. In comparison, Marchi et al. (2021) found 
significant damage indexes for 11 out of 15 selected anchors 
observed for standing skyline cable systems in typical Euro-
pean conditions. Note that cyclic loading analysis might 
have a different significance between European standing 
skyline systems (where anchors can be used for multiple 
days or, sometimes, weeks) and cable yarding based on run-
ning skyline systems (where the combination of short cable 
roads and short/quick work cycles linked to the use of grap-
ple carriages provided a much quicker but shorter evolution 
of the anchor’s response).

Cross comparisons between the two approaches, i.e., 
rotation vs. load cycles and the stiffness vs. load cycles, 
provided that the latter may be extremely useful to con-
firm or not stability impairments detected by the first one. 
The progressive increase of maximum rotations for tail-
holds TH3.2 and TH3.6 was confirmed by the negative 
damage index ID. In other words, the increasing rotations 
were proven to be not a consequence of increasing applied 
forces and momentums but a real amplification of base 
rotations. The stiffness approach was proven also to be a 
valuable tool to analyse apparent compromised conditions 
returned by the rotation-only approach. In detail, tailhold 
TH3.3, reported a significant response after the sole analysis 
of rotations (p-value = 0.005 and r2 = 0.52), whereas evalu-
ation of the stiffness trend was able to confirm the cyclic 
response reduction stiffness did occur to the anchor (ID = 
-0.23 and r2 = 0.14) but in a much limited form. Further-
more, the cyclic response measured as a function of Ri,max 
of cycle number showed that what was detected as a cyclic 
loading effect on TH2.5, TH3.5, ang GA3.1 was indeed due 
to increased tensile forces and not to a decrease anchoring 
capacity. In conclusion, the rotation vs. load cycles approach 
does provide an initial guess and is convenient at least when 
tensile forces are not known, but it’s the stiffness vs. load 
cycle methodology that can actually shed more light on the 
behavior of the anchor. It must also be highlighted that the 
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