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Intensive utilisation of peatland forests calls for logging activities to be increasingly carried out
in conditions other than those in harsh winter. The low bearing capacity of peatlands forms a
severe obstacle for the prevailing harvesting machinery. The aim of this study was to clarify and
quantify the significance of above-ground biomass, brash mat, moisture content and mechanical
properties of peat layer on the bearing capacity of pine bogs. In-situ driving tests were conducted
in Western Finland on a pine bog covering a large variation of growing stock. Portable tools were
tested for measuring strength properties of the top layer of peat. According to the results, shear
modulus of top layer of peat, volume of trees and the existence of cutting debris are the most
important factors affecting bearing capacity. Spiked shear vane was shown to be a promising tool
in predicting the strength properties of peat soil.
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1 Introduction

Peatlands are problematic from logging operation point of view. The mean tree size and stand
density are generally lower than on mineral soils, leading to low harvesting removal. The ditch
network forms obstacles to vehicle mobility and the average primary transportation distance is
generally double compared to mineral soils (Sirén and Tanttu 2001). The low bearing capacity (the
strength of soil to prevent vehicles from sinking into it), is, however, the most significant factor
affecting timber harvesting. Operating conditions lead to poor vehicle mobility (the ability of a
vehicle to travel from point A to point B) and poor terrain trafficability (the ability of the terrain
to support vehicular traffic).
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In recent decades, the Finnish wood industry has directed its logging activities mainly at
mineral soil forests. The pronounced reduction of suitable logging sites on mineral soils will,
however, force the industry to increase the volume of logging activities in peatland forests. More
intensive utilisation of peatland forests calls for logging activities to be increasingly carried out in
conditions other than harsh winters, when the topmost layer of peatland is frozen and snow cover
reduces the pressure exerted on peatland by the vehicle.

Peatland usually consists of a top layer with living and slightly decomposed plant residues,
followed by a layer of decomposed peat and, finally, mineral soil. In drained peatlands the thick-
ness of the top layer including the roots is only 10-20 cm (Laiho and Finér 1996). The porosity
of peat is high, easily leading to high water content (Pdivinen 1973). From the bearing capacity
point of view, the top layer with considerable tensile strength provided by roots of trees and shrubs
is essential, the supporting function of the decomposed peat being of secondary importance (Ala-
Ilomiki 2006). The strength of the top layer is subject to the variation of density and species of the
vegetation, resulting in extreme spatial variation in trafficability (Ala-Iloméki 2006).

The root system of Scots pine (Pinus sylvestris) on peatland has been found to differ from
that of mineral soil. On peatland pines usually lack the main tap root and the root system is more
superficial (Laitakari 1927). On pine bogs, roots are found in the topmost part of the peat layer.
A very small amount of roots are generally found deeper than 20 cm below the surface. The root
layer typically comprises roots of Scots pine, white birch (Betula pubescens), mire dwarf shrubs
(e.g. Betula nana, Ledum palustre, Vaccinium uliginosum) and Cyperaceae (Carex spp. sedges and
cottongrass, Eriophorum vaginatum) (Laiho and Finér 1996).

The proportion of biomass allocated to the root system is greater on peatland than mineral
soil (Paavilainen 1980). Moreover, on peatland the relation of both living and dead root biomass
to tree volume increases with decreasing site fertility (Finér and Laine 1998, 2000). It has also
been shown that on Scots pine-dominated bogs, the fine root biomass of shrub layer alone may
equal that of the tree layer (Paavilainen 1980; Laiho and Finér 1996). Amongst other dominant
tree species, white birch (Betula pubescens) has been found to have more fine roots than Scots
pine (Heikurainen 1958; Finér 1989).

The reinforcement effect provided by roots is sensitive to loading and diminishes with an
increasing number of vehicle passes (Cofie et al. 2000). The form of the stress-strain curve of roots
has been found to be independent of the diameter of roots but the incremental plastic strain in cyclic
loading tends to decrease with increasing root diameter (Makarova et al. 1998). The strength of
peat is dependent on water content and the extent of decomposition. The vane shear strength of
peat decreases with increasing moisture content and degree of decomposition (Saarilahti 1982).

The bearing capacity of peatland is subject to high variation, both within stand and between
stands. Accordingly, several research efforts have focused on measuring and predicting the bear-
ing capacity of peatland. Various methods of measurement and types of equipment, including the
plate load test, shear vane, penetrometer and radiological methods have been tested to indicate the
strength of peatland (Lee and Jarret 1978; Wong et al. 1982; Saarilahti 1982; Sirén et al. 1987).

Plate load test devices measuring pressure-sinkage relationship are widely used in research
purposes (e.g. Lee and Jarret 1978; Ala-Ilomaki 2006; Zeleke et al. 2007). They are rather reliable
in estimating the stiffness of the topsoil. These devices are however quite impractical, since they
usually have to be mounted on an off-road vehicle. On peaty soil where topsoil is stronger than the
subsoil, the device gives poor estimation of the properties of the subsoil (Zeleke et al. 2007). A cone
penetrometer is a device that measures the resisting force of soil to the penetration a conical tip at a
controlled rate. The device is very widely used both in practice and research purposes (e.g. Saarilahti
1982; Nugent et al. 2003; Bygden et al. 2004). In peaty soils the penetrometer gives poor estimations
on the properties of the topsoil since the small conical tip easily fails to detect the individual roots.
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The mobility of forwarders on peatland has been studied extensively. Comprehensive in-situ
driving tests have been arranged to compare the mobility of vehicles (Sirén et. al. 1987; Ala-lIloméaki
et al. 2011), to predict the mobility of vehicles in various types of peatland (Nugent et al. 2003;
Zeleke et al. 2007), to compare the effect of wheels and bogie tracks on rut formation (Bygden et
al. 2004; Suvinen 2006b, Ala-Ilomaiki et al. 2011), or to utilise the data recorded by the harvester to
assist in planning the routes of the forwarder (Suvinen 2006a, Suvinen and Saarilahti 2006; Uusitalo
et al. 2010; Ala-Ilomaéki et al. 2012). Despite rather active research in this area, most studies have
measured a rather limited number of properties of peat layer or related tree characteristics affecting
them. In his doctoral thesis, Saarilahti (1982) discussed rather broadly the role of individual proper-
ties of peat on bearing capacity in drained peatlands, but empirical tests to verify the relationships
were rather limited. Ala-Ilomaiki et al. (2011) recently studied the performance of different sets of
chain/track equipment in enhancing the mobility of forwarders, and measured the properties of
peat layer more extensively than in most previous studies. A comprehensive understanding of the
role of factors affecting the bearing capacity of pine bogs is still lacking, however. The aim of this
study was to clarify and quantify the significance of above-ground biomass, brash mat, moisture
content and mechanical properties of peat and root layer on the bearing capacity of pine bogs.

2 Materials and methods

Field studies were conducted on a drained peatland in Kankaanpdi in Western Finland (61°45'N,
22°30°E). The study area had been drained in early 1960s and the ditches had been cleaned in the
late 1980s. The selected area covered a large variation in growing stock (Table 1). The study area
had a ditch network with 30 m spacing. In the study area, three test sites were selected. Each test
site included 3 to 6 straight test trails, 100 m in length. The test trails had four sample plots, 10 m
in length and 20 m in width, placed parallel to the test trails. A line was placed in the middle of the
sample plots, indicating the centre line of the study trail. Along this line, five sample points were
marked on the ground at 2 m intervals, the first sample point located 1 m and the last sample point
9 m from the beginning of the plot.

Table 1. The main characteristics of the study stands.

Study site Study trail Number of Volume of trees, Vyi,; ~ Stem density Dry mass of Site type?
sample plots m3/ha n/ha logging residues
kg/ha
1 1 4 104 1865 17200 Vatkg
1 2 4 64 1350 9100 Vatkg
1 3 4 79 1688 9100 Vatkg
1 4 4 76 1103 9500 Vatkg
2 1 3 160 1193 21700 Ptkg
2 2 4 130 1302 17300 Ptkg
2 3 4 129 1760 15500 Ptkg
2 4 4 112 1307 13500 Ptkg
2 5 4 115 960 13700 Ptkg
2 6 4 122 1060 11400 Ptkg
3 1 4 184 1497 31000 Ptkg
3 2 4 126 1142 20600 Ptkg
3 3 4 170 1360 28600 Ptkg
3 4 4 139 1228 22100 Ptkg

a) Site type classification according to Laine and Vasander (2005).
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Fig. 1. Manually operated plate loading device.

Properties of the sample plots were measured prior to the test drives. The most important
tree characteristics (species, diameter at breast height, tree height and age) and thickness of peat
layer was determined. In addition to these, the ground coverage of mire dwarf shrubs (Ledum
palustre L., Calluna vulgaris, Betula nana L., Vaccinium uliginosum, Vaccinium myrtillus, Vac-
cinium vitis-idaea) were estimated visually with ten 0.5 m? vegetation sample areas per plot. The
vegetation sample area centres were placed at the sample points, one metre to the left and right
from the centre line. No stumps or large superficial roots were allowed on the vegetation sample
areas. The location of the areas was adjusted accordingly. The mean of the ten samples were used
as the variable describing the coverage of mire dwarf shrubs within the plot (variable name in the
latter Shrubs o).

Strength characteristics and moisture content of peatland were measured at each sample
point (five replications per sample plot). Three measurement devices were employed to measure
the mechanical strength.

Firstly, the modulus of elasticity was measured with a manually operated plate loading
device (Fig. 1). The diameter of the plate applied was 0.07 m. The measurement of loading was
accomplished with a commercial load cell and the penetration depth was measured with a string
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actuated potentiometer. The rate of penetration into the soil was uncontrolled. Deviation from the
perpendicular position of the device in relation to the soil surface may have resulted in a slight
error in sinkage measurement, as the string of the potentiometer was attached to the ground.

In the plate loading of peatland with a root mat, the pressure-sinkage relationship is char-
acterised by a near linear phase after the initial compression of loose material, such as moss, on
top of the peatland. The linear phase ends at the root mat puncture, followed by a rapid decline in
pressure until the nearly constant response of decomposed peat material is detected (Ala-Iloméki
2006). The modulus of elasticity on the linear part of the pressure-sinkage curve was chosen to
describe peatland strength and is calculated as follows (Wu 1966; Ala-Iloméki 2005, 2006):

p:b.z (1)

E=1.5~p-r ?)
Z

E=15b-r 3)

where

b=Slope of the increasing pressure, kg m!s2
E=Modulus of elasticity, kPa

p=Pressure, kPa

r=Radius of the loading plate, m

z=Sinkage, m

Secondly, the shear properties of the surface layer were assessed. Shear properties of the root
mat of peatland are determined by the tensile strength of the roots and other parts of plants in the
layer. To avoid cutting these, a spiked shear vane newly developed at the Finnish Forest Research
Institute (Ala-Iloméki et al. 2011) on the basis of the muskeg fluke described by Radforth (1969),
was applied. In the vane head, rows of vertical steel spikes are attached perpendicular to a circular
steel plate to replace the blades of a conventional shear vane (Fig. 2). Their tips are tapered to

Fig. 2. Spiked shear vane for measuring the
shear modulus of the root layer of peatland.
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facilitate penetration into the surface layer while causing minimal damage to the roots. The vane
head is inserted into the peat, the top plate flush to the soil surface so, that loose material on top
of the peatland is compressed. The device is rotated manually using a commercial torque wrench
equipped with strain gauge measurement of torque and gyroscopic measurement of angular rotation.

The number of the 0.012 m diameter spikes was 7 per row, and their length 0.17 m. This
arrangement of evenly pitched spikes resulted in a soil sample 0.19 m in diameter and 0.17 m in
height to be subjected under shear stress. The targeted angle of rotation was 5 to 15 degrees, well
below the point of ultimate shearing. The device was remarkably easy to use as the operator only
needed to increase the load steadily until a sufficient rotation angle was reached. Normally this
corresponded to a torque in the region of 100 Nm, which is also felt in the muscles when reached.
Measurements were easy to perform in a consistent manner.

Shear modulus was calculated on the basis of measured torque as follows:

3 T

= : 4)
2-tanat R2.;-(R+3-H)

where

G=Shear modulus, kPa
H=Height of specimen, m
R=Radius of specimen, m
T=Torque, Nm

a=Angle of rotation, rad

Thirdly, cone penetration resistance (CPR) was measured with a commercially available FieldScout
SC900 cone penetrometer, consisting of a 1.27 cm diameter rod and a 30-degree cone with a base
area of 3.23 cm?. The penetrometer includes a load cell and an ultrasonic depth sensor that captures
readings in 2.5 cm increments. The mechanical and acoustic properties of the surface of peatland
are soft. To create a reliable and uniform reference point for the measurement, the operator stood on
a 30 cm by 30 cm piece of plywood and took the measurement through a hole in the centre of the
plywood. The mean of the readings 0...20 cm below the surface of the soil, the loose material on
top being compressed by the operator’s weight loading the piece of plywood, were used as the final
CPR value. Zero readings from porous spots of the compacted surface were deleted from the data.

The moisture of the peat layer, down to the depth of 20 cm below the surface, was measured
with a portable, electronic soil moisture probe TDR300 using 20-cm-long rods. The device con-
verts measured dielectric properties into volumetric water content (VWC). The device had been
calibrated to give reliable estimates of VWC in peat soil. The handle that the rods are attached to
was pushed quite heavily against the ground, meaning that the living moss is compressed into a
1-3 cm-thick layer. The measurement is the mean VWC of compressed living moss (1-3 cm) and
upper level of peat (17-19 cm). The water table level (GWT) was measured at 12 spots around
the study area (only one sample per each forwarder study trail). Plastic tubes with small holes on
the wall were placed in the centre of the sample plot allowing accurate measurement of the water
table level. Later in the text, the parameters E,qini Gpoints CPRpoins and VWCeip; refer to individual
measurements, while £y, Gpior, CPRyio; and VWG, is the mean of five measurements within
the plot, respectively.

Harvesting and test drives were carried out in August 2009. The site was harvested with a
6-wheeled John Deere 1270D harvester, with boom reach of 10 m and equipped with tracks on the
front bogie and chains on the rear wheels. Technical details of the machine are given in Table 2.
Egs. 5 and 6 were used to calculate the Nominal Ground Pressure (NGP).
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F
NGP vogie with tracks = m ®
F
NGP single tyre = R*B (6)
where
F=Load, kN

R=Wheel radius, m
L=Bogie wheelbase, m
B=Wheel or track width, m

The area was harvested by an experienced operator. The harvester worked with two different
work methods. In the first method, trees were processed in front of the harvester so that all har-
vesting residue accumulated on the logging trail forming protective slash cover, a brash mat. In
the other method, the harvester processed trees outside the logging trail so that all harvesting
residual was left outside the trail and no brash mat was thus formed on the trail. A binary vari-
able Brash mat is given the value 1 in the former case and O in the latter case. In both methods,
all trees were first removed from the logging trail with a nominal width of 4.5 m. Stand up to ten
metres from the trail centre line was then thinned according to the normal thinning procedure.
The automatic measurement and bucking optimisation system stored the profiles of the removed
stems in the STM-format.

After harvesting, the depth of the ruts caused by the harvester at each sample point was
measured. To achieve a reference level for the measurements, a straight pole was first laid above
the ground in a horizontal position on top of two 80 cm-long poles hammered into the ground
on both sides of the logging trail. The reference distance to the ground was measured from both
sides of the logging trail and in the middle between the ruts. The vegetation layer of the peat soil

Table 2. Technical data for the machines used in the study.

Equipment John Deere 1270D John Deere 1110D ProSilva 15-4ST
harvester forwarder forwarder
Frontaxle =~ Number of wheels 4 4 -
Tyres 710/40-22.5 710/45-26.5 -
Tracks Clark Terra TL-85 Clark Terra TL85 excavator type
Track width, mm 730 780 810
Length of track soil contact 2200
on hard ground, mm
Net mass with tracks or 10160 12280 9140
chains, kg
NGP, kPa 50 52 25
Rear axle Number of wheels 2 4
Tyres 650/60-26.5 710/45-26.5
Tracks Terra-X TXL150 excavator type

Track width, mm

(wheel chains)

887

810

Length of track soil contact 2700
on hard ground, mm

Net mass with tracks or 7240 9940 10120
chains, kg

Mass of load, kg - 8500 8000
NGP, kPa 74 32/59 23/41
(unloaded/loaded)
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is dominated by moss with very soft texture. Therefore, the distance from the straight pole to the
ground level was measured while the measurer was standing by the measurement spot with his
legs slightly apart and the surface of the ground between his feet was defined as the ground level.
The mean rut depth at each sample point (RutHarv,,;,;) was calculated by subtracting the mean
distance to the ground from the mean distance to the bottom of the rut. The mean harvester rut
depth for the sample plot (RutHarv,,,,) is the mean of five rut depth points (RutHarv,;,,) within
the sample plot.

Two types of forwarder, an 8-wheeled John Deere 1110D and a tracked ProSilva 15-4ST
prototype, were used in the tests. Technical details of the machines are given in Table 2. The
ProSilva 15-4ST forwarder prototype has excavator type tracks and it has several new features
that improve mobility on soft soils. The machine has no frame oscillation joint (newer versions of
the machines have an active joint which can be locked on soft terrain), which helps in distributing
the load more evenly on all four tracks. The leaf spring suspension of the tracks promotes ground
contact on all tracks. The excavator track units are allowed to roll and the edges of the track shoes
are bent, both reducing shearing of the soil. The tracks were 810 mm wide and the length of soil
contact on hard ground was approximately 2200 mm at the front and 2700 mm at the rear. The
net mass was 9140 kg at the front and 10 120 kg at the rear. Eq. 7 was used in calculating NGP
for ProSilva forwarder:

F

NGP racked forwarder = IT*B 0

where
LT=Length of track soil contact on hard ground, m

On the test sites, every other trail was driven by John Deere and every other by ProSilva. Forwarders
drove first unloaded and then loaded (masses of the loads are given in Table 2). Some trails were
excluded from the forwarder tests, since their bearing capacity was judged too poor. Rut depth
was measured after each pass. The measurements were carried out with same technique as with
the harvester tests, with the exception that ground level was not measured repeatedly. For model-
ling purposes, one general dependent variable was formed: rut depth of forwarder (RutForw,n, or
RutForwyy) is the depth of the rut after one harvester pass, one forwarder pass unloaded and one
forwarder pass loaded. A binary variable forwarder type takes the value “Wheeled forwarder” in
the case of the John Deere and “Tracked forwarder” in the case of the ProSilva.

After the test drives, all the remaining trees on the study plots were measured for diameter
at breast height (dbh). In addition, 30 extra trees, chosen evenly from each study site, were meas-
ured for dbh, crown height and tree height. The volume of trees on the plot (V) is the sum of
all the harvested and remaining trees. The volume of the remaining trees was converted to cubic
metres by dbh using taper equations by Laasasenaho (1982). The volume of each harvested tree
was calculated by utilising the harvester stem profile data (STM-format). It gives the diameter of
the stem profile in 10 cm intervals, enabling the cubing of trees by summing up 10 cm-long sec-
tions. The dry mass of the logging residue of each harvested tree was estimated using the diameter
at breast height measured by the harvester and the biomass estimation equations by Repola et al.
(2007). Individual tree height and crown height values for biomass equations were estimated by
applying Naslund’s (1937) equation and calibrating individual dbh-tree height and a dbh-crown
height models for the study area.

Statistical data analysis included correlation analysis and the mixed modelling technique.
The models predicting rut depth after forwarding are based on data from 9 trails given in Table 4
while models predicting rut depth after harvesting are based on data from all 14 trails. The data
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has nested structure. Let i be the measurement point within sample plot j, within trail £ and within
site /.
The basic form of the mixed model predicting rut depths was:

RutHarv,:,-kl (or RMlFOVW,jkl) =by+ b X + Ujg TVt Y1+ €ijn (8)

where
RutHarvjy(or RutForwg;) Dependent variable for rut depth in measurement point ;

by Constant

b (Row) vector of the (fixed) regression coefficients

X (Column) vector of the continuous and binary explanatory variables
Ujs Random term for plot i within trail & within site /

Vi Random term for trail k& within site /

Vi Random term for site /

ejjkl Residual term

The mixed model analyses were carried out with the IBM SPSS v.20 software using the Linear
Mixed Models procedure and applying the Maximum Likelihood (ML) estimation method. The
following explanatory variables were tested to predict RutForw; and RutHarvi: Vpion Gpoint
Epointy CPRyoint, VW Cpoins, Peat depth, Shrubs .., Brash mat (binary) and Forwarder type (binary).
No transformations were made for the dependent variables, since they seemed to follow the normal
distribution rather well and no heteroscedasticity within the residuals was found. Instead, the inde-
pendent variables were logarithmically transformed and the logarithmical transformations (e.g.
Vo6 IMGpoint, INEpint, INCPRoins, INVWC i) were used in the models instead of the original
value, provided they gave better fit. It was discovered that the most suitable model structure for
predicting RutHarv;j; comprises brash mat as a binary variable and a set of the most important
continuous variables indicating properties of peat soil. When predicting RutForw;y; Brash mat
and Forwarder type was chosen as the most suitable binary parameters.

3 Results

3.1 Means, variations, covariations and correlations of the site conditions and rut
depths

Average site conditions on the study trails are given in Table 3. The average thickness of the peat
layer in the area was more than 2 metres. Since the logging operation was carried out at the beginning
of August, the ground water table level and moisture content of the top layer of peat were relatively
low. The mechanical properties and moisture content have large variation, with standard devia-
tions roughly one-third of the mean with all four variables (Epoins Gpoints CPRpoint and VIWCpyiny).

The average rut depth caused by the harvester (RutHarv,,,,) and forwarders (RutForw,;,,)
are given in Table 4. The average rut depth of the harvester varied from 7.0 cm to 29.4 cm and rut
depth after forwarding from 9.0 cm to 32.3 cm.

The correlations between rut depth (RutHarv,;,) and average site conditions at plot level are
given in Table 5. Volume of trees (V,,;), moisture content (VWC,,,) and Peat depth were negatively
correlated with rut depth on bare ground (RutHarv,;,, Brash mat = (). The coverage of mire dwarf
shrubs (Shrubs,,;,) was also correlated with VWC,,, . Spiked shear vane measured shear modulus
(Gpior) had no correlation with the volume of trees (V). There was a positive but non-significant
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Table 3. Means of the main factors of the peat land in the study trails. Gpoint=Shear modulus of measure-
ment point, Epeins=Modulus of elasticity of measurement point, CPRy.in:=Cone penetration resistance
of measurement point, VWC,»=Volumetric water content of measurement point, GWT=Ground water
table level, Peat depth =Depth of peat layer and Shrubsp.:= Coverage of mire dwarf shrubs within the plot.

Study site Study trail Goint Epoint CPRyoint VWCyoint GWT Peat depth Shrubs o
Mean Mean Mean Mean Mean Mean Mean
(std.dev.) (std. dev.) (std. dev.) (std. dev.) cm cm %
KPa KPa KPa %
1 1 43.1 91.3 271 55.4 41 290 26.3
2 39.5 111 249 57.0 - 269 15.0
3 442 232 60.3 - 284 38.6
4 40.2 89.1 237 49.1 40.3
All 41.8 96.8 247 55.5 40.6 286 29.4
(15.8) (33.4) (89.1) (11.5)
2 1 45.6 95.0 392 45.1 65.7 138 333
2 35.4 62.7 159 37.0 60.8 155 20.0
3 31.8 69.6 219 44 .4 59.0 166 18.3
4 47.5 93.2 257 33.9 57.8 198 13.8
5 47.5 93.2 265 43.1 59.5 171 16.3
6 - - 253 474 62.0 164 22.5
All 37.0 76.5 251 41.7 60.3 167 20.2
(18.1 (35.4) (110) (16.2)
3 1 37.1 75.0 343 373 - 190 22.5
2 30.9 41.4 252 37.6 - 206 8.75
3 48.3 75.9 317 43.1 - 188 10.0
4 36.4 93.9 289 40.4 - 178 12.5
All 38.2 71.6 300 39.6 68.4 190 13.4
(16.4) (37.1) (138) (9.26)
All 38.9 81.4 265 45.1 58.0 208 20.9
(16.9) (36.8) (116) (14.7)

correlation between the coverage of mire dwarf shrubs (Shrubs,) and Gjo; . Epjor Was positively
correlated with VIWC,,,; and Peat depth and had negative correlation with V.. Similarly with the
Gpior, Epior had moderate but non-significant correlation with the coverage of mire dwarf shrubs
(Shrubs,e). Cone penetration resistance (CPR,,;) correlated rather poorly with the characteristics
of the peat soil. There was positive but not significant correlation between V,,;,; and CPRj,.. CPRyyjo
and G, were negatively correlated with the rut depth of the harvester (RutHarv,;,) but there was
no correlation between E,;,, and RutHarv,y.

3.2 Mixed-models predicting rut depth

The best models for predicting rut depth after one harvester pass (RutHarviy;) are presented in
Table 6. The brash mat played a very important role in preventing rut formation. According to
models, after one harvester pass without the brash mat, the ruts are approximately 9 cm deeper
than with the brash mat. G,oins, Vpior and VWC,;y; are the best individual continuous predictors
but with all these variables, logarithmic transformations (InGpeins, InVyi0: and InVWCpeins) gave
better fit than the original values. The three models presented in table 3 are in the same level in
goodness-of-fit (AIC). Differences in the structure of these three models also indicate that the
main predictors have interaction on strength properties of peatland. Overall, InGyins, [nV)1, and
[nVWCyin; rather poorly predict the rut depths after one harvester pass. There seems to be signifi-

10
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Table 4. Means of rut depths by study trails. RutHarv,,:=Mean of rut depths caused by
harvester within the sample plot and RutForw,,,:=Mean of rut depths after one harvester
pass, one forwarder pass unloaded and one forwarder pass loaded within the sample plot.
For study site 1, study plots with (Brash mat=1) and without brash mat (Brash mat=0)
are given separately.

Study Study trail Brash mat Forwarder type RutHarvy, RutForwpiy,
site cm cm
1 1 1 Tracked forwarder 10.4 12.1
0 Tracked forwarder 18.6 22.9
2 1 11.1 -
0 18.5 -
3 1 13.8 -
0 29.4 -
4 1 Tracked forwarder 9.6 15.8
0 Tracked forwarder 19.1 26.9
2 1 1 Tracked forwarder 7.0 9.0
2 1 Wheeled forwarder 11.7 17.7
3 0 Wheeled forwarder 23.7 323
4 0 Tracked forwarder 24.1 24.4
5 1 Wheeled forwarder 8.2 17.8
6 1 7.5
3 1 1 8.7 -
2 0 13.8 -
3 0 Tracked forwarder 13.6 17.7
4 1 Tracked forwarder 13.5 16.0
Mean 12.5 17.7

cant variation between the study plots (u;;;) but insignificant variation between the study trails (vy)
and between the study sites (3;).

The best models predicting rut depth after one harvester pass followed by two forwarder
passes (RutForwyy,) are presented in Table 7. Here the brash mat also played a very important role
in preventing rut formation. Without the brash mat, the ruts are approximately 8 to 14 cm deeper
than with the brash mat. Ruts caused by the wheeled forwarder with band tracks are clearly deeper
than those caused by the fully-tracked forwarder. The difference after two forwarder passes is 4
to 8 cm, and it is greater on the test trails without the brash mat. /nV,;,, was the best individual
continuous predictor (model 1). Adding InVWC,in, (model 2) and InGy;; (model 3) to the model
that already includes /nV),;,, improves the fit (AIC). InG,,;,; together with 1nV,;,; (model 3) gave
better fit than InVWC,,;y, together with 1V, (model 2). Overall, inV,;,; and InG i were more
significant individual predictors of RutForw;y; than that of RutHarvy.

With all these models, the random variables #rail (vy;) and site (y;) were not significant but
there was significant plot effect (1) within the data.
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Table 5. Correlation coefficients between rut depth, mechanical properties of peat soil and factors affecting
the mechanical properties. P-values and number of observations are given in the rows below the coef-
ficient. Values printed in bold indicate significant correlation. Vj:=Volume of trees within the plot, Peat
depth=Depth of peat layer, Shrubs,i,t=Coverage of mire dwarf shrubs within the plot, VWC,:=Mean
of volumetric water content within the plot, CPRy0:=Mean of cone penetration resistance within the
plot, Epoe=Mean of modulus of elasticity within the plot, G,,:=Mean of shear modulus within the plot,
RutHarvp,t =Mean of rut depths caused by harvester within the sample plot with brash mat (Brash mat=1)

and without brash mat (Brash mat=0).

Peat depth Shrubsp,s  VWCpio;  CPRyjo Eptor Golor RutHarvyy RutHarvyj,
(%) (%) (KPa) (KPa) (KPa)  Brashmat=0 Brash mat=1
(m) (m)
Votot (m3/ha) -0.205 —0.476 0.281 -0.357 -0.065 —0.451 -0.171
0.133 0.000 0.038 0.010 0.650 0.018 0.395
55 55 55 51 27 28
Peat depth (cm) 0.297 0.555 -0.083 0.364 0.157 0.407 —0.008
0,028 0.000 0.548 0.009 0.270 0.035 0.968
55 55 55 51 51 27 28
Shrubs o 1 0.411 -0.021 0.264 0.194 0.060 -0.037
(%) 0.002 0.878 0.061 0.174 0.764 0.855
55 55 51 51 27 28
VWCio (%) 1 —0.120 0.563 0.382 0.329 -0.125
0.382 0.000 0.006 0.093 0.533
55 51 51 27 28
CPRjo; (kPa) 1 0.233 0.203 —0.465 -0.134
0.100 0.153 0.014 0.506
55 55 27 28
Epior (kPa) 1 0.507 —0.046 —0.065
0.000 0.819 0.764
51 27 28
G (kPa) 1 —0.282 —-0.456
0.155 0.025
27 28
RutHarvp, 1 0
Brash mat=0
(m)
RutHarvy;o 1
Brash mat=1
(m)
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Table 6. Mixed-linear models predicting rut depths after one harvester pass (RutHarvju).
N=255. Gpoint=Shear modulus of measurement point, Vp:=Volume of trees within the
plot, VWCyint=Volumetric water content of measurement point, Brash mat is a binary
variable that takes the value 1 in the case study plot has brash mat and 0 in the case
study plot has no brash mat, “ * " is the symbol of multiplication, var(ujq) = variance of the
plot, var(vi)=variance of trail, var(y)=variance of site, var(ej)=residual variance and
AIC =Akaike’s Information Criterion.

Model 1 2 3
Parameter Estimate Sig. Estimate Sig. Estimate Sig.
(SE) (SE) (SE)
Fixed
Intercept 32.7 .013 39.6 .001 —224 .038
(12.4) (13.3) (107)
InGpoins -1.59 210 70.9 .018
(29.7)
Vo —4.68 .078 -4.93 .060 259 .098
(2.57) (2.52) (15.6)
ImVWCpoim 31.4 .035
(14.8)
InVyior * INGpojns —8.48 .046
(4.22)
InGpoint * INVWCpoin —8.63 .039
(4.15)
[Brash mat=0] 9.09 .000 8.87 .000 9.04 .000
(1.63) (1.61) (1.61)
[Brash mat=1] 0 0 0
Random
var(ujy) 11.7 .010 11.2 .005 10.9 .012
(4.52) (4.43) (4.31)
var(vy) 7.24 .140 7.00 7.06 138
(4.90) (4.66) (4.76)
var(yy) .000 .000 .000
var(ej) 38.6 .000 38.6 .000 37.6 .000
(3.82) (3.83) (3.73)
AlIC 1728.2 1728.6 1728.3
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Table 7. Mixed-linear models predicting rut depths after one harvester pass and two forwarder passes
(RutForviy). N=165. Gpoint=Shear modulus of measurement point, V,,:=Volume of trees within the
plot, VWC,in:=Volumetric water content of measurement point, Brash mat is a binary variable that
takes the value 1 in the case study plot has brash mat and 0 in the case study plot has no brash
mat, Forwarder type is a binary variable that takes the value “Wheeled forwarder” in the case of the
John Deere and “Tracked forwarder” in the case of the Prosilva, “ * " is the symbol of multiplication,
var(uyg) =variance of the plot, var(vy)=variance of trail, var(y,) =variance of site, var(ej) =residual
variance and AIC =Akaike’s Information Criterion.

Model 1 2 3
Parameter Estimate Sig. Estimate Sig. Estimate Sig.
(SE) (SE) (SE)
Fixed
Intercept 52.9 .006 69.9 .001 70.2 .000
(17.6) (20.0) (17.6)
InGpoint -4.51 .006
(1.63)
nVyion -8.23 .032 —-8.88 .020 -8.40 .020
(3.65) (3.62) (3.40)
ImVWCpoin -3.67 .088
(2.33)
[Brash mat=0]* [Forwarder 19.3 .000 19.3 .000 18.0 .000
type = “Wheeled forwarder”] (3.77) (3.72) (3.73)
[Brash mat=0]* [Forwarder 8.54 .001 8.36 .001 8.12 .001
type = "Tracked Forwarder”] (2.41) (2.37) (2.25)
[Brash mat=1]* [Forwarder 4.45 .106 4.05 137 4.41 .087
type = "Wheeled forwarder”] (2.67) (2.65) (2.49)
[Brash mat=1]* [Forwarder 0 0 0
type = "Tracked Forwarder”]
Random
var(ujy) 23.6 .006 22.7 .008 19.3 .012
(8.72) (8.50) (7.70)
var(vi) .000 .000 .000
var(yy) .000 .000 .000
var(ejjx) 46.3 .007 45.9 .000 45.5 .000
(5.70) (5.67) (6.16)
AIC 1128.4 1022.1 1018.2

4 Discussion

The field studies were ctarried out in one peatland area. This has both pros and cons considering
the study. Control and measurement of the most important characteristics affecting the bearing
capacity of the soil was relatively easy, yet their variation was limited, making extrapolation to
other peatland types uncertain. The bearing capacity on some test trails were so low that forwarders
were not allowed to drive there. The material is in that sense rather limited and we cannot be sure
whether all findings and relationships are valid in all kinds of pine bogs. The results were never-
theless logical and in accordance with the earlier findings on the significance of roots to bearing
capacity (Makarova et al. 1998; Cofie et al. 2000).

The drive tests were performed on straight trails. This reduced the number of independent
variables and made the experiment more controllable. The drawback is that the influence of machine
type and radius of curvature on rut formation could not be assessed. Visual observations of rut-
ting on curves outside the test trails but within the same test sites indicated that rutting increased
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steeply on curves and more so with decreasing radius of curvature. This calls for proper planning
of logging trail networks and avoidance of tight curves.

Test drives were mostly carried out on peat soil with poor bearing capacity, since rut depths
caused by three overpasses in most cases exceed the general recommendation of 10 cm. This gives
us good possibilities to assess the effect of the most important factors affecting bearing capacity.
However, the results give insufficient information to assess the behavior of the machines on peat-
lands with higher bearing capacity.

The significance of roots in composing the bearing capacity of peatland has been discussed
earlier (Makarova et al. 1998; Cofie et al. 2000). The present study gave further insight to the
question. The bearing capacity classifications used in Finland are mainly based on stand volume.
Stand volume as a sole predictor of bearing capacity may be regarded as insufficient. On peatland,
the relation of both living and dead root biomass to tree volume increases with a decrease in the
fertility of the site (Finér and Laine 1998, 2000) and the fine root biomass of the shrub layer alone
may equal that of the tree layer (Paavilainen 1980). Therefore, it is of great importance that the
amount of roots, or the strength provided by the roots, could also be predicted together with stand
volume. However, more research is needed to clarify the interaction between volume of trees,
volume of roots, peat properties and bearing capacity.

Processing the trees on the harvesting trail in front of the harvester to form a protective
brush mat is of primary importance on peatlands. The models created in this study indicate that
the harvester alone caused roughly 9 cm deeper ruts if the trees were processed outside the log-
ging trail. After one harvester pass, one forwarder pass unloaded and one forwarder pass loaded,
the difference is 8 to 14 cm.

Forwarder properties have a great influence on rutting. In this trial, the excavator-tracked
forwarder clearly outperformed the wheeled forwarder equipped with band tracks. The prototype
tracked ProSilva has important mobility improving features, making it a very promising vehicle
for peatland logging. The mobility of the traditional wheeled forwarder is more dependent on the
characteristics of the site. Use of a wheeled forwarder in peatland logging necessitates more care-
ful preliminary planning of logging operations and the establishment of strict bearing capacity
threshold levels for machine traffic.

The rut formation of the harvester is not to be underestimated on peatland. If the bearing
capacity of peat soil is weak, one harvester pass may break the vital root matrix, thus drastically
reducing trafficability. In the future, more attention should be paid to harvester running gear and
its ground pressure. Logging on unfrozen peatland should be carried out with specialised peatland
vehicles or standard vehicles equipped with the most appropriate peatland accessories.

The spiked shear vane proved to be a promising tool for estimating peatland root mat strength,
especially when the soil surface is clean of cutting debris. There was moderate yet non-significant
correlation between the coverage of dwarf shrubs and shear modulus. On the other hand, shear
modulus had no correlation with the volume of trees. Partly due to the sheer size of the large tree
roots, spiked shear modulus, measured with the manual device used, most likely predicts best the
coverage of dwarf shrub roots and smaller tree roots, while the volume of larger tree roots correlates
with the volume of trees. The portable plate loading device was less suited for predicting peatland
top layer strength than the spiked shear vane. The diameter of the loading plate is smaller than that
of the spiked vane shear head, and smaller weak spots are therefore detected. The loading process of
the plate device is also more difficult to control, which may increase variation in results. The cone
penetrometer is a well-known tool, but quite understandably it is not at its best in measuring the
strength of the root mat of peaty soil. The cone penetrometer used in this study captured readings
in 2.5cm increments and the mean of readings 0...20 cm below the surface of the soil were used
as the main variable describing cone penetration resistance. This was done because the readings
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the device gave had rather large variation and it was somewhat unclear whether this variation is
depended on the character of the device or real variation of the peat properties. A problem with all
devices used in this study is that they measure the properties of the soil from a rather small area
while the pressure under the tracks of the machine is distributed on a much greater area.

The mixed-linear models for rut depth after one harvester pass (Table 6) or one harvester
pass and two forwarder passes (Table 7) are the key results of this study. The models quantify and
combine the most important factors needed in predicting the bearing capacity of peatland, namely
shear modulus, volume of trees, soil moisture content, forwarder type and existence of brash mat.

The spiked shear vane measured shear modulus and stand volume were found to be the
most significant predictors for quantifying rut depth. Soil moisture content is also an important
indicator of the strength of peat layer. However, moisture content did not markedly improve the
fit of the models already including shear modulus and stand volume, since moisture content and
stand volume were correlated. Drier conditions in the same area would most likely have decreased
and wetter conditions increased rutting, as indicated by Ala-Ilomiki (2006). The role of moisture
content in the trafficability of peatlands remains partly unsolved. In the future, more tests should
be carried out in various site types and wetness conditions.
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