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*  The number of machine passes, volumetric water content in the mineral soil and the depth of
the organic layer were the controlling factors for rut formation.

*  The harvester rut depth was a good predictor of the forwarder rut formation.

»  Changes in the penetration resistance were highest at depths of 20—40 cm.

Factors affecting soil disturbance caused by harvester and forwarder were studied on mid-grained
soils in Finland. Sample plots were harvested using a one-grip harvester. The harvester operator
processed the trees outside the strip roads, and the remaining residues were removed to exclude
the covering effect of residues. Thereafter, a loaded forwarder made up to 5 passes over the sample
plots. The average rut depth after four machine passes was positively correlated to the volumetric
water content at a depth of 0—10 cm in mineral soil, as well as the thickness of the organic layer
and the harvester rut depth, and negatively correlated with penetration resistance at depths of
both 0-20 cm and 5—40 cm. We present 5 models to predict forwarder rut depth. Four include the
cumulative mass driven over a measurement point and combinations of penetration resistance,
water content and the depth of organic layer. The fifth model includes harvester rut depth and the
cumulative overpassed mass and provided the best fit. Changes in the penetration resistance (PR)
were highest at depths of 20—40 cm. Increase in BD and VWC decreased PR, which increased
with total overdriven mass. After four to five machine passes PR values started to stabilize.
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1 Introduction

To increase the year-round utilization of effective but capital-intensive harvesting machinery with
acceptable negative impacts on soil and forests in changing climate conditions is a challenging
task. In this respect, two main questions arise. First, the time and weather conditions facilitating
operations on the site, and second, the optimal means of operation. To solve the first question,
there are tools to classify site trafficability. Open geospatial data has a strong potential in harvest-
ing planning and implementation (Venéldinen et al. 2015). Additionally, LIDAR extracted digital
terrain models can be used to model soil moisture conditions. Forest trafficability can be estimated
by using topographic soil wetness measures such as the cartographic depth-to-water index (DTW)
(Murphy et al. 2007, 2009, 2011), the topographic wetness index TWI (Beven and Kirkby 1979)
and local elevation patterns such as the local binary pattern LBP (Ojala et al. 2002; Niemi et al.
2017). These methods have shown promising results (Salmi et al. 2013; Agren et al. 2014; Jones
and Arp 2017; Niemi et al. 2017) and, for example, in Sweden it was found, that more than 60% of
soil damage was on areas characterized as “wet” based on the DTW maps (Bergkvist et al. 2014).

The harvesting planning tool BESTWAY (Friberg 2014; Friberg and Bergkvist 2016; Willén
et al. 2017) is already widely used in practical operations in Sweden and has established a good
reputation. In Finland, harvesting planning and operator tutoring tools such as the logging map
developed by Véitiinen et al. (2013) and the strip road planner “Ajourakone” (Résénen et al. 2017)
have been tested. One of the main objectives of these tools is to find optimal places for heavily
trafficked primary strip roads.

In Finland, a novel classification system for the potential harvest seasons of stands uses a soil
moisture index together with volume of trees, soil type, drainage ditch depth, and the percentage
of Norway spruce defined from air-borne LIDAR data to determine the optimal harvesting time on
a 16 x 16 m grid (Peuhkurinen 2017). Experience of the classification system has been promising
(Luoma 2017). Static trafficability maps have been made available as open data and now cover
21 areas of 4 million hectares. In the future, classifications are likely to become more reactive to
weather changes (Vega-Nieva et al. 2009; Jones and Arp 2017; Salmivaara et al. 2017).

Mohtashami et al. (2017) made a survey on the influence of the soil type, DTW, slash rein-
forcement and traffic intensity on rut formation. The saturated areas captured by the DTW index
were classified into two groups; DTW < 1 m and DTW > 1 m. The soil type and traffic intensity
were significant factors in rut formation, while DTW and slash reinforcement were not. DTW
maps need information on the soil type to contribute to supporting decisions. The importance of
structural soil properties such as stoniness was also found by Niemi et al. (2017) when they tested
airborne LIDAR-derived elevation data in trafficability mapping.

To get the full advantage of wetness maps and other planning tools, we should know the
soil properties and how they are influenced by the water content. Soil susceptibility to rutting
depends on variations in soil texture, density and weather-affected changes in moisture content.
It is therefore difficult to know when and where off-road traffic will lead to rutting-induced soil
disturbances (Jones and Arp 2017). When dry, soil has a high degree of particle-to-particle bond-
ing, interlocking and frictional resistance to deformation (Hillel 1998). As the soil water content
increases, the frictional forces between the soil particles are reduced leading to lower soil bearing
capacity and higher susceptibility to compaction (McNabb et al. 2001; Han et al. 2006). Above
critical moisture content, machine-induced stress leads to rut formation (Hillel 1998).

The impact of soil moisture is strongest in cohesive, fine-textured soils (i.e. clays and loams)
and weakest in sandy soils (Vega-Nieva et al. 2009; Campbell et al. 2013; Jones and Arp 2017).
Fine-textured soils are generally more susceptible to compaction than coarse-textured ones (Wéster-
lund 1985; Hillel 1998), as the trafficability of coarse-grained mineral soils is fairly independent
of the soil moisture (Elbanna and Witney 1987).
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Uusitalo et al. (2019) modelled soil moisture and strength relationships for fine-grained
upland forest soils. The penetration resistance was correlated with water content, soil bulk density
and the clay content. In fully saturated, silty and clayey soils, the penetration resistance of the first
15 cm can be as low as 600-800 kPa, and the strength of the soil is almost as weak as the organic
layer on top of mineral soil. The influence of soil moisture has also been noticed in wheeling
experiments on fine-grained soils. In studies by Toivio et al. (2017) and Sirén et al. (2019) there
were positive correlations between moisture and rut formation. Earlier, Sirén et al. (2013a) found
that rut formation in dry, sandy clay was low.

The optimal way to operate on a stand requires operator tutoring. In this, accurate knowl-
edge about the locations and volumes of different timber sortiments (Lindroos et al. 2015; Haug-
lin et al. 2017) and soil bearing capacity play an important role. Utilization of this data can help
the forwarder operator determine the optimal driving tactics and minimize the number of passes
on points with poor bearing capacity. Viétéinen et al. (2012) found, that with operator tutoring
productivity can be raised, soil damage can be reduced, and fuel can be saved. There are promis-
ing results on harvester-measured rut depths with LIDAR (Salmivaara et al. 2018) and CAN-bus
information (Ala-Ilomaki et al. 2012) for trafficability prediction. These results can be used in
producing trafficability maps for forwarding and creating large-scale validation data for traffica-
bility predictions. Earlier results have shown that rut formation after a harvester pass is a good
predictor for forwarder rut formation on peatland (Sirén et al. 2013b) as well as on mineral soils
(Sirén et al. 2013a, 2019).

Soil compaction during timber harvesting, although widely researched in many countries,
has only recently been studied in Finland. Soil compaction results in reduced porosity, which
implies limitations in the oxygen and water supply to soil microorganisms and plants, with nega-
tive consequences for soil ecology and forest productivity (Cambi et al. 2015). Soil compaction
increases the bulk density, reduces soil porosity, reduces infiltration rates and lowers soil perme-
ability (Froehlich et al. 1981). Generally, the lower the bulk density of the soil, the more prone it
is to compaction (Hillel 1998; Williamson and Neilsen 2000). Most of the impact on soil usually
occurs on the first few machine passes, while later the soil density increases only a little (Han et al.
2006; Wang 1997). The progressive effect of machine passes differs significantly according to the
physical properties and depth of the soil and depends strictly on the soil texture (Cambi et al. 2015).

We had two main goals in this study. The first was to determine the predictive factors for
rut formation on mid-grained, sandy soils and to present models for rut formation for different
purposes. We also wanted to know if the earlier findings on the relation between harvester and
forwarder rut formation (Sirén et al. 2013a, 2013b, 2019) hold true for mid-grained soil. The
second goal was to examine soil compaction and factors affecting it and to gain experience of soil
compaction in mid-grained soils.

2 Material and methods
2.1 Study sites, soil and rut measurements

Wheeling experiments were carried out in late May 2017 at Kuru in Finland on a clear-cutting
site (61°57'N, 23°50°E, WGS84) which was forest property owned by the Finnish forest and land
management company Finsilva. The average temperature in the Kuru area in May was 7.3 °C,
which was 1.6 °C lower than the long-term (20 year) average. The monthly rainfall was 13.9 mm,
which was 30.9% of long time average (Ilmatieteen laitoksen sddasemien arkisto). The experimental
design is presented in Fig. 1.
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Fig. 1. The experimental design at Kuru. On the right 20 m sample plot divided to four subplots with penetra-
tion resistance and rut depth measurement points (@) and soil sample plots (o).

Two parallel test tracks of 200 meters were marked on the site. On both strip roads three
sample plots of 20 meters and one of 10—15 meters were marked and premeasured. The sample
plots were divided into 5-meter subplots, and on each subplot three transverse measuring lines were
marked; at 1 m, 2.5 m and 4 m from the subplot start. Rut measuring points were indicated on both
wheel tracks of these lines. Before harvesting, the tree species distribution and timber volume of
the sample plots were determined. The diameter at a height of 1.3 m for each tree and a sample of
the tree heights for each tree species were measured. The stand characteristics for each plot were
calculated using the KPL software developed at the Finnish Forest Research Institute (Heinonen
1994). Stem volumes of the sample trees were calculated using volume functions based on the
measured stem diameter (d; 3) and tree height (Laasasenaho 1982).

Before harvesting the following measurements were taken:

At each measurement point (6 per subplot):
* The relative elevation of the measurement point (construction laser level)
* Penetration resistance (PR)
On each subplot:
* Two soil samples
* Stoniness as described by the penetration depth of a steel rod (Tamminen 1992) at three points
Measurements during and after harvesting:
* Rut depth at every measurement point after each machine pass (construction laser level)
* Penetration resistance:
° At every measurement point of one subplot per sample plot after harvester pass and each for-
warder pass
o At all other measurement points after last forwarder pass.



Silva Fennica vol. 53 no. 2 article id 10134 - Siren et al. - Soil disturbance by cut-to-length machinery on ...

The penetration resistance was measured with an Eijkelkamp 0615SA Penetrologger pen-
etrometer with a 30-degree 1 cm? base area cone. The measurements were done without removing
the organic layer and readings were captured for each 1 cm of penetration depth determined by
an ultrasonic sensor.

Soil samples were taken with a core sampler which was 500 mm in height and 46 mm in
diameter. The samples were analyzed for the depth of organic layer thickness (cm), volumetric
water content (VWC, %), dry bulk density (BD, g cm™) in Luke laboratory at Jokioinen. The
particle size distributions were analyzed by Eurofins Viljavuuspalvelu Ltd. The soil analysis was
done for mineral soil depths of 0—10 cm and 10-20 cm.

In sample plots 14 and 24 the soil changed from mineral soil to peat soil after the first sub-
plot, and only one subplot from these plots is included in our study material.

2.2 Test drives

Test tracks were harvested with an 8-wheeled Ponsse Scorpion King harvester driven by an expe-
rienced machine operator. On test track 1 (sample plots 11-14), the harvester had Nokian Forest
King F2 710/45-26.5 tires with chains in front and Olofsfors Evo Soft tracks on the rear. The
machine mass with steel tracks was estimated at 24 500 kg. On strip road 2 (sample plots 21-24)
the machine had chains on the front wheels and no tracks or chains on the rear, and the machine
mass was estimated at 22 500 kg. The harvester was equipped with a Ponsse H6 harvester head.
The harvester operator was asked to process the harvested trees outside the strip roads to minimize
the amount of logging residue on the test tracks, as we wanted to avoid the influence of residues
on rut formation. Occasional pieces of residue were manually removed from the tracks before
forwarding. On both test tracks, the harvester and the forwarder drove constantly in the same
direction slightly uphill (max. under 5°).

The forwarder test drives were carried out with an 8-wheeled John Deere 1210 E forwarder
driven by an experienced operator. The machine had Nokia Forest King F2 710/45-26.5 tires,
universal Olofsfors Evo Soft tracks on the rear bogie and chains on the front bogie wheels. All the
forwarder passes were driven loaded with 14.9 m? of Norway spruce timber weighing 11920 kg.
The total mass of machine and load was 32 020 kg.

2.3 Data processing and modelling

On the subplots the measurement lines were set at determined distances. After harvesting it was
checked whether there were any stumps or superficial stones just at the measurement point. As
we wanted to study the influence of soil properties, measurement points with stump or stone were
excluded from the analysis. The total number of observations came to 894, of which 189 observa-
tions from 32 measurement points were excluded. A logarithmic transformation of the measurement
point rut depth was used as a dependent variable in the modelling and the value 0.5 cm was given to
130 observations with an original value of 0 cm to include them in the model. Part of these observa-
tions with an original value of 0 cm had a stump or stone at the measurement point. After removing
these, changing the 0 value to 0.5 was accomplished for 89 observations used in the modelling.

The statistical analysis included a correlation analysis to find the relations between the vari-
ables and the mixed modelling technique in modelling the factors explaining rut formation. In the
soil compaction calculations, mainly the data covering a full set of machine passes (one subplot
per sample plot) was used. When studying the compaction after the machine passes, the penetration
resistance values were adjusted according to the rut depth to compare the same soil layers. The rut
depth values of the measurement points were used in the adjustment.
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In modelling the rut depth, the influences of the volumetric water content (VWC, %), pen-
etration resistance (PR, MPa), soil bulk density (BD, g cm3), depth of the organic layer (cm), soil
stoniness expressed by the average rod penetration depth (ARP, cm), and the cumulative total mass
(CM, kg) driven over the measurement point were tested. Part of the variables was measured at
the measurement point level while part had subplot average values. The influence of the penetra-
tion resistance was tested as an average of two depths at 020 cm and 5—40 cm. The influence of
BD and VWC was tested on average values at depths of 0—10 cm and 10-20 cm in mineral soil.
Additionally, the influence of the amount of standing timber before cutting, in terms of its basal
area (BA, m?), was tested in the modelling. Highly cross correlated independent variables were
avoided in modelling.

We also tested whether the rut depth after the harvester pass (Hr, cm) could be used as an
indicator of the rut depth for the following forwarder passes. In this case, only observations after
the first pass (harvester) were used and each observation was given the measured Hr.

In the modelling of soil compaction, in our study described as change in soil PR values
adjusted to rut depth, the influences VWC (%) and BD (g cm3) were studied. Values of VWC
and BD at depths of 0—10 cm and 10-20 cm and also the averages of 0-20 cm in mineral soil
were tested in modelling. Also the influence of soil stoniness expressed by average rod penetra-
tion depth (ARP, cm), cumulative total mass (CM, kg) driven over the measurement point and rut
depth (cm) were tested.

The statistical significance of the variables was tested by using the Linear Mixed Models
procedure of the IBM SPSS v.25 software. The REML estimation method was used. Models were
compared by using fit statistics (Akaike Information Criterion, AIC) and residuals for the models.
Let i denote the measurement (repeated after each pass) and m the measurement point within the
plot p, the basic form of the mixed model predicting the logarithm of the rut depth or penetration
resistance y was:

In(y pmi) = bo +bX +up + Vi +€pmi )

where:

y = the rut depth or penetration resistance at measurement point,
by = a constant,

= (row) the vector of the (fixed) regression coefficients,
(column) the vector of the explanatory variables,

= the random term (variance) for the plot p,

Vpm = random term (variance) for measurement point 7 in plot p,
eymi = auto-regressive error term for repeated measurements pmi.

SIS
[ |

In order to account for the correlation between repeated measurements of the same plot, a
first order auto-regressive AR(1) covariance structure was assumed for the residuals e,,,,; meaning
that successive passes are more correlated, with correlation coefficient p,,..s, and the correlation
decreases toward zero with an increasing difference in the number of passes. In rut depth modelling
the within-plot correlation between measurement points was modelled using the AR(1) structure,
meaning the adjacent measurement points were more correlated with coefficient p,,,, than pairs
of plots further apart within the same plot. Parameters 62,,; and 62,045 are the variances of random
effects u, and e,,,;, respectively. In soil compaction modelling random effects were modelled with
default (Variance components) structure.
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3 Results
3.1 Site conditions

The average soil and stand conditions are presented in Table 1.

The average basal area of tree stand before cutting was 23.45 m? ha™! (the averages of
sample plots 15.4-31.7 m? ha™') and the average stand volume 236.5 m3 ha! (the averages of
sample plots 147.9-334.4). The average basal area on strip road 1 was 24.42 m? ha™! and stand
volume 246.7 m3 ha~!. On strip road 2 the average basal area was 22.45 m? ha! and stand volume
226.4 m? ha~!. The lowest stand volumes were on sample plots 14 and 24. The average number of
trees/ha before harvesting was 608 (variation between plots 400—900). Near 70% of stand volume
was pine, 27% spruce and less than 5% birch.

The particle size distributions of the study plot soil samples are presented in Fig. 2 and the
plot-average PR profiles before harvesting are presented in Fig. 3.

The relationships between the volumetric water content (at 0—10 cm mineral soil), penetra-
tion resistance before harvesting (average at the depth of 20 cm) and bulk density (at 0—10 cm in
mineral soil) for the plots with 6 machine passes are presented in Fig. 4.

Table 1. Soil characteristics at the study plots. VWC = Volumetric water content (%) at 0—10 cm, 10-20 cm depth in
mineral soil, PR = Penetration resistance (Mpa) at 20 cm, 10-40 cm depth, BD = Soil bulk density (g cm—) at 0~10 cm,
10-20 cm depth in mineral soil, ARP = Average steel rod penetration (cm), Org. layer = Depth of organic layer (cm),
Soil type (EN ISO 2002, 2004): Sandy Silt (1); Silty sand (2).

Plot  VWC0-10 VWC 10-20 PR 20 PR 1040 BD0-10 BD10-20 ARP Org. layer Soil

Mean Mean Mean Mean Mean Mean Mean Mean type
(std.dev.)  (std.dev.)  (stddev)  (std.dev)  (std.dev.)  (std.dev.) (std.dev) (std.dev.)
% % MPa MPa goem gem cm cm
11 39.62 26.58 1.63 1.80 1.35 1,32 64.47 10.45 2
(3.84) (7.18) (1.43) (0.83) (0.10) (0.20) (24.01) (1.84)
12 31.31 33.93 1.46 1.55 1.12 1.24 55.80 9.60 2
(2.34) (3.50) (0.97) (0.54) (0.14) (0.06) (14.83) (1.27)
13 32.77 37.93 1.37 1.38 1.17 1.26 66.32 10.82 2/1
(2.32) (3.65) (0.88) (0.49) (0.08) (0.04) (6.57) (0.95)
14 64.35 46.12 1.02 1.35 0.73 1.27 54.00 12.00 2
¢) ¢) (1.04) (0.43) ¢) ¢) ) ¢)
All 35.41 33.93 1.45 1.56 1.19 1.27 61.82 10.33
(7.14) (6.96) (1.11) (0.64) (0.17) (0.12) (17.05) (1.50)
21 39.18 34.38 1.38 1.56 1.29 1.43 49.59 13.06 2
(4.26) (3.54) (1.19) (0.84) (0.18) (0.14) (4.88) (1.51)
22 25.26 28.62 1.85 1.75 1.17 1.36 55.30 9.90 2/1
(3.55) (2.40) (1.13) (0.76) (0.11) (0.06) (2.46) (0.74)
23 29.28 32.38 1.41 1.38 1.00 1.22 51.61 7.42 2
(1.66) (3.51) (0.66) (0.44) (0.12) (0.10) (1.54) (0.79)
24 41.88 36,48 0.88 1.51 0.95 1.58 24.00 10.00 2
¢) ¢) (1.00) (0.85) ¢) ¢) ) ¢)
All 31.34 31.59 1.50 1.56 1.14 1.34 51.10 10.06

(6.92) (4.07) (1.04) (0.72) (0.18) (0.14) (6.98) (2.43)

All 3347 32.65 1.48 1.56 1.17 1.31 56.57 10.20
(7.28) (5.93) (1.07) (0.68) (0.18) 0.14)  (1417) (2.0
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3.2 Rut formation

The average rut depths after the machine passes and total overdriven mass of 185 tons are pre-

sented in Fig. 5.

The Pearson correlations between rut depth and average site conditions after a harvester
pass and three forwarder passes are presented in Table 2. The average rut depths were positively
correlated with the VWC at a depth of 0—10 cm in mineral soil, as well as the thickness of organic
layer, and the rut depth after the harvester (significant at the level of 0.01) and with the BD at a
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Fig. 5. The average rut depths of the study plots.
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Table 2. Pearson correlation coefficients between rut depths (after one harvester pass and three forwarder passes) and
soil properties calculated as averages for the test tracks. VWC = volumetric water content (%) 0-10/10-20 cm depth,
BD = soil bulk density (g cm3) 0-10/10-20 ¢cm depth, PR = penetration resistance (MPa) 0-20/5-40 c¢cm depth, Org.
layer = depth of organic layer (cm), Stonin. = average rod penetration (cm), Volume = Stand volume before harvesting

(m3 ha'!), Harv. rut = rut depth after harvester pass (cm), Rut = rut depth after three forwarder passes (cm).

VWC VWC BD BD PR PR Org.  Stonin. Volume Harv. Rut
0—-10 1020 0-10 1020 0-20 540 layer rut

VWC Pearson Correlation 1 .003 .297** 219% —204** _ 081 .416%* 082 .287**F 269%* 445%*
0-10  gig. (2-tailed) 974 001 .020 .002 395 .000 .38 .002 .004 .000
VWC  Pearson Correlation 1 —115 —091 —.132 —.198* 216* -018 .094 —070 —-.049
1020 gig (2-tailed) 227 335 165 .036  .022 848 320 463 610
BD  Pearson Correlation 1 246%% 009 .202% .542%* 130 .259** —009 .058
0-10  gig (2-tailed) 009 923 032 .000 .171 .006 921 .542
BD Pearson Correlation 1 —049 .070 .641** —493** 206* .096 .195%*
10-20  gig (2-tailed) 609 462 000 .000 .029 310 .038
PR Pearson Correlation 1 J785%* 110 —-.087 —.075 -.240* —296**
0-20  Sig. (2-tailed) 000 248 359 427 010 .00l
PR Pearson Correlation 1 050 —-.048 .026 —-.310%*-30Q7%**
540 Sig. (2-tailed) 598 614 785 001  .001
Org.  Pearson Correlation 1 .007 .493** 165 .276%*
layer  gig (2-tailed) 941 000 .081 .003
Stonin. Pearson Correlation 1 019 .186* .146

Sig. (2-tailed) 843 049 122
Volume Pearson Correlation 1 100 .207*

Sig. (2-tailed) 203 027
Harv. Pearson Correlation 1 I87**
rut Sig. (2-tailed) .000
Rut Pearson Correlation 1

Sig. (2-tailed)

** = Correlation is significant at the 0.01 level (2-tailed).
* = Correlation is significant at the 0.05 level (2-tailed).

depth of 10-20 cm (significant at a level of 0.05). Average rut depths were negatively correlated
(significant at the level of 0.01) with PR at both 0-20 cm and 540 cm depths.

There was no significant correlation between rut formation and VWC at 10-20 cm depth in
mineral soil. The VWC at a depth of 0—10 cm was positively correlated with organic layer depth,
BD at a depth of 0—10 cm (significant at the level of 0.01) and with BD at 10-20 cm (significant at
the level 0f 0.05). VWC at 0—10 cm depth was negatively correlated with PR at a depth of 0-10 cm
(significant at the level of 0.01), but not with PR at a depth of 5—40 cm.

VWC had a positive correlation with the depth of the organic layer (VWC at a depth of
0-10 cm at the level of 0.001, VWC at a depth of 10—20 cm at the level of 0.05). VWC at 0—10 cm
had a positive correlation with the bulk density and a negative correlation (level 0.01) with PR at
0-20 cm. Stoniness (average steel rod penetration) had a negative correlation with BD at 10-20 cm
depth (significant at the 0.01 level).

3.3 Rut depth models

We present five mixed-linear models predicting the logarithm of the average rut depth (cm) at a
measurement point (Table 3). Due to cross-correlations most models include only one soil prop-
erty. Every model includes the cumulative mass (CM) driven over the measurement point. In three
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Table 3. Mixed-linear models predicting the logarithm of the average rut depth (cm) in a measurement point. CM = Cu-
mulative mass driven over measurement point (kg), VWC = Volumetric water content (%) at 0-10 cm depth in mineral
soil, PR = Penetration resistance (MPa) at 540 cm depth, OL = organic layer depth (cm), Hr = harvester rut depth (cm),
021,/0, = variance for the plot, 62,,..s = variance for successive measurements, Pplot and pyeqs correlation coefficients for
measurement points within plot and for successive measurements. AIC = Akaike’s Information Criterion.

Model 1 2 3 4 5
Parameter  Estimate Sig. Estimate Sig. Estimate Sig. Estimate Sig. Estimate Sig.
(SE) (SE) (SE) (SE) (SE)
Fixed
Intercept  1.1785 0.000 0.028 0.935 —0.168 0.704 0.312 0.522 0.313 0.002
(0.200) (0.337) (0.148) (0.483) (0.097)
CM 0.0000084 0.000 0.0000084 0.000 0.0000084 0.000 0.0000084 0.000 0.0000065 0.000
(0.0000004) (0.000) (0.0000004) (0.0000004) (0.000)
PR -0.375 0.002 —0.375 0.002
(0.121) (0.120)
VWC 0.018 0.067
(0.009)
OL, cm 0.079 0.066 0.084 0.059
(0.042) (0.043)
Hr 0.190 0.000
(0.017)
Random
S pior 0.631 0.000 0.647 0.000 0.652 0.000 0.610 0.000 0.349 0.000
(0.105) (0.106) (0.105) (0.103) (0.054)
Pplot 0.173 0.170 0.035 0.776 0.060 0.619 0.157 0.216 0.138 0.223
(0.126) (0.122) (0.121) (0.127) (0.114)
2 meas 0.319 0.000 0.320 0.000 0.317 0.000 0.319 0.000 0.177 0.000
(0.043) (0.043) (0.042) (0.043) (0.017)
Pmeas 0.531 0.000 0.531 0.000 0.526 0.000 0.529 0.000 0.213 0.010
(0.067) (0.067) (0.121) (0.067) (0.083)
AIC 1255.8 1266.1 1263.0 1256.5 911.8
10
/

/// VWC 20 %

——VWC30%
7;// ——VWC 40 %

Rut depth, cm

O B N W & U OO N 0 ©

0 50000 100000 150000 200000

Overdriven mass, kg

Fig. 6. The influence of volumetric water content (%) at 0—10 cm depth in mineral soil on rut
formation estimated with model 2 in Table 3.
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Fig. 7. The allowed total overpassed mass keeping final rut depth under 10 cm as a function of
harvester rut depth (model 5 of Table 3).

models, soil properties (volumetric water content, penetration resistance or organic layer depth)
are included. The last model includes the cumulative mass and rut depth after a harvester pass.

Fig. 6 presents the influence of the water content on rut formation estimated with model 2
of Table 3. In Fig. 7 the total allowed overpassed mass keeping the final rut depth below 10 cm as
a function of the harvester rut depth is predicted with model 5 of Table 3.

We also studied, how the PR (0—10 cm, 5-20 cm and 5-40 cm) acted in the model. The
differences in the model were small as AIC as criteria, including the cumulative mass and penetra-
tion resistances at different depths. PR 5-40 cm was the best alternative, 5-20 cm the second and
0-20 cm was the weakest.

Silty sand was the main soil type on experimental plots, but on some subplots the soil type
was sandy silt. The volumetric water content (0—10 cm in mineral soil) varied between soil types
(29.0% with sandy silt and 34.0% with silty sand). A one-way ANCOVA was conducted to deter-
mine a statistically significant difference between soil types and the rut depth after four machine
passes controlling for the volumetric water content. There was a significant effect of the soil type
on the rut depth after controlling for the volumetric water content (F1, 110) =4.16, p=0.044. The
estimate for adjusted rut depth mean for sandy silt was 9.84 cm and for silty sand it was 7.15 cm
for a VWC of 33%.

We also studied whether the harvester equipment had an influence on the harvester rut
formation. On strip road 1 (with tracks on the rear) the average rut depth was 3.3 cm (sample plot
averages of 2.0—4.5 cm) and on strip road 2 (with no tracks) it was 3.1 cm (sample plot averages of
2.0-4.1 cm). The average volumetric water content on strip road 1 was 35.5% and it was 31.3% on
strip road 2. A one-way ANCOVA was conducted to determine a statistically significant difference
between harvester equipment (no tracks/tracks on the rear) on the harvester rut depth controlling
for the volumetric water content at a depth of 0—10 cm in mineral soil. There was no significant
effect of the harvester equipment on the harvester rut depth after controlling for the volumetric
water content (F1, 121) = 0.004, p = 0.949.
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Fig. 8. Penetration resistance (PR, MPa) at the depth of 10—40 cm, after consecutive machine
passes. Measurements are adjusted for rut depths.

2 213 223 234

Subplot

3.4 Soil compaction

The penetration resistance (PR 10-40 cm) with increasing number of machine passes is presented
in Fig. 8 and the PR averages at the depths of 20, 30 and 40 cm are shown in Fig. 9. The results
are from 6 subplots (1 subplot per sample plot) for which we measured the penetration resistance
after each pass. Subplots from sample plots 14 and 24, where we had only 2 or 3 machine passes,
are not included. The PR measurements are adjusted for rut depths at each measurement point to
compare the same soil layers.

M 20cm
] M 30cm
3] 40 cm

PR, MPa

&;

0 1 2 3 4 5 6

Machine pass

Fig. 9. Average penetration resistance (PR, MPa) of 6 subplots after consecutive machine pass-
es at soil depths of 20, 30 and 40 cm. Measurements are adjusted for rut depths.
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Fig. 10. Penetration resistance profiles before and after harvesting. Measurements after harvest-
ing are adjusted for average rut depth.

The average PR profiles before and after harvesting are presented in Fig. 10. Sample plots
14 and 24 with only 2 or 3 machine passes are not included in the results. Relationships between
VWC 0-10 cm, the rut depth after 6 machine passes and the penetration resistance (averages at a
depth of 30 cm, adjusted for rut depth) are presented in Fig. 11.
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Fig. 11. Relationships between volumetric water content VWC (%) at 0—10 cm depth in mineral
soil before harvesting, rut depth and penetration resistance PR (MPa) at the depth of 30 cm
(adjusted for rut depth) after 6 machine passes.
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Table 4. Mixed-linear models predicting the logarithm of the average PR (MPa) at the depth of 1040 cm
in a measurement point. CM = Cumulative mass driven over measurement point (kg), VWC = Volumet-
ric water content (%) at 10-20 cm depth in mineral soil, BD = soil bulk density (g cm™) at 10-20 cm depth in
mineral soil, Ryepsy = rut depth (cm), (521, = variance for the plot, 02/),,, = variance for the measurement point,
62 peas and peqs variance and correlation coefficients for successive measurements. AIC = Akaike’s Information Cri-
terion.

Model 1 2 3 4
Parameter Estimate Sig. Estimate Sig. Estimate Sig. Estimate Sig.
(SE) (SE) (SE) (SE)
Fixed
Intercept 3.601 0.022 3.539 0.000 3.094 0.012 2.997 0.000
(0.879) (0.482) (0.629) (0.392)
CM 0.00000131 0.002 0.00000130 0.002 0.00000291 0.000 0.00000312  0.0000
(0.0000004) (0.0000004) (0.0000006) (0.0000006)
VWC —0.042 0.075 —0.042 0.000 —0.036 0.047 —0.035 0.000
(0.016) (0.009) (0.012) (0.007)
BD -1.324 0.050 —1.288 0.000 —-1,064 0.034 -1.012 0.000
(0.436) (0.242) (0.313) (0.197)
Raepth —0.033 0.000 —0.038 0.000
(0.008) (0.008)
Random
o?, 0.025 0.302 0.011 0.369
(0.024) (0.012)
%o 0.006 0.490 0.021 0.087 0.000 0.958 0.006 0.482
(0.008) (0.012) (0.007) (0.008)
2 neas 0.118 0.000 0.119 0.000 0.115 0.000 0.116 0.000
(0.014) (0.014) (0.013) (0.013)
Pmeas 0.096 0.333 0.109 0.278 0.080 0.406 0.086 0.371
(0.0099) (0.101) (0.096) (0.097)
AIC 205.6 210.8 199.2 200.6

3.5 Soil compaction models

We present two versions of two models predicting the logarithm of the average penetration
resistance (PR, MPa) at the depth of 10-40 cm at a measurement point, namely with and without
random effect of plot (Table 4). The plot mainly determines the soil properties and plot effect as the
random tends to decrease the significance of permanent soil properties as predictors. The first pair
of models (models 1 and 2, with and without random effect of plot) includes the cumulative mass
(CM) driven over the measurement point and the average BD and VWC at the depth of 10-20 cm
in mineral soil. The second model pair (models 3 and 4) includes the same variables as the first
pair, but also the rut depth is included.

4 Discussion

4.1 Experimental conditions

The study was an extension of a study series, where we tried to determine factors affecting rut
formation on weather sensitive soils (Toivio et al. 2017; Sirén et al. 2019). Because earlier studies

covered fine-grained soils, we wanted to examine mid-grained soils and their response to various
conditions, especially water content. The experimental layout, with sample plots of 20 meters
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divided into 5-meter subplots with six measurement points, was very similar to the layout used by
Toivio et al. (2017). In our case, the soil compaction after each machine pass was measured on one
subplot per sample plot, whereas Toivio et al. (2017) measured it on all sample plots. As in earlies
studies, the effect of logging residue was excluded by keeping the test tracks clear of residues.
Measurement points with superficial stones or stumps just at the measurement point (20% of obser-
vations) were excluded from the rut analysis to examine the effect of actual bearing capacity of
soil. This means, that the rut formation deviates from actual results of practical harvesting opera-
tions. Rut measurements were carried out with construction laser device, and the deepest point
in rut cross section was measured. To ensure consecutive measurements were conducted at same
locations, the measurement points were marked on ground with a spray paint. Rut depths can also
be measured with photogrammetric estimation (Pierzchala et al. 2016; Marra et al. 2018). With
these new methods you precisely quantify the geometry of soil disturbance (Pierczhala et al. 2016).

The conditions of the experimental site suited our needs well. The soil type on the sample
plots consisted of mainly silty sand and some plots were on sandy silt (EN ISO 2002, 2004). Due
to the late spring and terrain profile with a slight slope we had adequate variation in the soil water
content. The average penetration resistance at a depth of 20 cm was 1.48 MPa. The smallest aver-
age PR values were from sample plots 14 and 24, but these were not included in the compaction
results due to the limited number of machine passes.

Modern, eight-wheeled forest machinery was used in the experiment. The machine track
and chain equipment are commonly used in practical operations. On strip road 2, a harvester drove
without tracks, which is often done in good bearing conditions, as opposed to strip road 1, where
tracks were used in the rear. The forwarder had chains on the front and tracks at the rear, which
is a typical set up for an 8-wheeled forwarder on mineral soils. In difficult bearing conditions,
forwarders often have tracks both front and rear.

4.2 Rut formation

Rut formation in the sample plots with 6 machine passes was the highest in sample plots 11 and
21, which were located on a terrain depression adjacent to a hill with a volumetric water content
approaching 40%. Sample plot 21 also had the highest average organic layer depth, which was
13 cm. In previous studies, the intensity of the machine traffic (number of passes) was a main
controlling factor of the rut depth (e.g. Jakobsen and Greacen 1985; McNabb et al. 2001; Nugent
et al. 2003; Bygden et al. 2004; Eliasson 2005; Eliasson and Wasterlund 2007). The same was
found in our study.

On fine-grained soils, the rut formation is highly affected by the water content (Gerasimov
and Katarov 2010; Toivio et al. 2017; Sirén et al. 2019), and in wet conditions rut formation under
similar vehicular loading is much higher than in this study. In our study average rut depths after
four machine passes were positively correlated with the volumetric water content at a depth of
0—10 cm in mineral soil and the thickness of the organic layer (Table 2).

The accepted levels of rutting and soil damage are set by the forest legislation (Forest Act
1996; Government decree 2013) and forestry recommendations (Hyvan metsdnhoidon suositukset
2006). In mineral soils, the share of ruts deeper than 10 cm should cover less 5% of strip roads. In
our study the rut depths mostly remained under 10 cm after four machine passes, which is quite
typical traffic intensity on secondary strip roads. When considering practical harvesting operations,
this is a good result, as logging residues were removed after cutting from test plots and the notable
covering effect of logging residue mat (Wronski et al. 1990; McDonald and Seixas 1997; Han
et al. 2006; Karha et al. 2010; Sirén et al. 2013a; Labelle et al. 2015) was lost. For example, for
Norway spruce thinnings, a residue mat of 15-20 kg m2 to cover the soil and roots is achievable
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(Sirén et al. 2013a). Poltorak et al. (2018) found that mixed-wood brush mats of 15 and 20 kg m2
provide significant soil protection in respect to soil displacement and rutting during mechanized
harvesting operations.

Toivio et al. (2017) found that the first three passes caused the greatest compaction and
rutting, the first pass having the strongest impact. After the first pass 34-55% of the rut depth
was formed and after the third pass over 70% of the total mean rut depth was formed. Sirén et al.
(2019) found that 75% of the final rut formation after 3 or 4 forwarder passes was reached after
the first forwarder pass. Both these studies were on fine-grained soils and the logging residue was
removed from the test tracks. The results of our study in relation to machine pass impacts were
close to those of Toivio et al. (2017). As in earlier studies (Sirén et al. 2013a, 2013b, 2019), there
was a strong correlation between the harvester rut depth and the forwarder rut depth.

4.3 Rut-depth models

One of our goals in the study was to present models for different purposes. Some of the models
need penetrometer measurements, which are not widely used as an input in practical harvesting
planning. The soil water content is a key factor in modern harvesting planning tools (Bergkvist
et al. 2014; Friberg 2014), and it is involved in one of our five models. Two models included the
depth of the organic layer, which also reflects the water content, and is easy to measure. All models
included the total overpassed mass, which was already earlier found as the main controlling factor
for rut depth in many studies (Nugent et al. 2003; Eliasson and Wiésterlund 2007). The model with
the best fit includes the harvester rut depth and total overpassed mass, which have been found to
be good predictors of rut depth in earlier studies (Sirén et al. 2013a, 2013b, 2019).

The model including the harvester rut depth can be used to estimate the maximum cumula-
tive mass that still keeps the rut depth below the commonly accepted 10 cm limit. In our material
on mid-grained soil, the limit for the total overpassed mass with a 2 cm harvester rut is close
250000 kg, whereas on fine-grained soil it was 180000 kg (Sirén et al. 2019).

4.4 Soil compaction

It is assumed that the effects of vehicular traffic on soil compaction are most pronounced on
clayey or loamy textures (Fisher et al. 2000). Therefore, relatively few studies have focused
on the compaction of sandy soils (Panayiotopolus 1989; Ampoorter et al. 2007). Jakobsen and
Greacen (1985) studied compaction of sandy forest soils by forwarding in wet conditions. PR
values after heavy traffic increased 2—3 fold in the previously undisturbed soil, but decreased in
old tracks with high initial PR values. Panayiotopolus (1989) states in a review study, that at least
for narrowly graded sands, compaction under any given stress is almost independent of moisture
content except near air-dryness and near saturation where it is greater. Labelle and Jaeger (2011)
studied soil compaction by CTL-harvesting on silty sand with gravel and sandy silt. The impact on
soil was quantified using both absolute and relative bulk density (RDB) methods. In the relative
method, field measured bulk density is compared with maximum bulk density. RBD of 80% is
considered to be the threshold limiting tree growth (Zhao et al. 2010). Due to a high percentage
of fine particles, the sandy silt was more susceptible to soil disturbance than the silty sand with
gravel (Labelle and Jaeger 2011).

In our study PR was used to describe soil compaction. The PR of a soil, when measured and
interpreted correctly, is an easily obtained and useful measure of the degree of soil compaction
(Bennie and Burger 1988). The relationships between the soil compaction levels and PR have been
described in many studies (e.g. Grunwald et al. 2001; Ferrero et al. 2005).
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Penetration resistances were calculated for different soil depths. Averages of 0-20 cm
and 5—40 cm were used in the rut depth modelling, as we also did in our earlier rut prediction
models (Sirén et al. 2019). In the soil compaction estimation, mainly average values at depths
of 30 cm and 1040 cm were used. One reason for the use of different depths for rut and PR
modelling was to keep a sufficient number of observations after adjusting the PR measurements
for the rut depth.

Adjusting PR values for the rut depth can be difficult, especially in the case of deep ruts and
wet soil. Loose soil in the ruts often causes inaccuracy in measurements. Part of the soil in the ruts
is often pushed aside to form a bulge and is therefore not involved in compaction assessment. In
the literature, results where PR values are not adjusted for rut depth can also be found (Han et al.
2006). This may also be a proper solution, if the same track is used in the future and soil compac-
tion at different absolute depths is of interest.

Powers et al. (2005) note, that soils with an initial bulk density > 1.4 g cm3 are rather resist-
ant to compaction. In our test site the average bulk density was 1.17 g cm™ at a depth of 0-10 cm
in mineral soil, so we were in the risk zone for compaction. An increase in the soil water content
implies a reduction in the frictional forces between the soil particles, and hence a reduction in the
bearing capacity of the soil (McNabb et al. 2001; McDonald and Seixas 1997; Han et al. 2006)
and a higher susceptibility to compaction.

In our study PR mainly increased with machine passes. The highest changes in the average
PR values were at depths of 2040 from the soil surface (Fig. 10). When we compared the average
resistances after machine passes at different soil depths, we notice that after five machine passes the
PR levels started to stabilize. Jansson and Johansson (1998) found, that the maximum compaction
(42% relative to the control) occurred at a depth of 10 cm after eight passes with a tracked machine,
whereas with a wheeled machine, the highest compaction (37% relative to the control) occurred
at a depth of 15 cm after six passes. Ampoorter et al. (2007) found, that on sandy soil already one
machine pass is sufficient to induce a strong increase in the bulk density and penetration resist-
ance. However, it is only after several passes that soil characteristics, especially the penetration
resistance, are altered to the extent that they exceed the limits for optimal root growth, potentially
resulting in reduced growth and productivity.

On fine- to medium-textured soils, Brais and Camire (1998) determined that half of the
effect of skidding cycles on the soil bulk density at 0—10 and 10-20 cm depths and soil strength at
a depth of 10 cm occurred in the first two cycles. On coarse soils the compaction develops more
gradually and half of the effect on bulk density can be found after three machine passes, as it takes
several passes to have a similar impact on the soil strength.

Toivio et al. (2017) studied the impact of harvesting on the physical properties of soil on
fine-grained soils. Penetration resistance and soil compaction were clearly lower in moist soils than
in dry conditions, where the changes in the physical soil conditions appeared to be greater. The
first three passes caused the greatest compaction on the top soil of about 30 cm, whereas further
passes caused compaction at greater depths.

4.5 Soil compaction models

Material for modelling PR in our study was quite limited. PR measurements before harvesting
and after each machine pass were carried out in six subplots each having six measurement points.
Adjusting the PR measurements to the rut depths as well as the variation in PR measurement points
cause challenges. Rut formation also affects PR measurement and results. When the soil is wet,
in the surface of the rut there is often a cover of loose soil. This effect can be seen in especially in
PR results of subplot 112 (Fig. 8).
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The first model pair in Table 4 includes the total mass driven over the measurement point,
BD and VWC at the depth of 10-20 ¢cm in mineral soil. Model 1 includes the random effect of the
plot and model 2 is without the plot effect. In the second model pair the rut depth is included. The
model with the best fit (model 3, Table 4) includes the total mass driven over the measurement
point, BD and VWC at the depth of 10-20 cm in mineral soil and rut depth. The random effect of
the subplot is included in the model.

Increase both in BD and VWC decrease PR, which increases with total overdriven mass.
According to the model 2 in Table 4, if BD is 1.4 g cm3, calculated PR values with 25, 30 and 35%
VWC values after total overdriven mass of 90 000 kg are 2.3, 1.8 and 1.5 MPa and after 180000 kg
2.5, 2.1 and 1.7 Mpa. With BD of 1.2 g cm3 the values after 90000 kg are 2.9, 2.4 and 1.9 and
after 180000 kg 3.3, 2.7 and 2.2 MPa, respectively.

5 Conclusions

The number of machine passes and volumetric water content in the surface layer of mineral soil as
well as the depth of the organic layer were the controlling factors for rut formation on mid-grained
soil. Rut formation and the influence of the water content were smaller than in earlier trials on
fine-grained soils (Toivio et al. 2017; Sirén et al. 2019). On mid-grained soils the rut formation
mainly remains below the 10 cm limit, even in the case of no residue cover, with typical secondary
strip road trafficking intensity.

The soil types of our test tracks were silty sand and sandy silt. There was a significant effect
of the soil type on the rut depth after controlling for the volumetric water content. Estimates for
the adjusted rut depth means for sandy silt were 10 cm and for silty sand 7 cm for a VWC of 33%.
In test drives, the harvester was driven with and without tracks on the rear bogie. There was no
significant effect of the harvester set up on the harvester rut depth after controlling for the volu-
metric water content.

As in previous studies (Sirén et al. 2013a, 2019), the harvester rut depth was a good pre-
dictor of the forwarder rut formation. The best model for rut formation included the harvester rut
depth and total overpassed mass. If autonomous measurements of harvester rut depth can become
operational, this data stream could be directly used in forwarder operator tutoring (Véétédinen et
al. 2012), validation of trafficability classifications and in automated harvesting quality control.
Changes in the penetration resistance were highest at depths of 20-40 cm. Increase in BD and
VWC decreased PR, which increased with total overdriven mass. After four-five machine passes
the PR levels started to stabilize.
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