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Estimating Soil Strength Using GIS-Based Maps - A case study in Sweden
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Abstract

Soil strength is an important parameter for planning of forest roads and harvesting operations. Locating roads to
areas with high soil strength reduce both build and maintenance costs. Locating logging trails to high strength
areas minimise soil disturbances, e.g., rutting and compaction of forest soils. GIS-based maps of soil type and soil
moisture can be valuable tools to estimate soil strength. The aim of this study was to evaluate the use of soil
moisture map, i.e., depth-to-water (DTW), maps and soil type maps, to estimate soil strength expressed as
California bearing ratio (CBR). CBR, volumetric water content, and ground penetration depth were measured in
120 sample points, separated on three soil classes (clay-silt sediments, sand sediments, glacial till) and two soil
moisture classes (wet, dry). In each point, soil samples were collected for validation of the soil type maps. There
was a high conformance between soil moisture predicted by DTW maps and field measurements, but conformance
of the soil type between maps and field estimates varied between soil types. For sediment soils, dry soils were
consistently stronger than wet soils. Soil strength of glacial till soils was more complicated with a binary CBR
distribution depending on soil stoniness. Glacial till soils possible to penetrate to 20 cm depth with the dynamic
cone penetrometer had CBR values close to those for sand sediments. There is a potential to estimate soil strength

from DTW and soil type maps, but these variables should preferably be complemented with other data.
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1. Introduction

Forest roads and machine trails are vital parts of the
supply chain of forest products to sawmills and pulp and
paper industries. When planning for new forest roads and
future harvesting operations, soil strength is an important
parameter to consider. Locating roads to areas with high
soil strength reduces both construction and maintenance
costs for forest roads (Swift and Burns, 1999). Locating
logging trails to areas with high strength can minimize
soil disturbances, e.g., rutting and compaction of forest
soils. GIS-based maps of soil type and soil moisture are
valuable tools for planning for new roads or logging
trials. At least in theory, these can be used to estimate soil
strength in the office or in a decision support system for
the machine operators. Almost all logging operations in
the boreal forests of Sweden are fully mechanized, using
single-grip harvesters and forwarders. Due to their
weight, these machines may cause soil disturbances like
rutting and compaction (Ilintsev et al., 2021; Labelle et
al., 2022). Practical tools, like GIS-based soil strength
estimates, are required to improve the planning of
logging operations and reduce soil disturbances.

Under identical operational conditions, the risk of soil
disturbances is higher in soils with low strength, such as
soils with fine-to-medium texture and/or high moisture
content (Wronski and Murphy, 1994; Hillel, 1998). Fine-

to-medium-textured mineral soils are more susceptible to
compaction than coarse-textured mineral soils, and their
susceptibility is influenced by soil moisture content
(Dstby-Berntsen and Fjeld, 2018; Fisher and Binkley,
2000; Naghdi et al., 2020). The rut depths in logging
trails increased with increasing moisture contents in
mineral soils (Toivio et al., 2017; Uusitalo et al., 2020).

Some of the possible measures that reduce rutting and
compaction in logging sites with low strength are (i)
avoiding passages with forestry machines in areas with
low soil strength, (ii) reinforcing the soil with logging
residues where passage is necessary, or (iii) scheduling
the logging operations for periods when soil is frozen or
dry (Labelle et al., 2022). Thus, areas or sites with low
soil strength needs to be identified. Both to avoid areas
with low soil strength or take appropriate action to
reduce the risk for rutting and soil compaction. One
possibility for doing that is in-situ measurements of soil
moisture content and soil texture (Labelle et al., 2022).
However, it is labour-intensive and impractical for large-
scale operational planning. Depth-to-water (DTW) maps
and soil-type maps are readily available geospatial data
that can be used to estimate soil strength.

Soil moisture can be estimated from DTW maps
based on surface topography extracted from digital
elevation models (DEM) (Murphy et al., 2007). The
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application of airborne laser scanning (ALS) has
enhanced the captured detailed information about
surface topography due to the increased penetration
possibility of the laser beams through vegetation and
forest canopies, compared to photogrammetry-based
digital elevation models (Vepakomma et al., 2023).
Therefore, ALS-based DEMs have improved mapping of
hydrological features, like streams and flow channels,
and the associated wet and moist areas closest to them.
Cartographic DTW maps estimate the soil moisture by
calculating the vertical depth of each unit/pixel in the
landscape to a modelled groundwater table (Murphy et
al., 2007; Murphy et al., 2009). In Sweden, DTW maps
showed promising results in identifying sensitive terrain
areas in commercial forest operations (Friberg and
Bergkvist, 2016). The use of DTW maps, together with
soil type information, facilitates identifying areas of high
risk for rut formations (Mohtashami et al., 2017),
although DTW maps cannot per se be used to predict rut
positions in logging operations (Agren et al., 2015;
Mohtashami et al., 2017; Schonauer et al., 2021). DTW
maps have been freely available to foresters in Sweden
through the Swedish Forest Agency since 2015 and are
now integrated into forest operation planning by many
forestry companies (Mohtashami, 2022). DTW maps
have also received wide applications in other northern
and central European countries, due to their acceptable
performance, relatively low input data demand, given
availability of digital elevation models, and ease of
production (Hoffmann et al., 2022).

Quaternary deposit (parent material) maps (hereafter
called soil type maps), available from the Geological
Survey of Sweden (SGU), are based on field inventories
and supporting materials like aerial photographs and
topographic maps. Soil type maps have varying quality
and scale (1:25 000 - 1:750 000) from south to north
Sweden and estimate the soil type for the upper 50 cm of
the soil. SGU defines soil type based on terms of the
method of formation and particle size composition
(Karlsson et al., 2021; SGU, 2021a). The available soil
maps usually lack high spatial resolution for precise
forestry or agricultural planning applications. New
techniques like digital soil mapping have been used to
improve the description of soil type classes in arable
lands (Piikki and Soéderstrom, 2017), with positive
indications for applications in forest operational
planning (Mohtashami et al., 2018). Peat and mineral
soils have also been mapped recently using an empirical
approach, relating information on organic matter content
from Swedish forest soil inventory and other data from
national forest inventories to nationwide soil moisture
maps (Agren et al., 2022). Although these maps visualize
the spatial extent of peat soils with higher accuracy
compared to previously available maps, they do not
include any classification of mineral soils. Reinforcing
factors like the presence of stones and boulders (Niemi
et al., 2017) or tree roots also affect soil strength and the
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level of soil disturbances occurring during logging
operations (Cambi et al., 2015; Salmivaara et al., 2020).

Recently, parts of the soil type maps over Sweden
have been updated with more precise soil class
boundaries using ALS-derived digital elevation models
(Anon, 2021b). The application of these updated soil
type maps, together with other relevant data, is expected
to improve the identification of areas with high risk of
soil disturbances during logging operations.

The aim of this study is to evaluate the use of GIS-
based DTW maps in combination with soil type maps for
estimating soil strength in boreal forests in Sweden.
Improved estimation of soil strength facilitates the
choice of effective measures to reduce the adverse effects
of forest machine passages in logging operations.

2. Materials and Method

2.1. Study Area

The study had a factorial design with soil type (clay-silt
sediments, sand sediments, glacial till soils) and soil
moisture (Dry, Wet) as factors and 20 replicates per
factor combination. It was carried out in June 2022 in
hemi-boreal forests around Uppsala, Sweden
(17.7961541° E, 59.8905069° N, orange area in upper
right part of Figure 1), where updated soil maps were
available. The climate is classified as Dfb by the
Koppen-Geiger system with an average annual
temperature of 6°C and yearly precipitation around 500
mm.

K.,ng;x'n".%r?eﬁg?u{g ,.. 7

Figure 1. The location of the study sites within Sweden. The
magnified orange square in the upper right part of the figure
shows the area within which the sample points were located,
and the lover right is a further magnification of the soil type
map in part of this area. In the soil map (lower right), green
depicts sand sediments (glaciofluvial deposits), orange post
glacial sand sediments, yellow postglacial clay and silt, blue
glacial till, and red shallow soils/bedrock.
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2.2. GIS Data

Non-forest lands within the study area were excluded
using the national land cover maps (10 m resolution)
(Anon, 2022). Thereafter, GIS-based soil type maps from
the Geological Survey of Sweden (SGU) were used to
select areas around Uppsala where the soil class
boundaries had been updated using ALS-borne digital
elevation models. Three soil types (Karlsson et al., 2021)
common to this area, were selected for the study: 1) clay-
silt sediments, 2) sand sediments, and 3) glacial till soils.
The group clay-silt sediments included glacial silt,
glacial clay, and postglacial clay, and the sand sediments
included postglacial sand and glaciofluvial deposits. Soil
types like peat soils and bedrock were excluded due to
their apparent expected strength. The soil type map has a
separate layer visualizing where surface boulders are
abundant, and these areas were also excluded from the
study area. The surface boulder data layer; however, do
not cover the whole land area of Sweden.

Soil moisture in the GIS was estimated by DTW maps
(2 m resolution) over the study area, procured from the
Swedish forestry agency (Anon, 2020). A threshold value
of 1 m is conventionally used to reclassify DTW maps to
binary classes of wet and dry, assuming DTW <1 m =
wet and DTW > 1 m =dry.

2.3. Field Data Measurements

Based on soil type maps, DTW maps and land cover
maps 120 sample points were randomised over the three
soil types and two soil moisture classes using ArcGIS Pro
(Version 3.0.3, ESRI, Redlands, CA, USA). This
corresponds to 20 replicates per factor combination.
In each sample point, a soil sample was taken for soil
classification, and measurements were made of soil
strength (expressed as California bearing ratio, CBR),
volumetric soil water content (VWC, m’yaer m3s0il),
penetration depth (cm), depth of moss- and litter layer
(cm). A Dynamic Cone Penetrometer (DCP), built
according to the specifications in Anon (1996), was used

EJEE
N

to measure soil strength. The soil strength is estimated
through a depth penetration index (DPI), which is the
sinkage of the cone per drop of the hammer of the
penetrometer. DPI measurements were started beneath
the moss and litter layer and continued at each point until
a minimum sinkage of 200 mm was exceeded, counting
from the starting point after the initial sinkage of DCP
into the soil by its own weight (Figure 2). Soil strength
at each sample point was calculated as a Californian
Bearing Ratio per hammer blow according to Webster et
al. (1992):

Log CBR = 2.46 — 1.12 * log(DPI) (1)

where DPI is the depth penetration index (mm/blow). An
average CBR value for the top 200 mm of the soil was
thereafter calculated at each point. In some glacial till
soils, DCP measurements for the top 200 mm profile
were not possible due to too many stones and boulders in
the topsoil. These points were assigned a CBR value of
“no data,” and the soil strength is expected to be high
enough for traffic with forest machine.

Volumetric soil water content was measured using
Time Domain Reflectometers (TDR). A TDR measures
the transmission of an electromagnetic signal through the
soil, proportional to the dielectric permittivity of the soil.
For each sampling point, five soil moisture
measurements were made in a 2x2 m? centred around the
sample point and averaged to reflect VWC at that point.
Volumetric water content was measured in the topsoil,
beneath the moss, and litter layer when existing. The
VWC measurements were carried out using a Field
ScoutTM TDR 350 (Spectrum Technologies Inc., USA,
calibration: universal soil, 7.5 cm probe) in 65 sample
points. The remaining 55 points were measured using an
SM150T (DeltaT Devices, Ltd, UK, calibration: mineral
soil, 5 cm probe). The change of probes was caused by a
damaged display. The two probes have previously shown
similar VWC with the same calibration (Hansson et al.,
2022).

Sample points
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Figure 2. Penetration depth prior to first hammer blow (i.e., initial sinkage, orange) and final penetration depth (gray) measured
by dynamic cone penetrometer (DCP), across all sample points where DCP-measurements were possible
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Soil penetration depths were measured with a simple
handheld Soiltax soil sampler (Haglof, Sweden,
Diameter: 14 mm, length: 70 cm). Maximum soil
penetration depth (SPD) was measured after manually
pressing down the Soiltax soil sampler in topsoil for as
long as possible. Nine soil penetration depth
measurements, taken within a square of 4x4 m, were
averaged for each sample point.

For validating the cartographic soil type maps, soil
samples were collected at 20 cm depth of the topsoil for
each sample point for determination of the soil type
according to SGU definitions (Karlsson et al., 2021).
Descriptive statistics of all field measurements are
presented in Table 1.

Table 1. Descriptive statistics of field-measured data,
Volumetric water content (VWC), depth penetration index
(DPI), soil penetration depth (SPD) and soil type samples
including the total number of successful samples taken (n),

the mean values (Mean), standard deviation (SD), minimum
(Min) and maximum (Max) values for each parameter.

Parameter n Mean SD Min Max
VWC (mPyater m3so) 120 0.25 0.13 0.06 0.60

DPI (mm) 109 52 63 53 501
SPD (cm) 116 23 10 14 57

2.4. Statistical Analysis

The estimated soil moisture and soil type classes in
GIS-based maps were evaluated against VWC and soil
type class measurements in the field using Tukey t-tests.
To get a linear response, and normally distributed
residuals, soil strength, measured as CBR values, had to
be transformed using a log transformation before
analysis. The log transformed soil strength was analysed
with soil moisture (M) and soil type (S), from either GIS-
maps or field measurements, as factors using a factorial
general linear model (GLM) that can be expressed as:

LOG(CBR) = M + S + MxS + )

50
45 F
40 f
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30 f
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20 |
15

10
5

Volumetric Water Content (VWC)
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The explanatory power of CBR prediction models was
evaluated using coefficient of determination (R?) values.
Significant factors were distinguished using a level of p
< 0.05. The statistical analysis was carried out using
statistical software SAS Enterprise guide (Ver 8.3 SAS
Institute Inc.).

Soil strength was also modelled using a general linear
model (GLM) with soil penetration depth (SPD) as a
covariate added to the model in (Equation 2). The models
were used to evaluate the suitability of SPD for
identifying areas with low soil strength compared to the
CBR soil strength models.

Finally, an analyse using a GLM (Equation 3) with
soil penetration depth as response and soil moisture (M)
and soil type (S), from either GIS-maps or field
measurements, as explanatory factors were made to
describe the dependencies between SPD and M and S:

SPD =M +S + MxS + 1t 3)

An a-level of 0.05 was used to decide when the effect
of a factor is significant.

3. Results
3.1. Agreement Between Field and Map Estimates

Comparing volumetric water content (VWC)
measurements to wet/dry soil moisture estimates in
DTW maps and soil types indicated varied conformance
between these variables (Figure 3). The VWC
significantly differed between the DTW-derived wet and
dry soil moisture classes for the clay-silt sediments.
There was a logical but insignificant difference in VWC
between the DTW-derived wet and dry soil moisture
classes for the glacial till and sand sediment soil type
classes.

Comparing soil type class estimates in the map
against field estimates indicated good agreements for the
soil type classes clay-silt and sand sediments, with only
2-8% classification disagreement between the soil
samples and the soil type map. The highest disagreement
(10%) between map and field estimates occurred for
glacial till soils (Figure 4).
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Figure 3. Volumetric water content (m’water m~>s0i1) with 95% confidence interval for DTW soil moisture estimates and soil type
classes in soil type maps (DTW <1 indicates wet soils, DTW>1 dry soils)
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Figure 4. Conformance of soil type class estimates in field versus soil type maps

3.2. Observed Soil Strength

Analysing CBR values measured from 20 cm soil
depth (after DCP sinkage due to its weight) over map
estimates of soil type and soil moisture indicated
significant differences in soil strength for dry vs. wet soil
in the sandy soils (Figure 5). For the silt or clay soils,
there was a logical difference that could not be proven
significant due to the large variability in CBR values for
the dry sample points. CBR values and the variation in
CBR for glacial till soils are underestimated in the
dataset. This is caused by the exclusion of 11 sample
points where stones and boulders in the till soil prevented
measurements. According to DTW maps, nine of these
till soil sample points were situated on dry soils and two
of them on wet soils.

3.3. Possibilities to Model Soil Strength
When modelling soil strength as CBR, using data
extracted from soil maps and DTW maps, only 11% of

14

12

CBR (%)

the observed variation could be explained by the
explanatory variables (R? = 0.11, Model 1; Table 2). At
an a-level of 5% DTW, soil moisture was the only
significant factor in the model. This is a too low
explained share of variation for a reliable model for soil
strength. When soil penetration depth (SPD) was added
to explanatory variables, 50% of the observed variation
of CBR values could be explained (R*= 0.5, Model 2,
Table 2). Soil type classes and soil penetration depth
measured in the field were the significant factors in this
case, probably as soil penetration depth helps to explain
some of the soil type variations in the material. Soil
penetration depth is negatively correlated with CBR
(Figure 6). However, as soil penetration depth is a field-
estimated variable, model 2 cannot be used solely based
on available GIS data.

DTW <1 DTW>1

Silt-Clay

10
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6
4
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0

DTW <1

DTW>1 DTW <1

Till Sand

DTW>1

Figure 5. Averaged CBR values with 95% confidence interval over 20 cm sinkage depth, across soil type and soil moisture
estimates in corresponding maps (DTW <I indicates wet soils, DTW>1 dry soils). Note that 11 sample points on glacial till
soils with stones and boulders at surface were assumed to have maximum strength and were excluded from the diagram.
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Table 2. Summary of GLMs describing soil strength measured by California bearing ratio (CBR) and soil penetration depth
(SPD) measured by the Soiltax soil sampler. Explanatory variables included were field measured volumetric water content
(VWQ), soil type class, as well as soil moisture (DTW) and soil type class estimates in corresponding maps.

Dependent . Coefficient of
Model /ariable Explanatory variables determination, R2

California Bearing « : .

1 Ratio DTW#*, Map soil type class, DTW x Map soil class 0.11

5 California Bearing DTW, Map soil type class*, DTW x Map soil class, Soil 050

. - e :

Resistance penetration depth

3 g:::go”"a Bearng b, Field soil type class*, DTW x Field soil class 0.13
California Bearing DTW, Field soil type class*, DTW x Field soil class,

4 . . L 0.23
Ratio Soil depth penetration

5 California Bearing Volumetric water content (Field soil type class) *, Field 0.25
Ratio soil type class '

6 California Bearing Volumetric water content (Field soil type class), Field

. - . . 0.50

Ratio soil type class, Soil penetration depth*
Soil penetration DTW#*, Map soil type class*, DTW x Map soil type

7 0.29
depth class *
Soil Penetration Volumetric water content (Field soil type class)*, Field

8 - 0.39
Depth soil type class

* significant at the 0.05 level
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Figure 6. Average CBR value in the top 20 cm of the soil versus soil penetration depth with the Soiltax soil sampler

Using soil type class estimates from the field in
combination with DTW soil moisture estimates provides
a slight improvement in the model (R*= 0.13, Model 3,
Table 2) compared to using soil map estimates (R?=0.11,
Model 1, Table 2). Adding soil penetration depth to
Model 3 improved the model performance by 10
percentage points (R?= 0.23, Model 4, Table 2), i.¢., less
than the improvement between models 1 and 2.

The explanatory power of the CBR models, estimated
from field data, VWC and soil type class, was better than
the model built on map estimates (Model 5, R?= 0.25 vs.
Model 1, R*=0.11, Table 2). Once again, inclusion of soil

penetration depth measurements led to improved
performance of CBR predictions (Model 6, R*= 0.5,
Table 2).

Modelling soil penetration depth from map soil type
class and DTW soil moisture estimates and their
interactions as explanatory variables explained 29% of
the observed variation in the dataset (Model 7, R?>=0.29,
Table 2). Substituting the cartographic data (DTW soil
moisture and soil type class) with field estimates
enhanced the predictive power of the model by 10
percentage points (Model 8, R>= 0.39, Table 2).
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4. Discussion

Soil strength estimates of forest soils have many
possible applications. The obvious one is as a decision
support tool to reduce the risk of soil disturbances during
forest operations. Another one is as a decision support in
planning forest road networks, showing areas where road
building is necessary to avoid soil disturbances during
logging operations and areas where the soil is strong
enough to locate those access roads.

Different conformance levels were found when
comparing soil moisture estimates in DTW maps to field
measurements of volumetric water content and soil type
class estimates in maps to estimates in the field.
Volumetric water content significantly differed between
dry and wet silt-clayey sediment soils but not in glacial
tills or sand sediments. This is probably due to the fact
that most soils were Cambisols, containing varying
organic matter content in the top layers, and thereby
varying water holding capacity. The increased water
holding capacity by higher organic matter content was
probably more evident in the sand and glacial till soils
but had less effect in the silty-clayey sediment soils that
have an inherent high water holding capacity. Thus,
measuring the organic matter content of the top mineral
soil might increase the explanatory power of the
statistical models. However, it would not be possible to
use such models for predictive purposes since the organic
matter content is usually unknown.

Soil type class estimates in the field had the lowest
agreement with soil type classes in soil maps for the
glacial till soil classes. Glacial till soils have been formed
by several glaciation eras in Sweden and consist of
unsorted sedimentary deposits with varying particle sizes
(0.002 to over 20 mm), including larger stones and
boulders. The non-uniform particle size distribution in
glacial till soils makes them extra challenging for correct
classification in thematic soil maps. For example, some
of them have a high content of clay and silt, which gives
very different properties to e.g. an out-washed till that
only consist of sand and coarser particles. In many soil
maps, they are all grouped as till soils. Glacial till soils
are the dominant soil type in Swedish forest areas,
covering almost 69% of the land (Nilsson et al. 2015).
Improved classification of this soil type, describing soil
particle size distribution or just separating them by their
fine-particle content may considerably enhance the
quality of soil maps.

The study area is characterized by variable terrain,
where both soil type and moisture vary on a relatively
small spatial scale. Thus, many sample points were in
proximity of borders between wet and dry soils or
between soil types. The variability between
measurement points might be smaller in areas with large
homogeneous areas with the same soil type or soil
moisture classes.

The results of this study indicated possibilities to
estimate soil strength in terms of California bearing ratio
(CBR) when using soil moisture and soil type class
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estimates in corresponding GIS-based maps. However,
the conformance between maps and field data needs to
be improved. Although DTW soil moisture maps had
relatively better performance than soil type maps,
explaining the observed wvariation of CBR wvalues,
probably due to higher spatial resolution, they could
contribute to explaining only 10% of variations in CBR
measurements. It can be explained by the nature of DTW
maps, such as, applying only surface topography
captured in digital elevation models to model the flow
channels and associated wet and moist areas nearby.
DTW soil moisture estimates do not account for the
hydrological properties of the soils associated to soil
texture, porosity, and organic matter content, affecting
the soil water conditions. Also, as they are static, they
neither reflect the changes in VWC due to changing
weather conditions (Jones, 2019; Larson et al., 2022). To
achieve optimum performances by DTW maps,
adjustment of threshold values, both to extract flow
channel and to distinguish wet/dry soil moisture
conditions, to local, topographical, and temporal weather
conditions is recommended (Murphy et al, 2011; Jaeger
et al., 2019). Lack of these adjustments may result in
over- or underestimations of soil moisture (Lidberg et al.,
2020; Agren et al., 2021), especially in soils with varied
particle size distribution like glacial till soils, reducing
their functionality in predicting soil strength. The
performance of DTW soil moisture maps to estimate soil
strength (CBR) in our study improved when field
estimated soil type class and/or soil penetration depth
with the Soiltax soil sampler were added to CBR
estimation models. This indicates the importance of
correct soil type maps and that additional data sources
are needed to make useful predictions.

As expected, soil strength measured by CBR was the
lowest in fine-grained soils with high estimated soil
moisture/volumetric water content (Figure 4). Soil
strength estimated by CBR was best modelled using field
measured volumetric water content, estimated soil type
class and soil penetration depth by the Soiltax soil
sampler, describing 50% of the observed variation
among the soil samples (Model 6). Similar results were
achieved when CBR values were modelled using data
from soil type maps and DTW maps, together with soil
depth measurements of the Soiltax soil sampler as
explanatory variables (Model 2). This implies that using
of a simple field measurement by Soiltax sampler can
enhance the estimation of soil strength using DTW and
soil type maps and provides an initial perception of
expected soil strength in the field. However, the Soiltax
sampler necessitates a field visit and is thus less useful
for, in the office, pre-screening of the soil strength in
possible harvesting sites.

It is necessary to mention that the standard method for
measuring soil strength in terms of CBR using a dynamic
cone penetrometer (DCP) is intended for use when
measuring road strength. This implies that the initial
sinkage of the penetrometer due to its weight is usually
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negligible. In our case, the initial sinkage varies with soil
type and volumetric water content (Figure 2). The initial
DCP sinkage was negatively correlated with CBR
readings, such as higher in fine-grained moist/ wet soils
compared to coarse-grained and dry soils.

The inclusion of new maps containing information
about boulder content/surface boulders to all parts of the
soil type maps improves the soil strength estimates
especially in the glacial till soil classes, leading to
improved planning of forest operations. The available
data layer visualizing this information needs to include
both the whole land coverage and the required resolution
for operational planning since it is built on field
inventories of varied qualities. Information on large
stones or boulders on the soil surface could be more
easily extracted using the original point clouds of high-
resolution airborne laser scanning data.

5. Conclusion

The five main conclusions of this study are:

1) Field measurements and estimates of soil type classes
and soil moisture in GIS-based maps confirm the well-
known fact that fine-grained soils have lower bearing
capacity when wet. 2) GIS-based soil type and DTW soil
moisture maps can be used to estimate soil strength. The
accuracy of estimations depends strongly on the quality
and accuracy of the input maps. It should be noted that
soil moisture content is dynamic and variable according
to local weather and hydrological conditions. 3) Soil
penetration depth measurement with Soiltax was
valuable complementary information to the soil type
maps and soil moisture estimates in DTW maps when
estimating soil strength in forest soils. 4) The addition of
a map layer of boulder frequency information in soil type
maps would enhance classification of glacial till soils,
thereby enhance estimation of soil strength. 5) GIS-
based estimates of soil strength can be used to enable
better planning of forest operations and reduce soil
disturbances.
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