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Abstract

The main purpose of this study was to evaluate the effect that mechanical stresses acting under the slipping
driving wheels of agricultural equipment have on the soil’s pore system and water flow process (surface runoff
generation during extreme event). The field experiment simulated low slip (1%) and high slip (27%) on a clay
loam. The stress on the soil surface and changes in the amounts of water flowing from macropores were
simulated using the Tires/tracks And Soil Compaction (TASC) tool and the MACRO model, respectively. Taking
a 65 kW tractor on a clay loam as a reference, results showed that an increase in slip of the rear wheels from 1%
to 27% caused normal stress to increase from 90.6 kPa to 104.4 kPa at the topsoil level, and the maximum shear
contact stress to rise drastically from 6.0 kPa to 61.6 kPa. At 27% slip, topsoil was sheared and displaced over a
distance of 0.35 m. Excessive normal and shear stress values with high slip caused severe reductions of the soil’s
macroporosity, saturated hydraulic conductivity, and water quantities flowing from topsoil macropores.
Assuming that, under conditions of intense rainfall on sloping land, a loss in vertical water flow would mean an
increase in surface runoff, we calculated that a rainfall intensity of 100 mm h™' and a rainfall duration of 1 h
would increase the runoff coefficient to 0.79 at low slip and to 1.00 at high slip, indicating that 100% of
rainwater would be transformed into surface runoff at high slip. We expect that these effects have a significant
impact on soil erosion and floods in steeper terrain (slope > 15°) and across larger surface areas (> 16 m?) than
those included in our study.

Keywords: MACRO model, macroporosity, surface runoff, saturated hydraulic conductivity, normal stress,
shear stress, TASC tool, wheel slip

1. Introduction

The structure of the soil profile down to a depth of 0.6 m can be affected by farming in many ways depending on
the characteristics of the machines, the soil type, and the initial soil conditions (e.g. Ansorge & Godwin, 2006;
Arvidsson, Trautner, & Keller, 2002; Horn, 2003). Considering topsoil alteration, wheeled agricultural
equipment, especially tractors with mounted or trailed implements, exert traction force through a stress-strain
interaction between the tires and the topsoil. In this contact surface interaction between soil and tire, soil deforms
under normal and shear stresses (eg. Horn, 2002; Horn & Rostek, 2000). The shear stress rises sharply with an
increase in traction force and wheel slip, which may lead to the detachment of a weak topsoil layer vulnerable to
erosion due to soil failure (Battiato, Diserens, Laloui, & Sartori, 2013).

The effect of soil deformation on soil structure can be assessed with several types of parameters: bulk density
and total porosity (Boone, 1988; da Silva, Kay, & Perfect, 1994), macroporosity (Alakukku, 1996), penetration
resistance (Pagliai, 1998), air permeability (Ball, 1981; Reszkowska, Kriimmelbein, Gan, Peth, & Horn, 2011),
saturated hydraulic conductivity (Alakukku, 1996), pre-consolidation pressure (Horn, 1981; Kirby, 1991), dye
surface density (Kulli, Gysi, & Fliihler, 2003; Alaoui & Helbling, 2006; Alaoui & Goetz, 2008), and infiltration
capacity (Alaoui & Helbling, 2006; Blanco-Canqui, Claassen, & Stone, 2010).
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The most-used ones are soil cohesion, soil structural strength, bulk density, water potential, and pre-compressive
stress. However, these parameters are general indicators that integrate information about the total change in the
volume of voids of soil under consideration, but they cannot account for changes in the volume distribution of
these voids, their connectivity, or the changes in this connectivity (e.g., Vogeler, Horn, Wetzel, & Kruemmelbein,
2006).

Previous investigations showed that shear stress induces a tortuous pore system with vertical and horizontal soil
displacement (Wiermann, 1998), a decrease in air permeability (O’Sullivan, Robertson, & Henshall, 1999), and
an excess in surface runoff during strong rainfall (Horn & Rostek, 2000). Models of the driving forces acting at
the soil-tire interface related to slip (Steiner, 1979; Osetinsky & Shmulevich, 2004), to the deformation of the
tires and the topsoil during tractive performance (Schwieger, 1996), or to the management of the energy
requirement of the tractor (Pichlmaier, 2012) described the stresses and deformation distribution of soil and tire
but did not provide direct information useful to the practitioner.

Based on field and laboratory studies, computerized simulations emerged as appropriate tools to evaluate the
effects of heavy-load machines on soil compaction. They included mapping on a national scale with the Soil
Compaction Model (SOCOMO) (van den Akker, 1997, 2004) or on a plot scale (Diserens, Chanet, &
Marionneau, 2010) and can be designed as practical applications such as Terranimo® (Stettler et al., 2010) and
Tyres/tracks And Soil Compaction (TASC) (Diserens & Spiess, 2004). A practical forecasting module integrated
into TASC V3.0 (Battiato, 2014; Diserens & Battiato, 2013) calculates the slip-rate limit beyond which the
topsoil failure occurs with the corresponding traction force.

Although the above approaches provide useful information on the mechanical disturbance of soil structure in
order to better manage agricultural land, they do not elucidate the risk of erosion or flooding during heavy
rainfall in hillslope soils.

Today, several hydrological methods are used to estimate surface runoff on different landscape scales. These
methods are based on soil topography, geology, vegetation cover, and soil type (Peschke, Etzenberg, Miiller,
Topfer, & Zimmermann, 1999; Scherrer & Naef, 2003; Markart et al., 2004). Additional tools that assess the
flow processes in topsoil by using input soil parameters in response to a given rainfall or irrigation intensity (e.g.,
Jarvis, 1994; Simunek, Sejna, & van Genuchten, 2007) do not consider external perturbations caused by land use.
Surprisingly, no or insufficient attempts have been made in field experiments or computer simulations to identify
cause-and-effect relationships between the magnitude of shear stress and normal stress applied by agricultural
machines and the changes in the soil water dynamics. Knowledge of these relationships would be of great
relevance to the practitioner for a better soil and water management on steep grounds used for agriculture,
especially in conservation systems without plowing.

In addition to mechanical components, climate change will modify the hydrological regime in many regions and
consequently the water dynamics in unsaturated soil. Based on regional climate models (Christensen &
Christensen, 2003; Graham, Hagemann, Jaun, & Beniston, 2007), future summers are likely to show more
frequent extreme events that result in catastrophic flooding, despite a general trend toward drier summer
conditions. Thus, increasing rainfall intensity and soil compaction magnitude should drastically increase surface
runoff that would promote flood events and erosion during extreme rainfall events.

The aim of this study was to evaluate the impact of mechanical stresses acting at the soil-tire interface during
wheel slip on soil structure — parameterized as total porosity, pore-size distribution, saturated hydraulic
conductivity, and Brilliant Blue dye-tracer distribution — and, consequently, on water flow process (water
flowing from macropores and surface runoff). To achieve this goal, we measured and modelled both, mechanical
and hydraulic properties.

2. Material and Methods
2.1 Location and Soil Description

The two study sites were located in Ténikon (47°29'0"N, 8°54'44"E) in the canton of Thurgovie, in Eastern
Switzerland, on the border of the Prealps at 536 m.a.s.l. The annual mean rainfall values over the last decade
amounted to 1140 mm with peaks in May and July/August. The study area was situated on a plain where land
cover consisted of wheat stubble. The soil was described as albic luvisol (USA classification) (Scheffer &
Schachtschabel, 1998). At both sites, soil texture consisted of clay loam to a depth of 0.45 m. Soil organic carbon
content (determined by weight loss on ignition) varied from 2% (topsoil) to 0.2% (subsoil). A pH of 7.0-7.2 was
measured at the soil surface, increasing slightly to 7.4 in the subsoil (Table 1). The treatments were carried out
on August 26", 2008, under dry topsoil conditions above 0.15 m and relatively wet conditions below this depth.
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Table 1. Physical and hydraulic parameters of soil under consideration

Particle-size distribution (%)

Depth interval Organic carbon Water content*  Water potential*
(m) Clay Silt Sand Texture © pH 0

0) (%) (hPa)

(<2um) (2-50 um) (> 50 um)

Site 1
0.00-0.15 37.0 39.2 23.8 clay loam 2.0 7.0 29.05 28.75
0.31-0.45 36.7 37.2 26.1 clay loam 1.0 7.4 36.30 5.31
0.46-0.50 44.6 23.3 32.1 clay 0.2 7.4 27.05 0.88
Site 2
0.00-0.15 36.3 41.0 22.7 clay loam 2.0 7.2 - -
0.31-0.45 373 40.2 22.5 clay loam 1.0 7.4 - -
0.46-0.50 35.2 30.1 347 clay loam 0.2 7.4 - -

Note. * Recorded data only at site 1 - treatment with 1% slip; Site 2: treatment with 27% slip; Textural
classification according to the soil taxonomy of the U.S. Department of Agriculture (USDA).

2.2 Measurements
2.2.1 Mechanical Properties
1) Traction Tests

The aim of the field traction tests was to investigate the effects of tractor-tire slip on the soil. Two corridors, each
4 m wide and 70 m long, were marked in the field (Figure 1). In the first corridor (site 1), the tractor moved with
minimal slip in a self-propelled, steady-state condition, whereas in the second corridor (site 2), the tractor moved
with slip in a steady-state condition with high drawbar pull. A drawbar pull of 21.8 kN was controlled by a
braking tractor. Whereas almost no wheel slip (1%) was measured at site 1, a wheel slip of 27% was measured at
site 2. The pulling tractor and the braking tractor did not move in alignment. This allowed the two tractors to
have independent tracks, so that the soil at site 2 was trafficked by the pulling tractor only (Figure 1). An area
adjacent to the two sites served as an untreated control site (without traffic).

Pulling tractor

forward velocity
radar rolling speed
sensor

forward velocity
rolingspeed [ radar
sensor

area of study

(site 1) area of study

(site 2)

Braking tractor

a) b)

Figure 1. Experimental design of the treatments, a) traffic with low slip 1% (site 1), b) traffic with high slip 27%
(site 2)

A mechanical front-wheel drive Hiirlimann H488 DT tractor with 65 kW engine power and 40.0 kN weight was
employed as a pulling tractor. The braking tractor was a Massey Ferguson 8470 with 250 kW engine power and
90.6 kN weight (Table 2).
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Table 2. Technical data of the tractors used in the traction tests

Braking tractor Massey Ferguson 8470
Power (kW) 250

Weight (kN) 90.6

Pulling tractor Hiirlimann H488 DT
Power (kW) 65

Weight (kN) 40

Wheelbase (m) 2.34

Tire (front; rear) 380/85R24; 420/85R34
Tire width (front; rear) (m) 0.38; 0.44

Tire unloaded radius (front; rear) (m) 0.63; 0.79

Tire rolling radius (front; rear) (m) 0.59; 0.78

Tire inflation pressure (front; rear) (kPa) 160; 160

Tire stiffness (front; rear) (kN/m) 325; 432

Stationary wheel load (front; rear) (kN) 9.1;10.9

Drawbar height (m) 0.83

Theoretical speed ratio 0.99

The traction force was measured by a 200 kN load cell (HBM U2B, Darmstadt, Germany) in section with the
steel cable that connected the two tractors. The actual forward speed was measured by a radar velocity sensor
(Dickey-john RVS2, Auburn, Illinois, U.S.A.), and the wheel rolling speed was recorded with a wireless
wheel-speed sensor at two pulses per wheel revolution, set on a rear wheel of the pulling tractor. All of the above
parameters were recorded by a data logger. The load acting on the wheels of the pulling tractor in the stationary
condition was measured with a flat-bed wheel-load scale (Haenni WL 103, Jegenstorf, Switzerland). The pulling
tractor was equipped with 380/85R24 front tires and 420/85R34 rear tires. Tire inflation pressure was measured
with a Motometer tire-pressure gauge (Miihlacker-Lomersheim, Germany) and adjusted to 160 kPa on front and
rear wheels. The rolling radius and the theoretical speed ratio of the tractor wheels, defined as the distance
traveled per revolution of the wheel divided by 2, and as the ratio of the theoretical speed of the front wheel to
that of the rear wheel, respectively, were determined during preliminary tests at zero drawbar pull on a smooth
road. Tire stiffness was calculated according to Lines and Murphy (1991). The technical specifications of the
pulling and braking tractors are reported in Table 2. The pulling tractor moved in a rectilinear direction with
locked differential. The traction force in the longitudinal direction was obtained from the measured force by
taking into account the angle y (approx. 3°) of the steel cable that connected the two tractors (Figure 1). The
actual forward speed of the tractor was 1.6 ms™ at site 1 and 0.9 ms™ at site 2.

The shear magnitude related to the slip was evaluated by marking the soil surface with two differently colored
dyes, blue and red, before the passage of the tractor. The food color Brilliant Blue FCF (E-133) was applied at
120 L m™ and 3.7 g/10~* m®; the food color Allura Red (E-129) was applied at 120 L m? and 7.4 g/10° m®. After
the treatment, soil-layer displacement was measured.

2) Topsoil Mechanical Parameters

Topsoil mechanical parameters for simulating soil-tire interaction were obtained by vertical plate penetration
tests and horizontal plate shear deformation tests according to Bekker (1960), with a tractor-mounted hydraulic
press (bevameter) described by Diserens and Steinmann (2003) (Table 3).

The vertical plate penetration tests were carried out with two circular plates of diameter 0.2 m and 0.3 m at a
penetration rate of approx. 0.02 m s'. The cohesive and frictional moduli of deformation, K¢ and Ko,
respectively, and the exponent of deformation n were determined according to Wong (1980).

The horizontal plate shear deformation tests were performed by using an annular plate with an outer diameter of
0.3 m and an inner diameter of 0.2 m, at different vertical pressures. Values of cohesion ¢, angle of shear
resistance ¢, and shear deformation modulus £ were determined according to the procedure described by Wong
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(1980).

Penetration resistance was determined by using a penetrometer with a screwdriver head (tip width: 6 x 10~ m)
developed by Agroscope Tanikon (Bastgen & Diserens, 2009). All the measured mechanical soil properties are
reported in Table 3. Based on measured tractor and soil parameters, the shear stress 7 and normal stress o
occurring at the soil-tire interface were calculated according to Osetinsky and Shmulevich (2004).

Table 3. Mechanical parameters of soil under consideration

Depth interval (m) 0-0.20
Cohesive modulus of deformation K, (kN m™™) 4555
Frictional modulus of deformation K, (kN m ") -3037
Modulus of deformation K (kN m™™*?) 8073
Exponent of deformation n 0.90
Cohesion ¢ (kPa) 5.0
Angle of shear resistance ¢ (°) 30.0
Shear deformation modulus k£ (m) 0.01
Mean penetration resistance PRy, (daN) (n = 24) 7.51

2.2.2 Hydrological Properties
1) Total Porosity and Pore-Size Distribution

Total porosity (TP) and pore-size distribution (PSD) were determined for samples of undisturbed soil (five per
depth) with a diameter of 55 mm and a height of 42 mm. The TP was measured at depths of 0-0.15, 0.16-0.30,
0.31-0.45, and 0.46-0.60 m, whereas PSD was measured at depths of 0.05, 0.15, and 0.35 m. The samples were
taken at intervals of about 0.15 m in a horizontal direction. Three pore classes were defined: macropores, i.e.,
pores larger than 50 pm; mesopores, measuring between 0.2 and 50 um; and micropores, i.e., those smaller than
0.2 um.

The PSD was determined by a vacuum pressure membrane apparatus described by Dirksen (1999) with a
hanging water column for a water suction 4 < 31.6 kPa and with a gas adsorption porosimeter using N, for 31.6
kPa < h < 1585 kPa.

2) Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (K,,,) was measured in undisturbed soil samples (five per depth) taken along the
track trafficked with 1% slip (site 1), along the track trafficked with 27% slip (site 2) (Figure 1), and from an
untrafficked area of the field (control site). Water conductivity measurements were carried out according to the
constant head method (Klute & Dirksen, 1986).

Samples from the topsoil surface below the loose layer (0.03—0.07 m) were taken after removal of the soil cut by
the tire lugs. Additional samples were collected deeper in the topsoil (0.13—0.17 m) and in the subsoil (0.33-0.37
m).

3) Irrigation Experiments

From a pit, 1 m deep, three water content probes were installed horizontally under both sites (site 1 and site 2).
The two sites were irrigated with a rainfall simulator covering a 1 m* area with an intensity of 30 mm h™' for 1 h.
Water content was measured at the three depths of 0.15, 0.35, and 0.50 m with a time domain reflectometer
(TDR) (CR10X & TDR100, Campbell Scientific Inc. Logan, Utah, USA) with 0.20 m wave guides (two parallel
rods of 6 mm diameter). Calibration was performed according to Roth, Schulin, Fliihler, and Attinger (1990).
The TDR measurements were recorded every 60 s.

The results obtained were analyzed according to the decrease in water content (¢) after cessation of infiltration
during the drainage phase (46, defined as the difference between maximum water content reached at the
infiltration phase and minimum water content measured within 2 h after the cessation of the irrigation) (Alaoui &
Helbling, 2006). Low 46; values indicated the draining of micropores, whereas high values indicated the
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draining of larger pores, such as macropores or cracks, and pointed out preferential flow (Alaoui, Germann,
Jarvis, & Acutis, 2003).

4) Dye Infiltration Experiment

A dye infiltration experiment was carried out to visualize the heterogeneity of dye-tracer distribution pathways.
To this end, 240 x 10™ m® of dye-tracer solution were prepared by diluting 880 g of Brilliant Blue FCF powder -
also known as food dye E-133 (Flury & Fliihler, 1995) - in tap water (final concentration = 3.7 g/10° m®). The
prepared solution was applied at site 1 and site 2 for 3 h at a constant rate of 24 mm h™' by using a rainfall
simulator covering a 1 m” area. Being neutral or anionic (depending on the pH), Brilliant Blue (BB) is not
heavily adsorbed by negatively charged soil constituents.

One day after infiltration, a soil pit was excavated and six vertical profiles (0, 0.20, 0.40, 0.60, 0.80, and 1.00 m
from the edge of the area treated with the rainfall simulator) were prepared. A rubber string grid (1.0 % 0.7 m)
was attached in front of each profile. The profiles were photographed with a digital camera (HP Photosmart 945;
resolution: 5 megapixels). The resultant digital images had a resolution of approx. 2000 x 2000 pixels. The final
coverage of the stained areas was determined from profile images according to the procedure described by
Alaoui and Goetz (2008). Afterwards, the distribution of the dye coverage with depth was calculated for each
image by counting the pixels indicating stained soil for each horizontal pixel row of the image.

To allow quantitative estimates of different BB concentrations, we performed a calibration linking specific colors
with corresponding BB concentration ranges. Ten standard solutions were prepared (BB concentration: 0.1, 0.5,
1,2, 4, 6, 20, 40, 80 and 150 g/ 107 m3). These solutions were photographed with the same camera under the
same light conditions as in the field. The surface density of BB was then estimated to a depth of 0.80 m for both
sites (site 1 and site 2).

5) Surface Runoff Estimation

To estimate surface runoff resulting from shear stress, we considered previous measurements of surface runoff
on a 16 m” surface area with a 15° slope, carried out on similar soil texture (clay loam) and with a similar tractor
(Hiirlimann Prestige 88) and treatment design (Alaoui, Spiess, Beyeler, & Weingartner, 2012). In the previous
study, the surface runoff was measured at different irrigation intensities of 24, 36, and 48 mm h'. In this study,
we calculated surface runoff at an irrigation intensity of 100 mm h™' according to a linear regression obtained
from the measurements of the previous study (24, 36, and 48 mm h™') with R? equal to 0.91. We hypothesized in
this study that under similar conditions such as a field slope of 15° and shear stress (treatment with 27% slip),
the observed-reduction in water flowing from macropores from site 1 to site 2, calculated at 0.15 m topsoil depth
(see section 3.4), is expected to be transferred to surface runoff. The main aim of these calculations was to
evaluate the impact of shear stress at different rainfall intensities in hillslope areas with a 15° field slope. The
theoretical rainfall intensity of 100 mm h™' represented heavy storms corresponding to hourly annual maximum
intensities with return periods between 10 and 100 yrs. for the northern part of Switzerland.

2.3 Models
2.3.1 Mechanical Model

The employed model simulated soil-tire contact stress and traction performance of the tractor. It was based on
the following assumptions: the soil behaves like a plastic non-linear medium; the wheel spins in steady-state
motion at a low velocity; the tire deforms in linear elasticity; the soil-tire contact surface in the longitudinal
direction is parabolic in shape, with the apex at the rear point of contact; and the wheel-soil interaction is two
dimensional (plane strain problem).

The stress state (shear stress and normal stress) distribution at the soil-tire contact surface was simulated
according to the soil-tire interaction model presented by Shmulevich and Osetinsky (2003) and Osetinsky and
Shmulevich (2004). Load transfer from the front axle to the rear axle by pulling, and the lowest threshold slip
beyond which topsoil shear would occur based on the soil shear stress—maximal soil strength concept of
Mohr-Coulomb (Battiato, Diserens, Laloui, & Sartori, 2013) were taken into account in the simulation. The
model was adapted for a mechanical front-wheel drive vehicle according to Battiato and Diserens (2013) and
integrated in the tool TASC V3.0 (second module) (Battiato, 2014). The soil and the tractor specifications
included in the simulation are reported in Table 4.
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Table 4. Soil and tractor parameters for the simulation of slip value beyond which soil shear occurs with
corresponding traction force, shear stress, and normal stress (TASCV3.0 — module 2)

Tractor parameters

Traction 4 driven wheels
Wheelbase (m) 2.34

Tire description (front; rear) 380/85R24; 420/85R34
Tire width (front; rear) (m) 0.39; 0.44

Tire unloaded radius (front; rear) (m) 0.63; 079

Tire rolling radius (front; rear) (m) 0.61;0.76

Tire inflation pressure (front; rear) (kPa) 160; 160

Tire stiffness (front; rear) (kN m™) 330; 434
Stationary wheel load (front; rear) (kN) 9.1, 10.9
Drawbar height (m) 0.83
Theoretical speed ratio 0.99

Soil parameters

Soil texture

clay loam and loam

Topsoil hardness (penetration resistance to screwdriver) semi-firm
Modulus of deformation K (kN m™™*?) 5500
Exponent of deformation n 0.85
Cohesion ¢ (kPa) 14.70
Angle of shear resistance ¢ (°) 25

Shear deformation modulus £ (m) 0.0093

2.3.2 Hydrological Model

The MACRO model (Jarvis, 1994) is a dual-porosity model that simulates water and solute transport in
macroporous soil. The model divides the total porosity into macropores and micropores. Water flow in
micropores is calculated with the Richards’ equation (Richards, 1931), whereas macropore flow is simulated as a
power-law function of the saturation level in macropores. The two domains are separated by a boundary water
content (6,), a boundary saturated hydraulic conductivity (K3), and a boundary tension (¥,). An effective
diffusion-path length d controls mass exchange between the domains (Table 5).

In this study, the MACRO model was used to quantify the water flowing from macropores at both sites (site 1
with 1% slip and site 2 with 27% slip) in order to evaluate the macropore damage due to the applied shear and
compressive stress.
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Table 5. MACRO model input parameters: soil hydraulic properties at site 1 (1% slip) and site 2 (27% slip)

Parameters
Depth (m) P 0,F 0} gt K, K, PE . o
m'm?) m'm’) @m’) (m) @mmh’) @mhY @m " " (em™)

Site 1

0-0.15 0.54 0.45 0 1 70 0.1 20 4 1.108 0.027 102
0.16-0.30 0.54 0.45 0 1 70 0.1 20 4 1.101  0.031 269
0.31-0.45 0.50 0.43 0 1 50 0.1 20 4 1.096 0.027 632
0.46-0.60 0.50 0.35 0 1 40 0.1 20 4 1.079 0.035 064
Site 2

0-0.15 0.45 0.20 0 1 40 0.1 6 4 1.050 0.000 025
0.16-0.30 0.45 0.35 0 1 40 0.1 6 2 1.050 0.000 062
0.31-0.45 0.45 0.33 0 1 40 0.1 5 2 1.140 0.022 394
0.46—0.60 0.45 0.35 0 1 30 0.1 5 2 1.148 0.028 195

Note. T Measured parameters; Y Parameters derived from calibration; 6,: saturated water content; 0,: boundary
water content, 6,: residual water content; ¥,: boundary tension; K, saturated water conductivity; K,: boundary
hydraulic conductivity; d: effective diffusion-path length; n*: reflects pore-size distribution index and tortuosity
in the macropore system; n and a are van Genuchten’s parameters (Simunek et al., 2007).

3. Results and Discussion

Results of mechanical and hydraulic measurements are presented in paragraphs 3.1 and 3.2, respectively,
whereas modeling results are presented and discussed in paragraph 3.3 for soil stresses and in 3.4 for water
dynamics.

3.1 Mechanical Aspects

Measured values from tables 1 to 3 were collected for the determination of the stress distribution at the interface

soil-tire. At 27% slip (site 2), the soil was sheared significantly and displaced over a distance of 0.35 m (Figure 2)
under the wheels of a 65 kW tractor (Table 2). The load acting on the front wheel decreased whereas the load

acting on the rear wheel increased with increasing drawbar pull and slip due to the load transfer from the front to

the rear axle. This shift caused changes in the geometry of the contact surface, which became smaller under the

front wheel and larger under the rear wheel.

a) lom b) > 0.35m

Figure 2. Topsoil deformation owing to tractor traffic, a) longitudinal displacement by 1% slip (site 1), b)
longitudinal displacement by 27% slip (site 2)

Normal stress increased with increasing slip from 90.6 kPa (site 1) to 104.4 kPa (site 2) (Figure 3) at topsoil
level, exceeding the indicative value of 85 kPa for clay loam soil (Table 1) (Diserens, Chanet, & Marionneau,
2010). This observation was valid for both axles at 1% slip (site 1), and for only the rear axle at 27% slip (site 2).
As the slip increased, the maximum shear contact stress rose noticeably for front (from 19.7 kPa to 42.6 kPa) and
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rear wheels (from 6.0 kPa to 61.6 kPa) and approached maximal soil strength over a large part of the contact
surface (Figure 3).
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Figure 3. Simulation of the geometry of the soil-tire contact surface, contact stresses included indicative value
for normal stress: a) front wheel at 1% slip; b) front wheel at 27% slip; ¢) rear wheel at 1% slip; d) rear wheel at
27% slip

3.2 Hydrological Aspects

According to the statistical analysis, TP at the soil surface (0-0.15 m) was significantly lower at site 2 (TP = 43%)
than at site 1 (TP = 54%) (Figure 4). The TP values measured at both trafficked sites were significantly lower
than the value measured at the control site at 0.15 m depth (TP = 60%). This difference tended to persist, albeit
to a lesser extent, below 0.15 m. These changes in soil porosity likely resulted from the effects of soil shear
acting down to a depth of 0.08 m and from a normal stress value exceeding 100 kPa at 27% slip, and reaching
already a high value of 93 kPa at 1% slip (Figure 3).
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Figure 4. Total porosity measured by no traffic (control site), by 1% slip (site 1), and by 27% slip (site 2), at

different depths

At the soil surface (0—-0.05 m depth), the macroporosity decreased from 5% at the control site to 2% and 0% by 1
% slip and by 27% slip respectively. In all cases, especially at site 2, the macroporosity values were lower than
the indicative value of 7% (pF 1.8) for agricultural soil (SSSS, 2004) (Figure 5). In comparison, at 0.35 m depth
(subsoil), a causal effect of traffic-related stresses on soil porosity could not be shown. Pore-size distribution was
almost identical between the control site and site 1 (Figure 5). However, the decrease of total porosity and the
almost complete destruction of macropores at site 2 in the topsoil might be explained by the effect of the high
slip level coupled with increasing load at the rear axle exerted by the 65 kW tractor. The results demonstrated
that excessive normal and shear stresses values led to severe reduction of the macroporosity in the topsoil, near

the surface.

No traffic
0.05__h :
0.15
0_35'H
0 "10 20 30 40 50 60 70 80
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E 0.05 o
< 0.15 [
g
a 035 | i
0 "10 20 30 40 50 60 70 80
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0.35 f )
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Pore size distribution [%]
wmmm  Macropores (d 2 50 pm) — — — — Indicative value for macropores
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| s—

Micropores (d < 0.2 pm)

Figure 5. Pore-size distribution by no traffic (control site), by 1% slip (site 1), and by 27% slip (site 2), and

threshold for macropores at different depths
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Otherwise, strong correlations between normal stress and penetration resistance on one part and between
penetration resistance and macroporosity on the other part were also be observed by Servadio, Marsili, Vignozzi,
Pellegrini, and Pagliai (2005).

A significant decrease in K, (mean value) was observed from the control site (8.3 x 10° m s™) to site 1 (2.8 x
10° m s™) and to site 2 (0.14 x 10° m s™) at the soil surface between 0 and 0.10 m depth (Figure 6). At site 2,
K., was lower than the indicative value of 1.0 x 10°® m s for agricultural soil (SSSS, 2004). Below 0.10 m
depth, no significant difference in K, was observed among all sites. At 1% slip (site 1), the highest stress state
was reached under the front tire (0= 94.2 kPa and 7= 19.7 kPa), which caused a decrease of about 66% in K,
(compared with the control). At 27% slip (site 2), the highest stress state was reached under the rear tire (o =
104.4 kPa and 7= 61.6 kPa), causing a reduction of about 98% in K|, (compared with the control). The decrease
in K, from site 1 to 2 was most likely due primarily to the drastic increase in shear stress (210%) with high
friction force of the lugs on the firm soil, below the loose soil layer, and secondarily to the slight increase in
normal contact stress (11%).

Depth 0-0.10m 013-017m 0.33-0.37Tm
No traffic

50 —I— T

» 10 1
. 12 1

Ko [mm/h]

——————— == 11 C* . -

Figure 6. Saturated hydraulic conductivity K;,, (mean values, quartiles and extreme values) measured by no
traffic (control site), by 1% slip (site 1), and by 27% slip (site 2), at different depths with indicative value; note
the different scales on each Y-axis

20 1% slip
41 — B -
27% slip

Between 0.15 m and 0.35 m, the presence of macropores at site 1 indicated by the Ky, analysis (Figure 6) was
confirmed with the dye-tracer analysis (Figure 7). The weak dye-tracer density at 0.30 m depth at site 1,
trafficked with minimal slip (Figure 7), illustrated that few but intact and efficient macropores were present to
transport the major portion of water and solute downward (Alaoui & Goetz, 2008; Holden & Gell, 2009),
supporting the theory that earthworm burrows act as dominant flow pathways for preferential flow. At the
trafficked site with 27% slip (Figure 7), the zone of efficient macropores (0.30 m depth) disappeared, most likely
replaced by another type of pores as indicated by the homogeneous distribution of dye-tracer density throughout
the soil profile up to 0.50—-0.60 m depth.

The evolution of the water content during the drainage phase (after cessation of the irrigation) revealed a
significant difference between sites 1 and 2 (Figure 8). In fact, a drastic decrease in water content was observed
at site 1 (46; = 8%), corresponding to a rapid draining of macropores, whereas no significant decrease in water
content was observed at site 2 (46, = 0.3%), attesting to the absence of macropores. These observations related
to the function of macropores can be expressed quantitatively in terms of water flowing from macropores
simulated with the MACRO model (section 3.4).
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Figure 7. Dye-tracer density versus depth measured a) by 1% slip (site 1), b) by 27% slip (site 2), the sections
presented here were directly under the track of the tractor

These findings show that high mechanical stresses due to slip of a 65 kW tractor drastically disturbed topsoil
structure as illustrated by a decrease in total porosity (Figure 4), a reduction in macroporosity shown by
pore-size distribution (Figure 5), and a decrease in K, (Figure 6), and consequently could affect water dynamics
throughout the entire soil profile (Figures 7 and 8) (section 3.4).
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Figure 8. Measured (empty circles) versus simulated (solid lines) water content @) by 1% slip (site 1), and b) by
27% slip (site 2) at different depths. E = model efficiency

3.3 Modeling Soil Stresses

The tractor specifications and the measured mechanical soil properties are given in Tables 2 and 3, respectively.
Based on measured and simulated values (Table 4) with the tool TASC V3.0 (Battiato, 2014; Diserens & Battiato,
2013), the normal and shear stress values were calculated separately for the front and rear wheels according to
Osetinsky and Shmulevich (2004). The evolution of the stress with slip is given in Figure 9.
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Figure 9. Measured and simulated normal and shear stresses of a) front and b) rear wheel

Regarding shear stress, a significant discrepancy between the simulation and the measurements at minimal slip
level was observed for the front wheel and could be due to the higher value of rolling radius used in the
simulation (0.61 m) compared with the measured one (0.59 m) (Tables 2 and 4). For a given shear stress, the
simulated slip level on a semi-firm wheat stubble ground was therefore higher than the measured one. Beyond 10
% slip, the importance of the rolling radius decreased significantly. For both wheels, the simulation as well as the
measured values indicated a soil-failure limit at 12% slip (Figure 9).

The normal stress was determined through soil hardness, width and diameter of the tires, width and length of the
contact surface, tire inflation pressure, wheel load, and amount of load transfer. In the simulation, the topsoil was
less firm with a modulus of deformation of 5500 (Table 4) compared with the measured value of 8073 (Table 3).
For the front wheel, with a width of 0.39 m used in the simulation (Table 4) instead of 0.38 m obtained from the
measurements (Table 2), the length and the width of the contact surface were greater, the traction force and load
transfer were higher, and the normal stress acting at soil-tire interface of the front wheel was consequently lower
in the simulation than in the calculation based on measurements. Only at low slip (< 5%), the load transfer
caused by a larger rolling radius (0.61 m) was lower than that caused by a smaller rolling radius (0.59 m), and
therefore simulated wheel load and normal stress were slightly higher than the respective estimates obtained
from measurements (Figure 9). For the rear wheel, no significant divergence was observed between measured
and simulated values (Figure 9).

3.4 Modeling Water Dynamics

Model calibration with water content (#) measured at depths of 0.15, 0.35, and 0.50 m yielded satisfactory
results. The model reproduced the measured values closely as shown by the model efficiency (E) that was
calculated according to Nash and Sutcliffe (1970) and ranged between 0.53 and 0.83 (Figure 8). Once calibrated
for @ at different depths (Figure 8 and Table 5), the MACRO model was run to calculate the volume of water
flowing from macropores by 1% slip and by 27% slip (Figure 10). A significant difference was observed
between sites 1 and 2 at all depths. In the soil surface (0.15 m), the water flowing from macropores was 7.0 x
107 m® at site 1 and 5.0 x 10~ m® at site 2, corresponding to a difference of about 30%. At 0.35 m depth, the
difference was 52% (5.0 x 10~ m® at site 1 and 2.4 x 10~ m® at site 2), and at 0.50 m depth, the difference was
76% (3.0 x 10° m® at site 1 and 0.7 x 107 m® at site 2). The difference between the water flowing from
macropores at sites 1 and 2 was relatively consistent over time at 0.15 and 0.35 m depth (Figure 10), likely
because of the similar soil texture at the two sites (Table 1). The steadily increasing difference in water flowing
between sites 1 and 2 at 0.50 m depth might have resulted from the small difference in soil texture (Table 1).
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Figure 10. Simulated water flowing from macropores by 1% slip (site 1), and by 27% slip (site 2), estimated at
a) 0.15, b) 0.35, and ¢) 0.50 m depth

As mentioned above, we assumed that on a sloping ground (15°), the reduction in the water flowing from
macropores at site 2 is expected to be transferred to surface runoff. Results clearly showed that surface runoff
increased with increasing rainfall intensity from 24 to 100 mm h™ and increased more on soil trafficked by 27%
slip than on soil trafficked by 1% slip (Table 6). In fact, at a rainfall intensity of 100 mm h™' on sheared soil (site
2), the runoff coefficient was 1.00 indicating a predisposition zone with the highest risk (100%) of surface runoff
excess (Markart et al., 2004; Alaoui, Spiess, Beyeler, & Weingartner, 2012). This estimate implies that the entire
amount of rainfall (100%) would be routed to surface runoff (= 100 000 m® in the case of a grassland with a
surface area of 1 km” and rainfall intensity of 100 mm h™") (Table 6). We expect that in soil conservation systems
without plowing, the herein identified changes could have significant impacts on soil erosion and flooding for
steeper grounds (> 15°) and larger surface areas than those considered in our study.

Table 6. Runoff coefficient (RC) and surface runoff (SR) as affected by soil deformation under different rainfall
intensities

Intensity (mm h™)

Treatment 24 36 48 100

RC (- SR (m°) RC (-) SR (m%) RC (-) SR (m°) RC (-) SR (m%)
1% slip 0.07 1680 0.24 8640 0.29 13 920 0.79 79 000
27% slip 0.09 2184 0.31 11232 0.38 18 096 1.00 10°

Note. RC and SR for 24, 36, and 48 mm h” were measured in situ for minimal slip (Alaoui et al., 2012) and
extrapolated (§ 2.2.2) by 27% slip, whereas RC and SR for 100 mm h™' were obtained by linear regression (R*:
0.91) for a grassland-specific surface area of 1 km”.

Figure 11 shows how an increase of 6.6 kPa in normal stress under the rear wheel resulted in a loss of macropore
water flowing of 2.1 x 10~ m®. For comparison, to produce the same loss in water flowing from macropores, an
increase of 38.7 kPa in shear stress would be required. It is noteworthy that both stresses (shear and normal)
were combined in the deformation process in which normal stress dominated. These results agree with those
from laboratory experiments carried out with a simple shear apparatus (Battiato, 2014). The soil-failure limit
indicated in figure 11 corresponded to 12% slip and was in line with that identified by Battiato (2014). It implied
that major loss of water flowing from macropores occurred between 1% and 12% slip over the modeled range of
stresses.
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Because plastic volumetric strain is always linked to proportional alteration in a three-phase system (air, water,
soil matrix), hydraulic soil properties have become an essential feature in geotechnical engineering with major
interest in soil liquefaction processes. A number of hydro-mechanical elastoplastic constitutive models for
saturated soils have been proposed. However, not only saturated soils but also unsaturated soils are affected by
liquefaction (Khalili, Habte, & Zargarbashi, 2008; Bian & Shahrour, 2009; Arairo, Prunier, Djeran-Maigre, &
Millard, 2014). Furthermore, most of the investigations have been carried out under laboratory conditions and
have yet to be conducted in the field. In addition, each soil deformation has to be coupled to hydraulic properties,
because deformation and failure in soils depend on the advection and diffusion processes and their history and
vice versa (Horn, Richards, Baumgartl, & Wiermann, 1998).

Despite the tremendous effort in this area of research, no attempts have been made to link the changes in the
mechanical and hydraulic properties caused by soil deformation with surface runoff generation in hillslope soils,
likely because it is difficult to bridge the gap between lab (measurements of mechanical stresses) and field
investigations (measurements of surface runoff).

Although we assume a linear relationship between shear stress and water flowing from macropores (between two
single values, namely 1% and 27% slip), it will be necessary to conduct detailed measurements at different slip
levels and to determine the corresponding surface runoff under various natural conditions. This will help to set a
threshold value of the stress beyond which surface runoff will occur for various soil and external conditions in
order to better protect soil from erosion and floods on the landscape scale.

4. Conclusions

A combination of mechanical and hydraulic approaches and of measurements and modeling enabled us to
observe close causal effects between mechanical stress at the tire-soil interface and surface runoff generation.
Our results showed that excessive normal and shear stress severely affect the soil structure by drastically
reducing macroporosity and saturated hydraulic conductivity in the topsoil. Modeling results also showed that
the amount of water flowing from topsoil macropores decreases markedly in soil affected by a high level of
wheel slip. Considering a 15° slope, and assuming that a loss in vertical water flow would be transformed into
surface runoff under the combined effects of field slope and increased rainfall intensity, we calculated that the
runoff coefficient for a rainfall intensity of 100 mm h™ and duration of 1 h would increase to 0.79 at site 1 with
minimum wheel slip (1%) and to 1.00 at site 2 with high wheel slip (27%). Further field tests are needed to
establish consistent computerized links between mechanical stress and surface runoff at different slip levels. We
expect that this will make it possible to identify the threshold stress value beyond which surface runoff and
erosion are generated: a key piece of information when it comes to supporting farmers in the use of machinery.
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