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Abstract

Historically, turfgrass researchers utilized the Baldree Traffic Simulator (BTS) to
imitate foot traffic for the evaluation of athletic field wear tolerance and perfor-
mance. Research was conducted to reengineer the BTS “feet” to improve adaptability
and compatibility with other aerification units and determine biophysical effects on
two native soil turfgrass systems. Inertial measurement unit sensors measured verti-
cal accelerations and derived total force output. Additionally, low (one traffic event
week™!) and high (two traffic events week™!) traffic were applied to IronCutter
hybrid bermudagrass [Cynodon dactylon (L.) Pers. X C. transvaalensis Burtt-Davy]
and Zorro hybrid zoysiagrass [Zoysia japonica Steud. X Z. matrella (L.) Merr.] for

I'm=2 which is a total

8 weeks. Average peak vertical accelerations were 280 m s~
force output of 8221 N per BTS footstrike. Neither the low nor high traffic increased
bermudagrass soil bulk density; however, high traffic (1.13 g cm™?) increased soil
bulk density compared to the non-treated (0.92 g cm™>) zoysiagrass. High traf-
fic decreased normalized difference vegetation index (NDVI; 0.75), turfgrass cover
(71%), and shear strength (12.3 Nm) of bermudagrass while increasing surface hard-
ness (156 Gmax) compared to low traffic (0.79, 94%, 14.4 Nm, and 141 Gmax,
respectively). Both low and high traffic reduced NDVI (0.68-0.69) and turfgrass
cover (64%—69%) on zoysiagrass compared to the same plots before traffic (0.86%
and 100%, respectively). High traffic (90 Gmax) increased surface hardness com-
pared to low traffic (106 Gmax) on zoysiagrass. The modified BTS can effectively
simulate traffic for turfgrass research.

Abbreviations: BTS, Baldree Traffic Simulator; CTS, Cady Traffic Simulator; IMU, inertial measurement unit; NDVI, normalized difference vegetation
index; OM, organic matter; TC, turfgrass color; TQ, turfgrass quality; WAIT, weeks after initial treatment.
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Plain Language Summary

The Baldree Traffic Simulator (BTS) is a common piece of research equipment used
to mimic athletic field foot traffic. The original design was reengineered in order to
increase adaptability for use with other aerification units. Therefore, research was
conducted to determine the physical effects of the new design on turfgrass systems.
Each “footstrike” of the modified device delivered a total force of 8221 N. High
traffic (twice per week) increased bulk density of the soil for zoysiagrass but not
bermudagrass. High traffic harmed bermudagrass more than low traffic (once per
week), resulting in less greenness, less ground cover, weaker resistance to tearing
(shear strength), and a harder surface. Both low and high traffic reduced zoysiagrass
greenness and ground cover when compared to measurements taken before traffic
was applied. High traffic also increased zoysiagrass surface hardness more than low

traffic. In conclusion, the modified BTS is an effective tool for simulating real-world

1 | INTRODUCTION

Athletic fields are often exposed to excessive amounts of
foot traffic, causing turfgrass wear injury and increases in
soil compaction (Beard, 1973; Shearman et al., 2001). Tur-
fgrass wear injury is caused by a combination of crushing,
shearing, and/or tearing of the turfgrass surface (Bonos et al.,
2001; Shearman et al., 1974). Traffic stress has also been
shown to cause increases in soil compaction, which can
reduce turfgrass shoot density, root growth, and water infil-
tration (Beard, 1973; Carrow, 1980; Kowalewski et al., 2013;
Matthieu et al., 2011). Historically, turfgrass researchers have
utilized equipment designed to consistently provide a com-
bination of shearing and compacting forces to simulate foot
traffic for the evaluation of turfgrass wear tolerance and
field performance (Morrish & Harrison, 1948; Perry, 1958;
Vanini et al., 2007). These devices typically consist of studded
rollers that turn at different speeds to provide both shearing
and rolling-type compacting forces (Canaway, 1976; Cock-
erham & Brinkman, 1989; Henderson et al., 2005). While
these devices were successful at providing consistent traffic
stress and turfgrass wear injury, they lacked the ability to
provide dynamic vertical and horizontal forces that are more
representative of athletes interacting with the surface.
Henderson et al. (2005) developed the Cady Traffic Simu-
lator (CTS) using recycled tire rubber cleated “feet” attached
to a modified walk-behind core aerification unit capable of
producing dynamic vertical and horizontal forces along with
significant soil compaction and turfgrass wear injury. When
compared to a standard studded roller machine, the CTS sig-
nificantly decreased turfgrass density, shear resistance, and
divot resistance while significantly increasing soil bulk den-
sity from 1.53 to 1.68 g cm™ over a 6-week period (Vanini
et al., 2007). Similarly, Kowalewski et al. (2013) designed the

traffic conditions in turfgrass research.

Baldree Traffic Simulator (BTS), which implemented an anal-
ogous concept using an aerification unit with cleated “feet”;
however, the BTS contained spring-loaded steel feet with
screw-in soccer cleats instead of recycled tire rubber cleated
feet utilized by the CTS. This design allowed for increased
durability while still implementing similar dynamic forces as
the CTS.

While effective, the spring-loaded cleated feet of the cur-
rent BTS were specifically designed for a Ryan GA 30
aerification unit and not directly transferrable to other aer-
ification units (Kowalewski et al., 2013). Other turfgrass
researchers have modified the current BTS feet to fit on addi-
tional aerification units, such as the Toro ProCore 648 (The
Toro Company; Dalsgaard et al., 2020; Dickson et al., 2018;
Lindsey et al., 2021; Thoms et al., 2011, 2023); however,
the specification changes made to the BTS design to accom-
modate other aerification devices have not been officially
documented. Anecdotal evidence also suggests that different
aerification units provide different amounts of vertical and/or
horizontal dynamic force per footstrike than the Ryan GA
30 aerification unit described by Kowalewski et al. (2013),
although research documenting these differences in dynamic
force between aerification units is limited. Additionally, sev-
eral versions of BTS feet have been created since the original
BTS testing by Kowalewski et al. (2013) to further improve
function and durability (L. Baldree, personal communication,
March 8, 2023). Consequently, there is a need to provide doc-
umented updates and improvements to the design of the BTS
feet that can be made compatible with different aerification
units.

Therefore, the objectives of this research were to (1) reengi-
neer the BTS feet with readily available parts, (2) design
the BTS feet to fit a John Deere Aerocore 800 (Deere &
Company) aerification device with flexibility for adaptation
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to other aerification units, and (3) evaluate the biophysical
responses of two native-soil turfgrass systems following traf-
fic stress applied with the modified John Deere Aerocore 800
BTS.

2 | MATERIALS AND METHODS

2.1 | Modified BTS ‘“foot” construction

The original BTS foot designed by Kowalewski et al. (2013)
included two steel plates attached with four Grade 8 bolts
and springs, with the bottom plate studded with screw-in soc-
cer cleats. A prototype modified BTS foot was constructed
in Athens, GA, during 2023-2024 (Figures 1 and 2). The
original BTS foot was reengineered with materials that are
regularly available and easily replaceable if broken. The
following modifications were made for the prototype BTS
foot:

1. The four Grade 8 bolts were moved out toward the perime-
ter of the steel plates (2.7 cm closer to the corner of the
steel plates).

2. Grade 8 bolts were replaced with Grade 8 alloy steel
shoulder screws (McMaster-Carr Part #: 91259A850) that
thread into the bottom of the steel plate.

3. Shoulder screws were housed in press-fit drill bushings
with heads (McMaster-Carr Part #: 8492A302) that are
machined and press-fit into the top plate. Graphite pow-
der lubricant was periodically added to shoulder screws to
prevent binding.

4. A perpendicular steel plate was welded to the top plate
and fabricated to fit onto the aerator arm assembly of a
John Deere Aerocore 800 unit. This perpendicular plate
can be substituted out to accommodate other aerification
unit assemblies.

5. Cleat count expanded from 17 to 21 foot™!.

6. Spring specifications were matched from the original BTS
foot and purchased from Lee Spring (Part #: LHC 156 M
04S).

7. A single washer (0.3 cm thick) was placed between the
spring and the top plate.

8. Steel plate thickness was expanded to 1 cm.

Once the prototype was completed and tested on the John
Deere BTS device, four additional, identical modified BTS
feet were constructed and used throughout the field evaluation
study.

2.2 | Acceleration experiment

Research was conducted in Athens, GA (33° 54’ 19.7892” N,
83° 22’ 26.1228” W) on August 19, 2024, to determine the
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Core Ideas

* The modified Baldree traffic simulator has a
potential force output of 8221 N per footstrike.

* High traffic increased soil bulk density of zoysia-
grass when compared to non-trafficked plots.

* High traffic decreased normalized difference veg-
etation index (NDVI), cover, and shear strength
while increasing surface hardness of bermuda-
grass.

* Both low and high traffic reduced NDVI and cover
of zoysiagrass.

* The modified Baldree Traffic Simulator can effec-
tively apply traffic for use in turfgrass research.

potential force output for a single modified BTS foot attached
to a John Deere Aerocore 800 aeration unit. To derive the
potential force output, a Vicon Blue Trident (Vicon Motion
System) inertial measurement unit (IMU) sensor was attached
to the perpendicular steel plate of two of the four modified
BTS feet, one on the middle-left assembly and one on the
far-right assembly if viewed posteriorly. The two aerator arm
assemblies were selected at random and assumed to be rep-
resentative of the four aerator arm assemblies on the John
Deere Aerocore 800 aeration unit. Blue Trident IMUs con-
tain two accelerometers (+16 g at 1125 Hz and +200 g at
1600 Hz), a magnetometer (+4900 uT at 112 Hz), and a gyro-
scope (£2000° s~! at 1125 Hz). Sensors were attached using
double-sided tape and secured with duct tape. The John Deere
Aerocore 800 was placed on a vertical lift, and the verti-
cal acceleration was measured during a stationary aeration
motion for approximately 6 s. A region of interest was cre-
ated within the IMU software (Capture.U 1.4.1; Vicon Motion
System) on a 10th generation iPad (Apple) that connects to the
IMUs via Bluetooth to allow for data processing and analysis.
The raw + 200 g acceleration data measured by each IMU
were exported at 1600 Hz and filtered using a Butterworth
fourth-order zero-phase shift filter with a cutoff frequency of
50 Hz using the “butfilt_vbz_xla_v2.xla” add-in (created by
Sam Van Wassenbergh, University of Antwerp, June 6, 2007
in “Microsoft Visual Basic for Applications” for Microsoft
Excel 2000; Erer, 2007) within Microsoft Excel (Microsoft
Corporation). Once filtered, peak accelerations were extracted
from the vertical plane (x-axis of each IMU) for analysis. Pre-
liminary visual inspection of the aeration motion of the John
Deere BTS device indicated a brief period (approximately
1 s) of time during the lowering and lifting of the aeration
unit where the BTS feet were not in contact with the surface.
Therefore, the middle 50% of vertical acceleration peaks dur-
ing the trial were extracted for analysis to remove any potential
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ITEM NO. PART NUMBER QrY.
1 TopBracket 1
2 TopSpringPlate 1
3 Gusset 1
4 Bottom Plate New 1
5 Bottom Plate Cleats 39
é 2304K21 4
7 test spacer 4
8 8492A302 4
9 91259 A850 4
LeeSpring-LHC 156M
10 04s 4
ASM: Traffic Simulator Material: Mixed
Part:Top Level Drawing Date: July 31,2023
MODEL Drawn by: M. Bowen | Sheet 1 of 11

FIGURE 1 Prototype schematic of the reengineered Baldree Traffic Simulator foot. QTY, quantity.
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FIGURE 2 Schematic of materials utilized for the construction of the reengineered Baldree Traffic Simulator feet.
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deviations due to starting and stopping of the aeration motion
of the John Deere BTS device. The potential total force output
(F) was derived from the following novel equation:

F = ma+4Ds, €8

where m is the mass of all aerator arm components plus the
mass of BTS foot, a is the average peak vertical acceleration
measured from the IMUs, D is the aerating depth set on the
John Deere Aerocore 800, and s is the spring load rate for each
individual spring.

2.3 | Field experiment

Research was conducted at two locations in Athens, GA,
to determine the biophysical effects of the traffic device on
two native soil turfgrass systems. The first location consisted
of IronCutter hybrid bermudagrass [Cynodon dactylon (L.)
Pers. X C. transvaalensis Burtt-Davy] plots (1.5 m X 3 m)
maintained at 2 cm on a Cecil clay loam (fine, kaolinitic,
thermic Typic Kanhapludults) (3.14% organic matter [OM],
6.01 pH). The second location consisted of Zorro hybrid
zoysiagrass [Zoysia japonica Steud. x Z. matrella (L.) Merr.]
plots (1.5 m X 2.4 m) maintained at 1.3 cm on a modified
Cecil clay loam with a Wakulla sand (siliceous, thermic Psam-
mentic Hapludults) (approximately 2:1 mixture) (3.27% OM,
6.52 pH). Hybrid bermudagrass and hybrid zoysiagrass plots
received 49 kg N ha~! of 25N-0P,05-3K,0 fertilizer (The
Andersons, Inc.) on September 13, 2024, and September 24,
2024, respectively. Treatments were initiated on August 20,
2024, for hybrid zoysiagrass plots and August 23, 2024, for
hybrid bermudagrass plots. Treatments included two rates
(low rate = one traffic event week™! for eight total traffic
events, high rate = two traffic events week™! for 16 total
traffic events) of simulated traffic applied weekly using the
modified BTS with the John Deere Aerocore 800 for eight
consecutive weeks. The John Deere BTS was initially set to
an aerating depth of 7 cm and a spacing of 7.4 cm (approxi-
mately 1450 cleat marks m~? per traffic event) for the first 2
weeks of the study, but due to apparent wear on the John Deere
BTS device, the settings were adjusted to an aerating depth of
6.25 cm and spacing of 5 cm to apply (approximately 2100
cleat marks m~2 per traffic event) for the remainder of the
study. These settings supplied a similar number of cleat marks
per simulated traffic event as two to three National Foot-
ball League games (667 cleat marks m™ game™') between
the hashmarks at the 40-yard line (Henderson et al., 2005).
The experimental design was a modified 2 X 2 strip-plot
design with four replications, with location (hybrid bermuda-
grass or hybrid zoysiagrass) being the whole-plot factor
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TABLE 1 Soil bulk density measurements recorded from soil
cores obtained on November 1, 2024, following 8 weeks of simulated

traffic events.

Turfgrass species”

Traffic Hybrid bermudagrass Hybrid zoysiagrass
rate” (g em=3) (g em=3)

None 1.38 0.92b¢

Low 1.43 1.07ab

High 1.43 1.13a

LSDy 45 ns 0.15

Abbreviations: LSD, least significant difference; ns, non-significant.

2IronCutter hybrid bermudagrass was grown on a Cecil clay loam (fine, kaolinitic,
thermic Typic Kanhapludults) with 3.14% organic matter (OM) while Zorro hybrid
zoysiagrass was grown on a modified Cecil clay loam with a Wakulla sand
(approximately 2:1 mixture) with 3.27% OM.

bSimulated traffic was applied weekly using the modified BTS with the John Deere
Aerocore 800 for eight consecutive weeks. The low rate consisted of 1 traffic event
week ™! for eight total traffic events, and the high rate consisted of two traffic events
week ™! for 16 total traffic events.

“Means followed by the same letter within a column are not significantly different
at the a = 0.05 significance level.

and simulated traffic rate (low or high) being the sub-plot
factor.

Response variables included soil bulk density, normalized
difference vegetation index (NDVI), % turfgrass cover, tur-
fgrass color (TC), turfgrass quality (TQ), surface hardness,
shear strength, soil moisture, and penetration resistance. Soil
cores (6.25 cm diameter X 10 cm deep measured from the soil
surface) were removed using an AMS Soil Core Sampling Kit,
consisting of a slide hammer, soil core cup, and cap (AMS
Inc.) on November 1, 2024, following the last traffic event
to evaluate changes in soil bulk density. Soil cores were also
obtained from adjacent non-trafficked plots at both locations
for comparison. Samples were air-dried for 1 week before
thatch and turfgrass residues were removed. Remaining mate-
rial was crushed with a pestle to eliminate all soil structure.
Soil was passed through a 2-mm sieve (No. 10 USA Standard
Testing Sieve; Fisher Scientific Company) to remove all plant
residue and inorganic parent material. Samples were placed in
a 105°C oven for 72 h before weighing to determine dry mass
per unit volume (g cm™).

All other response variables were assessed before the first
traffic event and weekly throughout the experiment. A Field-
Scout CM1000 NDVI Meter (Spectrum Technologies, Inc.)
was used to measure the relative greenness of the leaf canopy
(five averaged readings). Percent turfgrass cover, TC, and
TQ were visually assessed. A scale of 1-9 with a rating of
>6 considered acceptable was implemented for TC and TQ
assessment. A Clegg Impact Tester (Lafayette Instrument Co.)
equipped with an accelerometer inside a 2.25 kg missile was
used to measure surface hardness. The missile was dropped
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TABLE 2 Normalized difference vegetation index (NDVI) and visual % turfgrass cover in response to simulated traffic from the modified
Baldree Traffic Simulator on the John Deere Aerocore 800.

WAIT*
0 1 2 3 4 5 6 7 8
Turfgrass species”  Traffic rate® NDVI¢
Hybrid bermudagrass Low 0.82 0.84a° 0.83a 0.84a 0.81a 0.84a 0.82a 0.84 0.79a
High 0.80 0.79b 0.78b 0.78b 0.76b 0.82b 0.79b 0.83 0.75b
LSD s ns 0.03 0.03 0.05 0.02 0.01 0.02 ns 0.03
Hybrid zoysiagrass Low 0.86 0.88a 0.84a 0.82a 0.81a 0.84a 0.81a 0.77 0.69
High 0.86 0.84b 0.81b 0.78b 0.76b 0.79b 0.76b 0.78 0.68
LSDy o5 ns 0.01 0.02 0.03 0.02 0.03 0.02 ns ns
Turfgrass species Traffic rate  Visual % turfgrass cover
Hybrid bermudagrass Low 100 100 100 100 100 100a 99a 99a 94a
High 100 100 100 100 100 95b 95b 93b 71b
LSD o5 ns ns ns ns ns 0.1 3.1 4.7 6.6
Hybrid zoysiagrass ~ Low 100 100 100 100 100 98a 95a 80 69
High 100 100 100 100 100 90b 80b 71 64
LSD o5 ns ns ns ns ns 6.1 5.0 ns ns

4 Abbreviations: LSD, least significant difference; ns, non-significant; WAIT, weeks after initial traffic event.

bTronCutter hybrid bermudagrass and Zorro hybrid zoysiagrass were evaluated.

The low rate consisted of one traffic event week~! for eight total traffic events, and the high rate consisted of two traffic events week~! for 16 total traffic events.
INDVI was assessed by averaging five subsample measurements per plot using a FieldScout CM1000 NDVI Meter measured on a —1 to 1 scale.

€Means followed by the same letter within a column within the same species for each response variable are not significantly different at the @ = 0.05 significance level.
The hybrid bermudagrass NDVI data measured 5 WAIT were only significant at the a = 0.1 significance level.

TABLE 3 Visual turfgrass color (TC) and turfgrass quality (TQ) in response to simulated traffic from the modified Baldree Traffic Simulator
on the John Deere Aerocore 800.

WAIT*
0 1 4 5 6 7 8
Turfgrass species” Traffic TC!
rate®
Hybrid bermudagrass Low 6.6 6.6a° 6.5a 6.6a 6.0a 7.1a 6.4a
High 6.5 6.1b 5.6b 5.5b 5.5b 5.8b 4.8b
LSD 5 ns 0.4 0.6 0.8 0.1 0.5 0.5
Hybrid zoysiagrass Low 7.9 7.6a 6.3a 7.0a 5.6a 53 4.8
High 7.8 6.3b 5.4b 5.3b 3.9 4.5 4.6
LSDy o5 ns 0.8 0.5 0.8 0.7 ns ns
Turfgrass species Traffic rate TQ
Hybrid bermudagrass Low 7.0 6.8a 6.5a 6.6a 6.9a 7.0a 6.9a
High 6.9 6.0b 5.6b 5.7b 6.0b 5.5b 5.3b
LSD o5 ns 0.4 0.6 0.8 0.3 0.6 0.5
Hybrid zoysiagrass Low 8.0 7.1 6.3a 6.8a 5.9a 5.9a 54
High 7.9 6.8 5.3b 5.8b 4.6b 5.0b 49
LSD o5 ns ns 0.7 0.9 0.4 0.8 ns

#Abbreviations: LSD, least significant difference; ns, non-significant; WAIT, weeks after initial traffic event.

®TronCutter hybrid bermudagrass and Zorro hybrid zoysiagrass were evaluated.

The low rate consisted of one traffic event week™! for eight total traffic events, and the high rate consisted of two traffic events week™! for 16 total traffic events.

4TC and TQ were rated on a scale of 0-9 scale with a rating of >6 considered acceptable.

¢Means followed by the same letter within a column within the same species for each response variable are not significantly different at the @ = 0.05 significance level.
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TABLE 4
the John Deere Aerocore 800.

Agrosystems, Geosciences & Environment  {GGss 7 of 11

Surface hardness, shear strength, and soil moisture in response to simulated traffic from the modified Baldree Traffic Simulator on

WAIT*
0 1 2
Turfgrass species” Traffic rate® Surface hardness (Gmax)?
Hybrid bermudagrass Low 75 71 71
High 65 84 75
LSDy o5 ns ns ns
Hybrid zoysiagrass Low 57 55 62
High 53 56 60
LSD ¢5 ns ns ns
Turfgrass species Traffic rate Shear strength (Nm)
Hybrid bermudagrass Low - 10.6 11.1
High - 11.1 12.3
LSD o5 - ns ns
Hybrid zoysiagrass Low - 24.0 233
High - 22.1 23.6
LSD o5 - ns ns
Turfgrass species Traffic rate Soil moisture (%VWC)
Hybrid bermudagrass Low 30.2 32.6 30.3
High 279 30.6 27.5
LSD o5 ns ns ns
Hybrid zoysiagrass Low 30.0 35.7 31.3
High 30.1 39.4 325
LSD o5 ns ns ns

3 4 5 6 7 8

63 71 68 65b° 86b 141b
73 80 79 8la 106a 156a
ns ns ns 15 12 10

55 66 54 54 61b 90b
59 69 61 57 72a 106a
ns ns ns ns 9 15
20.5 14.9 15.1 15.5 18.0 14.4a
19.2 14.5 16.4 14.9 14.5 12.3b
ns ns ns ns ns 2.0
16.6 254 30.0a 23.1 24.4 22.0b
153 235 25.4b 24.8 24.5 27.4a
ns ns 2.1 ns ns 5.1
26.3 28.1 29.9a 30.2 23.5a 16.5
27.8 25.7 25.9b 26.5 18.8b 134
ns ns 3.8 ns 4.6 ns
29.4 27.2 332 35.6b 24.9b 15.2
29.9 28.8 36.5 39.6a 29.9a 16.5
ns ns ns 3.6 4.0 ns

#Abbreviations: LSD, least significant difference; ns, non-significant; VWC, volumetric water content; WAIT, weeks after initial traffic event.

®TronCutter hybrid bermudagrass and Zorro hybrid zoysiagrass were evaluated.

The low rate consisted of one traffic event week~! for eight total traffic events, and the high rate consisted of two traffic events week~! for 16 total traffic events.

dSurface hardness was measured using a Clegg Soil Impact Tester. Shear strength was measured using the Turf-Tec Shear Strength Tester. Soil moisture was assessed

using a Field Scout TDR 300 Soil Moisture Meter.

¢Means followed by the same letter within a column within the same species for each response variable are not significantly different at the & = 0.05 significance level. The

6 WAIT bermudagrass surface hardness data, 8 WAIT zoysiagrass surface hardness data, 8 WAIT zoysiagrass turfgrass shear strength data, and 6-7 WAIT zoysiagrass

soil moisture data were significant at the a = 0.1 significance level.

through a guide tube from a height of 45 cm three times in
a single spot per plot and the final Gmax (a unitless ratio of
maximum deceleration of the missile upon impact with the
surface in units of gravities relative to the acceleration due to
gravity) reading on the third drop was recorded for analysis
(American Society for Testing and Material [ASTM F1702-
10, 2010]). Shear strength was measured using the Turf-Tec
Shear Strength Tester (Turf-Tec International), which mea-
sures the rotational force required to tear the turfgrass. This
instrument contains a torque wrench handle that is attached
to a shear vane foot that is inserted into the surface and
turned steadily until tearing. The highest torque (Nm) mea-
surement determined using the torque wrench handle during
the turning motion was recorded for analysis. A Field Scout
time-domain reflectometry (TDR) 300 Soil Moisture Meter
(Spectrum Technologies, Inc.) containing two probes (5 mm
diameter, 7.6-cm depth) spaced 3.3 cm apart that are inserted

into the soil recorded % volumetric water content using TDR
(five averaged readings). A Field Scout SC 900 Soil Com-
paction Meter (Spectrum Technologies, Inc.) was used to
measure penetration resistance in the top 10 cm of the soil pro-
file. The instrument uses a 9.8 mm diameter shaft with a cone
tip (30° angle and 12.8 mm base) that is manually inserted
into the soil profile and measures the penetration resistance
in pounds per square inch (later converted to MPa) at soil
depth increments of 2.5 cm. All response variables were sub-
jected to analysis of variance (a = 0.05) within R version
4.3.2 (RStudio, Inc.) to determine significance. If traffic rate
was considered significant, Fisher’s protected least significant
difference provided means separation. All response variables
other than soil bulk density were analyzed separately by rat-
ing date. Soil bulk density was only measured after all traffic
events had occurred to determine the cumulative effect of the
BTS device on soil compaction.
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TABLE 5
Deere Aerocore 800.

Soil compaction (penetration resistance) in response to simulated traffic from the modified Baldree Traffic Simulator on the John

WAIT*
0 1 2 3 4 5 6 7 8

Turfgrass species” Traffic rate°  Penetration resistance (0 cm) (MPa)?

Hybrid bermudagrass Low 0.36a° 0.43a 0.20 0.16 0.13 0.00b 0.31 0.40 0.44
High 0.18b 0.15b 0.39 0.13 0.34 0.51a 0.36 0.64 0.80
LSDy o5 0.18 0.26 ns ns ns 0.47 ns ns ns

Hybrid zoysiagrass Low 0.09 0.09 0.29 0.20 0.41 0.38 0.4 0.13 0.30
High 0.07 0.20 0.15 0.11 0.35 0.44 0.44 0.41 0.38
LSDy 5 ns ns ns ns ns ns ns ns ns

Turfgrass species Traffic rate Penetration resistance (2.5 cm) (MPa)

Hybrid bermudagrass Low 0.54 0.55 0.41 0.51 0.37 0.37b 0.51 0.81 1.10
High 0.25 0.59 0.43 0.60 0.39 0.75a 0.72 1.03 1.40
LSD o5 ns ns ns ns ns 0.23 ns ns ns

Hybrid zoysiagrass Low 0.32 0.55 0.50 0.43 0.54 0.77 0.65 0.56 1.08
High 0.25 0.48 0.52 0.34 0.81 0.67 0.72 0.63 0.97
LSD o5 ns ns ns ns ns ns ns ns ns

Turfgrass species Traffic rate Penetration resistance (5.0 cm) (MPa)

Hybrid bermudagrass Low 0.23b 0.48 0.35 0.57 0.42 0.42b 0.64 0.67b 1.44b
High 0.53a 0.53 0.50 0.74 0.53 0.66a 0.67 0.90a 2.00a
LSDy 5 0.27 ns ns ns ns 0.22 ns 0.19 0.49

Hybrid zoysiagrass Low 0.32 0.34 0.30 0.68 0.46 0.36 0.43 0.43b 0.76
High 0.28 0.43 0.41 0.42 0.55 0.47 0.48 0.55a 0.92
LSD o5 ns ns ns ns ns ns ns 0.11 ns

#Abbreviations: LSD, least significant difference; ns, non-significant; WAIT, weeks after initial traffic event.

®TronCutter hybrid bermudagrass and Zorro hybrid zoysiagrass were evaluated.

The low rate consisted of one traffic event week~! for eight total traffic events, and the high rate consisted of two traffic events week~! for 16 total traffic events.

4A Field Scout SC 900 Soil Compaction Meter was used to measure penetration resistance in the top 10 cm of soil in increments of 2.5 cm.

¢Means followed by the same letter within a column within the same species for each response variable are not significantly different at the @ = 0.05 significance level.
The 0 cm 0 WAIT bermudagrass data and 5 cm 7 WAIT bermudagrass and zoysiagrass data were significant at the & = 0.1 significance level.

3 | RESULTS AND DISCUSSION

3.1 | Acceleration experiment

The mass of one aerator arm assembly on the John Deere
Aerocore 800 was measured as 11.25 kg, the mass of one
modified BTS foot was 7.23 kg, making the total mass (m)
18.48 kg. The spring load (s) for each individual spring (deter-
mined from spring specifications) is 118.84 N cm™!, and the
aerating depth (D) used in the current trial was set to 6.4 cm.
The average peak vertical acceleration measured from the
IMU on the middle-left BTS foot measured 278.34 m s~! s~2
and the IMU on the far-right BTS foot measured 282.08 m
s~! 572, providing an overall average of the two IMUs (a)
of 280.21 m s~! s72. When these values are inserted into
Equation (1), the total average potential force output (F) was
measured as 8221 N. This observed value is similar to that
observed by Kowalewski et al. (2013) with the original Ryan
GA 30 BTS device (9155 N). This value can be influenced

by adjusting the aeration depth set on the aerator device;
however, due to the violent nature of the traffic procedure,
increasing the aeration depth places additional strain on the
aeration device itself and is not recommended.

3.2 | Field experiment

No differences in soil bulk density were observed in the
hybrid bermudagrass plots (Table 1). The high bulk den-
sity (1.38 g cm™?) measured in the non-trafficked hybrid
bermudagrass may indicate that penetration resistance of this
site was too great to further influence with the addition of
traffic treatments. The high traffic rate significantly increased
bulk density compared to the non-treated in the hybrid zoysi-
agrass plots; however, no significant difference was observed
between the low and high traffic rates (Table 1). The high
traffic rate significantly reduced NDVI (0.75) and visual %
turfgrass cover (71%) compared to the low traffic rate in
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Soil compaction (penetration resistance) in response to simulated traffic from the modified Baldree Traffic Simulator on the John

WAIT*
0 1 2 3 4 5 6 7 8
Turfgrass species” Traffic rate° Penetration resistance (7.5 cm) (MPa)¢
Hybrid bermudagrass ~ Low 0.66 0.63 0.46b° 0.74 0.45b 0.45b 0.53 0.96 1.76
High 0.66 0.71 0.81a 0.90 0.71a 0.78a 0.91 0.97 2.03
LSDy o5 ns ns 0.29 ns 0.23 0.26 ns ns ns
Hybrid zoysiagrass Low 0.29 0.37 0.37 0.36b 0.61 0.43 0.51 0.49b 0.91
High 0.48 0.41 0.52 0.44a 0.66 0.54 0.55 0.71a 1.14
LSD ¢5 ns ns ns 0.07 ns ns ns 0.17 ns
Turfgrass species Traffic rate  Penetration resistance (10.0 cm) (MPa)
Hybrid bermudagrass ~ Low 1.04 0.71 0.80 0.99 0.92 1.01 0.66b 1.17 1.94
High 0.79 0.76 0.79 1.06 0.90 0.97 0.99a 1.03 1.73
LSD o5 ns ns ns ns ns ns 0.31 ns ns
Hybrid zoysiagrass Low 0.68 0.66 0.72 0.59 1.01 0.63 0.70 0.67 1.28
High 0.59 0.63 0.70 0.61 0.84 0.69 0.88 0.83 1.27
LSD o5 ns ns ns ns ns ns ns ns ns

2 Abbreviations: LSD, least significant difference; ns, non-significant; WAIT, weeks after initial traffic event.

"IronCutter hybrid bermudagrass and Zorro hybrid zoysiagrass were evaluated.

The low rate consisted of one traffic event week™! for eight total traffic events, and the high rate consisted of two traffic events week~! for 16 total traffic events.

4A Field Scout SC 900 Soil Compaction Meter was used to measure penetration resistance in the top 10 cm of soil in increments of 2.5 cm.

¢Means followed by the same letter within a column within the same species for each response variable are not significantly different at the @ = 0.05 significance level.

The 7.5 cm 2, 4, and 5 WAIT bermudagrass data were only significant at the @ = 0.1 significance level.

the hybrid bermudagrass plots (0.79 and 94%, respectively)
8 weeks after initial treatment (WAIT). However, the NDVI
values were not extremely different from the NDVI values
measured before any simulated traffic was applied (0.80 and
0.82, respectively), despite the reduction in visual % turfgrass
cover (Table 2). Similarly, the high traffic rate significantly
reduced TC (4.8) and TQ (5.3) in the hybrid bermudagrass
plots 8 WAIT compared to the low traffic rate (6.4 and 6.9,
respectively; Table 3). However, these same trends in NDVI,
visual % turfgrass cover, TC, and TQ were not observed in the
hybrid zoysiagrass plots. Despite the lack of similar trends, the
difference in values from before and after all traffic events was
more extreme for the hybrid zoysiagrass plots than for hybrid
bermudagrass. This suggests that the hybrid zoysiagrass plots
were more sensitive to a single traffic event week™!, but an
additional traffic event per week did not significantly affect
hybrid zoysiagrass. Conversely, hybrid bermudagrass was
more resilient to single traffic events week™!, but the addi-
tion of a second traffic event week™! caused significantly
more injury to hybrid bermudagrass. Therefore, traffic rates
for future studies will need to be adjusted based on species
and/or soil types, among other variables.

Traffic rate had a significant effect on surface hardness
observed for both species 8 WAIT (Table 4). The high traffic
rate hybrid bermudagrass plots (156 Gmax) were significantly
harder than the low traffic rate plots (141 Gmax). Similar

trends were observed in the hybrid zoysiagrass plots, with
the high traffic rate (106 Gmax) demonstrating a significantly
harder surface than the low traffic rate plots (90 Gmax). Addi-
tionally, the surface hardness values increased from 65 to
156 Gmax for the high traffic rate hybrid bermudagrass plots
and 53 to 106 Gmax for the high traffic rate hybrid zoysia-
grass plots throughout the duration of the trial, suggesting that
the traffic stress had a cumulative effect on surface hardness
across all plots with the high traffic rate increasing surface
hardness at a faster rate than the low traffic rate (Table 4).

The high traffic rate hybrid bermudagrass plots (12.3 Nm)
also demonstrated less rotational resistance compared to the
low traffic rate plots (14.4 Nm; Table 4). However, the oppo-
site trend was observed for the hybrid zoysiagrass plots (27.4
Nm for the high traffic rate plots and 22.0 Nm for the low traf-
fic rate plots). While unexpected, the force provided by the
John Deere BTS was primarily vertical; therefore, it did not
radiate extreme amounts of horizontal force onto the surface.
Consequently, it is possible that hybrid bermudagrass shear
strength is affected more by a vertical crushing force while
hybrid zoysiagrass shear strength is affected more by tearing
and other horizontal forces. No significant differences were
observed in soil moisture 8 WAIT for either species, clearly
indicating an alteration in soil structure.

Minimal significant differences in penetration resistance
were observed between traffic rates for either species
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(Tables 5 and 6). However, the general trends in the data
suggest that there were cumulative increases in penetration
resistance in both species throughout the duration of the
trial. This is most evident at the 5- and 7.5-cm depths,
where there were increases from 0.53 to 2.00 MPa (Table 5)
and 0.66 to 2.03 MPa (Table 6) in the high traffic rate
hybrid bermudagrass plots from trial initiation to 8§ WAIT.
This suggests that although there were minimal differences
between traffic rates, the applied simulated traffic has a
cumulative effect on soil compaction regardless of traffic
rate.

4 | CONCLUSION

Results from the current study indicate that the reengineered
BTS feet designed for a John Deere Aerocore 800 are effective
at providing simulated traffic stress for turfgrass performance
research. Although not evaluated in the current study, the
inclusion of the specific parts used in the design process along
with the newly engineered attachment mechanism allows for
the adaptation of our BTS feet to be used with other aerifi-
cation units. However, further work needs to be conducted
to fine-tune the exact aerification settings to accomplish ade-
quate turfgrass traffic stress without causing too much strain
on each individual device. The settings used at the beginning
of the current study caused extreme stress to the lifting mech-
anism of the John Deere Aerocore 800, ultimately leading to
required repairs of the aerification machine. Therefore, further
research should be directed at establishing these settings and
specifications for the John Deere Aerocore 800 aerification
unit and others. Additional research should also be conducted
to evaluate the effects of traffic on water infiltration and other
soil physical parameters.
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