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GYPSUM LOWERS DRAWBAR POWER IN NORTHERN  
GREAT PLAINS SUBSURFACE-DRAINED SODIC SOILS 

A. W. Wamono,  D. D. Steele,  T. DeSutter,  Z. Lin,  X. Jia,  D. Clay 

ABSTRACT. The saline/sodic soils of the U.S. Northern Great Plains often have very low yields due to poor germination, 
become exceptionally hard when the soil dries, and can be a sediment source following rainfall events. In addition, subsur-
face drainage can result in the conversion of saline/sodic soils to sodic soils. Calcium-based surface amendments (Ca 
amendments) may help preserve or improve soil structure, thereby improving drainage and trafficability. The objective of 
this study was to determine the impact of selected subsurface drainage practices and Ca amendments on tillage power 
requirements. The research was conducted in a sodic soil near Wyndmere, North Dakota. The experiment used a completely 
random design with a split-plot arrangement in which whole plots consisted of free-outflow subsurface drainage (FD) and 
no subsurface drainage (ND), while split plots consisted of Ca amendments of 11.2 and 22.4 Mg ha-1 gypsum (GL and GH), 
22.4 Mg ha-1 spent lime (SL), and check (CK) with no Ca amendments. A drawbar dynamometer measured draft on a chisel 
plow that was pulled across the plots by a tractor equipped with an auto-guidance system and instrumentation interfaced to 
its controller area network. No significant differences were observed in the mean drawbar power (Pd) of drainage treatments 
(53.6 kW for FD and 53.4 kW for ND). Compared with CK (54.8 kW), gypsum lowered the mean Pd (50.4 kW for GH and 
51.2 kW for GL), while SL increased the mean Pd (57.6 kW). The Pd for GL was similar to that of GH. For the combined 
effects of drainage and surface treatments, the Pd of NDGH (48.9 kW) was significantly lower than that of FDGL, FDGH, 
and FDCK (51.7, 51.8, and 53.1 kW, respectively), which shows that drainage may have reduced soil moisture Ca activity. 
Twenty-three months after subsurface drainage installation, the Pd was lower (53.1 kW) in FDCK than in NDCK (56.4 kW). 
These findings suggest that subsurface drainage lowered drawbar power compared to no subsurface drainage when no 
amendments were applied. For low-productivity soils, NDGH had the lowest Pd, which may be a less costly approach to 
reducing drawbar power requirements compared with drainage coupled with gypsum application. 

Keywords. Calcium, Draft, Drawbar power, Sodic soil, Spent lime, Subsurface drainage. 

anaging salt-affected soils is a serious and 
growing problem for farmers and engineers. It 
is estimated that more than 930 million ha 
worldwide (Szabolcs, 1989) and over 10 mil-

lion ha in the U.S. Northern Great Plains (NGP) (J. Brennan, 
USDA-NRCS North Dakota, personal communication, 
2008) are salt-affected. The recent increased commodity 
price cycle led to expansion of subsurface drainage in the 
NGP, which resulted in subsurface drainage of sodium-af-
fected soils that are interspersed with high-productivity soils 
(He et al., 2015; Hellerstein and Malcolm, 2011). Subsurface 
drainage reduces excess moisture during a period of time 
when farmers are struggling to cultivate and plant their 

fields. However, subsurface drainage of sodium-affected 
soils may increase clay dispersion and swelling as a result of 
increased percolation and selective leaching of high-charge 
ions (He et al., 2013, 2015; Qadir et al., 2001; Sumner, 
1993). Dispersion of sodium-affected soils may result in 
hardsetting as well as reduced soil trafficability and hydrau-
lic conductivity (Earl, 1997; Hopkins et al., 2012; Levy et 
al., 2005; Reading et al., 2012; So and Aylmore, 1993). The 
use of the term “hardsetting” is founded on the consequences 
of the soils forming a hard structureless mass upon drying 
and becoming cultivatable only upon wetting (Mullins et al., 
1990). Kyei-Baffour (2004) reported that increased sodicity 
levels followed by leaching increased soil shear strength. So-
dium-affected soils that are hardset are difficult to till, lead-
ing to higher fuel consumption and increased equipment 
maintenance. 

In crop production, a significant portion of energy con-
sumption is used for tillage, i.e., power developed at the 
wheels or tracks of the tractor and transmitted through the 
drawbar to pull implements through the ground or over the 
crop (ASABE, 2006). Drawbar power, which is the product 
of draft and speed of travel, is affected by soil strength, soil 
moisture content, tillage depth, tool geometry (e.g., tine or 
disk), tractor setup, and farming practices (Harrigan and 
Rotz, 1995; Kocher et al., 2011; Upadhyaya et al., 1984). 
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Soil strength is dependent on many factors, including tex-
ture, bulk density, organic matter, and moisture state (Harri-
gan and Rotz, 1995; Kocher et al., 2011). Carter (1990) 
noted that soil strength decreased with increased soil water 
content, where the increased filled pore space decreased the 
frictional component of the shear strength; conversely, in-
creased matric potential increased the frictional component 
of the shear strength. The effects of increased sodicity on 
aggregate stability have been reported to lead to less stable 
aggregates; however, soil aggregates remained stable in non-
sodic soils (Bronick and Lal, 2005). Macroporosity, which 
is linked to aggregates in the soil and to bulk density, has 
been reported to account for 66% of the shear strength in fine 
sand-dominant soils (Carter, 1990). Barzegar et al. (1994) 
also reported reduced tensile strength in soil samples with 
larger aggregates and increasing porosity. Lowering the 
drawbar power requirements in sodium-affected soils can re-
sult in monetary savings for farmers due to less fuel con-
sumption (Schaefer et al., 1989). 

The deleterious effects of sodium (Na) ions in Na-af-
fected soils can be remediated by replacement with calcium 
(Ca) ions on the soil’s exchange sites (Ilyas et al., 1997). Ap-
plication of Ca surface amendments, such as gypsum or 
spent lime, a by-product of the sugar beet industry, is ex-
pected to improve the physical and hydraulic characteristics 
of soil (Cochrane and Aylmore, 1991; So and Aylmore, 
1993). Bennett et al. (2014) reported long-term improvement 
in aggregate stability and hydraulic conductivity of an acidic 
sodic soil, classified as a Red Sodosol, that was treated with 
both lime and gypsum. Keiblinger et al. (2016) observed a 
rapid increase in aggregate stability of agricultural soils with 
application of quicklime, a compound whose use has been 
limited to geotechnical engineering. Dose et al. (2015) re-
ported that Ca amendments impact soil microbial diversity, 
and He et al. (2013) suggested that Ca helps build soil ag-
gregate stability. Schaefer et al. (1989) observed a reduction 
in the draft requirement for tillage on a sodium-affected silt 
loam (Beotia series, Mollisols) in South Dakota after it was 
treated with gypsum (source unspecified), which reduced its 
exchangeable sodium percentage. 

Mathematical models have been developed to estimate 
the draft and drawbar power for various soil types and im-
plements. Godwin et al. (2007) developed a force prediction 
model based on the soil characteristics; however, the model 
requires numerous parameters that are rarely measured. 
Ucgul et al. (2014) used three-dimensional discrete element 
modeling of tillage in a cohesionless soil to optimize draft 
force prediction. The performance of the Ucgul et al. (2014) 
model was improved in a sandy loam when adhesion forces 
were incorporated (Ucgul et al., 2015). Models are very 
adept for optimizing tillage implement design under differ-
ent conditions; however, repeatable results are difficult to 
obtain (Grisso et al., 1996). 

Changes in soil strength can be reliably estimated with 
cone penetrometers; however, these measurements are not a 
good predictor of draft and drawbar power (Arvidsson et al., 
2004). Draft is closely related to soil cohesion and varies 
with the type of implement used (Arvidsson et al., 2004). Al-
Kheer et al. (2011) observed that soil cohesion had the larg-

est effect on draft (both vertical and horizontal forces) com-
pared with other tillage parameters. Using an instrumented 
tractor, Wiedemann and Cross (1994) measured the drawbar 
power needs for chain-diking implements. Doppler radar 
was used to measure the ground speed, while the draft was 
measured with clevis pin load cells. Advancement in com-
puter and electronic systems integrated with global position-
ing systems (GPS) has improved the accuracy of field meas-
urements (Yahya et al., 2009). Relationships between fuel 
consumption and drawbar power have been developed for 
tractors with various tillage implements under different con-
ditions (Grisso et al., 2004), which may provide insight into 
the changes in soil strength as a result of the amendments. 

Measurements of draft provide a key data set that will 
help us understand the physical response of the soil to drain-
age practices and Ca amendments. An important advantage 
of draft measurements is that they represent a much larger 
area when compared with penetration resistance measure-
ments. Moreover, draft and vehicle speed can be used to cal-
culate drawbar power (Steinbruegge and Larsen, 1966), 
thereby providing a farmer-friendly means of comparing and 
contrasting various drainage and surface treatments. 

In addition to the improvement in hydraulic properties of 
Na-affected soils treated with Ca amendments, the potential 
savings in fuel consumption as a result of reduced drawbar 
requirements due to Ca amendments provides another incen-
tive to farmers. The objective of this study was to determine 
the effects of Ca-based surface amendments and subsurface 
drainage conditions on the drawbar power requirements for 
a sodium-affected soil. 

MATERIALS AND METHODS 
SITE SELECTION AND CHARACTERIZATION 

The field site was located near Wyndmere, North Dakota 
(97.26° W, 46.28° N, and 323 m elevation), and the soil was 
Exline loam (fine, smectitic, frigid Leptic Natrudolls) with 
some inclusions of Stirum-Arveson complex (Stirum: coarse-
loamy, mixed, superactive, frigid Typic Natraquolls; Arveson: 
coarse-loamy mixed, superactive, frigid Typic Calciaquolls). 
Although the NRCS threshold for sodic soils is a sodium ad-
sorption ratio (SAR) of >13 (Richards, 1954), He et al. (2015) 
determined that a percent sodium value (%Na) of 5 or more is 
restrictive to water movement in North Dakota soils. DeSutter 
et al. (2015) found that %Na relates to SAR using the follow-
ing equation: SAR = 1.04 × (%Na) − 0.35. Suarez et al. (2008) 
and Levy et al. (2005) reported deleterious effects of sodium 
as low as SAR of 2; thus, we use 5 to designate soils as sodic 
and not 13, which is used for NRCS soil classification pur-
poses. At the site, visible “puddling” of soil indicated that the 
surface structure was not defined and led to field-observed 
hardsetting. These are low-productivity soils with a crop 
productivity index of 25 and SAR values as high as 20 
(NRCS, 2015). The mean cation exchange capacity across the 
surface treatments plots was 28 cmolc kg-1, with a range of 
16.3 to 40.5 cmolc kg-1. Additional soil chemical properties 
are summarized in table 1. The changes in SAR at the site be-
fore and after application of surface amendments were re-
ported by Wamono et al. (2016). 
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In the study area (Wyndmere, N.D.), the average May 
through October precipitation was 416 mm, and the Penman 
evapotranspiration was 882 mm (NDAWN, 2016). A phre-
atic surface may occur at 0.3 m or less from the soil surface 
(Baker and Paulson, 1967). 

The experiment used a split-plot completely randomized 
design. The drainage treatments were the whole plots, which 
were split by Ca amendments (fig. 1). Each drainage treat-
ment, 24.4 m wide (east-west) by 107 m long (north-south), 
was overlaid with five surface treatment plots, each of which 
was 24.4 m wide (east-west) by 21.3 m long (north-south). 
The drainage treatments were no drainage (ND), controlled 
drainage (CD) with control structures (Agri-Drain inline wa-
ter level control structures, Adair, Iowa), and free-outflow 
drainage (FD). During 2014, the CD plots had little or no 
outflow and thus behaved as FD plots; the CD and FD plots 
were combined and labeled FD in this study. The north-south 

subsurface drains, installed in December 2012, were spaced 
at 24.4 m with a depth of approximately 1.2 m and a drainage 
coefficient of 9.5 mm d-1. 

EXPERIMENTAL DESIGN 
The experiment used two Ca sources: gypsum 

(CaSO4·2H2O) and spent lime (predominantly CaCO3). The 
gypsum used in this study was mined (Calcium Products, 
Inc., Ames, Iowa), and the spent lime was obtained locally 
and is a low-cost by-product of processing sugar beets 
(DeSutter and Godsey, 2010). The gypsum and spent lime 
surface treatments were applied on 14 and 15 May 2013. The 
applications consisted of high (22.4 Mg ha-1) and low 
(11.2 Mg ha-1) rates of gypsum (designated GH and GL, re-
spectively), a high rate of spent lime (22.4 Mg ha-1, desig-
nated SL), and check plots (CK) with no amendment. The 
high application rate of gypsum (22.4 Mg ha-1) was deter-

 

Figure 1. Drawbar power measurements across surface amendments and drainage treatments plots near Wyndmere, North Dakota. The surface 
amendments are gypsum at high rate (GH, 22.4 Mg ha-1), gypsum at low rate (GL, 11.2 Mg ha-1), sugar beet spent lime (SL, 22.4 Mg ha-1), and 
check plots receiving no surface amendment (CK). The drainage treatments are FD (free drainage) and ND (no drainage). 

Table 1. Percent sodium (%Na), electrical conductivity (EC), and pH averaged over surface amendments for 0-15 cm and 15-60 cm depths sampled 
in October 2014. Means in the same column followed by the same letter are not statistically different for either depth at p = 0.05. 

Depth 
(cm) 

Surface 
Amendment[a] 

%Na[b] 
 

EC1-1 (dS m-1)[c] 
 

pH1-1
[c] 

Mean Range Mean Range Mean Range 

0-15 

Check 5.3 a 0.7 to 15  0.5 a 0.3 to 0.9  8.3 a 6.9 to 8.8 
Gypsum high 2.1 a 0.6 to 4.6  1.7 b 1.4 to 1.9  7.8 b 7.5 to 7.9 
Gypsum low 3.9 a 0.7 to 13  1.3 b 0.8 to 1.8  7.8 b 7.7 to 8.3 
Spent lime 3.9 a 1.0 to 14  0.5 a 0.4 to 0.8  8.3 a 7.7 to 8.9 

15-60 

Check 7.0 a 0.8 to 21  0.5 a 0.7 to 0.9  8.8 a 6.6 to 9.6 
Gypsum high 5.2 a 1.0 to 13  1.4 b 0.7 to 1.9  8.5 a 7.8 to 9.5 
Gypsum low 10 a 1.0 to 45  1.1 ab 0.7 to 1.8  8.7 a 8.0 to 9.6 
Spent lime 7.0 a 1.1 to 20  0.5 ab 0.2 to 0.9  8.7 a 7.6 to 9.3 

[a] The surface amendments are gypsum at high rate (22.4 Mg ha-1), gypsum at low rate (11.2 Mg ha-1), sugar beet spent lime (22.4 Mg ha-1), and check 
plots receiving no surface amendment. 

[b] %Na = Na/(Na + Mg + Ca+ K), where all ions are expressed in cmol kg-1; %Na relates to sodium adsorption ratio (SAR) using the following equation: 
SAR = 1.04 × (%Na) – 0.35 (DeSutter et al., 2015). 

[c] The 1-1 subscript indicates a 1:1 soil:water extract. 
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mined using samples collected in fall 2012. The gypsum re-
quirement (GR), as determined using equation 8.2 of Oster 
and Jayawardane (1998), ranged from about 4 to 20 Mg ha-1 
for the 30 cm depth. Therefore, 22.4 Mg ha-1 was used for 
the GR, which was mixed into the top 10 cm of the soil im-
mediately after application. 

The site was under pasture/hay production for over 
30 years prior to this field research in 2013. Corn (Zea mays) 
was grown on the field in 2013 and 2014. Due to wet field 
conditions in the spring, some plots were not planted in 2014 
(fig. 1). The corn was harvested on 25 October 2014, and the 
combine was equipped with a stalk chopper, which mini-
mized the interference of crop residue with the tillage exper-
iment. The corners of all plots were flagged after the corn 
harvest and prior to the tillage experiment with RTK-GPS 
surveying equipment. 

In an effort to provide covariate measurements to account 
for soil moisture and crop effects on the draft measurements, 
surface soil samples (0-15 cm) that were collected on 6 No-
vember 2014 were analyzed for gravimetric soil moisture 
(Dane and Topp, 2002). 

DRAFT MEASUREMENTS 
Draft was measured on 7 November 2014 with a drawbar 

dynamometer placed between a tractor and a chisel plow 
(fig. 2). The dynamometer consisted of a hydraulic cylinder 
(approx. 60 cm pin-to-pin length) equipped with a pressure 
transducer (model Z, DR range 34,470 kPa, Honeywell 
Sensing and Control, Golden Valley, Minn.). Hydraulic hose 
extensions (approx. 1.8 m long) were used to accommodate 
the additional length of the dynamometer to avoid damage 
and constrictions when turning. Prior to the field experiment, 
the dynamometer was calibrated (r2 = 0.999) by lifting dead 

weights (0.1 to 66.9 kN) on an overhead crane at the CNH 
Industrial Engineering Test Center in Fargo, North Dakota. 
Pressure measurements were read by a four-channel AD-
Scan MiniModules classic signal conditioning module 
(CSM Products, Inc., Crystal Lake, Ill.), which was inter-
faced with a CANalyzer software tool (Vector Informatik 
GmbH, Stuttgart, Germany) and the controller area network 
bus on the tractor. The resolution of the pull meter and data 
logging system was 4.9 N, ascertained by finding the closest 
two points in a data file from the field testing (L. Salfer, 
CNH Industrial, personal communication, 2014). 

The tractor was a Case IH Steiger Series Rowtrac 470 
(CNH Industrial, Burr Ridge, Ill.) equipped with 45.7 cm 
wide tracks. The chisel plow was an International model 55 
with the outer wings removed, leaving a working width of 
3.81 m (fig. 2). Although the tractor could have pulled a 
much wider chisel plow, a small chisel plow was used to al-
low multiple passes per plot. The chisel plow had 13 shanks 
with curved, flat-faced points each 39.4 cm long (along the 
curve) by 5 cm wide. A tillage depth of 15 cm was used to 
match the estimated depth of Ca incorporation. The depth 
control hydraulic cylinder and the hitch of the chisel plow 
were adjusted by making trial tillage runs until the depths of 
the chisel points at the four corners of the plow averaged 
15.7 cm below the soil surface, with a standard deviation of 
1.9 cm. Cylinder stroke control segments (shaft collars) were 
used to maintain this working depth on the depth control hy-
draulic cylinder throughout the tillage experiment. 

GEOGRAPHIC DATA ACQUISITION 
The geographic position of the tractor was logged via an 

RTX-GPS system interfaced with an Advanced Farming 
System Pro 700 Auto Guidance System (CNH Industrial, 

Figure 2. Tractor, pull meter, and chisel plow used to measure draft during tillage at an experimental field site near Wyndmere, North Dakota. 
The insert shows the pull meter used to measure draft on the chisel plow. 
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Burr Ridge, Ill.). The maximum accuracy (best or smallest 
distance) of RTX-GPS systems in this arrangement is 3.8 cm 
(M. Hawkins, CNH Industrial, personal communication, 
2014). The tractor was driven over the top of the flags on the 
north border of the plots to establish a baseline, and then par-
allel lines were propagated for one-third (7.10 m) of the 
north-south dimension of the plots to generate parallel travel 
lines in each of the plots. The experiment was conducted by 
lowering the chisel plow into the soil and pulling it along the 
interior two paths through each plot. Each 220 m run through 
the field consisted of pulling the chisel plow through nine 
plots along east-west travel lines. Two equally spaced, non-
overlapping runs were made over each plot, one in each di-
rection. Borders 3.05 m long on each end of each plot were 
flagged to identify transition zones between adjacent plots. 

The geographic position of the chisel shanks was logged 
using a 10.9 m GPS offset from the front axle of the tractor 
to the center of rotation of the lift linkage on the chisel plow. 
Position data were taken at approximately 1 Hz, aiming for 
approximately 13 draft measurements per plot, per pass, at 
the target travel speed of 1.34 m s-1 on the 18.3 m long work-
ing area within each plot. The data logger sampled draft at 
approximately 140 Hz, and average draft values for each 
1 Hz interval were synchronized with the time stamps on the 
position data. Geographic information system software 
(ArcMap ver. 10.2, ESRI, Redlands, Cal.) was used to assign 
the GPS positions of the chisel shanks and the corresponding 
draft, speed, and other parameters from the data logging sys-
tem to individual field plots after buffering inward 3.05 m 
from each plot border. 

STATISTICAL ANALYSIS 
The average values of draft, speed, drawbar power, and 

other measurements from each plot were obtained. Drawbar 
power across the plots was compared and contrasted using 
analysis of variance techniques. The cropped and uncropped 
plots were analyzed separately using a two-way factorial in 
a completely randomized design with split plots. The whole-
plot factor was drainage type, and the split-plot (or subplot) 

factor was surface amendment. We report results for only the 
cropped plots. The gravimetric moisture content was in-
cluded in a generalized linear model as a covariate. The sta-
tistical model and Tukey tests for means comparisons were 
implemented using PROC GLM in SAS (ver. 9.4, SAS In-
stitute, Inc., Cary, N.C.) and considered to be significant at 
p < 0.05. Pairwise comparisons were made into tabular form 
using an application by Dallal (2015). 

RESULTS AND DISCUSSION 
The drawbar power (Pd) and average speed for one of the 

tractor runs (the southernmost row of plots) is shown in fig-
ure 3. The average speed across the field was maintained 
constant at 1.34 m s-1 (fig. 3). Slip averaged approximately 
0.3% when the chisel plow was engaged in the soil (data not 
shown), and the variations in drawbar power were attributed 
to differences in draft as the chisel plow was pulled across 
the field. Naderloo et al. (2009) observed that draft and for-
ward speed have a relationship that varies from linear to 
quadratic; therefore, maintaining a constant speed was para-
mount for collection of accurate data. The Pd values varied 
from 23 kW (blue) to 80 kW (red), as shown in figure 1. The 
Pd values were generally lower for the uncropped plots than 
for the cropped plots irrespective of the drainage treatment 
or surface amendment (fig. 1). The differences in Pd values 
between the cropped and uncropped plots could be attributed 
to seasonal evapotranspiration (ET). Analysis of the gravi-
metric water contents of the cropped and uncropped plots 
showed that the mean soil water content was significantly 
higher (p = 0.014) in the uncropped plots (15.8%) than in the 
cropped plots (14.3%). These results were attributed to tran-
spiration by the prior crop that reduced soil moisture. Klocke 
et al. (1985) observed that evaporation constituted approxi-
mately 30% of seasonal ET on fine sandy and loamy sandy 
soils in Nebraska. 

The mean soil water content across the cropped plots was 
14.3% and ranged from 11.4% to 18.6%. The standard devi-
ation was 1.73%. The surface chemical amendments did not 

 

Figure 3. Drawbar power from pull meter draft and average ground speed and switch voltage measurement during tillage of the southernmost 
row of plots at the experimental field site near Wyndmere, North Dakota. 
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influence gravimetric soil water content. The results of 
ANOVA were p = 0.54 for drainage treatments, p < 0.0001 
for surface treatments, and p < 0.0001 for drainage × surface 
treatment. The influence of soil water content on the Pd val-
ues as a covariate was statistically significant (p < 0.0001), 
and means were adjusted for the influence of soil water con-
tent. 

Drawbar power was similar in the FD (53.6 kW) and ND 
(53.4 kW) plots. Because ET typically exceeds rainfall dur-
ing the latter part of the growing season (fig. 4), especially 
in 2014, the near-surface soil water contents for both FD and 
ND were expected to be relatively low for all cropped plots, 
and thus the mean Pd values for FD and ND were not signif-
icantly different. An additional 7 mm of rain was measured 
at the experimental site for 1 through 7 November 2014, but 
this was assumed to have negligible effect on the draft meas-
urements; soil moisture contents were not statistically differ-
ent (p = 0.95) for the cropped ND and FD plots. The changes 
in the moisture regime as a result of drainage are expected to 
be more pronounced in spring, when near-saturation condi-
tions in the soil profile prevail. In the short term, subsurface 
drainage affects the moisture regime in the soil profile, and 
the difference in drawbar power requirements would be pre-
dominantly a result of the difference in the soil moisture con-
tent. Raper and Sharma (2004) also observed no significant 
differences in draft forces for a range of soil moisture con-
tents, with the exception of higher values in very dry soil. 
Subsurface drainage in a high water table environment, such 
as the site in this study, may reduce the capillary rise of soil 
water to the root zone in addition to draining the gravita-
tional water (Baker and Paulson, 1967). The long-term ef-
fects of subsurface drainage on soil structure in non-sodic 
soils include the development of larger pores (Müller et al., 
1990), but these changes in structure develop first in the 
lower layers of the soil profile, and more time is needed to 
see the effects of drainage on Pd near the soil surface. 

The surface amendments had significant effects on the 
mean Pd requirements, as shown in table 2. Compared with 
no surface amendments, gypsum significantly lowered Pd, 
while spent lime significantly increased Pd. The Pd values 

for GL plots were not significantly different from those for 
GH plots. The mechanisms behind the lower draft or reduced 
soil strength in sodic soils treated with gypsum have been 
documented (Cochrane and Aylmore, 1991; Sumner, 1993). 
The thickness of the diffuse double layer, which affects dis-
persion and swelling, is inversely related to the valence and 
ion strength (Essington, 2015; He et al., 2015). Gypsum 
amendments improved the soil physical properties by replac-
ing Na with Ca at the exchange sites; Ca fosters flocculation 
of aggregates as opposed to Na, which leads to dispersion 
(Choudhary et al., 2011; Emami et al., 2014). Barzegar et al. 
(1994) found that larger aggregates and increasing porosity 
corresponded to decreasing tensile strength. The reduction 
in tensile strength as a result of larger aggregates was at-
tributed to fewer contact points between soil particles, which 
decreased the friction component of the shear strength (Bar-
zegar et al., 1994). Emami et al. (2014) observed a reduction 
in water-dispersible clay from 92.6% to 20.8% after gypsum 
powder application at a rate of 10 Mg ha-1 in a sodic loam 
with initial exchangeable sodium of 35.4% and pH of 9.1. 
Whereas gypsum and spent lime both contain Ca2+ ions, 
which facilitate flocculation of dispersed particles and 
thereby reduce the bulk density, improvement in soil aggre-
gates with CaCO3 use has been reported for low pH soils 
(Scott et al., 2003). An increase in the amounts of fine ag-
gregates (<2 mm) and water-stable aggregates (>100 μm) 
has also been observed with lime application in sodic soils 
(So et al., 1978). The higher mean Pd values for SL at the 
Wyndmere site could be attributed to the high pH, which 
limits the solubility of the CaCO3. 

CaCO3 has been reported to facilitate bridging across soil 
particles, which reduces swelling and increases soil stability 
(Emerson, 1983; He et al., 2015; Keiblinger et al., 2016; 
Richards, 1954; Rimmer and Greenland, 1976) but also in-
creases the shear strength and stiffness of the soil (Cheng et 
al., 2013). The bridging effect may help explain why the SL 
plots had higher Pd requirements compared with the gypsum 
and check plots. CaCO3 may help with trafficability when 
soils are wet and soft, but it may be counterproductive be-
cause it does not reduce Pd requirements once the soil dries 
out, such as during the relatively dry conditions when the 
draft measurements were made on 7 November 2014. So-
dium in the soil increases the soil’s water-holding capacity 
(He et al., 2013); gypsum-soluble salt interactions reduce the 
ability of the soil to hold water, unlike spent lime due to its 
limited solubility. Whereas a higher moisture content may 
reduce the chisel plow’s metal-to-soil friction (Carter, 1990), 
a higher moisture content may also increase the ability of the 
soil to adhere to the implement, thereby increasing the draft 
and drawbar power (Raper and Sharma, 2004). When lime 
is added beyond the limit needed for flocculation, pozzolan-
nic reactions may occur, which increase the strength of the 

 

Figure 4. Monthly averages of Penman evapotranspiration and rainfall
measured at the Wyndmere station of the North Dakota Agricultural
Weather Network for the years 1991 through 2015. 

Table 2. Mean drawbar power for the surface treatments. 

Symbol 
Surface 

Amendments 
Drawbar Power[a] 

(kW) 
GH Gypsum at 22.4 Mg ha-1 50.4 a 
GL Gypsum at 11.2 Mg ha-1 51.2 a 
CK Check 54.8 b 
SL Spent lime at 22.4 Mg ha-1 57.6 c 

[a] Means with the same letter are not statistically different at p = 0.05. 

Month

May June July August September October

ET
 o

r R
ai

nf
al

l, m
m

 

0

50

100

150

200

250

 ET 1991-2015 
 Rain 1991-2015 
 ET 2014 
 Rain 2014 



59(6): 1661-1669  1667 

soil (Bell, 1996). Pozzolannic reactions often occur at pH 
near 12, where Ca(OH)2 reacts with clays to form hydrated 
silicates and aluminates of calcium; this leads to increased 
soil strength and is applied in geotechnical engineering. 
However, Ghobadi et al. (2014) reported lime stabilization 
at pH of 9. Although a higher Pd value was observed with 
spent lime application, Keiblinger et al. (2016) suggested 
that the improvement from spent lime is delayed (long term) 
rather than instantaneous as with the more soluble options of 
Ca. Spent lime application boosts the soil microbial life, ac-
tivities of which could also be observed in the long term 
(Castro and Logan, 1991; Dose et al., 2015). 

There were also significant differences in Pd requirements 
for the combined effects of drainage and surface treatment, as 
shown in table 3. The mean Pd value of the NDGH plots was 
significantly lower than the mean Pd values of the FDGL, 
FDGH, and FDCK treatments, which suggests that drainage 
may have reduced the soil moisture content and hence limited 
the opportunity for soluble Ca to facilitate flocculation of the 
dispersed particles. Although NDGH resulted in the lowest 
drawbar power requirement, its adaptation is unlikely because 
drainage reduces soil moisture and enables trafficability and 
early planting in the spring. Bornstein and Hedstrom (1982) 
observed that drier conditions developed more rapidly in the 
soil profile of subsurface-drained silt loam following spring 
melt compared with a profile without subsurface drainage. 
Measurement of draft, slip, and trafficability in the spring 
would be helpful to further explore drawbar power responses 
to surface amendments and drainage practices. Future studies 
along these lines should also consider more closely matching 
the tractor power and chisel plow size so that slip and traffica-
bility differences may be more easily detected across drainage 
and surface treatments. 

The mean Pd value of the FDCK plots was significantly 
lower than the mean Pd value of the NDCK plots, which 
showed that tile drainage had lower Pd than no tile when 
amendments were not applied. While evaluating the effects 
of conservation tillage and no-till on drained and undrained 
soil in Ohio, Abid and Lal (2009) observed that drainage 
lowered the tensile strength of aggregates. 

In our study, under conditions of no drainage, gypsum 
amendments significantly decreased Pd values. For plots with 
the SL surface treatment, mean Pd values did not differ for 
drained plots compared to undrained plots. The application of 
spent lime on drained and undrained plots offered no reduc-
tion in drawbar power requirement in comparison to the check 
plots with no treatments. Although an increase in drawbar 
power was observed with spent lime application on the soils 

in this study, spent lime has been reported to control Aphano-
myces cochlioides, a pathogen that causes root-rotting in sugar 
beets in the Red River Valley, across a range of application 
rates (DeSutter and Godsey, 2010; Windels et al., 2007). The 
increases in drawbar power need to be weighed against the 
benefits of spent lime application, especially for beet farmers. 
The Pd values may decrease proportionally with decreases in 
the application rate of spent lime. An economic analysis is rec-
ommended to investigate the cost-benefit ratio for applying 
the amendments and the energy saved from reducing Pd re-
quirements for tillage, as well as other supporting manage-
ment implications, such as trafficability, drainage from the 
field, and disease prevention. While the absolute changes in 
Pd were small in this study, in part due to the small width of 
the chisel plow, future comparisons should probably be car-
ried out on a percentage basis. For example, GH saved about 
8% on power compared with CK (table 2), while NDGH 
saved about 13% on power compared with NDCK (table 3). 

CONCLUSIONS 
There were no differences in the drawbar power require-

ments between drained and undrained plots for tillage in fall 
2014, which was 18 months after the application of surface 
amendments and 23 months after installation of subsurface 
drainage. However, results could be different if the tillage ex-
periment was done in the spring instead of the fall. The appli-
cation of gypsum at both high and low rates reduced the draw-
bar power requirements of a sodic soil, whereas spent lime ap-
plication increased the drawbar power requirements compared 
to plots with no amendments. The 22.4 Mg ha-1 gypsum rate 
with no drainage had the lowest mean drawbar power value, 
which was significantly less than all other combined drainage 
and surface amendments except the 11.2 Mg ha-1 gypsum rate 
with no drainage. Under drained conditions, gypsum applica-
tion did not reduce drawbar power requirements compared to 
no amendments, while spent lime increased drawbar power 
requirements compared to no amendments. Under undrained 
conditions, both rates of gypsum application had lower draw-
bar power values compared to no amendments, while spent 
lime application did not decrease drawbar power requirements 
compared with no amendments. Our results indicate that spent 
lime did not decrease the drawbar power values under either 
drained or undrained conditions. 
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Table 3. Mean drawbar power (kW) for combined effects of drainage
and surface amendments. 

Symbol 
Drainage and Surface 

Treatment Combinations 

Drawbar 
Power[a] 

(kW) 
NDGH No drainage, gypsum at 22.4 Mg ha-1 48.9 a 
NDGL No drainage, gypsum at 11.2 Mg ha-1 50.7 ab 
FDGL Free drainage, gypsum at 11.2 Mg ha-1 51.7 b 
FDGH Free drainage, gypsum at 22.4 Mg ha-1 51.8 b 
FDCK Free drainage, check 53.1 b 
NDCK No drainage, check 56.4 c 
NDSL No drainage, spent lime at 22.4 Mg ha-1 57.4 c 
FDSL Free drainage, spent lime at 22.4 Mg ha-1 57.9 c 

[a] Means with the same letter are not statistically different at p = 0.05.



1668  TRANSACTIONS OF THE ASABE 

Mr. Kelly Klosterman of Mooreton, North Dakota, provided 
the chisel plow. The authors acknowledge Sheldon Tuscherer, 
Nathan Derby, Kevin Horsager, James Moos, and Jana 
Daeuber for help with field work, data collection, and photog-
raphy. The authors would like to thank Calcium Products, 
Inc., of Ames, Iowa, for the donation of gypsum and Ameri-
can Crystal Sugar of Moorhead, Minnesota, for the donation 
of spent lime for this project. Use of trade names is for infor-
mation only and does not imply endorsement by North Dakota 
State University or the authors. 

REFERENCES 
Abid, M., & Lal, R. (2009). Tillage and drainage impact on soil 

quality: II. Tensile strength of aggregates, moisture retention, and 
water infiltration. Soil Tillage Res., 103(2), 364-372. 
http://dx.doi.org/10.1016/j.still.2008.11.004 

Al-Kheer, A. A., Kharmanda, M. G., Hami, A. E., & Mouazen, A. 
M. (2011). Estimating the variability of tillage forces on a chisel 
plough shank by modeling the variability of tillage system 
parameters. Comput. Electron. Agric., 78(1), 61-70. 
http://dx.doi.org/10.1016/j.compag.2011.06.001 

Arvidsson, J., Keller, T., & Gustafsson, K. (2004). Specific draught 
for mouldboard plough, chisel plough, and disc harrow at 
different water contents. Soil Tillage Res., 79(2), 221-231. 
http://dx.doi.org/10.1016/j.still.2004.07.010 

ASABE. (2006). EP496.3: Agricultural machinery management. St. 
Joseph, MI: ASABE. 

Baker, C. H., Jr, & Paulson, Q. F. (1967). Geology and ground water 
resources of Richland County, North Dakota: Part III, Ground 
water resources. Bulletin 46. Bismarck, ND: North Dakota 
Geological Survey. 

Barzegar, A. R., Malcolm Oades, J., Rengasamy, P., & Giles, L. 
(1994). Effect of sodicity and salinity on disaggregation and 
tensile strength of an Alfisol under different cropping systems. 
Soil Tillage Res., 32(4), 329-345. http://dx.doi.org/10.1016/0167-
1987(94)00421-A 

Bell, F. G. (1996). Lime stabilization of clay minerals and soils. Eng. 
Geol., 42(4), 223-237. http://dx.doi.org/10.1016/0013-
7952(96)00028-2 

Bennett, J. M., Greene, R. S. B., Murphy, B. W., Hocking, P., & 
Tongway, D. (2014). Influence of lime and gypsum on long-term 
rehabilitation of a red sodosol, in a semi-arid environment of 
New South Wales. Soil Res., 52(2), 120-128. 
http://dx.doi.org/10.1071/SR13118 

Bornstein, J., & Hedstrom, W. E. (1982). Trafficability factor in a 
silty clay loam soil. Trans. ASAE, 25(5), 1240-1244. 

Bronick, C. J., & Lal, R. (2005). Soil structure and management: A 
review. Geoderma, 124(1-2), 3-22. 
http://dx.doi.org/10.1016/j.geoderma.2004.03.005 

Carter, M. R. (1990). Relationship of strength properties to bulk 
density and macroporosity in cultivated loamy sand to loam soils. 
Soil Tillage Res., 15(3), 257-268. http://dx.doi.org/10.1016/0167-
1987(90)90082-O 

Castro, C., & Logan, T. J. (1991). Liming effects on the stability and 
erodibility of some Brazilian oxisols. SSSA J., 55(5), 1407-1413. 
http://dx.doi.org/10.2136/sssaj1991.03615995005500050034x 

Cheng, L., Cord-Ruwisch, R., & Shahin, M. A. (2013). Cementation 
of sand soil by microbially induced calcite precipitation at various 
degrees of saturation. Canadian Geotech. J., 50(1), 81-90. 
http://dx.doi.org/10.1139/cgj-2012-0023 

Choudhary, O. P., Ghuman, B. S., Bijay, S., Thuy, N., & Buresh, R. 
J. (2011). Effects of long-term use of sodic water irrigation, 
amendments, and crop residues on soil properties and crop yields 

in rice-wheat cropping system in a calcareous soil. Field Crops 
Res., 121(3), 363-372. http://dx.doi.org/10.1016/j.fcr.2011.01.004 

Cochrane, H. R., & Aylmore, L. A. (1991). Assessing management-
induced changes in the structural stability of hardsetting soils. 
Soil Tillage Res., 20(1), 123-132. http://dx.doi.org/10.1016/0167-
1987(91)90130-P 

Dallal, G. E. (2015). Obtaining superscripts to affix to means that are 
not significantly different from each other. Retrieved from 
http://www.jerrydallal.com/lhsp/similar.htm 

Dane, H. J., & Topp, G. C. (2002). Methods of soil analysis: Part 4. 
Physical methods. Madison, WI: SSSA. 

DeSutter, T. M., & Godsey, C. B. (2010). Sugar-beet-processing 
lime as an amendment for low pH soils. Commun. Soil Sci. Plant 
Anal., 41(15), 1789-1796. 
http://dx.doi.org/10.1080/00103624.2010.492065 

DeSutter, T., Franzen, D., He, Y., Wick, A., Lee, J., Deutsch, B., & 
Clay, D. (2015). Relating sodium percentage to sodium 
adsorption ratio and its utility in the Northern Great Plains. SSSA 
J., 79(4), 1261-1264. doi: 10.2136/sssaj2015.01.0010n 

Dose, H. L., Fortuna, A.-M., Cihacek, L. J., Norland, J., DeSutter, T. 
M., Clay, D. E., & Bell, J. (2015). Biological indicators provide 
short-term soil health assessment during sodic soil reclamation. 
Ecol. Indic., 58, 244-253. 
http://dx.doi.org/10.1016/j.ecolind.2015.05.059 

Earl, R. (1997). Prediction of trafficability and workability from soil 
moisture deficit. Soil Tillage Res., 40(3), 155-168. 
http://dx.doi.org/10.1016/S0167-1987(96)01072-0 

Emami, H., Astaraei, A. R., Fotovat, A., & Khotabaei, M. (2014). 
Effect of soil conditioners on cation ratio of soil structural 
stability, structural stability indicators in a sodic soil, and on dry 
weight of maize. Arid Land Res. Mgmt., 28(3), 325-339. 
http://dx.doi.org/10.1080/15324982.2013.856357 

Emerson, W. W. (1983). Interparticle bonding. In Soils: An 
Australian viewpoint (pp. 477-498). Melbourne, Australia: 
CSIRO Division of Soils. 

Essington, M. E. (2015). Soil and water chemistry: An integrative 
approach (2nd ed.). Boca Raton, FL: CRC Press. 

Ghobadi, M. H., Abdilor, Y., & Babazadeh, R. (2014). Stabilization 
of clay soils using lime and effect of pH variations on shear 
strength parameters. Bull. Eng. Geol. Environ., 73(2), 611-619. 
http://dx.doi.org/10.1007/s10064-013-0563-7 

Godwin, R. J., O’Dogherty, M. J., Saunders, C., & Balafoutis, A. T. 
(2007). A force prediction model for mouldboard ploughs 
incorporating the effects of soil characteristic properties, plough 
geometric factors, and ploughing speed. Biosyst. Eng., 97(1), 
117-129. http://dx.doi.org/10.1016/j.biosystemseng.2007.02.001 

Grisso, R. D., Kocher, M. F., & Vaughan, D. H. (2004). Predicting 
tractor fuel consumption. Appl. Eng. Agric., 20(5), 553-561. 
http://dx.doi.org/10.13031/2013.17455 

Grisso, R. D., Yasin, M., & Kocher, M. F. (1996). Tillage implement 
forces operating in silty clay loam. Trans. ASAE, 39(6), 1977-
1982. http://dx.doi.org/10.13031/2013.27699 

Harrigan, T. M., & Rotz, C. A. (1995). Draft relationships for tillage 
and seeding equipment. Appl. Eng. Agric., 11(6), 773-783. 
http://dx.doi.org/10.13031/2013.25801 

He, Y., DeSutter, T. M., & Clay, D. E. (2013). Dispersion of pure 
clay minerals as influenced by calcium/magnesium ratios, sodium 
adsorption ratio, and electrical conductivity. SSSA J., 77(6), 2014-
2019. http://dx.doi.org/10.2136/sssaj2013.05.0206n 

He, Y., DeSutter, T. M., Casey, F., Clay, D. E., Franzen, D., & 
Steele, D. (2015). Field capacity water as influenced by Na and 
EC: Implications for subsurface drainage. Geoderma, 245-246, 
83-88. http://dx.doi.org/10.1016/j.geoderma.2015.01.020 

Hellerstein, D., & Malcolm, S. (2011). The influence of rising 
commodity prices on the conservation reserve program. 
Washington, DC: USDA Economic Research Service. Retrieved 

http://dx.doi.org/10.13031/2013.33705


59(6): 1661-1669  1669 

from http://www.ers.usda.gov/webdocs/publications/err110/7770
_err110.pdf 

Hopkins, D., Chambers, K., Fraase, A., He, Y., Larson, K., Malum, 
L., ... Utter, R. (2012). Evaluating salinity and sodium levels on 
soils before drain tile installation: A case study. Soil Horizons, 
53(4). http://dx.doi.org/10.2136/sh12-02-0006 

Ilyas, M., Qureshi, R. H., & Qadir, M. A. (1997). Chemical changes 
in a saline-sodic soil after gypsum application and cropping. Soil 
Tech., 10(3), 247-260. http://dx.doi.org/10.1016/S0933-
3630(96)00121-3 

Keiblinger K., M., Bauer L., M., Deltedesco, E., Holawe, F., 
Unterfrauner, H., Zehetner, F., & Peticzka, R. (2016). Quicklime 
application instantly increases soil aggregate stability. Intl. 
Agrophys., 30(1), 123-128. http://dx.doi.org/10.1515/intag-2015-
0068 

Klocke, N. L., Heermann, D. F., & Duke, H. R. (1985). 
Measurement of evaporation and transportation with lysimeters. 
Trans. ASAE, 28(1), 183-189. 
http://dx.doi.org/10.13031/2013.32225 

Kocher, M. F., Adamchuk, V. I., Smith, J. A., & Hoy, R. M. (2011). 
Verifying power claims of high-power agricultural tractors 
without a PTO to sell in Nebraska. Appl. Eng. Agric., 27(5), 711-
715. http://dx.doi.org/10.13031/2013.39568 

Kyei-Baffour, N., Rycroft, D. W., & Tanton, T. W. (2004). The 
impacts of sodicity on soil strength. Irrig. Drain., 53(1), 77-85. 
http://dx.doi.org/10.1002/ird.105 

Levy, G. J., Goldstein, D., & Mamedov, A. I. (2005). Saturated 
hydraulic conductivity of semiarid soils: Combined effects of 
salinity, sodicity, and rate of wetting. SSSA J., 69(3), 653-662. 
http://dx.doi.org/10.2136/sssaj2004.0232 

Müller, L., Tille, P., & Kretschmer, H. (1990). Trafficability and 
workability of alluvial clay soils in response to drainage status. 
Soil Tillage Res., 16(3), 273-287. http://dx.doi.org/10.1016/0167-
1987(90)90101-I 

Mullins, C. E., MacLeod, D. A., Northcote, K. H., Tisdall, J. M., & 
Young, I. M. (1990). Hardsetting soils: Behavior, occurrence, and 
management. In R. Lal & B. A. Stewart (Eds.), Advances in soil 
science: Soil degradation (pp. 37-108). New York, NY: Springer. 
http://dx.doi.org/10.1007/978-1-4612-3322-0_2 

Naderloo, L., Alimadani, R., Akram, A., Javadikia, P., & Zeinali 
Khanghah, H. (2009). Tillage depth and forward speed effects on 
draft of three primary tillage implements in clay loam soil. J. 
Food Agric. Environ., 7(3-4), 382-385. 

NDAWN. 2016. North Dakota Agricultural Weather Network. 
Fargo, ND: North Dakota State University. Available at 
https://ndawn.ndsu.nodak.edu 

NRCS. (2015). Web Soil Survey. Washington, DC: USDA Natural 
Resources Conservation Service, USDA. Retrieved from 
http://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm 

Oster, J. D., & Jayawardane, N. S. (1998). Chapter 8: Agricultural 
management of sodic soils. In Sodic soils: Distribution, 
processes, management, and environmental consequences (pp. 
125-147). New York, NY: Oxford University Press. 

Qadir, M., Ghafoor, A., & Murtaza, G. (2001). Use of saline-sodic 
waters through phytoremediation of calcareous saline-sodic soils. 
Agric. Water Mgmt., 50(3), 197-210. 
http://dx.doi.org/10.1016/S0378-3774(01)00101-9 

Raper, R. L., & Sharma, A. K. (2004). Soil moisture effects on 
energy requirements and soil disruption of subsoiling a coastal 
plain soil. Trans. ASAE, 47(6), 1899-1905. 
http://dx.doi.org/10.13031/2013.17799 

Reading, L. P., Baumgartl, T., Bristow, K. L., & Lockington, D. A. 
(2012). Hydraulic conductivity increases in a sodic clay soil in 
response to gypsum applications: Impacts of bulk density and 
cation exchange. Soil Sci., 177(3), 165-171. 
http://dx.doi.org/10.1097/SS.0b013e3182408f4f 

Richards, L. A. (1954). Diagnosis and improvement of saline and 
alkali soils. Soil Sci., 78(2), 154. 
http://dx.doi.org/10.1097/00010694-195408000-00012 

Rimmer, D. L., & Greenland, D. J. (1976). Effects of calcium 
carbonate on the swelling behaviour of a soil clay. J. Soil Sci., 
27(2), 129-139. http://dx.doi.org/10.1111/j.1365-
2389.1976.tb01983.x 

Schaefer, S. W., Bischoff, J. H., Froehlich, D. P., & DeBoer, D. W. 
(1989). Effects of exchangeable soil sodium on implement draft. 
Trans. ASAE, 32(3), 812-816. 
http://dx.doi.org/10.13031/2013.31074 

Scott, B. J., Fleming, M. R., Conyers, M. K., Chan, K. Y., & Knight, 
P. G. (2003). Lime improves emergence of canola on an acidic, 
hardsetting soil. Australian J. Exp. Agric., 43(2), 155-161. 
http://dx.doi.org/10.1071/EA01127 

So, H. B., & Aylmore, L. A. (1993). How do sodic soils behave: The 
effects of sodicity on soil physical behavior. Australian J. Soil 
Res., 31(6), 761-777. http://dx.doi.org/10.1071/SR9930761 

So, H. B., Tayler, D. W., Yates, W. J., & McGarity, J. W. (1978). 
Amelioration of structurally unstable grey and brown clays. In W. 
W. Emmerson, R. D. Bond, & A. R. Dexter (Eds.), Modification 
of Soil Structure (pp. 325-334). Chichester, UK: Wiley. 

Steinbruegge, G. W., & Larsen, L. F. (1966). Determining drawbar 
performance characteristics of new tractors. Trans. ASAE, 9(2), 
225-226. http://dx.doi.org/10.13031/2013.39932 

Suarez, D. L., Wood, J. D., & Lesch, S. M. (2008). Infiltration into 
cropped soils: Effect of rain and sodium adsorption ratio-
impacted irrigation water. J. Environ. Qual., 37(5S), S169-S179. 
http://dx.doi.org/10.2134/jeq2007.0468 

Sumner, M. E. (1993). Sodic soils: New perspectives. Soil Res., 
31(6), 683-750. http://dx.doi.org/10.1071/SR9930683 

Szabolcs, I. (1989). Salt-affected soils. Boca Raton, FL: CRC Press. 
Ucgul, M., Fielke, J. M., & Saunders, C. (2014). Three-dimensional 

discrete element modelling of tillage: Determination of a suitable 
contact model and parameters for a cohesionless soil. Biosyst. 
Eng., 121, 105-117. 
http://dx.doi.org/10.1016/j.biosystemseng.2014.02.005 

Ucgul, M., Fielke, J. M., & Saunders, C. (2015). Three-dimensional 
discrete element modelling (DEM) of tillage: Accounting for soil 
cohesion and adhesion. Biosyst. Eng., 129, 298-306. 
http://dx.doi.org/10.1016/j.biosystemseng.2014.11.006 

Upadhyaya, S. K., Williams, T. H., Kemble, L. J., & Collins, N. E. 
(1984). Energy requirements for chiseling in coastal plain soils. 
Trans. ASAE, 27(6), 1643-1649. 
http://dx.doi.org/10.13031/2013.33019 

Wamono, A. W., Steele, D. D., Lin, Z., DeSutter, T. M., Jia, X., & 
Clay, D. (2016). Effects of calcium-based surface amendments 
on the penetration resistance of subsurface drained sodic soils. 
Trans. ASABE, 59(4), 869-877. 
http://dx.doi.org/10.13031/trans.59.11516 

Wiedemann, H. T., & Cross, B. T. (1994). Chain diker draft and 
power requirements. Trans. ASAE, 37(2), 389-393. 
http://dx.doi.org/10.13031/2013.28089 

Windels, C. E., Brantner, J. R., Sims, A. L., & Bradley, C. A. (2007). 
Long-term effects of a single application of spent lime on sugar 
beet, Aphanomyces root rot, rotation crops, and antagonistic 
microorganisms. Fargo, ND: Sugarbeet Research and Education 
Board. Retrieved from 
http://www.sbreb.org/research/plant/plant07/08longtermeffectssp
entlimereport.pdf 

Yahya, A., Zohadie, M., Kheiralla, A. F., Giew, S. K., & Boon, N. E. 
(2009). Mapping system for tractor-implement performance. 
Comput. Electron. Agric., 69(1), 2-11. 
http://dx.doi.org/10.1016/j.compag.2009.06.010 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


