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1 Geometric mean particle diameter (GMD) = calculated from the sand particle size distribution.

1 Cu (Coefficient of uniformity) = where D60/D10; “acceptable value” = 2 to 4, higher value = less
uniformity, optimumvalue = 2 to 3, a value < 2 |ess likely to pack tightly.

§ Gl (Gradation index) = where D90/D10; lower values indicate a higher potential for surface

instability, acceptable range 3 to 6, preferred range 4 to 5. m
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doubling of the sand’s bearing capacity or a much
firmer sand root zone surface (2, 3). For bunker
sands that need to infiltrate and drain rapidly,
the addition of significant fines would be risky
because it might result in excess water retention

and make the sand more prone to erosion when
installed on slopes.

In addition to particle size distribution, sand
particle shape has a strong influence on play-
ing quality and maintenance. Particle shape is
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classified by examining the relative sharpness
of particle edges and the overall particle shape,
referred to as angularity and sphericity, or round-
ness. These characteristics can have a strong
influence on surface firmness and resistance to
erosion. For example, a low-sphericity, very an-
gular sand generally has a high surface strength
and would likely stay in place on bunker faces.
By contrast, a high-sphericity, rounded sand is
more likely to be soft and more prone to erosion
during regular maintenance or following irriga-
tion and rainfall events.

Complicating the bunker sand selection pro-
cess are subjective qualitative characteristics,
such as color or immediate cost, which often
strongly influence the final decision with little
thought being placed on the possible implica-
tions regarding long-term maintenance needs
or costs.

The objectives of this laboratory study were
to (1) characterize the physical properties of a
wide variety of commercially available sand sized
materials that are being used in golf course sand
bunkers and (2) determine if certain physical
properties can be used as predictors for sand
surface hardness or resistance to golf ball pen-
etration as measured using a modified pocket

pcnct rometer.

MATERIALS AND METHODS

Twenty-six sand materials were collected from a
variety of sand suppliers throughout the United
States (Table 1). About one gallon of each sample
was obtained, air-dried and mixed well before
analysis. Subsamples (60 grams) from the center
of each sand were removed and oven-dried to de-
termine particle size distribution using the pipet
method and dry sieving on three replicate sam-
ples. The remaining sand was used to determine
firmness as measured by resistance to penetration
with a modified pocket penetrometer.

Each sample was placed in a 15-cm-diameter
round plastic vessel and compacted to a 10-cm
depth. The modified penetrometer was inserted
using even and steady pressure until one-half the
depth of a USGA-approved golf ball was buried.
The value was recorded, and the device reset.
This procedure was replicated five times, the
sand surface was resmoothed, and the test ves-
sel was repacked to the desired depth between
measurements.

To determine angle of repose, 20-gram
samples of oven-dried sand were placed in a
26-mm-diameter plastic centrifuge tube with a
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5-mm-diameter opening at the bottom that was
mounted perpendicular to a standard microscope
stage. On the microscope stage, a circular pad
marked with a measurement scale (marked in
mm) radiated out from a central point. The tube
was placed flush in the center of the measurement
scale, and the sand was installed. The tube was
raised slowly and steadily until all sand exited.
The distance from the center of the scale to the
edge of the resultant sand cone was recorded at
eight locations and the height of the sand cone
measured using calipers to the nearest millime-
ter. This process was repeated three times, and
the average radius and cone height were used to
calculate angle of repose. Additionally, each sand
was visually evaluated for overall particle shape
and color using angularity/sphericity and Munsell
color charts (data not presented), respectively.

The particle size distribution of each sand
was used to calculate geometric mean diam-
eter, coefficient of uniformity and gradation
index (4, 5, 6). In addition to the bunker sand
materials, three materials were included for
general comparison. These standards included
a medium-coarse putting green root zone sand,
a medium-fine topdressing sand and rounded
laboratory glass beads.

WHAT WE DISCOVERED

In the laboratory study, we evaluated a variety
of commercially available sand products from
several regions of the United States. The sands
included naturally mined sands, screened and
washed sands, as well as some manufactured
sands generated by a rock-crushing process.
In addition to the bunker sand products, three
sand-sized materials were included for general
comparison. These standards included a putting
green root zone sand, a fine sand topdressing and
laboratory glass beads. All sands were evaluated
for visual characteristics such as particle shape
and color, but also for their general phical prop-
erties (Table 1).

As expected, sand color varied widely rang-
ing from white to cream, tan and brown (data
not presented). Of all selection characteristics,
color appears to be the most subjective criteria
and should be one of the last factors considered
when selecting a sand for bunker use.

Probably one of the more routine measure-
ments conducted on sands is that of determin-
ing the sand’s particle size distribution. Once
the particle size distribution is determined, this
data can sometimes be used to infer physical

performance characteristics. Three properties
— geometric mean diameter, the coefficient of
uniformity and gradation index — were calculated
from the particle size distribution. As expected,
there was a wide range in particle size distribu-
tion which resulted in quite a bit of variation in
the associated calculated values.

For GMD, which is one method for distilling
a PSD down into a single value and provides
an overall sense for the relative coarseness or
fineness of the sand, values ranged from 0.35 to
0.95 mm (Table 1). Although this is a convenient
method for reducing a PSD down into a single
manageable value, it can also be somewhat mis-
leading. For example, the laboratory glass beads
had a very narrow PSD with 100 percent of the
particles in the 0.5 and 0.25 mm size classes
and a GMD of 0.71. This value was identical
to four other sand materials with dramatically
different PSDs.

Based on the very narrow PSD of the glass
beads, it would be predicted this material would
be rather unstable or soft, simply because of the
lack of bigger or smaller size classes necessary to
fill in voids around the existing two size classes
and increase surface stability. Generally, how-
ever, for abunker sand, a minimum value greater
than 0.5 mm would be desirable because below
this value the sand may drain too slowly when
installed in low-lying bunker bottoms.

For the coefficient of uniformity, which is a
numerical expression of how uniform the particle
sizes are and another value that could be used to
predict how likely sand particles are to pack, the
values ranged from 1.47 to 5.28. Some references
suggest acceptable Cu values are between 2 and
4 (5). Generally, a higher value suggests less uni-
formity and a greater range of particle sizes. Cu
values below 2 suggest a tendency for the particles
to pack less tightly. Of the sands evaluated, 19 of
the 26 sands fell within the acceptable range.

A similarly calculated property is the gradation
index, for which values ranged from 1.91 to 8.89.
For GI values, lower values indicate a higher
potential for surface instability with a suggested
acceptable range of 3 to 6 and a preferred range
of 4 to 5. For these sands, 11 of the 26 fell in the
acceptable range, while only three were in the
preferred range and included Green Plus, Pro
White bunker sand, and Sidley #1600.

In addition to analysis of data associated with
the PSD, visual inspection of the sand particles
resulted in a substantial variation. For spheric-
ity or roundness, the sands ranged from low to

ever call
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Research

high, with most sands possessing a medium
sphericity. The laboratory glass beads were
highly spherical. For angularity, the sands
ranged from subangular to very angular, with
the majority of sands possessing a subangular
shape. Generally, a more angular and less
rounded sand has a higher tendency to pack
tightly and result in a desirable firm sand
characteristic.

One additional measurement that might
help laboratories predict sand firmness is the
angle of repose (Table 2). This measurement,
which is a calculation expressed as degrees, is
derived from measuring the mean diameter of
the base and apex height of a dry sand cone.
Coarser textured, more angular sands with
wider PSDs are more likely to stack higher,
resulting in a narrower base and taller cone
apex and ultimately a greater angle of repose.
For the sands evaluated in this study, the angle
of repose values ranged from 21.8 to 35.4
degrees. The lowest values occurred for the
rounded laboratory glass beads and the highest
value was associated with Tour Grade 50/50.
Most sands had an angle of repose between
31 and 32 degrees.

PHYSICAL PROPERTIES AND FIRMNESS

Besides the highly subjective characteristic
color, one of the most important bunker sand
properties is firmness manifested as resistance
to golf ball penetration or the sand’s ability
to avoid producing a buried golf ball lie. The
values for the modified pocket penetrometer
ranged from 0.1 to 3.32 kg cm*, with higher
values being more desirable (Table 2).

When interpreting this data, the scale most
often used is presented in Table 3. Of the sands
evaluated, only five sands had a penetrometer
value greater than 2.0 kg cm?, while the major-
ity of the sands were between 1.2 and 2.0 kg
cm®. As expected, the rounded laboratory glass
beads with a narrow particle size distribution
produced a penetrometer value of 0.1 kg cm™
and was softest. Generally, a value greater than
2.2 kg cm™would be desirable as it’s purported
to have only a slight tendency to produce a
buried golf ball lie.

NO STRONG INDICATOR

When evaluating all the physical data for these
bunker sands, no single measured or calculat-
ed property was a strong indicator or predictor
that could be correlated with penetrometer
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values. Although five sands had penetrometer
values greater than 2.0 kg cm?, the GMD, Cu,
GI and angle of repose data was highly variable.
For example, crushed limestone had the highest
penetrometer value, 3.32, but a Cu that was less

than 2.0 and a GI of 3.53. This indicates that
other properties might influence sand surface
hardness such as particle surface roughness. The
two firmest sand products, crushed limestone
and Pro Angle with penetrometer values of 3.32
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and 2.84 kg cm?, respectively, were mechani-
cally crushed products. This process might affect
surface roughness and allow the particle surface
architecture to bridge or link with adjacent par-
ticles better than naturally mined materials.

When evaluating sands for golf course bunker
use, enlisting the assistance of an accredited
testing laboratory is highly recommended. These
laboratories can run a variety of physical tests and
be extremely helpful during the selection process.
In addition to the tests run in this study, these
laboratories can also assess other properties like
crusting potential and infiltration rate. Addition-
ally, these laboratories probably are familiar with
many of the existing, regionally available sands
that might already have been characterized.

To date, data most helpful for determining
surface hardness is the modified pocket pen-
etrometer test. This test, however, has met with
some criticism because of perceived reliability
and variability in measurements among users.
Other quantitative methods are under evaluation
at several research laboratories. GCl

Cale Bigelow, Ph.D., is an assistant professor of
agronomy at Purdue University in West Lafayette,
Ind. Douglas Smith, Ph.D., is an associate profes
sor with the USDA-ARS, National Soil Erosion

Research Laboratory in West Lafayette, Ind.
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