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"Testing the impact attenuation of loose-fill

playground surfaces

Mick G Mack, Jeftrey J Sacks, Donna Thompson

Abstract

Objectives—Our objective was to measure
the impact attenuation performance of
five types of loose-fill playground surfaces
at a variety of drop heights, material
depths, and conditions.

Methods—In a laboratory setting, an in-
strumented head form was dropped on
varying depths of loose-fill materials at
one foot height increments until critical
deceleration values were exceeded. The
effects of test box size, material tempera-
ture, and compression were also studied.
Results—Data suggest that a larger test
box size influences test results. Uncom-
pressed materials performed quite unex-
pectedly, that is, resilience did not
necessarily increase with increasing depth
of material and temperature did not have
uniform effects. Compression before test-
ing improved consistency of results.
Conclusion—The current standard test
procedure (ASTM F1292) appears prob-
lematic for loose-fill materials. Qur re-
sults indicate that (1) shredded rubber
was the best performer; (2) there was little
difference between sand, wood fibers, and
wood chips; and (3) pea gravel had the
worst performance, making it a poor
choice for playground surfacing.

(Injury Prevention 2000;6:141-144)
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Thousands of children are injured each year on
playgrounds throughout the world. In the
United States, approximately 200 000 children
are injured annually and about 70% involve a
fall to the playground surface.' Indeed, the
nature of the surfacing under and around play-
ground equipment can be a major factor in
determining the injury causing potential of a
fall.? Absence of a shock absorbent surface
increases the risk of injury in a fall.” Accord-
ingly, playgrounds are surfaced with a variety of
impact absorbing materials, ranging from
loose-fill materials (sand, pea gravel, wood
chips, etc) to manufactured materials (rubber
mats, rubber tiles, etc).*

The 1991 publication of the American Soci-
ety for Testing and Materials (ASTM) F1292
standard specification for impact attenuation
of surface systems under and around play-
ground equipment’ provided a means of com-
paring the shock absorbency of surface materi-
als. The standard allows a depth specific and
surface specific critical height to be defined;
falls below the critical height are not likely to
produce life threatening, serious head injuries,
while those above that height may. To deter-

mine critical height, an instrumented head
form is dropped from a known height onto a
surface of known depth, and deceleration is
measured. If the resulting deceleration is less
than 1000 for the head injury criterion (HIC)’
and 200 for g-max,’ then the height is deemed
safe and the drop height is increased one foot
for the next test. The last one foot height at
which the HIC and g-max values stay below the
specified limits is termed the critical height.

Test results are readily available from manu-
facturers of playground surface materials, such
as rubber mats; however, because many loose-
fill materials are generally sold for purposes
other than playground surfacing, the shock
absorbing properties of these materials are
rarely provided. The US Consumer Product
Safety Commission’s (CPSC) impact absorp-
tion tests of loose-fill materials provide the only
data on critical heights of some loose-fill
materials.® ” Concerned with risk management
and safety, many playground managers select
surfaces on the basis of these test results.

Research suggests that test results may be
influenced by size of the test box, temperature,
and compression of the material,’ ® but these
issues have not been systematically quantified.
ASTM F1292 specifies that a box with a mini-
mum inside dimension of 18 x 18 inches be
used. ASTM F1292 also specifies that samples
are to be temperature conditioned a minimum
of four hours and testing must be started within
one minute of taking a sample out of the tem-
perature setting chamber; tests are to be
conducted at 30°, 72°, and 120°F (—=1°, 23°,
and 49°C). Because of the size and weight of
loose-fill aggregates, it is physically impossible
to set up and begin testing within one minute
of taking the sample out of the conditioning
chamber.®® Additionally, if conditioned for
only four hours, materials do not always main-
tain the appropriate temperature throughout
the testing procedure. Thus, material tempera-
tures during tests may not be what were
intended. Finally, ASTM F1292 makes no
specification regarding compression, a condi-
tion likely to be seen in real world use of these
materials.

Accordingly, the goal of this study was to
systematically examine impact attenuation
performance of loose-fill playground surfaces
at a variety of drop heights and material depths,
and ascertain the effects of box size, tempera-
ture, and compression.

Methods

MATERIAL SELECTION

Five loose-fill materials in common use for
playgrounds were selected: sand, pea gravel,
wood chips, engineered wood fibers, and
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shredded rubber. We used ASTM standards
for material selection whenever possible.®

ASTM C897 plaster sand’ was selected
because of its availability and because its
coarseness lies between the fine and coarse
sand described in the CPSC handbook.” Con-
sumers find it difficult to follow CPSC
guidelines because there is no standard defini-
tion of pea gravel.® Accordingly, because larger
particles may cause more serious injuries if
thrown by children, it is recommended that
aggregates no greater than 3/8 inches be used
on playgrounds. ASTM C33 concrete
aggregates'’ is the only ASTM gravel specifica-
tion that meets this requirement. Unfortu-
nately, aggregates meeting the ASTM C33
standard are not readily available across the
US; however, a uniform 3/8 inch gravel is con-
sistently available. Therefore, rounded gravel
particles not greater than 3/8 inches maximum
or nominal size which were washed, free of
dust, clay, dirt, or foreign objects was selected
as sample material. ASTM also does not
provide a standard for wood chips; conse-
quently, the sample specifications followed the
CPSC handbook description—that is, it con-
sisted of random sized wood chips, twigs, and
leaves collected from a wood chipper being fed
tree limbs, branches, and brush. The sample
was shredded at least two weeks before the
testing date. ASTM standards are not available
for engineered wood fiber, so this manufac-
tured product consisted of random sized engi-
neered wood fibers from recognized hard-
woods, as described in the CPSC handbook.”
There is also no ASTM standard for shredded
rubber; the sample consisted of #10 mesh
crumb shredded rubber particles from recycled
materials.

TEST EQUIPMENT

All impact attenuation tests were conducted by
Detroit Testing Laboratory, an independent
laboratory accredited by the American Associ-
ation for Laboratory Accreditation to Inter-
national Standards Organization/International
Electrotechnical Commission guide 25 re-
quirements. Test equipment consisted of: (a)
12 foot Detroit Testing Laboratory impact
tower; (b) KIA metal headform for procedure
C, test method F355; (c) KME, HIC computer
IV, M/N 300 series; (d) Piezotronics, acceler-

Table 1  Average head injury criterion (HIC) and g-max values for 6 inches of shredded
rubber ar ambient temperature by box size and drop height

Drop HIC g-max

height

(feer) 18% 18 18 % 36 % Difference 18% 18 18% 36 % Difference
1 8.7 9.4 0.1 15.7 15.4 -1.9
2 31.6 30.2 -4.4 26.6 25.4 -4.5
3 71.6 53.4 -25.4 39.3 32.6 -17.0
4 118.6 88.8 -25.1 49.9 41.4 -17.0
5 182.0 145.1 -20.3 61.4 53.0 -13.7
6 241.6 227.8 =5.7 70.9 66.4 -6.3
7 325.7 288.5 -11.4 82.3 73.6 -10.6
8 394.7 382.7 -3.0 90.5 85.1 -6.0
9 548.6 426.2 -22.3 108.3 89.6 -17.3
10 674.5 585.1 -13.3 120.7 106.8 -11.5
11 820.6 711.8 -13.3 134.1 119.8 -10.7
12 1117.0 917.1 -17.9 158.8 139.1 -12.4
Mean difference -13.5 -10.7
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ometer, M/N 353B17; (e¢) GSE, load cell, M/N
5353-2K; and (f) Daytronic, strain gauge indi-
cator, M/N 3170. Equipment was calibrated
according to American National Standards
Institute/National Conference of Standard
Laboratories Z540-1-1994.

TEST PROCEDURES

All tests met the specifications of ASTM
F1292-95," with modifications as noted
below. The test procedure required the head
form to impact the material in the center of the
box. After conditioning a sample for at least
four hours before testing (to bring to the
desired temperature), two thermocouples were
placed in the sample, at approximately two
inches and midway deep to verify maintenance
of proper temperature throughout the test. If
temperatures varied £2°F beyond specified, the
test was aborted and completely repeated. The
initial drop height was one foot and was
increased in one foot intervals until the critical
height was reached, that is, until HIC value
exceeded 1000 or g-max exceeded 200 or 12
feet was reached (the maximum height of the
Detroit Testing Laboratory impact tower).
HIC and g-max values were calculated based
on the average of the second and third drops at
each height."

Stage 1—effect of box size

Tests were conducted using a box with interior
dimensions of 18 x18 inches and a box with
interior dimensions of 18 x 36 inches. The test
material was 6 inches of shredded rubber.

Stage 2—effect of depth and temperature

Each of the five samples were tested at depths
of 3, 6, 9, and 12 inches at three temperatures
(30°, 72°, and 120°F).

Stage 3—effect of compression

The sample box was filled to the required
depth. A machine loaded the top of the sample
with a plate to 1.125 Ib per square inch (729
Ib). We chose this load because we felt it repre-
sented the compression produced by a 95th
percentile 12 year old (the upper age for which
public playground equipment is designed).
Drop height was measured from the com-
pacted depth.

Results

Stage 1—effect of box size

Head injury criterion values for 6 inches of
shredded rubber tested at ambient temperature
were an average of 14% lower for the 18 x 36
inch box than the 18 x 18 inch box (table 1).
Decreases in HIC values ranged from 0% to
25%. Similarly, the 18 x 36 inch box resulted in
an 11% average reduction of g-max compared
with the 18 X 18 inch box; decreases in g-max
ranged from 2% to 17%. The 18 x 36 inch box
was used for all subsequent tests because box
size influenced the impact attenuation test
results and because the larger box size was
thought to better represent actual playground
conditions.
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Table 2 Critical heights in feet for loose-fill materials, by compression status, Fahrenheit temperature, and material depth

i);gzh (inches) Gravel Sand Wood chips Wood fibers Rubber
compression
status 30° 72° 120° 30° 72° 120° 30° 72° 120° 30° 72° 120° 30° 72° 120°
Uncompressed
4 3 5 7 6 6 4 4 4 5 5 4 4 3 4
6 8 6 7 12 10 9 8 8 6 9 10 8 12 12 12
9 6 5 8 11 10 12 10 11 9 12 12 10 12 12 12
129 5 8 12 8 10 12 12 12 12 12 12 12 12 12
Compressed
3 5 5 4 7 6 6 4 4 4 4 4 4 4 5 3
6 4 4 4 8 12 10 8 6 6 8 7 7 12 12 12
9 8 6 5 10 12 10 10 9 8 11 9 10 12 12 12
12 9 8 6 12 11 12 12 12 12 12 12 12 12 12 12

Stage 2—effect of depth and temperature on
uncompressed materials

Uncompressed materials behaved idiosyncrati-
cally and inconsistently. For sand and gravel,
there were considerable differences between
the values of HIC and g-max for the three
drops, while wood chips, wood fibers, and
shredded rubber were more consistent. For
gravel, the reading for the second drop at each
height was always higher than the first (an
increase of 150% to 200% was not uncom-
mon). However, the third drop was often less
than the second. There were also differences
between the first and second drop values for
sand. Temperature and depth influenced these
differences. At 30°F and 120°F, the readings
for the second and third drops were similar.
However, at 72°F the differences appeared
related to depth. For drop heights over 2 feet,
the 6 inch and 9 inch depths recorded a third
drop that was always lower than the second.
Conversely, at 12 inches the second value was
always lower (data available upon request).

Critical drop heights did not necessarily
increase with increasing depths of material, and
temperature did not have a uniform effect
within a material (table 2). For gravel and sand,
as the depth increased, critical height did not
consistently increase, as would be expected.
Ambient conditions resulted in the lowest
critical heights for all depths of gravel. Extreme
temperatures tended to improve both sand and
gravel impact attenuation. For sand, it is noted
that increasing temperature resulted in lowered
critical heights at 6 inches but not at a 9 inch or
12 inch depth.

The critical height for wood chips increased
as the depth increased at all three tempera-
tures. The effectiveness of wood chips de-
creased slightly at 120°F for the 6 inch and 9
inch depths. However, these differences were
not as evident at 12 inches. Like wood chips,
critical heights of engineered wood fibers
increased as the material depth increased.
Again there were slight differences for the
120°F condition that were not evident at 12
inches. Uncompressed shredded rubber dis-
played excellent impact attenuation character-
istics. The 6, 9, and 12 inch depths all had a
critical height of 12 feet and were not
significantly affected by temperature. Data (not
shown) indicated that impact attenuation
increased as the depth of material increased—
for example, for a drop height of 12 feet under
ambient conditions, 6 inch depth values were

HIC = 917 and g-max = 139; 12 inch values
were HIC = 190 and g-max = 48.

Stage 3—effect of compression

Most materials displayed little compaction
(<0.5 inches) at the 3, 6, and 9 inch depths.
However, at the 12 inch depth, gravel and sand
maintained a compaction near 0.5 inches,
while wood chips, wood fibers, and shredded
rubber showed much more compaction with
maximum readings of 2.5 inches, 2 inches, and
1.875 inches respectively.

HIC and g-max values for compressed
materials revealed second and third drop read-
ings that were fairly consistent. Again, sand and
gravel displayed the greatest variability.

When compressed, the impact attenuation
characteristics of these five loose-fill materials
suggested that increases in surface depth
corresponded with increases in critical height
for all test conditions except 6 inches of gravel
and 12 inches of sand (table 2). The discrep-
ancy for 12 inches of sand at 72°F could be the
result of an outlier, because the second drop
was 98% higher than the first and 63% higher
than the third (129, 254, and 155 g-max,
respectively). In general, wood fiber, gravel,
and wood chips performed better at cooler
temperatures while sand performed slightly
better under ambient conditions. Impact at-
tenuation for shredded rubber improved as
depth increased, with HIC values decreasing
from 829 to 190 and g-max decreasing from
131 to 47 (6 inch and 12 inch depth
respectively). By comparison, 12 inches of
other materials with a critical height of 12 feet
resulted in values considerably higher (shred-
ded rubber: 190, 47; wood fibers: 738, 119;
wood chips: 754, 119; and sand: 788, 192; HIC
and g-max respectively).

Discussion

Our results suggest that the current standard® "'
used to test impact attenuation characteristics
of loose-fill materials for playground surfaces
may produce unreliable (and possibly invalid)
results. In considering our results, it is
important to keep in mind three main limita-
tions of this work. First, we explored test box
size effects for only one material at one
temperature and one depth. Second, our load
compaction may not accurately simulate the
effect of many children playing on a play-
ground surface over a long period. Third,
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because of the expense, we did not go beyond
the minimum tests specified in ASTM
F1292—that is, we did only three drops at each
height and material depth. Nevertheless, po-
tential users of these materials for playgrounds
need to be extremely cautious when interpret-
ing test results for uncompressed loose-fill sur-
face materials. While some materials had fairly
consistent readings, uncompressed gravel and
sand produced erratic results. Data indicating
that a 6 inch depth of sand or gravel has better
resilience (that is, a higher critical height) than
a 12 inch depth are counterintuitive. While this
test result may be due to chance, it suggests
that the current test methodology may be
problematic for loose-fill materials in that it can
produce such findings.

A likely explanation is that critical heights
are based on the average of the second and
third drop. During our tests, uncompressed
gravel readings for the second drop at each
height were always considerably higher than
the first (an increase of 150% to 200% was not
uncommon), indicating that the surface may
have been displaced or compressed by the first
drop. However, the third drop was often less
than the second, which suggests that the
displaced material fell back into the indenta-
tion before the third drop. Uncompressed sand
showed erratic and unpredictable values based
on the average of the second and third drops, as
well as an effect of temperature and depth.
These drop specific differences for sand and
gravel raise questions about how these materi-
als perform on an actual playground. Averag-
ing additional drops might provide more
representative test results for these materials.’
For wood fibers, wood chips, and shredded
rubber, averaging the second and third drops
appeared appropriate and representative.

We found differences between uncom-
pressed and compressed samples in consist-
ency of results and critical heights. The
compressed state showed a fairly orderly
increase in critical height as material depth
increased. The compressed/uncompressed dif-
ferences were particularly evident for sand and
gravel—that is, 10 of 24 tests showed better
critical heights for compressed surfaces. Per-
haps, compression reduces the amount of
displacement that occurs between the three
drops. Further testing and study is necessary to
see if compression provides a better represen-
tation of loose-fill material performance in
actual playground conditions.

Our critical height results are discrepant with
the CPSC’s results,” evidencing differences of
one to greater than three feet (table 3). For
example, the CPSC lists 5 feet as the critical
height for 9 inches of uncompressed sand (both
fine and coarse), while this study obtained a
critical height of 10 feet—twice as high.
Although we only tested the effect of box size
with one material at one temperature and one
depth, our research and that of others®®
suggests that our use of an 18 x 36 inch box

Mack, Sacks, Thompson

Table 3 Critical drop heights in feet for uncompressed
materials, by source and material depth

Depth Wood Wood

(inches)  Source Gravel Sand  chips fibers

6 CPSC? 6 5 7 6
This study 6 10 8 8

9 CPSC? 7 10 7
This study 5 10 11 10

12 CPSC? 10 6-9 11 >12
This study 5 8 12 12

CPSC = Consumer Product Safety Commission.

may explain some of these differences, as its use
results in higher critical heights. We believe that
a larger box better simulates actual playground
conditions. However, the effects of box size
need further exploration, as does a comparison
of laboratory tests to real field conditions.

Implications for prevention

Our results suggest a need to improve the
ASTM F1292 standard for loose-fill
materials.” "' Variables to consider include
modifying the box size, better controlling tem-
perature conditions, adding a compression
component, and performing more drops to
average the results. In the meantime, although
consumers need to exhibit caution in over-
reliance on test results, our results indicate that
the performance of shredded rubber was
clearly superior, and that there was little
performance difference between sand, wood
fibers, and wood chips. Pea gravel had the
worst impact attenuation performance; com-
pared with other available loose-fill materials,
we believe pea gravel is a relatively poor choice
as a safe playground surface and should not be
used under equipment over 6 feet tall.

This publication was supported by grant number U17/
CCU712119-02 from the Centers for Disease Control and Pre-
vention (CDC).
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