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Abstract

A series of tests were conducted to determine the tangent modulus (vertical
stiffness) values for a wax-coated granular composite material. This material is
commonly used as the surface for Thoroughbred horse racetracks. The tangent
modulus is important in the vertical loading of the surface by the hoof for
a highly nonlinear material. Test temperatures span a range from 0 to 64◦C
and include the thermal transition regions of the wax coating obtained from
differential scanning calorimetry tests. These temperatures also include the
range of temperatures that are encountered during use. Creep tests were
conducted to obtain steady-state strain conditions at loads ranging from 0.89 to
4.45 kN, the latter load approximating the weight of a Thoroughbred racehorse.
Through-transmission ultrasonic waves were utilized to determine the tangent
modulus values. The tangent moduli ranged from 74 to 573 MPa for the
conditions tested. For all loads tested, a large decrease in modulus and decrease
in material nonlinearity occurred as temperatures increased from 20 to 32◦C.
This temperature range matches the first thermal transition temperature for
the wax coating of the track material. The results of this work provide a basis
for racetrack maintenance decisions that can eliminate potentially adverse
temperature effects and may reduce equine injuries.

Introduction

To date, nine Thoroughbred horse racetracks in North
America have switched from dirt surfaces to synthetic
granular composite surfaces in an effort to reduce
equine injuries (although one has recently switched
back to dirt). Subsequent synthetic track injury
reports have been promising; for example, following
the 2005–2006 winter–spring meet at Turfway Park
in Kentucky, fatal equine racing injuries dropped from
24 to 3.1 Racing data collected in California between
2004 and 2009 has shown an average reduction in
Thoroughbred fatalities from 3.09 per 1000 racing
starts on dirt surfaces to 1.95 per 1000 racing starts on
synthetic surfaces.2 These statistics may be attributed,
in part, to an improved track base installed during the
replacement of the existing dirt tracks but also due to

a more consistent racing surface.3,4 The consistency of
the synthetic tracks is influenced by the hydrophobic
wax (or polymer)-coated materials that reduce the
effect of moisture, a primary variable in traditional
dirt and turf surfaces.5

The construction of the synthetic track systems
generally consists of an approximately 250-mm
thick layer of synthetic granular track material that
rests on porous macadam (asphalt) or other porous
geotextile. Under this layer is stone/aggregate that
covers a network of drainage pipes.6,7 The synthetic
material differs from dirt used in conventional
tracks as it generally contains silica sand, polymer
fibers, and rubber particles all of which is coated
with a hydrocarbon paraffin-based, high-oil content
wax. One representative track manufacturer cites
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percentages (by mass) of material constituents as:
>50% sand, <5% fibers, 0–15% rubber, and 5%
wax.8 Soxhlet extraction tests of a California synthetic
racetrack surface at 10 locations around the track
gives a combined sand and rubber mass percentage
of 85%, 7% fibers, and 8% wax.9 Laboratory tests
performed by authors on five synthetic racetrack
surfaces show wax contents ranging from 5 to
7.3% by mass.10 Other tests by same authors
have also verified the loss of the wax binder
over time, thus requiring the periodic reapplication
of wax on the track surface. The sand, fibers,
and rubber can differ in type, size, and shape,
and the wax binder can also vary in hydrocarbon
composition.

The purpose of this study is to determine the effect
of normal operational temperatures on the tangent
modulus or ‘‘vertical stiffness’’ of the racetrack surface
at a range of applied loads. The tangent modulus
gives an indication of the softness or hardness of a
material, such as a wax-coated granular composite,
that exhibits nonlinear stress–strain behavior and no
set yield point.11 There can be a significant span in
daily racetrack operating surface temperatures. At
the Del Mar, California synthetic racetrack, summer
daily track surface temperatures were found to
fluctuate from 20 to over 50◦C (68–122◦F) over a
4-day period.12 Previous work with samples taken
from the same track as this study involved analyzing
the thermal characteristics of the wax coating using
differential scanning calorimeter (DSC) and its effect
on the triaxial shear strength.10,11 It was found that
the shear strength of the track corresponds to the
DSC thermal transition regions of the wax coatings
that also encompass typical racetrack operational
temperatures. An initial increase in shear strength
occurs as the track material warms and the transition
melting temperature peak is approached—but drops
quickly prior to reaching this temperature.11 Both
shear strength and tangent modulus are involved
in the hoof–track interactions present during the
impact, stance, and breakover phases of a horse’s
gait during racing. While the shear strength involves
the ability of a track surface to withstand horizontal
hoof deceleration forces that lead to ‘‘cuppy’’ (low-
shear strength) or ‘‘fast’’ (high-shear strength) tracks,
the tangent modulus corresponds to the vertical
response of the track.13,14 By understanding how
temperature affects the tangent modulus (in addition
to the shear strength), the potential exists to
further improve track consistency even under varying
environmental conditions thus reducing equine
injuries.

Materials and Methods

Sample synthetic material was collected from the
newly installed surface of a Thoroughbred horse
racetrack in the Midwestern USA in April 2007. This
track was originally a dirt track and had just been
replaced by a wax-coated granular composite track
system (Polytrack�Elite, Martin Collins Surfaces and
Footings, LLC, Lexington, Kentucky).

Several tests were required to characterize the
material prior to measuring the tangent modulus. The
sample material was thoroughly dried in a vacuum
oven at 100◦C to remove water so that weight percent
could be determined from wax extraction tests. The
wax content by mass percent was determined using
a high-purity isooctane solvent extraction procedure
involving multiple track sample/solvent mixings, the
use of an ultrasonic bath, decanting, and vacuum
oven evaporation at 100◦C.10 DSC tests and creep
stabilization tests were used to develop a testing
protocol. The DSC test described below was used
to determine the most important tangent modulus
test temperatures. The creep stabilization and tangent
modulus ultrasonic tests were performed using dried
track material with 4% moisture added to simulate
the typical moisture content of operational synthetic
tracks.

Differential scanning calorimetry

DSC of the extracted wax was performed in a
PerkinElmer Pyris1 with power compensation under
nitrogen flow (20 mL/min). Two samples (9–11 mg
weighed to 0.1 mg precision) of the wax were
prepared in aluminum sample pans and heated
from 20 to 93.3◦C, 93.3 to −30◦C, then −30 to
93.3◦C. The thermal sequence of the tests used was
consistent with the standards for DSC wax testing
ASTM D4419.15 Thermal transition ranges and peak
temperatures were taken from the second heating run
and are plotted with thermal endotherms pointing
downwards. The endotherms indicate the melting
enthalpies of the wax samples as heat is absorbed
during melting.

Creep and tangent modulus tests

A series of constant load creep tests and tangent
modulus tests were conducted using a specially
designed temperature and load-controlled apparatus.
This apparatus is shown in Figure 1 and consists of
an 89-mm inner diameter, 189 mm tall aluminum
cylinder with an outside water circulation cavity.
A 100 psi pressure regulated air cylinder actuator
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Figure 1 Schematic diagram of the tangent modulus apparatus.

An aluminum cylinder with water jacket compartment contains the

compacted track sample. Ultrasonic transducers are shown on the top

and bottom of the sample (‘‘T’’ and ‘‘B’’). The air cylinder assembly

applies a constant load to the sample while the water bath maintains

temperature.

(Bimba FM-1710, Monee, IL) is used to apply load.
A pair of 1 MHz 25-mm diameter longitudinal piezo-
electric contact transducers (Panametric V102-RM,
Waltham, MA) is mounted internally inside the pis-
ton and directly beneath the cylinder. The transducers
were used to generate and receive the ultrasonic
pulse and were driven by a high-voltage pulse gen-
erator (Panametrics 5072PR, Waltham, MA) with
the receiving transmitter connected with a preampli-
fier (Panametrics 5660, Waltham, MA) to the signal
acquisition by a 500 megasample/s digitizing oscillo-
scope (Tektronix TDS320, Beaverton, OR). Load was
measured with an 8.9 kN load cell (Futek LLW200,
Irvine, CA) and displacement was measured using
a 0–10 VDC 127 mm string potentiometer (Celesco
PT1DC-5, Chatsworth, CA). Temperature was main-
tained by a 0–100◦C digital refrigerated water bath
(ThermoFisher RTE-17, Waltham, MA). LabView data
acquisition software (National Instruments, Austin,
TX) was used to interface with the oscilloscope. Tests
were conducted at 0, 20, 32, 50, and 64◦C under loads
ranging from 0.89 to 4.45 kN (200–1000 lb).

Approximately, 500 g of material was prepared for
compaction for both creep and tangent modulus tests.
Rubber pieces with dimensions greater than 10 mm
were removed in an effort to ensure consistency
between tests. Because of the location of the built-in
lower contact transducer, the Proctor ASTM D698
compaction method16 for soils (uses a dropped
mass) was not utilized. Instead, samples were hand
compacted with a 32-mm diameter rubber tamper

using six sample lifts of approximately 83 g per
lift. The resulting sample thickness after compaction
was approximately 50 mm and sample bulk densities
from hand tamping were within 1% of tests using
the Proctor method. After compaction, the sample
cylinder was connected to the rest of the test assembly
and allowed to equilibrate for 1 h at each temperature
before load application. The 1 h equilibrium time
for the sample to reach temperature was confirmed
via a range of tests with embedded thermocouples
inside the sample/cylinder that confirmed consistent
temperature through the thickness of the sample.12

Strain versus time tests were conducted at each
temperature and load to determine the times at
which the creep rates stabilized. Once minimum
wait times were established to reach fixed creep
conditions, the resulting sample displacements were
recorded and sample densities were calculated from
the volume of the samples since each test was
performed based on a known sample mass. Tangent
modulus tests were then conducted by transmitting
longitudinal ultrasonic waves through each sample
at each temperature and incremental load (with
wait times appropriate for creep stabilization). The
first wave arrival time (the start of the first peak
relative to the trigger signal) was recorded for all
the tests. Using the same main time base on the
oscilloscope display, longitudinal sound waves were
also transmitted through a 172 mm long, 82.6 mm
diameter Aluminum 6061 reference sample and the
first arrival time was recorded. The expression for
a longitudinal wave velocity through an unbounded
sample cs is as follows:

cs =
√

E(1 − υ)

ρ(1 + υ)(1–2υ)
, (1)

where E is the tangent modulus, υ is Poisson’s ratio,
and ρ is the sample density. The Poisson’s ratio for this
granular track material was estimated to be similar to
that of a medium dense sand falling between 0.25
and 0.40.17 Data are reported using a value of 0.30.
For each temperature and load tested, the relative
time delay in ultrasonic wave arrival time for the
track sample and aluminum reference was calculated
using a cross-correlation algorithm. The peak of the
cross-correlation corresponds to the relative time
delay between the signals. The application of cross-
correlation has been shown to increase accuracy in
the measurement of ultrasonic wave velocity to the
order of the sampling rate in many cases.18 The cross-
correlation is as follows:

Crs(t) = �∞
−∞R(τ )S(τ − t). (2)
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The relative time delay, t, of the track and reference
signals corresponds to the point where the function
Crs(t) has reached maximum amplitude, τa. The
relative delay time found by cross-correlation is then
defined with respect to the sample and reference
transit time relationships:

t = �xs

cs
− xal

cal
, (3)

where the ultrasonic velocity cal through the alu-
minum reference sample, the sample and reference
thicknesses �xs and �xal, and t are all presumed
known. Using t calculated with accuracy based on the
sample rate of 2 MS/s, the velocity of the ultrasonic
wave in the sample (cs) is found from:

cs = �xscal

�xal + calt
. (4)

By equating Eqs. 1 and 4, the tangent modulus E is
calculated:

E =
(

�xscal

�xal + calt

) 2ρ(1 + υ)(1–2υ)

1 − υ
. (5)

After the series of tests at temperatures and loads
were completed, through-transmission ultrasonic
tests were repeated using different samples from the
same track material at both 20 and 50◦C to check
for variability. A test for moisture loss at 50◦C and
the resulting effect on the tangent modulus was also
conducted.

Results and Discussion

The wax extracted from the test material used was
8.15% by mass. The DSC curve for the extracted
wax is shown in Figure 2 and shows two major
thermal transition regions spanning the approximate
range of −1.0 to 50◦C and 52 to 78◦C. The first
and second transition peaks occurred at 27 and
64◦C±0.5◦C, respectively. These results are consistent
with DSCs of samples taken from the same track in
March 2009 and are notable for the relatively smooth
transitions that result in smaller and more gradual
changes in the track material with temperature.11

The wax glass transition temperature is estimated to
be approximately 9◦C.19

The results from the constant load creep tests at 0
and 64◦C are displayed in Figure 3. The initial strain
and creep stabilization times for the intermediate
20, 32, and 50◦C tests are similar in appearance
and fall between the tests shown. The initial strain
under increasing load application increases with
temperature and exhibited a 265% increase in strain
at the highest temperature tested (64◦C) as compared

Figure 2 DSC curve of synthetic racetrack extracted wax.

to the initial strain at the lowest temperature
tested (0◦C). While the time necessary to reach
equilibrium creep conditions is reduced as load and
temperature increase, the total strain increases with
temperature and load. This is reasonable because
the viscosity of the wax coating decreases with
temperature and particle reorientation is likely to
be inhibited when the wax is viscous. However, the
relationship is not simple because the interaction of
granular materials is complex and depends on other
factors such as particle shape, size distribution, and
particle bonding mechanics. For all of the samples
tested, steady-state creep conditions were reached
in 15 min or less at all temperatures considered.
Ultrasonic measurements were made at 20 min after
the sample was loaded.

For the tangent modulus, 25 measurements were
made at five temperatures and five loads. The results
of the tangent modulus tests are listed in Table 1 and
graphed in Figure 4. The thermal transitions from the
DSC curve are also marked on the graph in Figure 4.

The ultrasonic transmission time repeatability tests,
performed at 20 and 50◦C, showed the greatest
variability at 0.89 kN, the lowest load tested. These
results are shown in Figure 5. The largest time
difference at this load was 10.5 μs at 50◦C (7.2%
change). However, at the higher loads, the largest
difference for both 20 and 50◦C repeat tests decreased
to 3.5 μs (less than 5%) with generally decreasing
delay times as loads increased. It is suggested that the
higher variance in through-transmission time at the
lowest applied load can be attributed to the decreased
ability for the granular material to compact efficiently.
Post-test moisture content measured for the 50◦C
series of tests was found to decrease from 4 to 3.5%
from the initial values. This difference is thought to be
primarily from mixing losses during preparation of the
sample rather than from evaporation effects because
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Figure 3 Constant load creep curves of synthetic racetrack bulk sample at 0 and 64◦C under 0.89 to 4.45 kN (200–1000 lb) loads.

Table 1 Tangent modulus at varying temperature and loads

Tangent modulus (MPa)

Temp Load (kN) 0◦C 20◦C 32◦C 50◦C 64◦C

0.89 228 141 94 75 74
1.78 331 246 149 122 114
2.67 418 319 195 151 136
3.56 505 410 233 174 156
4.45 573 533 275 190 167

the sample is enclosed in a metal cylinder throughout
testing. The potentially small loss of moisture during
the 50◦C tests is not expected to significantly impact
the overall tangent modulus results but is reported to
ensure consistency in testing.

In examining the tangent modulus results in
Figure 4, the maximum value of the tangent modulus

occurs at the lowest tested temperature, 0◦C, for all
loads, and decreases as the temperature increases
(as expected). At 0◦C the wax coating is below
the glass transition temperature and will be in a
state which will contribute to the higher measured
modulus.20 The greatest material nonlinearity also
occurs at 0◦C, with a 354 MPa span. From the lowest
to highest load, the greatest change in modulus with
temperature occurs over the relatively narrow 20 to
32◦C temperature range which corresponds to the
first DSC thermal transition region. The first nominal
transition temperature lies within this nonlinear
temperature band.

This narrow, nonlinear response temperature span
corresponds to common track surface temperatures
that occur regularly on tracks throughout North
America.21 At cooler temperatures, the wax is

Figure 4 Tangent modulus at temperatures and loads ranging from 20 to 64◦C and 0.89 to 4.45 kN (200 to 1000 lb).

34 Experimental Techniques 39 (2015) 30–37 © 2012, Society for Experimental Mechanics



J.W. Bridge, M.L. Peterson, and C.W. McIlwraith Temp Effects on Tangent Modulus of Granular Composites

Figure 5 Ultrasonic transmission time repeatability tests at 20and50◦C.

cohesive and facilitates mechanical interlocking and
frictional resistance of the sand grains, polymer fibers,
and rubber particulate under load. However, this
interlocking frictional resistance appears to lessen
significantly as the wax coating progresses through
melting at higher temperatures and loads. The wax
coating of these synthetic tracks is analogous to
the bituminous binders used in asphaltic granular
mixtures that soften and become less cohesive as
temperatures warm.22 It has been shown that the
stiffness of petroleum-based, bituminous granular
mixtures is temperature-dependent and the frictional
interlocking of coarse aggregate is impeded at higher
temperatures.22 In several studies involving asphalt
mixtures, the resilient modulus has been demon-
strated to decrease by as much as 90% between 10
and 40◦C as the binder softens.23 Similar thermal-
induced mechanisms for loss of stiffness appear to be
occurring with the wax-coated materials in racetrack
synthetic surfaces.

The variation in tangent modulus (vertical stiffness)
with increasing temperature observed for the syn-
thetic track sample is hypothesized to be a major con-
tributor to racing performance at synthetic racetracks.

For example, tests conducted at the Del Mar, Califor-
nia track showed slower afternoon race times, as
compared to faster morning times when the track is
cooler.21 In this study, the surface temperature range
from morning to afternoon was approximately 20
to 50◦C, which overlaps the 20 to 32◦C nonlinear
tangent modulus region shown in Figure 4.

For temperatures above 32◦C, the tangent mod-
ulus rate of decrease with temperature increase is
reduced. The tangent modulus curves beyond 32◦C
generally exhibit high linearity for the 2.67–4.45 kN
(600–1000 lb) load levels with coefficients of deter-
mination r2 values greater than 0.99. The r2 value
for the 1.78 kN (400 lb) curve after 32◦C is 0.95.
This lower sensitivity at higher temperatures suggests
that vertical stiffness and subsequent impact on rac-
ing performance would be more consistent after the
DSC nominal transition temperature is reached. It is
hypothesized that after this transition temperature,
the majority of wax has transitioned from solid to
liquid and the ability for further sand particle rear-
rangement is greatly reduced. The smaller negative
slope of the modulus versus temperature curves indi-
cate that the remaining wax solid is gradually melting
as the second DSC nominal transition temperature
(64◦C) is approached.

Conclusions

The particular granular composite racetrack surface
analyzed in this study was chosen because the rela-
tively shallow wax DSC thermal transition peaks (as
compared to other waxes used in synthetic surfaces)
suggest that this synthetic surface shows relatively
modest changes in mechanical properties with tem-
perature. This would make this racetrack even more
consistent than other synthetic tracks, which are gen-
erally less variable than dirt tracks due to the inherent
insensitivity to moisture content. However, over the
relatively narrow temperature span of 12 degrees
between 20 and 32◦C, the track shows quite dramatic
changes in both material nonlinearity and tangent
modulus. This temperature range is within the nor-
mal operation range of the racetrack. This softening
of the surface with increasing temperature may affect
horse race performance as illustrated in a Del Mar,
California synthetic track study that showed consis-
tently slower afternoon 6-furlong race times when
temperatures were warmer.21

Although a softer surface may reduce the velocity
of a horse as confirmed in another study,24 softer
surfaces do reduce hoof oscillations and may lead to
fewer repetitive hoof injuries.25 Softer surfaces have
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also been shown to reduce peak hoof impact forces
and accelerations during hoof landings; one study
shows that a loose top cushion of 50 mm or more
can reduce impact forces by 40–60%.26 Thus a softer
surface may alter the load transfer from the ground to
the hoof and the propagation of forces to the bones,
tendons, and ligaments of the horse’s leg.27

Future work will examine maintenance procedures
that may assist in providing a more consistent surface
over a larger range of temperatures. These procedures
may include the addition of wax/oil additives aimed
at increasing the melting temperature of the wax and
delaying or decreasing the nonlinear, abrupt changes
in tangent modulus. Additional procedures may also
include watering the track and mechanical surface
harrowing to help maintain the surface temperature
at predetermined limits based on the DSC thermal
characteristics of the wax coating.
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