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Abstract

The third generation of artificial turf which has a longer fiber (60-65 mm in
length) than those of the first and second generations, and a 40mm layer of rubber
and sand infill instead of pure sand, was developed in 1998. Surface temperature on
the artificial turf peaked around 65°C by daytime in the summertime, and at the
same time the surface temperature of the natural turf was around 40°C. The albedo
seems to be one of the main factors in estimating the surface temperatures of outdoor
sport surfaces. If the materials and the vertical structure of surfaces remain the same,
we might comparatively estimate the surface temperature by using the albedo.
Granulated rubber is commonly used as the rubber infill and provides the right level
of shock absorbency and deformability. It was the same level on the natural turf and
the artificial turf for the force reduction, which was effective in estimating the impact
of the sports surfaces. There was no difference in the overall risk of injury on the
third-generation artificial turf compared with natural turf. Most of the artificial turfs
were sand-based and used rubber (SBR) infills that were derived from recycled used
car tires. The concentrations of leaching heavy metals increased with an increase in
the acidity of the acid solutions as acid rain. The concentrations of zinc (Zn) at less
than 4.0 of pH, exceeded the Japanese effluent standard. The concentrations of Zn
decreased with the aging of the SBR infills. The concentrations of Zn leached from
SBR coated with polyurethane, ethylene-propylene rubber , Eco-fill, and cedar tree

bark as an alternative of SBR were less than the Zn effluent standard in Japan.
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1. Introduction
Artificial turf has been widely used on athletic and recreational fields because

of its durability and low maintenance. These artificial turfs facilitate the extension of
time for play, regardless of the weather.

Caldow (2003) and Aoki (2007) offer historical development for the artificial turf.
The first use of artificial turf for athletic fields was at the Houston Astrodome
Baseball Arena in 1966. This first generation of artificial turf was essentially a short
pile carpet, made of nylon fibers. At the end of the 1970’s, the second generation
product made of polypropylene was developed, and the fibers were twice as long as
previously used and were tufted into strands, spaced wider apart than before. The
bulk of installations were sand-filled surfaces, which were often installed
unsuitably and not properly maintained. The first and second generation turfs were a
far harder surface than grass, and produced an unrealistic feel to the surface. The
third generation of artificial turf which has a longer fiber (60-65 mm in length) than
those of the first and second generations, and a 40mm layer of rubber and sand infill
instead of pure sand, was developed in 1998. Granulated rubber is commonly used as
the rubber infill and provides the right level of shock absorbency and deformability.
In 2001, FIFA has developed the quality standard of artificial turf. The FIFA is in
favor of the use of long pile artificial turf, and recommends the installation on the
basis of the “FIFA Quality Concept for Football Turf’. Since then, JFA (Japan Football
Association) implemented the “JFA Standard of Long Pile Artificial Turf” and
certified pitch in September, 2003. Kolitzus (2007) reported mainly that the long pile
artificial turf from point of use was an aid to owners who are installing new or
updated pitches. Also, the aspects such as design of artificial surfaces, assessment by
players, assessment according to FIFA or EN criteria, long-term behavior, and
maintenance were dealt with.

Katz (2007) reported that out of the 850 or so artificial fields in the U.S.,

Connecticut has around 50; New York, 150; and New Jersey, 150. In Japan, the
number of football pitches consist of the long pile artificial turf (the third generation

product) installed by March 2004, 2005, 2006, 2007, 2008, and 2009, were
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approximately 180, 360,550, 740, 930, and 1130, respectively (Monthly Sports
Facilities Magazine, 2009). Like these, the installation of the long pile artificial turf
has increased with time world wide.

The objective of this paper is the current state and perspective for artificial turf
as sport environment, especially focusing on the long pile artificial turf (third

generation).

2. Surface Temperature

Most of the long pile artificial turfs were sand-based and granulated rubber
(styrene-butadiene rubber; SBR) infills that were derived from recycled used car tires.
The tremendous growth in the use of polymeric surfaces for an increasingly wide
range of sports has made us aware of the serious lack of objective technical
information on the nature and behaviour of these systems. The number of reports
(Tipp and Watson,1982; Andreasson et al., 1986; Valiant, 1990) relating to the
performance of a range of plastics and rubbers in these situations to their physical
and chemical characteristics have been increasing year by year. Unfortunately,
limited research has been carried out on the issue of high surface temperatures of
polymeric surfaces for outdoor sports. Under the condition of high surface
temperature, sports people may be endangered in extremes of heat and at risk of
hyperthermia.

Buskirk et al. (1971) reported that the surface temperature of the artificial turf
peaked at 60°C on September 11 and 15, 1970 at 14:00. At the same time, on
September 11, the surface temperature of the natural turf was 35°C. Subsequently, a
comparison of the surface temperatures of natural turf and artificial turf measured
for 21days from late September to early October was reported by Kandelin et
al.(1976). The maximum surface temperature of the artificial turf reached 59°C while
that of natural turf reached 45°C. These readings were taken on the respective
surfaces at the same time. Also, Culpepper (1986) reported the high surface
temperature of artificial turf. Buskirk et al. (1971), Kandelin et al.(1976), and

Culpepper (1986) reported for the first generation of artificial turf , being with no
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intermediate filling of sand or rubber. For the third generation of artificial turf being
intermediate filling of sand and granulated rubber, Aoki et al.(2005) reported the
change in the surface temperatures of artificial turf on the outdoor futsal field and
the natural turf from September to December 2003. The surface temperatures of the
artificial and natural turfs on September 18, were 58.5 °C and 42.1 °C, respectively.
The difference of the surface temperatures between both the turfs decreased from
16.4 °C on September 18 to 4.5 °C on December 25. Thus far, comparisons of the
surface temperatures of other polymeric surfaces for outdoor sports have not been
considered with the exception of the paper by Aoki (2005a), who measured from
February 2004 to January 2005. On August 11, 2004 at 11:00 in the summer, the
surface temperatures of the artificial turf, the natural turf, the artificial track (upper
layer of polyurethane : 3 mm in thickness), the clay track, and the tennis court
(artificial turf of 19 mm made from polypropylene, infilled with sand of 17 mm in
thickness) were 67.0, 42.2, 63.9, 45.1 and 59.3 °C, respectively. On January 20, 2005
at 11:00 in the winter, the surface temperatures of the same fields were 19.6, 11.5,
21.8, 10.8, and 11.8 °C, respectively.

Undoubtedly, the increase in surface temperature is due to the absorption of
solar radiation. Relationship between the surface temperatures and the absorption of
solar radiation has not been systematically studied. Hartmann (1994) reported that
the solar radiation that is adsorbed and emitted, largely affects the surface
temperature over land. Some fraction of the sunlight is reflected without being
adsorbed. This reflectivity is termed as the albedo, which is derived from the Latin
word for “whiteness”. The surface albedo (Bonfils et al.,2001) is highly variable,
depending on the type and condition of the surface material. Therefore, the surface
albedos seem to directly affect the surface temperatures of materials. Studies
involving the measurement of the outdoor sports surfaces by using solar energy and
albedo, were not reported until recently with the exception (Honshik et al.,2007)
which considered ambient UV exposure related to albedo in the alpine skiing field.
However, they did not study the surface temperature.

Aoki (2009a) reported the relationship between the solar illuminance, the
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albedo, and the surface temperature of outdoor sport surfaces. The surface
temperatures of all the sport surfaces increased with the solar illuminance intensity
to around 110 kLx. The solar illuminance intensity began to level off around 110 klLx.
The albedos of the sport surfaces were related to the surface temperatures. The

surface temperature had a qualitative relationship to the albedo.

70
60 |

50 | AT TC AR
40 I &g‘
30 o

20
10

sur.temp., °C

0 10 20 30 40
albedo, %

Fig. 1 Correlationship between albedos and surface temperatures
of outdoor sport surfaces (Aug.24,2006).

AT: artificial turf, AR: artificial track, CT: clay track,

NT: natural turf, TC: tennis court.

The albedos of outdoor sports surfaces are shown with the surface temperatures
in Figure 1. According to these data, the artificial turf (AT) with the smallest albedo,
had the highest surface temperature. However, the clay track (CT) covered with a
thin layer of sand which had the largest albedo, had the lowest surface temperature.
The tennis court (TC) which has a mixture of artificial turf and sand, had middle
values of the albedo and the surface temperature. From these results, the albedo
(Aoki, 2005b) seems to be one of the main factors in estimating the surface
temperatures of outdoor sport surfaces. If the materials and the vertical structure of

surfaces remain the same, we might comparatively estimate the surface temperature
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by using the albedo.

Watering can be applied to artificial turf in order to reduce the surface
temperatures on sunny days. Williams and Pulley (2009) briefly reported surface
heat studies on artificial turf installed at Brigham Young University’s football
practice field. Watering the artificial turf had a significant result by cooling the
surface from 78.9°C to 29.4°C but after five minutes the temperature rebounded to
48.9°C. The temperature rebuilt to 73.3°C after only twenty minutes. Cooling with
water could be a good strategy but the volume of water needed to dissipate the heat
must be estimated. Aoki and Wakao (2008) reported the relationship between the
surface temperature and the volume of water. Test areas of 0.16 m?2 at four locations
were set on artificial turf. Measurements were taken on sunny days from August to
October in 2006. After 0, 4.8, 6.4, and 8 L of watering at 9:00 on each test area, the
surface temperature and average of water content from the surface to 10mm in depth
were measured at 10:00, 13:00, and 16:00. The relationships between the decrease in
surface temperature and the water content at 10:00 and 13:00, were according to

linear regression equations as follows;

10:00 Y=0.89X — 5.54 (r:0.987) (1)

13:00 Y=0.91X — 4.35 (r:0.916) (2)
in which Y is the decrease in surface temperature (‘C) and X is the water content.
The correlation coefficients were shown in parentheses. However, the relationship at
16:00 was not clear due to approximately the same surface temperature measures at
four test areas. While watering artificial turf may reduce surface temperatures, other
factors such as infill material, wind speed, and so on, are likely to influence its
effectiveness. In order to estimate quantitative reduction, it is necessary to

investigate those influences systematically.

3. Hardness and Stiffness of Surface
In the FIFA quality concept for artificial turf (FIFA, 2009), various test methods

such as shock absorbency, deformation, slip resistance, traction, and skin abrasion
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for artificial turf surface of football pitches are required in introducing the artificial
turf. It is described that a hard surface can lead to injuries to the body by causing
the joints to compress which results in damage to the cartilage between the bones on
the joints. Orchard (2002) reported that injury incidence in football played on
artificial turf had often been higher than in games played on natural grass. He
examined the relationship between playing condition (weather and ground
conditions) and football injury, to determine the extent to which injury may be
potentially reduced by making changes to the playing surface. It is concluded that
the most plausible explanation for all reports involves variations in playing surface
characteristics. Shoe-surface traction for player is generally the specific relevant
variable that is most likely to correlate with injury incidence in a given game of
football. Shoe-surface traction will usually have a positive correlation with ground
hardness, dryness, grass cover and root density, length of cleats on player boots and
relative speed of the game. McNitt et al. (2004) reported that infill media (sand and
granulated rubber) depth on the infilled artificial turf did not affect surface
hardness under dry conditions. Under wet conditions, the 38mm infill media depth
resulted in lower surface hardness than the 25mm depth. The mixing of sand and
granulated rubber infill media resulted in lower surface hardness value than sand
or granulated rubber alone. In the case mixed with granulated rubber, finer sands
were measured higher in surface hardness than coarser sands. Aoki (2006)
measured the surface hardness with impact hammer equipment and estimated the
surface impacts on outdoor sports surfaces. The values of impact acceleration(Ia)
which were outputs from the detector with the impact hammer, were the same
within one day at the same site of the tested sports surfaces. The values of Ia on the
outdoor sports surfaces were as follows ; tennis court(artificial turf made from
polypropylene, infilled with sand )>artificial athletic track(upper layer of
polyurethane )>clay track>natural turf>artificial turf (made from polyethylene,
infilled with granulated rubber and sand). The force reduction ratio(Fr; DIN18032,
1991) derived from the value of Ia was effective in estimating the impact of the

sports surfaces as shown in Table 1. It was the same level on the natural turf and
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the artificial turf for the force reduction.

Table 1 Force reduction ratio (Fr) on sports surfaces

Fr
material mean range
artificial track 0.561 0.033
clay track 0.767 0.017
natural turf 0.792 0.025
artificial turf 0.822 0.028
tennis court 0.523 0.021

asphalt road (fine) 0.059 0.037
asphalt road (rough) 0.444 0.225

concrete road 0

range=Fr(maximum) — Fr(minimum)

Popke (2002) reported that hardness and shock absorption are not
interchangeable terms. Hardness refers more to surface compaction of the soil or
infill material, which does not always equate to safety. Meanwhile, shock absorption
which is the dissipation of the impact’s energy, correlates directly to injury prevention.
If the dissipation is quicker, the surface is more shock-absorbent. A field that is too
shock-absorbent, can lead to early leg-muscle fatigue, while a harder field can result
in cartilage damage.

It is generally accepted that excessive rotational traction may precipitate ankle
and knee injuries. Livesay et al.,(2006) measured the torque developed at the
shoe-surface interface as a function of rotation angle for shoes types on different
playing surfaces. They constructed a device to measure the torque versus applied
rotation developed between different shoe-surface combinations. The data were
collected on 5 different playing surfaces (natural grass, Astroturf, 2 types of Astroplay,

and FieldTurf), using 2 types of shoes (grass and turf), under a compression load of
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333 N. The highest peak torques were developed in the case of the grass
shoe-FieldTurf tray and the turf shoe-Astroturf field combinations. The lowest peak
torques were developed on the grass field. The turf shoe-Astroturf combination
exhibited a rotational stiffness nearly double that of any other shoe-surface
combinations. The differences in the rotational stiffness across all ten shoe-surface
combinations were greater than those of the peak torques. It is possible that
rotational stiffness may provide a new criterion for the evaluation of shoe-surface
interface. Limited data are available with regard to the rotational traction of cleated
football shoes on recent synthetic infill surfaces. Villwock et al.,(2009) investigated
the rotational shoe-surface interactions using a variety of shoes and surfaces
currently employed in football. A mobile testing apparatus with a compliant ankle
was used to apply rotations and measure the torque at the shoe-surface interface. The
mechanical surrogate was used to compare five football cleat patterns and four
football surfaces on site at actual surface installations. Both artificial surfaces
yielded significantly higher peak torque and rotational stiffness than the natural
grass surfaces. The only cleat pattern that produced a peak torque significantly
different than all others was the turf-style cleat, and it yielded the lowest torque. The
model of shoe had a significant effect on rotational stiffness. The infill artificial
surfaces exhibited greater rotational traction characteristics than natural grass. The
cleat pattern did not predetermine a shoe’s peak torque or rotational stiffness. A
potential shoe design factor that may influence rotational stiffness is the material
used to construct the shoe’s upper.

As football shoe and surface designs continue to be updated, new evaluations of
their performance must be assessed under simulated loading conditions to ensure
that player performance needs are met while minimizing injury risk.

4. Comparison of Injury

Many factors influence sports injuries. Injury surveillance in competitions such
as football, has usually reported high rates of injury to the lower limb and an
increased incidence of injuries early in the season, Orchard (2002). This ‘early-season’

bias has not usually been reported in summer football competitions, or in sports
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played indoors, such as basketball. Although easily compared rates have not often
been published, there has also been a reported trend towards a greater injury
incidence in football played in warmer and/or drier conditions. However, a report of
Major League Soccer (MLS) in the US (Morgan and Oberlander, 2001) showed a
late-season rather than early-season injury bias, and the injuries in games were
found to occur at a rate 12 times that of practice. Fuller et al., (2006) reported that
variations in definitions and methodologies have created differences in the results
and conclusions obtained from studies of football injuries, making interstudy
comparisons difficult.

Comparative data about the incidence and nature of injuries sustained on
artificial and natural turfs in football are limited. Fuller et al., (2007a) compared the
incidence, nature, severity and cause of match injuries sustained on natural and
artificial turfs by male and female footballers. The two-season study in 2005 and 2006
(August to December) was performed in American college and university football
teams (2005 season: men 52 teams, women 64 teams; 2006 season: men 54 teams,
women 72 teams). The overall incidence of match injuries for men was 25.43
injuries/1000 player hours on artificial turf and 23.92 on natural turf, and for women
was 19.15 injuries/1000 player hours on artificial turf and 21.79 on natural turf. They
reported that there were no major differences in the incidence, severity, nature or
cause of match injuries sustained on artificial and natural turfs by either male or
female players. A similar comparative study for the match injuries has been
reported separately for training injuries during the same seasons and teams by
Fuller et al., (2007b). The overall incidence of training injuries for men was 3.34
injuries/1000 player hours on artificial turf and 3.01 on natural turf, and for women
was 2.60 injuries/1000 player hours on artificial turf and 2.79 on natural turf. The
overall incidence of match injuries on artificial turf and natural turf for men was
found to occur at a rate 7.6 and 7.9 times that of training, respectively. On the other
hand, the overall incidence of match injuries on artificial turf and natural turf for
women was found to occur at a rate 7.4 and 7.8 times that of training, respectively. In

the case of training injuries as the same as the match injuries, there were no major
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differences in the incidence, severity, nature or cause of training injuries sustained on
artificial and natural turfs by either male or female players.

Ekstrand et al.,(2006) compared injury risk in elite football played on artificial
turf compared with natural grass. Male players are 290 from 10 elite European clubs
that had installed third-generation artificial turf surfaces in 2003-4, and 202 from the
Swedish Premier League acting as a control group. The incidence of injury during
training and match play did not differ between surfaces for the teams in the artificial
turf cohort; 2.42 vs 2.94 injuries/1000 training hours and 19.60 vs 21.48 injuries/1000
match hours for artificial turf and grass, respectively. No evidence of a greater risk of
injury was found when football was played on artificial turf compared with natural
grass.

Fuller et al., (2007a,b) and Ekstrand et al.,(2006) used the protocols consistent
with the international consensus statement on injury definitions and procedure
according to Fuller et al.,( 2006). They reported that there was no difference in the
overall risk of injury on the third-generation artificial turf compared with natural
turf.

5. Chemicals Leached from Artificial Turf

Most of the artificial turfs were sand-based and used rubber infills that were
derived from recycled used car tires. There are concerns produced from the rubber
infills, such as the leaching of chemicals from infills (KEMI, 2006). Birkholz et al.,
(2003) designed a comprehensive hazard assessment to evaluate and address
potential human health and environmental concerns associated with the use of tire
rubber in playgrounds. Hazard to children appears to be minimal, but toxicity to all
aquatic organisms was observed. Claudio (2008) reported that the most common
types of synthetic rubber used in tires are composed of ethylene-propylene and
styrene-butadiene combined with vulcanizing agents, fillers, plasticizers,
antioxidands and metals. Tire rubber also contains polyaromatic hydrocarbons
(PAHs), phthalates, and volatile organic compounds (VOCs). Since new tires contain
vastly different amounts of the toxic materials, it is impossible to ensure players and

others that their personal exposure is within safe limits.

11



The authors in a report (Norwegian Institute of Public Health, 2006) calculated
health risk in an indoor stadium assuming the use of recycled rubber, which releases
the lowest amounts of those chemicals of any type of rubber infill. The report
concluded that the use of synthetic turf indoors does not cause any elevated health
risk. However , it should also be noted that little or no toxicological information is
available for many of the VOCs in the indoor stadium. Furthermore, not all organic
compounds 1n the stadium air have been identified.

KEMI (2006) also reported that rubber infill contained various kinds of heavy
metals such as zinc, lead, and cadmium. Zinc is the metal that is present at highest
levels and is spread to the environment in greatest amounts. Zinc oxide is added as
an activator during the vulcanizing process in the manufacture of car tires (Smolders
and Degryse, 2002). Verschoor (2007) reported the possibility of leaching zinc from
rubber infills under various conditions . Zinc can pose significant environmental risks,
particularly for aquatic life. Since the solubility and adsorption of zinc is very
dependent on the pH, this can be of great significance to the transport rate and
distribution over environmental compartments. However, little or no information
about pH dependence of leaching zinc from rubber infills is available.

Generally, heavy metals in materials are soluble in acid solution. As of 2000,
most of the acid rainwater in the U.S.A. had a pH of about 4.3 (U.S.EPA , 2008). The
results of surveys in Japan from 2000-2002 showed that the pH of about 5% of the
acid rainwater was less than pH4.0 (Ministry of Environment in Japan, 2006a). In
Japan, the concentration of zinc in effluents is regulated to be less than 2 mg/¢
(Ministry of Environment in Japan , 2006b). Untill now, there is insufficient
information on the quantitative leaching of heavy metals containing zinc from rubber
infills other than SBR under the condition of various low pH values.

Aoki (2008a) reported the concentration of heavy metals containing zinc leached
from rubber infills such as SBR that are filled in the long-pile artificial turf by using
acid solution as the representative of acid rain. Zinc (Zn), Iron (Fe), Barium (Ba), and

Manganese (Mn) in the SBR infills were leached in acid solutions.
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Figure 2 Leaching heavy metals from SBR infills.
Unit of concentration : Fe,ZnBa mg/L; Mn u g/L.

The concentrations of leaching heavy metals increased with an increase in the
acidity of the acid solutions, as shown in Figure 2. The concentrations of Zn at less
than 4.0 of pH, exceeded the Japanese effluent standard (2 mg/4) (Ministry of
Environment in Japan, 2006). The concentrations of Zn decreased with the aging of
the SBR infills, and in the case of aging time greater than 1.25 years, the
concentrations of Zn were less than the effluent standard in Japan, as shown in
Table 2. The leaching of Zn appeared to decrease with time and not to decrease to

Z€ero.

Table 2 Concentration of Zn leached from SBR infills with aging.

year pH3.0 pH3.50 pH4.0 pH4.5
0 5.1 2.4 2.0 1.1

0.67 3.0 1.4 0.74 0.38
1.25 1.1 1.0 0.83 0.57
4.0 1.2 0.97 0.62 0.42

unit of concentration : mg/ ¢
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Aoki (2009b) reported the treatment methods for suppression of leaching zinc
from SBR infills on artificial turf. The chemical and the physical treatments were
investigated in order to remove zinc from the SBR : sulfuric acid, sodium hydroxide,
and EDTA were used for the chemical treatment, and the super sonic method and the
conventional heating were used for the physical treatment. In the case of the SBR
infills without the treatments, the leaching concentration of zinc at pH3 exceeded the
effluent standard (2 mg/L) in Japan. However, concentration from the SBR infills
receiving treatments did not exceed the effluent standard.

6. Perspectives

This review outlined the artificial turf as sport environment, especially long pile
artificial turf (third generation) as the football playing surface. Most third generation
turfs consist of a carpet with tufted polyethylene yarns, with an infill of ground SBR
in combination with silica sand. There are many concerns for the third generation
such as high surface temperature, chemical leaching, and so on. Allgeuer et al. (2008)
reported that the current trend is to use non-SBR infills to replace the current
SBR-based. They employed an energy absorption layer, called a shockpad underneath
the carpet in place of SBR. Aoki (2008a) reported that the concentrations of Zn
leached from SBR coated with polyurethane (PU-SBR), ethylene-propylene rubber
(EPDM), Eco-fill, and cedar tree bark as an alternative to SBR were less than the
effluent standard of Zn in Japan. Also, Aoki (2008b) reported suppression of high
surface temperature on artificial turf by using cedar tree bark as infill. By day time in
the summer season (July 27, 2007), the surface temperatures on artificial turf with
SBR and bark were 68 and 46 “C, respectively. This phenomenon is explained
whereby the bark contains more water content than SBR, since bark is hydrophilic
but SBR is hydrophobic. We should take into consideration hybrid of artificial

materials with natural ones, and compatibility with the environment.
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